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Abstract Geodynamic mechanism responsible for the

generation of Silurian granitoids and the tectonic evolution

of the Qilian orogenic belt remains controversial. In this

study, we report the results of zircon U–Pb age, and sys-

tematic whole-rock geochemical data for the Haoquangou

and Liujiaxia granitoids within the North Qilian orogenic

belt and the Qilian Block, respectively, to constrain their

petrogenesis, and the Silurian tectonic evolution of the

Qilian orogenic belt. Zircon U–Pb ages indicate that the

Haoquangou and Liujiaxia intrusions were emplaced at

423 ± 3 Ma and 432 ± 4 Ma, respectively. The Hao-

quangou granodiorites are calc-alkaline, while the Liuji-

axia granites belong to the high-K calc-alkaline series.

Both are peraluminous in composition and have relatively

depleted Nd isotopic [eNd(t) = (- 3.9 – ? 0.6)] charac-

teristics compared with regional basement rocks, implying

their derivation from a juvenile lower crust. They show

adakitic geochemical characteristics and were generated by

partial melting of thickened lower continental crust. Post-

collisional extensional regime related to lithospheric

delamination was the most likely geodynamic mechanism

for the generation of the Haoquangou granodiorite, while

the Liujiaxia granites were generated in a compressive

setting during continental collision between the Qaidam

and Qilian blocks.

Keywords Silurian adakitic granitoids � Petrogenesis �
Tectonic setting � Qilian Orogenic Belt

1 Introduction

Voluminous intermediate-acid igneous rocks are in the

orogenic belts worldwide, especially during post-colli-

sional periods (Liégeois 1998). These rocks usually range

from tholeiitic, calc-alkaline, to high-K calc-alkaline in

compositions, even with the occurrence of alkaline-peral-

kaline magmatism in the final stages of orogeny, and are

commonly dominated by high-K calc-alkaline rocks (Lié-

geois 1998; Benito et al. 1999; Eyal et al. 2010; Litvi-

novsky et al. 2011). It has been recognized that their

geochemical compositions invariably point to characteris-

tics of source regions, conditions of partial melting, and
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magma processes (Ma et al. 2016; Moyen 2009; Sisson

et al. 2005). However, some geotectonic settings will be

more propitious to generate certain types of magmatism

(Eyal et al. 2010; Bonin 2007; Dall’Agnol et al. 2012). The

corresponding rock associations thus usually show special

temporal and spatial zoning, and play an important role in

the reconstruction of the evolutionary histories of orogenic

belts (Barbarin 1999; Eyuboglu et al. 2011; Zhao et al.

2016). On the other hand, generation of the intermediate-

acid igneous rocks in the convergent plate margins is

generally related to the partial melting of subducting slabs,

the overlying mantle wedge, as well as arc crust, and have

been considered to play a significant role in the growth of

continental crust (Huang et al. 2015; Mo et al. 2008; Nagel

et al. 2012; Niu et al. 2013). These magmatic rocks in the

orogenic belt thus record indispensable information on

crust-mantle recycling and can provide insight into the

continental crustal growth and reworking.

The Qilian orogenic belt located on the northern margin

of the Tibet Plateau in NW China records the complex

histories from oceanic subduction to the ultimate conti-

nental collision during the Paleozoic (Fig. 1). It composes

of the North Qilian orogenic belt, the Qilian Block, and the

North Qaidam-ultrahigh pressure metamorphic (NQ-

UHPM) belt from northeast to southwest (Fig. 1). Early

Paleozoic magmatism was intense and widespread in the

Qilian orogeny, and usually viewed as the products of

subduction of oceanic crust and subsequent continental

collision (Song et al. 2013, 2014; Wang et al. 2019; Zhao

et al. 2021, 2022). However, the geodynamic mechanism

responsible for the generation of Silurian granitoids and the

corresponding tectonic evolution of the Qilian orogenic

belt remain highly controversial (Song et al. 2013, 2014;

Zhao et al. 2021; Tung et al. 2016).

In this study, we present new geochronological and

geochemical data for the high-K calc-alkaline Liujiaxia

granite and calc-alkaline Haoquangou granodiorite from

the eastern Qilian Block and North Qilian orogenic belt,

respectively (Fig. 1a). This study aims to place constraints

on their petrogenesis, and the tectonic evolution of the

Qilian orogenic belt.

2 Geological setting

The Qilian orogenic belt is generally regarded as the

northernmost orogenic collage of the Proto-Tethys domain

(Song et al. 2013; Li et al. 2018; Yao et al. 2021; Yu et al.

2021). It lies between the Alxa Block and the Qaidam

Block–West Qinling orogenic belt and is offset by the

Altyn-Tagh Fault to the northwest (Fig. 1a). The North

Qilian orogenic belt could be divided into three subparallel

tectonic-magmatic subunits, i.e., the northern back-arc

ophiolite belt (ca. 490–449 Ma), the middle arc magmatic

belt (ca. 520–440 Ma), and the southern ophiolite belt (ca.

550–496 Ma, Song et al. 2013; Xia et al. 2016; Chen et al.

