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Abstract

The geodynamic mechanism responsible for the generation of Early Paleozoic magmatism within the Qilian Block, north-
west China, remains controversial. In this paper, we present new geochronological, mineralogical, and geochemical data for
the Hejiashan (HJS) granite and Lajishan (LJS) quartz diorite from the eastern Qilian Block, to constrain their origin and
the regional evolutionary history. Laser abalation—inductively coupled plasma—mass spectrometry (LA-ICP-MS) zircon
U-Pb dating results show that the HJS granites and LJS quartz diorites were emplaced between 445 and 438 Myr ago. The
HJS granites are high-K calc-alkaline, metaluminous to weakly peraluminous, with K,0/Na,O weight ratios of 0.84—1.12.
The LIS quartz diorites are calc-alkaline and metaluminous with K,0/Na,O weight ratios of 0.34-0.46. Both have similar
whole-rock Sr—Nd isotopic compositions. They are characterized by low heavy rare earth elements (HREEs) and Y con-
centrations, and high St/Y and La/Yb ratios, similar to adakitic rocks. Notably, the LIS quartz diorites are more depleted in
HREEs and Y, and have much higher Mg# [= 100X Mg/(Mg + Fe)], La/Yb, St/Y, and zircon gy(t) values, and MgO, Cr, Co
and Ni concentrations than those of the HJS granites. The HJS granites were most likely derived from partial melting of a
thickened juvenile lower crust with amphibole and minor plagioclase as residual phases in the magma source. Conversely, the
LJS quartz diorites were produced by partial melting of the subducted oceanic slab and minor sedimentary materials in the
garnet and rutile stability field. Combined data from this and previous studies suggest that the Early Paleozoic magmatism
within the Qilian Block mainly occurred ca. 464—402 Myr ago as a response to post-collisional extension. Break-off of the
northward subducted South Qilian oceanic slab after continental collision between the Qaidam and Qilian Blocks was the
primary dynamic mechanism responsible for the Early Paleozoic extensive crust-mantle interaction and magmatism within
the Qilian Block.
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Adakites are a special type of igneous rocks and were origi-
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2001); all of these terms are simplistically referred to as
"adakitic rocks" in this manuscript. Alternative geodynamic
models have also been suggested to explain the origins of
adakitic rocks, including (1) melting of a thickened lower
crust (Atherton and Petford 1993; Chung et al. 2003), (2)
partial melting of a delaminated lower crust (Gao et al.
2004; Xu et al. 2002), (3) fractional crystallization of water-
rich arc basaltic magmas (Castillo et al. 1999; Dai et al.
2017; Macpherson et al. 2006), and (4) magma mixing
between basaltic and felsic magmas (Chen et al. 2013; Streck
et al. 2007). The origin of adakite magmatism is thought to
be of particular importance for understanding the Archean
crustal evolution because of their compositional similarity to
Archean TTGs (Tonalite—Trondhjemite—Granodiorite) (Martin
et al. 2005). In particular, melts derived from an oceanic crus-
tal source may be important in contributing to crustal growth
(Eyuboglu et al. 2011; Huang et al. 2015; Song et al. 2014a,
b). On the other hand, their distinctive geochemical signatures
suggest that their generation likely occurred within the garnet
and/or amphibole stability fields, reflecting high-pressure pro-
cesses. Consequently, adakitic rocks could provide significant
information on crustal evolution and the evolutionary histories
of orogenic belts.