2023; Zhang et al. 2019, Fig. 1). Precambrian basement is

composed of the Lower Paleoproterozoic Beidahe, Middle-

Upper Proterozoic Jingtieshan and Neoproterozoic Daliu-

gou and Baiyanggou Formations, and all of them are

unconformably overlain by younger strata. The Paleozoic

granitoids are widely distributed in the North Qilian Oro-

genic belt, and are dominated by S- and I-type, and sub-

ordinate A-type granitoid. Some of the S- and I-type

granitoids show adakitic geochemical affinities, and could

be further divided into high- and low-Mg subtypes (Wang

et al. 2019; Xia et al. 2016; Chen et al. 2023; Zhang et al.

2019). The Qilian Block is mainly composed of basement

rocks, Early Paleozoic granitoids, and Phanerozoic sedi-

ment covers. The basement of the Qilian Block is domi-

nated by Proterozoic low-grade metamorphic rocks,

including the Xinlongshan, Maxianshan, Huangyuan,

Hualong, and Yemananshan Groups. Early Paleozoic

magmatic rocks within the Qilian Block are composed of

high-K calc-alkaline S-type and I-type granitoids, with

minor A-type granitoids and mafic rocks (Cui et al. 2019;

Tung et al. 2016; Zhao et al. 2022). The basement rocks

and granitoids in the Qilian Block are unconformably

overlain by the Phanerozoic sediment covers. In the eastern

Qilian Block, the widespread granitoids are temporally and

spatially associated with gabbro, forming characteristic

gabbro-granitoid associations, such as the Bamishan (ca.

438–459 Ma) and Heishishan (ca. 438–447 Ma) complexes

(Yang et al. 2021). These granitoids generally show ada-

kitic geochemical characteristics, such as the Shichuan and

Hejiashan plutons (Tung et al. 2016; Zhao et al. 2022).

Especially, granitoid intrusions in the eastern Qilian Block

appear to constitute a Nord-East direction chain (Fig. 1a).

The NQ-UHPM belt was formed during a collisional oro-

genic event, and is characterized by ultrahigh-pressure

metamorphic rocks (Xia et al. 2016; Yang et al. 2020).

3 Petrography

The Liujiaxia granite pluton is about 8 km2 in size and

located in the eastern section of the Qilian Block (Fig. 1b).

It intrudes into the Precambrian metamorphic rocks of the

Maxianshan Group and is partly unconformably overlain

by the sedimentary rocks of the Mesozoic Hekou Group. It

consists predominantly of fresh, medium- to coarse-grained

granodiorites. The U–Pb zircon age, for the granites is

432 ± 4 Ma (Yang et al. 2021). The major minerals are

*50–55 vol% plagioclase (1–4 mm), *20–30 vol%

quartz (0.5–1.5 mm), *10–15 vol% K-feldspar (1 to

3 mm), and *5–10 vol% biotite (0.1–0.5 mm) (Fig. 2a, c).
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Accessory minerals include apatite, zircon, allanite, and

Fe–Ti oxides (Fig. 2d). Plagioclase usually occurs as sub-

hedral–euhedral laths with well-developed twinning and

compositional zoning. Biotite varies in form from anhedral

grains to subhedral blade-shaped crystals (Fig. 2c).

K-feldspar is mostly subhedral with tartan twinning

(Fig. 2c).

The Haoquangou granodiorite pluton crops out in north

Baiyin City, Gansu Province (Fig. 1c) and is closely rela-

ted to regional Cu-Au mineralization. The pluton has

Fig. 1 a Simplified geological map of the Qilian orogenic belt showing the localities of the Haoquangou and Liujiaxia plutons (modified after

Xia et al. 2016 and Zhao et al. 2022). b Geological map of the Liujiaxia granitic pluton (modified after Yang et al. 2021). c Geological map of the

Haoquangou pluton (modified after Zhao et al. 2013)
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intruded into the Cambrian–Ordovician arc volcanic rocks,

with an outcrop area of ca. 0.03 km2. It consists predom-

inantly of medium-grained granodiorites that are fresh, and

have equigranular texture (Fig. 2b). They are mainly

composed of *20–25 vol% quartz (0.5 to 4 mm), *50–55

vol% plagioclase (1–2 mm), *10–15 vol% K-feldspar

(1–2 mm), *10–15 vol% biotite (0.5–1 mm) and *5

vol% muscovite (0.1–0.5 mm), with accessory minerals of

zircon, apatite and Fe–Ti oxides (Fig. 2e, f).

Fig. 2 Macroscopic photos and thin section images of rocks from the Liujiaxia and Haoquangou plutons. a Field photograph of Liujiaxia granite

specimen. b Field photograph of Haoquangou granodiorite specimen. c, d Cross- and plane-polarized, transmitted-light images of granites from

the Liujiaxia pluton. e, f Cross-polarised, transmitted-light images of granitoids from the Haoquangou pluton. Mineral abbreviation: Qz, quartz;

Kf, K-feldspar; Pl, plagioclase; Bt, biotite; Mus, muscovite; Aln, allanite
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4 Analytical methods

4.1 Zircon U–Pb dating

Sample HSS-6 for the Haoquangou granodiorite in this

study is selected for zircon U–Pb dating.

Cathodoluminescence images (CL) of zircons in the pluton

were obtained using a Gatan Mini CL detector attached to a

JSM-6510 scanning electron microscope at the Key Lab-

oratory of Mineral Resources, Lanzhou University, Lanz-

hou, China.

Zircon U–Pb isotopic compositions were determined by

laser ablation–inductively coupled plasma–mass spec-

trometry (LA–ICP–MS) at the State Key Laboratory for

Mineral Deposits Research (SKLMDR), Nanjing Univer-

sity, China. Analyses were carried out using a beam

diameter of 32 lm and a repetition rate of 5 Hz. The

instruments and analytical processes used are similar to

those outlined in Zhao et al. (2021). A homogeneous GJ-1

standard zircon was used as a primary standard for cali-

bration of the mass discrimination of the mass spectrometer

and residual elemental fractionation. A Zircon Mud Tank

was used as a secondary standard to monitor instrument

performance. In this study, the standards Mud Tank and

GJ-1 yielded weighted mean 206Pb/238U ages of 728 ± 4

Ma (n = 5) and 600 ± 3 Ma (n = 15), respectively, all of

which are consistent with the recommended 206Pb/238U

ages of 732 ± 5 Ma (Black and Gulson. 1978) and

599.8 ± 4.5 Ma (Yuan et al. 2008). Systematic sources of

uncertainty are 1.9% for 206Pb/238U and 1.3% for
207Pb/206Pb. Common Pb correction was done following

the method of Andersen (2002). Isoplot 4.15 software was

Table 1 Zircon LA–ICP–MS U–Pb isotopic data of the Haoquangou granodiorite

Spot no. Th/U Isotopic ratios Ages (Ma)

207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/235U 206Pb/238U

Ratio ± 1r Ratio ± 1r Ratio ± 1r Age ± 1r Age ± 1r

Haoquangou granodiorite

HSS-6, coordinate: N36�3404800 E104�1002200

HSS6-01 1.02 0.06147 0.00139 0.57566 0.01265 0.06795 0.00086 462 8 424 5

HSS6-02 0.75 0.05549 0.00100 0.51515 0.00928 0.06735 0.00082 422 6 420 5

HSS6-03 0.74 0.05539 0.00098 0.51394 0.00913 0.06730 0.00083 421 6 420 5

HSS6-04 0.83 0.05983 0.00133 0.55541 0.01204 0.06735 0.00086 449 8 420 5

HSS6-05 0.78 0.05616 0.00097 0.52303 0.00899 0.06756 0.00080 427 6 421 5

HSS6-06 0.74 0.05464 0.00091 0.50937 0.00850 0.06764 0.00079 418 6 422 5

HSS6-07 0.69 0.05731 0.00152 0.53800 0.01380 0.06812 0.00091 437 9 425 5

HSS6-08 0.68 0.05675 0.00126 0.53303 0.01166 0.06814 0.00088 434 8 425 5

HSS6-09 1.19 0.06641 0.00103 0.61938 0.01007 0.06765 0.00084 489 6 422 5

HSS6-10 0.67 0.05734 0.00206 0.54187 0.01868 0.06853 0.00108 440 12 427 7

HSS6-11 0.78 0.05953 0.00116 0.55437 0.01067 0.06755 0.00083 448 7 421 5

HSS6-12 0.81 0.05995 0.00136 0.57389 0.01270 0.06943 0.00089 461 8 433 5

HSS6-13 0.69 0.05722 0.00096 0.53472 0.00921 0.06778 0.00083 435 6 423 5

HSS6-14 0.84 0.05705 0.00114 0.52726 0.01054 0.06704 0.00084 430 7 418 5

HSS6-15 0.71 0.05723 0.00108 0.53306 0.01016 0.06757 0.00084 434 7 421 5

Fig. 3 CL images of representative zircon grains and U–Pb concordia

diagram for the Haoquangou granodiorite
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Table 2 Bulk rock major (wt%) and trace element (ppm) analyses of representative samples from the Liujiaxia and Haoquangou plutons

Rock

type

Liujiaxia granite Haoquangou granodiorite

Sample LJX-

1

LJX-2 LJX-3 Q1219* Q1220* Q1221* Q1223* Q1224* HSS-

5

HSS-

6

HSS-

7

Q1210# Q1211# Q1213#

SiO2 69.71 71.95 69.72 69.58 69.58 71.53 70.94 70.86 68.22 69.89 69.10 69.37 69.19 70.10

TiO2 0.35 0.31 0.38 0.34 0.32 0.42 0.28 0.29 0.25 0.27 0.29 0.26 0.28 0.27

Al2O3 15.21 15.18 15.41 15.18 15.32 13.56 14.73 14.97 14.44 14.67 14.82 14.99 15.27 14.55