The Qilian orogenic belt located on the northern margin
of the Qinghai-Tibet Plateau in western China has recorded
a complex history of typical collisional orogenies (Fig. 1a).
This belt is composed of the North Qilian Orogenic Belt,
the Qilian Block, and the North Qaidam ultrahigh-pressure
metamorphic (NQ-UHPM) belt (Fig. 1a). The intense and
widespread early Paleozoic magmatic rocks in the Qilian
orogeny have been suggested to be products of the subduc-
tion of oceanic crust and the subsequent continental collision
(Lietal. 2017; Song et al. 2013, 2014a, b; Wang et al. 2018).
It is generally accepted that the northward subduction of the
North Qilian oceanic lithosphere resulted in the develop-
ment of a Western Pacific-type trench—arc—back-arc-basin
system of the North Qilian Orogenic Belt (Li et al. 2017;
Song et al. 2013; Wang et al. 2018, 2019). Numerous studies
also suggest that the North Qilian oceanic lithosphere simul-
taneously subducted southwards beneath the Qilian Block,
and induced the intensely granitoidic magmatism within the
Qilian Block (Chen et al. 2008; Li et al. 2017; Tung et al.
2016). However, the eclogites of the mid-ocean ridge basalt
(MORB) protolith in the NQ-UHPM belt indicate the pres-
ence of another ocean basin located between the Qilian and
the Qaidam Blocks. Therefore, some authors have recently
suggested that Early Paleozoic magmatism within the Qilian
Block may have been induced by the northward subduction
of this oceanic slab beneath the Qilian Block and the subse-
quent continental collision between the Qilian and the Qaidam
Blocks (Gao et al. 2018; Huang et al. 2015; Yang et al. 2015,
2016, 2018). As such, the tectonic evolution and the geody-
namic mechanism responsible for the generation of the Qilian
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orogeny remains controversial. As the critical junction of the
North Qilian Orogenic Belt and the NQ-UHPM belt, the Qilian
Block occupies a crucial place for understanding the tectonic
evolution of the Qilian orogenic belt. The Early Paleozoic
granitoids in the Qilian Block are composed of voluminous
I- and S-type granitoids and adakitic rocks (Huang et al. 2015;
Song et al. 2014a, b; Tung et al. 2016; Yang et al. 2015, 2016;
Yong et al. 2008). Previous studies have suggested that the
Early Paleozoic adakitic rocks in Qilian Block are widely dis-
tributed and mainly derived from partial melting of a thickened
lower crust (Huang et al. 2015; Tung et al. 2016). However,
these slab-derived adakites are sparse, and few studies have
been conducted on the petrogenesis and tectonic significance
of these plutonic rocks. In this study, we provide a combined
mineralogical, geochronological, and geochemical data for the
newly identified Lajishan (LJS) and Hejiashan (HJS) adakitic
plutons from the eastern Qilian Block (Fig. 1a). By integrat-
ing the new results and previous data, we aim to provide close
constraints on the magma source and petrogenesis of these
granitoids and to shed new light on the tectonic evolution of
the Qilian orogeny during the Early Paleozoic.

Geological setting

The Qilian orogenic belt is a composite orogenic belt
(Fig. 1a; Song et al. 2013; Xia et al. 2016). The northern
North Qilian Orogenic Belt is a typical western Pacific-type
trench—arc—back-arc system and characterized by the occur-
rence of low-T/HP blueschist and eclogite-facies rocks (Song
et al. 2009). From north to south, it can be divided into the
northern back-arc ophiolite belt, the middle arc magmatic
belt, and the southern ophiolite belt (Fig. 1a).

The Qilian Block, bounded by the NQ-UHPM belt and
West Qinling Orogenic belt to the south and the North Qilian
Orogenic Belt to the north, consists predominantly of Pre-
cambrian metamorphic basement overlain unconformably
by supracrustal Phanerozoic strata (Li et al. 2018; Wan et al.
2003; Wang et al. 2016). Abundant Early Paleozoic grani-
toids are exposed in the eastern section of the Qilian Block,
with crystallization ages in the range 517-402 Ma. They are
composed of adakitic granitoids, I- and S-type granitoids,
and minor plagiogranites, and are considered to be the result
of oceanic subduction and subsequent continental collision
(Huang et al. 2015; Peng et al. 2017; Qin et al. 2014; Wu
et al. 2010; Tung et al. 2016; Yang et al. 2015). Mesozoic
magmatism is rare and only exposed in the southeastern-most
part of the Qilian Block (Li et al. 2017). The NQ-UHPM belt
is dominated by paragneisses and orthogneisses intercalated
with blocks of eclogite, granulite, and peridotites (Song et al.
2014a, b; Yang et al. 1998). Granitoids in this belt are gener-
ally coeval with those exposed in the Qilian Block, with ages
in the range from 493 to 370 Ma (Huang et al. 2015).
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Fig. 1 (a) Geological sketch map of the Qilian orogenic belt with
the localities of major granitoids and their ages (modified from Xia
et al. 2016), data are from the references quoted in Table S1. (b)

- granite location

Both the HJS and LIJS plutons are located along the south-
ern margin of the Qilian Block. The HJS pluton crops out
in northeast Lintao Country, Gansu Province (Fig. 1b). It
intrudes into the Ordovician volcanic-sedimentary strata and
is overlain by the Mesozoic Hekou Group. The pluton is
mainly composed of coarse-grained granites and subordinate