Fe2O3
T 2.22 2.01 2.46 2.29 2.24 2.82 1.96 1.92 2.11 2.42 2.53 2.18 2.28 2.29

MnO 0.04 0.03 0.05 0.05 0.04 0.06 0.04 0.05 0.04 0.04 0.04 0.03 0.04 0.03

MgO 0.76 0.66 0.79 0.73 0.76 1.03 0.60 0.60 0.89 1.06 1.09 0.99 1.03 1.04

CaO 2.49 2.00 2.50 2.30 2.33 1.85 2.09 2.16 3.06 2.78 2.85 2.54 2.64 2.41

Na2O 4.44 4.16 4.46 4.11 4.27 3.41 4.19 4.38 3.26 3.98 3.99 4.01 4.18 3.85

K2O 2.89 3.77 3.12 3.36 3.19 3.16 3.19 3.19 2.61 1.98 2.01 2.16 2.13 2.05

P2O5 0.13 0.13 0.16 0.13 0.13 0.15 0.10 0.10 0.13 0.09 0.11 0.09 0.09 0.09

LOI 0.95 0.76 0.38 0.57 0.72 1.06 0.69 0.57 4.00 1.89 2.78 2.53 0.74 2.72

Total 99.20 100.96 99.42 99.01 99.06 99.62

K2O/

Na2O

0.65 0.91 0.70 0.82 0.75 0.93 0.76 0.73 0.80 0.50 0.50 0.54 0.51 0.53

A/CNK 1.02 1.04 1.01 1.04 1.04 1.09 1.04 1.03 1.05 1.07 1.06 1.10 1.09 1.12

Mg# 40.41 39.41 38.88 38.71 40.19 41.98 37.75 38.23 45.52 46.46 46.05 47.36 47.23 47.36

Sc 2.74 2.82 3.73 4.12 3.75 5.20 3.80 3.70 4.46 5.17 3.77

V 31.6 30.9 33.5 26.9 26.7 31.1 22.7 22.20 44.1 42.8 45.8

Cr 8.69 12.34 8.58 2.94 3.03 3.85 2.74 2.96 7.65 5.63 5.89 3.33 3.30 3.58

Co 4.08 3.43 4.17 98.4 82.5 79.4 97.9 99.7 5.94 6.48 6.15 80.4 83.4 88.2

Ni 2.48 5.47 4.73 2.83 2.94 2.76 3.07 3.13 7.26 5.89 7.01 3.96 3.45 3.91

Ga 17.3 17.8 18.2 19.5 19.1 18.3 18.8 18.8 15.5 15.5 15.1

Cs 1.50 3.75 2.39 2.23 5.08 4.94 4.61 1.79 1.76 2.23 2.44 2.23 3.43 2.83

Rb 56.2 77.8 67.6 92.2 90.6 98.9 98.9 84.9 71.2 55.7 37.0 68.9 65.2 69.9

Ba 1583 2015 1402 1554 1492 997 1098 1227 694 1012 826 652 633 640

Th 13.5 15.8 13.1 13.7 13.4 10.8 11.8 9.64 7.63 9.63 8.09 7.53 8.28 8.39

U 1.08 0.89 0.84 1.16 1.15 1.01 1.76 5.35 2.04 3.98 1.94 2.18 8.46 2.65

Ta 0.52 0.70 0.32 0.98 0.94 0.66 1.33 1.08 0.54 0.41 0.37 0.62 0.59 1.43

Nb 7.62 8.97 8.78 12.4 10.8 15.3 12.0 11.4 8.55 6.06 5.35 5.39 5.90 7.47

Pb 26.3 30.8 30.4 34.6 32.2 33.7 35.5 35.5 20.1 27.4 16.0 12.9 16.9 12.3

Sr 650 578 608 657 655 478 550 597 370 508 376 369 435 376

Zr 162 146 163 180 178 177 155 139 76.3 76.3 83.5 91.9 99.3 93.4

Hf 4.49 4.33 4.63 4.30 4.33 4.27 3.92 3.40 2.44 2.42 2.60 2.38 2.53 2.34

Y 7.30 7.18 5.30 10.1 9.93 7.20 10.40 9.60 4.01 4.20 4.41 4.29 4.67 4.44

La 56.7 44.7 53.2 53.3 54.2 22.1 35.5 38.9 16.5 18.5 15.8 14.7 15.9 15.8

Ce 95.7 83.7 89.5 94.5 84.4 34.8 68.4 69.5 28.6 32.8 27. 6 25.6 27.9 27.4

Pr 10.39 8.53 10.03 9.41 9.59 4.17 6.51 6.92 2.96 3.39 2.96 2.58 2.82 2.76

Nd 34.7 28.0 34.2 31.1 30.1 13.4 20.7 22.5 10.2 11.6 10.3 8.63 9.36 9.22

Sm 4.49 3.70 4.50 4.58 4.11 2.25 3.37 3.12 1.56 1.78 1.62 1.58 1.63 1.54

Eu 1.62 1.72 1.52 1.05 1.02 0.74 0.84 0.81 0.72 0.89 0.76 0.46 0.44 0.43

Gd 4.81 4.11 4.51 2.55 2.21 1.67 2.09 2.08 1.75 2.04 1.82 1.14 1.17 1.04

Tb 0.44 0.40 0.39 0.34 0.33 0.24 0.29 0.29 0.19 0.20 0.20 0.16 0.16 0.15

Dy 1.62 1.60 1.27 1.74 1.68 1.23 1.74 1.55 0.82 0.87 0.91 0.76 0.86 0.72

Ho 0.27 0.27 0.20 0.31 0.32 0.21 0.31 0.28 0.15 0.15 0.16 0.15 0.15 0.14

Er 0.89 0.88 0.66 0.79 0.82 0.58 0.86 0.79 0.46 0.45 0.48 0.36 0.40 0.33

Tm 0.10 0.11 0.07 0.12 0.12 0.08 0.13 0.11 0.06 0.06 0.06 0.06 0.06 0.06
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used for weighted-mean calculations and for plotting con-

cordia diagrams.