Geological map of the Hejiashan (HJS) granitic pluton (modified
after Yang et al. 2015). (¢) Geological map of the Lajishan (LJS)
pluton (modified after Fu et al. 2014)

medium-grained granodiorites (Fig. 2a). The coarse-grained
granites are light pink and have equigranular—porphyritic
textures with 10-15 vol% phenocrysts of alkali feldspar
(3-12 mm) and minor plagioclase and quartz (Fig. 2c and
d). The groundmass is fine-grained, and consists mainly of
alkali feldspar, quartz, plagioclase, biotite and amphibole
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Fig.2 Images of HIS and LJS adakitic granitoids. (a) Field photo-
graph of HJS granitoid specimen. (b) Field photograph of LIS grani-
toid specimen. (¢, d) Cross-polarised, transmitted-light images of
granites from the HJS pluton. (e, f) Cross-polarised, transmitted-light
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images of granitoids from the LJS pluton. Abbreviations of mineral
names accroding to Whitney and Evans (2010): Qz — quartz; Afs —
alkali feldspar; PI — plagioclase; Bt — biotite; Amp — amphibole; Ttn
— titanite
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with minor zircon, and titanite. Alkali feldspar phenocrysts
are euhedral to subhedral crystals, frequently enclosing pla-
gioclase and euhedral amphibole crystals. Plagioclases are
euhedral to subhedral with lamellar twinning, which occa-
sionally show concentric zoning (Fig. 2d). Biotite occurs as
anhedral-subhedral blades. Amphiboles are relatively unal-
tered and are subhedral to euhedral (Fig. 2c¢).

The LIS pluton, located in the central region of the Qi(lian)-
Qin(ling) Accretionary belt, is ~25 km long and ~ 1-5 km wide
along the Lajishan rift-related volcanic rock belt (Fig. 1c).
This pluton intruded into the Precambrian Huangyuan group
and the Ordovician volcanic-sedimentary strata. It consists
predominantly of quartz diorites that are fine- to medium-
grained (Fig. 2b) and consists of plagioclase (40-45 vol%),
alkali feldspar (5-10 vol%), quartz (1015 vol%), amphibole
(15-20 vol%), and biotite (5-10 vol%). Minor accessory min-
erals include zircon, titanite, epidote, and Ti—Fe oxides. Pla-
gioclase usually occurs as subhedral-euhedral laths with well-
developed twinning and/or concentric zoning. Amphibole is
euhedral to subhedral and displays characteristic yellowish to
green pleochroism (Fig. 2e), indicative of primary magmatic
origin. Biotite varies in form from anhedral grains to subhedral
blade-shaped crystals. Titanite within the intrusion typically
occurs as interstitial to quartz and plagioclase (Fig. 2f), sug-
gesting late crystallization.

Sample materials and analytical methods
Sampling and specimen preparation

Samples weighing ~ 5 kg each were collected during field-
work in 2017, and detailed sampling locations are presented
in (Fig. 1b and c). Selected fresh whole-rock samples were
crushed and powdered to 200 mesh in an agate ring mill
for whole-rock geochemical analyses. Three samples in
this study, HIS-2 (35°50"13"N, 103°40'32"E) for the HIS
pluton and LJS-1 (36°19'59"N, 101°28'07"E) and LJS-3
(36°19'55"N, 101°28'21"E) for the LJS pluton, were
selected for zircon U-Pb dating. Zircon grains were sepa-
rated by standard density and magnetic techniques, and then
selected by hand under a binocular microscope. Representa-
tive zircon grains were mounted in epoxy resin, and ground
and polished to expose grain interiors. For electron probe
micro-analyser (EPMA) measurements, polished mounts
were coated with carbon for conductivity.

Zircon U-Pb dating and Hf isotopes
Cathodoluminescence (CL) images of zircons found within

the samples were obtained using a a JSM-6510 scanning
electron microscope equipped with Gatan Mini CL. Zircon

U-Pb isotopic analyses were carried out using an Agilent
ICP-MS system coupled to a New Wave Research 213 nm
laser ablation system. Analyses were carried out using a
beam diameter of 32 um, a repetition rate of 5 Hz, and an
energy of 23.74-26.68 J/cm®. A homogeneous reference zir-
con (GEMOC GlJ-1, Jackson et al. 2004) was used to cor-
rect the mass discrimination of the mass spectrometer and
residual elemental fractionation. A well-characterized refer-
ence zircon Mud Tank (Black and Gulson 1978) was used
as an independent control on reproducibility and instrument
stability. In this study, measurements of the reference zircon
GIJ-1 (**Pb/>*U age of 599.8 +4.5 Ma; Jackson et al. 2004)
and Mud Tank (ZOGPb/BSU age of 732 +5 Ma; Black and
Gulson 1978) gave 2%Pb/**8U ages of 600+ 3 Ma (n=15)
and 728 +4 Ma (n=35), respectively, all of which are consist-
ent with the recommended values. The raw ICP-MS U-Pb
isotopic data were acquired using GLITTER 4.4 (Griffin
et al. 2008), using the method for common Pb described by
Andersen (2002). Mean age calculations were performed,
and Wetherill Concordia plots were drawn, using Isoplot
3.00 (Ludwig 2003).

In-situ zircon Hf isotope analyses were conducted on
the same spots as the U-Pb age determinations. Hf iso-
topic compositions were determined with a Neptune Plus
multi-collector (MC) ICP-MS system coupled to a Geo-
las HD excimer ArF laser ablation system. Zircon grains
were ablated with a beam diameter of 44 pm. Detailed
operating conditions for the laser ablation system and the
MC-ICP-MS instrument and analytical method are the
same as description by Hu et al. (2012). Off-line selection
and integration of analyte signals, and mass bias calibra-
tions were performed using [ICPMSDataCal 11.8 (Liu et al.
2010a). The reference zircon 91,500 was used for time-drift
correction and external calibration. In this study, measure-
ments of the reference zircon 91,500 gave '7®Hf/!""Hf ratios
of 0.282304 +0.000008 (n=20), consistent with recom-
mended values within 2c errors (0.282307 +31, Wu et al.
2006).

Mineral major-element analyses

Mineral major-element compositions were determined with
a JEOL JXA-8100 EPMA system operated at 15 kV and 20
nA, with a beam diameter of 1 pm. Peaks counting times
were 10 s for Si, Al, Mg, Ca, Mn, Fe, Na, and F, and 20 s
for Ti; backgrounds were measured for half of the respective
peak counting time. For all elements the Ko lines were ana-
lyzed. The following reference materials were used: rutile
(Ti), pyrophanite (Mn), jadeite (Na, Si), topaz (Al, F), mag-
netite (Fe), plagioclase (Ca), olivine (Mg), and sanidine (K).
A ZAF correction was applied to the data. The analytical
uncertainties were < 1% for major elements and < 10% for
trace elements.
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Whole-rock major and trace element, and Sr-Nd
isotope analyses

For major-element analyses, mixtures of whole-rock pow-
ders (0.5 g) and Li,B,0,+LiBO, +LiBr (11 g) were made
into glass discs and then analyzed using a Thermo Scien-
tific ARL 9900 X-ray fluorescence (XRF) spectrometer. The
analytical precision was estimated to be less than 10% for
all major elements, and less than 1% for the majority of ele-
ments. Trace element concentrations were determined using
a Finnigan Element IT ICP-MS system. Detailed analytical
procedures followed Gao et al. (2003). The analytical pre-
cision was better than 10% for all trace elements, with the
majority being better than 5%.

Geological rock powder was decomposed by high-pressure
polytetrafluoroethylene (PTFE) bombs. Sr and Nd were both
purified from the same digestion solution by two steps column
chemistry. The first exchange column combined with BioRad
AG50W x 8 and Sr Spec resin was used to separate Sr and
REE from the sample matrix. Nd was separated from the other
REE on the second column with an Ln Spec-coated Teflon
powder. The Sr- and Nd-bearing solution was then dried and
re-dissolved in 1.0 ml 2 wt% HNO;. Small aliquots of each re-
dissolved sample were analyzed using a Agilent Technologies
7700 % quadrupole ICP-MS system to determine the exact
contents of Sr and Nd elements. Diluted solutions (50 ppb
Sr and 50 ppb Nd) were introduced into a Nu Instruments Nu
Plasma II MC-ICP-MS device by Teledyne Cetac Technolo-
gies Aridus II desolvating nebulizer system.