4.2 Whole-rock major and trace element, and Sr–

Nd isotope analyses

Fresh rock samples were crushed to powders of 200 mesh

in an agate ring mill. Whole-rock major elements were

analyzed using a Thermo Scientific ARL 9900 X-ray flu-

orescence (XRF) spectrometer at SKLMDR, China, fol-

lowing a method similar to Zhao et al. (2021). RMG-2,

BCR-2, and BHVO-2 standards were used for quality

control. The analytical precision was estimated to be less

than 10% for all major oxides and less than 1% for the

majority of oxides. Whole-rock trace element contents

were measured using a Finnigan Element II ICP–MS at

SKLMDR, China. Detailed analytical procedures followed

by Gao et al. (2003), yield analytical precisions that are

better than 10% for all trace elements, with the majority

being better than 5%.

Whole-rock Sr–Nd isotopic compositions were deter-

mined at the Tianjin Shangnuo Geological Technology Co.

Ltd., Tianjin, China. The analytical conditions and proce-

dures used during this study are similar to those described in

Zhao et al. (2021). Raw data of isotopic ratios were corrected

for mass fractionation by normalizing to 86Sr/88Sr = 0.1194

for Sr and 146Nd/144Nd = 0.7219 for Nd. International iso-

topic standards (NIST SRM 987 for Sr and JNdi-1 for Nd)

were periodically analyzed to correct instrumental drift.

Geochemical reference material AGV-2 was used for quality

control purposes. During the analysis period, the standard

solution of AGV-2 yielded an average 87Sr/86Sr value of

0.703984 ± 0.000006 (n = 3) and an average 143Nd/144Nd

ratio of 0.512795 ± 0.000005 (n = 3).

5 Results

5.1 Zircon U–Pb ages

Zircon CL images and LA–ICP–MS zircon U–Pb dating

results for sample HSS-6 from the Haoquangou pluton are

listed in Table 1 and shown in Fig. 3. The zircon grains

extracted from the Haoquangou granodiorite are transpar-

ent and colorless to pale yellow, and have lengths of

60–120 lm and length/width ratios of 1:1 to 3:1. They

show weak or clear magmatic oscillatory zoning in the CL

images (Fig. 3) and mostly have relatively high Th/U ratios

of 0.67–1.19. Fifteen analyses from sample HSS-6 yield

concordant 206Pb/238U ages ranging from 418 to 433 Ma.

The weighted mean of 423 ± 3 Ma (MSWD = 0.5)

(Fig. 3) is interpreted as the crystallization age of the

Haoquangou granodiorite.

5.2 Whole-rock major and trace element

geochemistry

Whole-rock major and trace-element compositions are

given in Table 2. All of the studied samples from the

Haoquangou and Liujiaxia plutons show limited chemical

variation, have high SiO2 contents varying from 68.22 to

70.10 wt% and 69.58 to 71.95 wt%, respectively, and all

fall into the subalkaline series field in a total alkali versus

silica (TAS) diagram (Fig. 4a). The Liujiaxia granites have

high alkali contents, are enriched in K2O with K2O/Na2O

weight ratios of 0.65–0.93 and can be classified as high-K

calc-alkaline rocks (Fig. 4b). They are weakly peralumi-

nous in composition with A/CNK ratios of 1.01 to 1.09

(Fig. 4c). In contrast, the Haoquangou granodiorites have

relatively low alkali contents, are high in Na2O, with K2O/

Na2O weight ratios of 0.50–0.80, and can be classified as

calc-alkaline series (Fig. 4b). They are weakly to strongly

peraluminous with relatively high A/CNK values of

1.05–1.12 (Fig. 4c).

Table 2 continued

Rock

type

Liujiaxia granite Haoquangou granodiorite

Sample LJX-

1

LJX-2 LJX-3 Q1219* Q1220* Q1221* Q1223* Q1224* HSS-

5

HSS-

6

HSS-

7

Q1210# Q1211# Q1213#

Yb 0.66 0.73 0.46 0.71 0.85 0.51 0.87 0.78 0.40 0.37 0.41 0.37 0.41 0.32

Lu 0.10 0.11 0.08 0.11 0.13 0.08 0.15 0.12 0.06 0.06 0.06 0.05 0.06 0.04

La/Yb 85.98 61.64 115.80 75.07 63.76 43.33 40.80 49.87 39.73 38.78 49.38 41.10 50.10 38.70

Sr/Y 89.11 80.51 114.69 65.05 65.96 66.39 52.88 62.19 86.01 93.15 84.68 92.28 121.08 85.34

LOI, loss on ignition; A/CNK = Al2O3/(CaO ? Na2O ? K2O) molar; Mg# =100 9 Mg/(Mg ? Fe); Fe2O3
T, total Fe expressed as Fe2O3;

tZr (�C). *Data from Yang et al. (2021), #Data from Yang et al. (2020a)
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Granitoids from both the Liujiaxia and Haoquangou

plutons show similarly fractionated chondrite-normalized

rare earth element (REE) patterns and are marked by sig-

nificant light REE (LREE) enrichment, strongly heavy

REE depletion, and insignificant to positive Eu anomalies,

with La/Yb ratios of 40.8–115.8 and 38.7–50.1, and Eu/

Eu* values of 0.94–1.35 and 0.97–1.43, respectively

(Fig. 5). On primitive mantle normalized multi-element

diagrams, they are enriched in large ion lithophile elements

(LILEs; e.g., Cs, K, Th), and depleted in Ta, Nb, P, and Ti,

with slightly positive Zr-Hf anomalies (Fig. 5). Of note, the

Liujiaxia granites have higher total REE, Ba, Zr, and Hf

concentrations than those of the Haoquangou granodiorites

(Fig. 5).

5.3 Whole-rock Rb–Sr and Sm–Nd isotopes

Representative whole-rock Sr–Nd isotopic analyses for the

Liujiaxia and Haoquangou plutons are given in Table 3 and

illustrated in Fig. 7. The Liujiaxia granites have relatively

homogeneous initial 87Sr/86Sr ratios [(87Sr/86Sr)i] of

0.7071–0.7075, and eNd(t) values of - 3.9 to - 1.4, with

two-stage Nd model ages ranging from 1.49 to 1.29 Ga. In

contrast, the Haoquangou granodiorites have lower (87-

Sr/86Sr)i ratios (0.7053–0.7059) and higher eNd(t) values

(- 1.4 to ? 0.6) than the Liujiaxia granites (Fig. 7). The

corresponding two-stage Nd model ages are strikingly

younger, ranging from 1.28 to 1.12 Ga.

6 Discussion

6.1 Petrogenesis of the Liujiaxia and Haoquangou

adakitic rocks

The term ‘‘adakite’’ refers to a group of intermediate–felsic

volcanic and plutonic rocks, which are geochemically

characterized by depletions in Y and heavy REEs, high Sr/

Y and La/ Yb ratios (Castillo et al. 1999; Defant and

Drummond 1990). Alternative genetic models have been

suggested to explain the origins of adakitic rocks, including

(1) fractional crystallization of parental basaltic magmas

(Castillo et al. 1999; Dai et al. 2017); (2) their adakitic

signature is inherited from source rocks (Xie et al. 2023);

(3) mixing between crust- and mantle-derived magmas

(Chen et al. 2013); (4) partial melting of thickened/de-

laminated lower crust (Atherton and Petford 1993; Chung

et al. 2003); or (5) partial melting of subducted oceanic

slabs (Defant and Drummond 1990). The Liujiaxia and

Haoquangou granitoids are characterized by strong deple-

tion in heavy REEs and Y, and high Sr/Y, La/Yb, and Sm/

Yb ratios, and show insignificant to moderate positive Eu

anomalies with Eu/Eu* of 0.94–1.43. All samples plot in

Fig. 4 Geochemical classification of representative samples from the

Liujiaxia and Haoquangou plutons. a Total alkali versus silica

diagram (after Middlemost 1994); with the thick solid line from (after

Irvine and Baragar 1971). b K2O versus SiO2 diagram (after

Peccerillo and Taylor 1976). c A/NK vs. A/CNK diagram (after

Maniar and Piccoli 1989; Chappell and White 1974)
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the field of the adakite in the Sr/Y vs. Y and (La/Yb)N vs.

(Yb)N plots (Fig. 6a, b). These suggest that the Liujiaxia

and the Haoquangou granitoids in the Qilian orogenic belt

belong to adakitic rocks.

Granitoids from the Liujiaxia and Haoquangou plutons

have relatively homogeneous whole-rock element compo-

sition, initial 87Sr/86Sr and eNd(t) values, and do not display

a mixing trend. Moreover, they show significantly lower

MgO, Ni, and Cr contents, and Mg# values (37.8–47.4)

than those of the adakitic rocks formed by magma mixing

of crust- and mantle-derived magma (Mg# values[ 52,

MgO[ 3 wt%, Chen et al. 2013). These, combined with

the common absence of mafic, microgranular enclaves, and

petrographic disequilibrium textures within the two plu-

tons, imply that magma mixing did not play a major role

during their generation. Spatially, the studied granitoids are

not associated with contemporaneous massive mafic mag-

mas and display uniform REE patterns. Moreover, they

display almost constant or decreasing La/Yb ratios with

increasing SiO2 contents (Fig. 6c), suggesting insignificant

fractionations of amphibole and garnet during their gen-

eration because both amphibole and garnet preferentially

incorporate HREE compared to LREE. Their Dy/Yb ratios

are almost constant with increasing SiO2 contents

(Fig. 6d). Therefore, the Liujiaxia and Haoquangou gran-

itoids could not be derived from primary basaltic magma

by fractional crystallization.