The isotopic ratio raw data were corrected for mass frac-
tionation by normalizing to %6Sr/*¥Sr=0.1194 for Sr and
146N d/"*Nd=0.7219 for Nd. Isotopic standards (NIST SRM 987
for Sr and JNdi-1 for Nd) were periodically analyzed to correct
instrumental drift. Geochemical reference materials of USGS
AVG-2 and STM-2 (Table S7) were treated as quality control.

Results
Zircon U-Pb ages

Zircons from the granitic plutons in this study are transpar-
ent, colorless to pale yellow, euhedral, and prismatic with
well-developed oscillatory zoning in the CL images (Fig. 3).
They range from 50 to 100 pm in length, with length/width
ratios of 1:1-2:1. The zircon grains used for LA-ICP-MS
analysis contain similar Th and U concentrations (gener-
ally 234-603 ppm and 271-913 ppm, respectively) and have
relatively high Th/U ratios (0.48-1.40), indicating magmatic
origin (Corfu et al. 2003; Wu and Zheng 2004). The results
of the LA-ICP-MS U-Pb isotopic analyses are listed in
Table S2 and shown in Fig. 3.

Fifteen U-Pb zircon analyses from the sample HJIS-2 pro-
vided concordant 2°°Pb/>*3U ages that range from 450 + 6

@ Springer

to 435 +5 Ma with a weighted mean age of 444.6 +2.6 Ma
[mean square weighted deviation (MSWD)=0.88, Fig. 3a].
This age represents the crystallization age of the HJS granite.

Two samples, LIS-1 and LJS-3, from the LIS pluton were
analyzed during this study. Fourteen analyses of zircons
from sample LJS-1 are all concordant or near-concordant,
and yield a weighted mean 2°Pb/>*3U age of 438.0+2.7 Ma
(MSWD =1.1, Fig. 3b). Eighteen analyses from sample
LJS-3 form a concordant group, with a weighted mean
206pb/2387 age of 443.0+3.1 Ma (MSWD = 1.3, Fig. 3c).
These two ages are within error, indicating a crystallization
age of 440 Ma for the LJS quartz diorite.

Chemical composition of minerals

Results of representative EPMA chemical analyses of pla-
gioclase, biotite, amphibole, and Fe-Ti oxide within the
granitoids in this study are listed in Table S3—-S5 and shown
in Fig. 4. Plagioclase crystals in both the HJS granite and
LJS quartz diorite have similar compositions, with high con-
tents of Ab (68-80), minor amounts of An (18-29), and Or
(0.3-3), and are classified as oligoclase (Fig. 4a).

Biotite grains in the HJS granite have relatively high FeO”
(total Fe expressed as Fe?* oxide; 18.86-19.04 wt%) and K,O
(8.21-8.51 wt%), and low MgO (10.71-11.02 wt%) contents,
with high FeO'/(FeOT +MgO) ratios of 0.63-0.64. Biotite
grains in the LJS quartz diorite have high MgO (14.67-15.29
wt%) and low FeO" (15.94-16.24 wt%), and TiO, (1.53-1.61
wt%) contents with relatively low FeO'/(FeO! + MgO) ratios
(0.52). In the Mg—(AIV! + Fe** 4+ Ti)—(Fe?* +Mn) diagram,
all biotite specimens from the HJS and LJS plutons are clas-
sified as magnesiobiotite (Fig. 4b).

All amphibole crystals in the HJS and LJS plutons are
compositionally uniform without zoning. Amphiboles in the
HJS granite have relatively high FeO™ (16.03-16.76 wt%)
and low MgO (11.53-12.69 wt%), whereas the amphi-
boles in the LIS quartz diorite show slightly lower FeOT
(13.4-14.63 wt%) and higher MgO (12.86-14.17 wt%),
Al,O5 (7.08-8.49 wt%) and TiO, (0.98-1.42 wt%). Both
have high but restricted CaO (9.97-11.24 wt%) contents
with Cag values of > 1.5 and (Na+K), <0.50, and thus are
calcic amphiboles. They also exhibit intermediate SiO, con-
tents and high Mg/(Mg + Fe?") values, and could therefore
be further classified as magnesiohornblende using the clas-
sification of Leake et al. (1997) (Fig. 4c). Furthermore, the
amphiboles in both plutons have low Fe/(Fe + Mg) and high
Fe’*/(Fe** + Fe™) ratios, indicating crystallization under
relatively high oxygen fugacity.

The Fe-Ti oxides are abundant in the LIS quartz diorite and
generally have intergrowth relationships with the amphibole
grains. They are uniform in composition and predominantly
consist of FeOT (94.35-95.23 wt%) with minor TiO, (0.04-0.06
wt%) and MnO (0.15-0.94 wt%), typical of magnetite.
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Fig.3 CL images of representative zircon grains, Wetherill Concor-
dia plots and weighted mean 2°°Pb/>38U ages for granitoidic rocks of
the HJS pluton (a) and LJS pluton (b—c)

Whole-rock major and trace element geochemistry

The major and trace element compositions of representative
samples from the HJS and LJS plutons are given in Table 1. All
samples from the HJIS pluton show limited chemical variation,
and have an acidic signature and relatively high alkali contents,
which fall in the granite field and subalkaline series on a total
alkali versus silica plot (Fig. 5a). They are enriched in K,O
with K,0/Na,O weight ratios of 0.84—1.12 and can be clas-
sified as high-K calc-alkaline rocks (Fig. Sb). These granites
have relatively low MgO (0.70-1.13 wt%) contents with Mg#
values of 41.13—44.08. They are metaluminous to weakly per-
aluminous, with A/CNK [molar Al,05/(CaO+Na,0+K,0)]
values ranging from 0.97 to 1.01 (Fig. 5¢).

In contrast, the LJS quartz diorites are intermediate to acidic
in composition with SiO, contents ranging from 61.17 to 65.31
wt% (Fig. 5a). They are high in Na,O (4.53-4.94 wt%), yet
low in K,O (1.65-2.09 wt%), with K,0/Na,O weight ratios of
0.34-0.46, showing an affinity to calc-alkaline rocks (Fig. 5b).
These quartz diorites are metaluminous, with A/CNK values
of 0.85-0.96 (Fig. 5c). They have higher CaO (4.36-5.51
wt%), Fe,0;" (3.82-5.63 wt%), MgO (1.80-3.07 wt%), TiO,
(0.45-0.57 wt%), and Mg# (48.09-51.93) compared to the HIS
granites. All of the rocks from the HJS and LJS plutons have
relatively low FeO'/(FeO" +MgO) weight ratios (0.62-0.72),
and fall within the magnesian-type granitoids field (Fig. 5d)
according to the scheme of Frost et al. (2001).

All of the granite and quartz diorite samples have simi-
lar total rare earth element () REE) concentrations, ranging
from 106-150 ppm and 116-218 ppm, respectively. They
show similarly fractionated chondrite-normalized REE
patterns and are marked by significant light REE (LREE)
enrichment, HREE depletion, and negligible Eu anomaly
(Fig. 6a) with consequently high (La/Yb) of 13.82—19.00 and
21.29-42.76, respectively. These granitoids have primitive-
mantle-normalized multi-element variation patterns that are
enriched in the large ion lithophile elements (LILEs; e.g., Rb,
Th, and U) and relatively depleted in the high field strength
elements (HFSEs; e.g., Nb, Ta, Ti). They show a negative P
anomaly (Fig. 6b). Despite these similarities, there are several
differences in the compositions of the HJS granites and LIS
quartz diorites. The LIS quartz diorites typically have more
significant depletions in the HREE, Y, Ta, Nb, and Rb, greater
enrichment in the Sr, Ni, Co, and Cr, and higher St/Y and La/
Yb ratios compared to the HJS granites.

Whole-rock Rb-Sr and Sm-Nd isotopes

Whole-rock Sr-Nd isotopic compositions for the HJS gran-
ites and LJS quartz diorites are listed in Table 2. Both have
similar initial 8’Sr/%6Sr values (Ig,) of 0.7062-0.7063 and
0.7059-0.7061, respectively. Moreover, they have homogene-
ous Nd isotopic compositions with gy,(t) values ranging from
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Fig.4 (a) An-Or-Ab diagram for plagioclases (after Deer et al. 1992).
(b) Classification diagram for biotite from the HJS and LJS granitoids
(after Foster 1960). (¢) Classification of amphiboles from the HJS and
LJS granitoids (after Leake et al. 1997). (d) (Fe+Mg)] versus VAL of

-0.37 to+0.99 for the HJS granites and -0.65 to+0.77 for the
LIS quartz diorites (Fig. 7a). All of the samples have relatively
young two-stage Nd model ages (Tpp,: 1.10-1.21 Ga for the
HIJS granites and 1.12—1.23 Ga for the LIS quartz diorites).