Previous studies have identified that some of the Early

Paleozoic granitoid within the Qilian orogenic belt show

non-adakitic geochemical characteristics (Tung et al. 2016;

Zhang et al. 2019; Zhao et al. 2022), thereby precluding the

possibility of the adakitic geochemical compositions of the

Liujiaxia and Haoquangou plutons inherited from their

source rocks. Moreover, the adakitic magmas derived by

partial melting of basaltic ocean crust are commonly sodic,

with K2O/Na2O ratios of *0.4 (Defant and Drummond

1990; Martin 1999). The K2O/Na2O ratios of the Liujiaxia

and Haoquangou granitoids (0.50–0.93) are higher than

those of the slab-derived adakites but similar to those of the

thickened lower continental crust or delaminated lower

continental crust-derived adakitic rocks. Their CaO/Al2O3

ratios (0.13–0.21) are significantly lower than those derived

from partial melting of subducted oceanic crust ([ 0.2, Li

et al. 2016, and references therein). Their Sr–Nd isotopic

compositions are more evolved than those of the Early

Paleozoic ophiolites (Fig. 7). In addition, they show sig-

nificantly lower Cr and Ni concentrations compared with

those of the slab-derived melts (Fig. 6e, f). Therefore, the

granitoids from the Liujiaxia and Haoquangou plutons

were likely generated by partial melting of the thickened

lower continental crust or delaminated lower continental

crust, rather than a subducted oceanic crust.

The partial melting of delaminated lower continental

crustal material in the mantle produces adakitic magmas

with significantly elevated MgO ([ 3 wt%), Cr, and Ni

concentrations, and with high Mg# values because of

interaction with the mantle ([ 50; Hu et al. 2012; Rapp

et al. 1999), different from those observed in the Liujiaxia

and Haoquangou granitoids. Consequently, the geochemi-

cal data presented here indicate that the Liujiaxia and

Haoquangou granitoids were derived directly from the

partial melting of a thickened lower crust. Moreover, their

peraluminous nature, relatively higher Na2O contents, and

more depleted Nd isotopic composition, further imply their

derivation from juvenile lower crust. Their relatively large

variation in Sr-Nd isotopic composition may have resulted

from crustal contamination.

Both the Liujiaxia and Haoquangou granitoids are

enriched in Ba, Sr, and Eu, depleted in HREEs and Y, and

have high Sr/Y and La/Yb ratios with insignificantly or

Fig. 5 Chondrite-normalized REE patterns (a) and primitive-mantle-normalized trace element variation diagrams (b) of rocks from the Liujiaxia

and Haoquangou plutons. The data for chondrite and primitive mantle are from Boynton (1984) and McDonough and Sun (1995), respectively
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slightly positive Eu, suggesting the absence of residual

plagioclase in the magma source. Partial melting experi-

ments of mafic lower crust have indicated that melts with

high Sr/Y and La/Yb ratios can be generated at pressures

between 10.0 and 12.5 kbar without the need for a thick-

ened crust (Qian and Hermann. 2013). Samples from the

Liujiaxia and Haoquangou plutons plot along the trend of

melts derived from the thickened crust (Fig. 8). They are

strongly depleted in Y and the HREE with steep HREE

patterns, and have high Y/Yb (9.89–14.23) and (Ho/Yb)N

(1.04–1.27) ratios, suggestive of garnet-bearing residues

during the partial melting as residual hornblende will

generate melts with flat HREE patterns and Y/Yb & 10

and (Ho/Yb)N & 1 (Ge et al. 2002; Hu et al. 2012). Col-

lectively, these further suggest that partial melting occur-

red in a thickened region of the lower continental crust

([ 50 km).

6.2 Tectonic implications

The Qilian orogenic belt records a complete Neoproterozoic

to Paleozoic tectonic history correlated with the Rodinia

breakup and Gondwana assembly. The Paleozoic subduc-

tion, closure of ocean basin (s), and ultimate continental

collision gave rise to voluminous ophiolites and intermedi-

ate-acidic intrusive rocks in the Qilian orogenic belt (Tung

et al. 2016; Song et al. 2013; Xia et al. 2016). The existence

of the Late Cambrian igneous rocks in the northern margin of

the Qilian Block and the Lajishan ophiolite complex could

not be well explained by the southward subduction of the

North Qilian oceanic slab located between the Qilian Block

and North Qilian orogenic belt (Zhao et al. 2021, 2022). The

identification of ophiolite sequences and island arc volcanic

rocks in the NQ-UHPM belt implies that there an ocean

(namely, the South Qilian Ocean) between the Qilian Block

and the Qaidam-West Qinling orogenic belt. Given the well-

developed western Pacific-type trench–arc–basin system of

the North Qilian orogenic belt (Song et al. 2013; Xia et al.

2016), these indicate that the formation of the Liujiaxia and

Haoquangou plutons was related to the northward subduc-

tion of the South and North Qilian oceans, respectively.

The new zircon U–Pb age of 423 ± 3 Ma for the

Haoquangou granodiorite is approximately coeval with the

414–422 Ma Shengrongsi and Xinkaigou A-type granites

in the North Qilian orogenic belt, and ca. 433 Ma Jinchuan

A-type granitites in adjacent Alxa Block, implying for-

mation of the Haoquangou pluton in an extensional regime

(Fig. 9) (Yang et al. 2018; Zhang et al. 2017). Existing

studies have suggested that the voluminous Early Paleo-

zoic adakitic rocks in the eastern part of the North Qilian

orogenic belt, could be further divided into low-Mg and

high-Mg subtypes (Tseng et al. 2009; Yu et al. 2015).

Zircon U–Pb dating results indicate that the high-MgT
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Fig. 6 a Sr/Y versus Y plot (after Defant and Drummond 1990); b (La/Yb)N versus YbN plot (after Drummond and Defant 1990); c La/Yb

versus SiO2 plot; d Dy/Yb versus SiO2 plot; e Cr versus SiO2 plot (after Wang et al. 2006); f Cr versus SiO2 plot (after Wang et al. 2006).

Symbols are the same as in Fig. 4
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adakitic rocks (440–430 Ma) postdate the low-Mg ones

(466–446 Ma) by 6 Myr (Zhang et al. 2019). The genera-

tion of the low-Mg and high-Mg adakitic rocks are con-

sidered to be related to partial melting of the thickened

lower crust and anatexis of subsequent delaminated lower

crust interacted with mantle peridotite, respectively (Tseng

et al. 2009; Yu et al. 2015). Moreover, comprehensive

magmatic, structural, and sedimentary evidence suggests

that the final closure of the North Qilian Ocean between the

Qilian Block and the Alxa Terrane occurred during the

Late Ordovician (Song et al. 2013; Wang et al. 2019).

Therefore, it is suggested that the Haoquangou adakitic

rocks were generated in a post-collisional extensional

regime due to lithospheric delamination (Fig. 9). Given

their emplacement on the southern margin of the North

Qilian orogenic belt and insignificant interaction between

melt and mantle peridotite as revealed by low MgO content

and Mg# values, the Haoquangou granidiorites were

probably derived from partial melting of marginal residual

thickened lower crust rather than the delaminated lower

crust.

In contrast, based on the compilation of petrological

evidence, Yang et al. (2020) and Zhao et al. (2022) con-

cluded that the final closure of the South Qilian Ocean

likely occurred at ca. 435 Ma. Moreover, Xia et al. (2016)

proposed that the Qaidam Block started to collide at ca.

440 Ma, and was dragged beneath the Qilian Block by the

downgoing oceanic lithosphere to depths of *100–200 km

at about 440–421 Ma. The 435–420 Ma granitoids in the

Qilian Block generally show adakitic affinities and were

contemporaneous with the UHP metamorphism in the NQ-

UHPM belt, whereas those with ages of ca. 420–400 Ma

are non-adakitic in compositions and occurred after the

UHP metamorphism, revealing that their generations are

closely related with subduction and exhumation of the

continental crust, respectively (Yang et al. 2020; Zhao

et al. 2022). The ca. 432 Ma Liujiaxia granites thus were

the product of syn-collisional magmatism formed during

the subduction of continental crust (Fig. 9).

Collectively, it is suggested that the Haoquangou pluton

was formed during a post-collisional extensional setting,

relating to the lithospheric delamination after the closure of

the North Qilian Ocean, whereas the Liujiaxia pluton was

generated in a compressive setting during a continental

collision between the Qaidam and Qilian blocks.

Fig. 7 Whole-rock eNd(t) versus (87Sr/86Sr)i diagram for the Liujiaxia

and Haoquangou plutons (after Zhao et al. 2021)

Fig. 8 (Sm/Yb)SN versus YbSN diagram for the adakitic Liujiaxia and

Haoquangou granitoids (after Zhang et al. 2018); normalized values

are average lower crust of Rudnick and Gao (2003). Symbols are the

same as in Fig. 4

Fig. 9 Schematic illustration of

the generation and emplacement

of the Silurian Liujiaxia and

Haoquangou plutons in the

Qilian Orogenic Belt
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7 Conclusions

(1) New LA–ICP–MS zircon U–Pb dating and whole-

rock analysis results, combined with previous studies

suggest that the Liujiaxia granites within the Qilian

Block are high-K calc-alkaline, and were emplaced

at ca. 432 Ma, while the Haoquangou granodiorites

within the North Qilian orogenic belt are calc-alka-

line, and were formed at ca. 423 Ma. Both of them

are peraluminous in composition and show relatively

depleted whole-rock Nd isotopic features, implying

their derivation from a juvenile lower crust.

(2) The Liujiaxia and Haoquangou granitoids are char-

acterized by low heavy REEs and Y concentrations

and extremely high La/Yb and Sr/Y ratios, similar to

adakites. Geochemical and whole-rock Sr–Nd iso-

topic data indicate that they were derived from the

partial melting of thickened lower continental crust.

(3) The Haoquangou granodiorites within the North

Qilian orogenic belt were generated in a post-

collisional extensional regime related to the litho-

spheric delamination after the closure of the North

Qilian Ocean between the Qilian and Alxa blocks.

By comparison, the Liujiaxia granites were gener-

ated in a compressive setting during a continental

collision between the Qaidam and Qilian blocks.
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