Zircon Hf isotopic compositions

The in-situ Hf isotopic compositions of the zircons from
samples HJS-2 and LJS-1 are listed in Table S6 and plot-
ted in Fig. 7b. For the calculation of eg(t) and Ty, val-
ues, we used the zircon U-Pb ages obtained in this study.
Granitoids from the HJS and LJS plutons are characterized
by relatively depleted and homogeneous zircon Hf isotopic
compositions. Zircon grains from the sample HJS-2 show
initial 7®Hf/!7"Hf ratios of 0.282552-0.282648 and yield
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the hornblendes from the HJS and LJS granitoids (fields after Ander-
son and Smith 1995), suggesting their formation under high oxygen
fugacity

eye(t) values ranging from+ 2.0 to + 5.4, with two-stage
Hf model ages (Tpy,) of 1.08-1.30 Ma. In contrast, the
zircons from sample LIS-1 have greater radiogenic Hf iso-
tope compositions compared to the HJS pluton, with ini-
tial '7®Hf/"7"Hf ratios of 0.282643-0.282724, e,;(t) values
of +5.1 to+ 8.0, and Tp, model ages of 0.91-1.10 Ga.

Discussion
Petrogenesis
Origins of the HJS and LJS adakitic rocks

All samples from both the HJS and LJS plutons are
characterized by relatively high Al,O; (> 14 wt%),
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Table 1 Major and trace element compositions of the HJS and LJS granitoids

Pluton HIJS LIS

Sample HIS-1 HJS-2 HJS-3 HIS-4  HIS-5 LJS-1 LJS-2 LJS-3 LIS-4 LJS-5 LIS-6
Major contituents (Wt%)

Sio, 71.43 70.00 69.32 69.80 69.54 63.14 60.17 63.04 63.70 65.31 62.84
TiO, 0.30 0.22 0.25 0.32 0.35 0.48 0.57 0.48 0.47 0.45 0.49
AL O, 14.96 13.74 15.05 14.75 14.53 17.17 16.76 17.21 17.12 16.67 16.84
Fe,05" 2.61 1.96 2.12 2.65 2.84 4.49 5.63 4.23 3.95 3.82 4.72
MnO 0.06 0.04 0.05 0.05 0.07 0.07 0.10 0.07 0.07 0.06 0.08
MgO 1.03 0.70 0.84 1.01 1.13 2.10 3.07 2.02 1.85 1.80 2.31
CaO 2.36 1.77 2.19 247 2.50 4.87 5.51 4.75 4.64 4.36 5.03
Na,O 3.83 3.77 3.86 3.99 4.05 4.87 4.53 4.84 4.94 4.68 4.57
K,O 3.89 4.14 4.31 3.76 3.40 1.67 2.09 1.69 1.75 1.65 1.71
P,0; 0.10 0.07 0.09 0.10 0.11 0.23 0.33 0.22 0.20 0.19 0.24
LOI 0.54 2.64 1.01 0.63 0.82 0.86 0.90 1.19 1.23 0.87 0.19
Total 101.10 99.05 99.08 99.53 99.32 99.96 99.64 99.75 99.92 99.85 99.01
K,0 + Na,0 7.72 7.91 8.17 7.75 7.45 6.54 6.62 6.53 6.69 6.33 6.28
K,0/Na,0 1.02 1.10 1.12 0.94 0.84 0.34 0.46 0.35 0.35 0.35 0.37
A/CNK 1.01 0.99 1.00 0.97 0.97 0.92 0.85 0.93 0.93 0.96 0.91
Mg# 43.9 414 44.0 43.0 44.1 48.1 51.9 48.6 48.1 48.3 49.2
Trace elements (ppm)

Sc 4.64 3.60 4.33 5.13 5.22 8.21 11.7 7.82 7.81 6.99 9.01
A% 43.0 36.3 41.0 45.0 39.5 97.8 140.9 93.1 90.5 87.9 104
Cr 43.5 54.1 47.9 43.2 17.1 38.7 56.7 343 32.6 332 433
Co 6.14 4.24 5.06 6.69 6.86 14.8 20.4 13.8 11.8 12.0 154
Ni 10.3 5.69 6.83 9.27 8.01 18.1 26.9 16.6 14.0 14.8 21.1
Cs 5.57 4.35 3.84 4.94 5.51 3.10 3.70 3.11 2.74 2.34 3.88
Rb 120.8 159.6 135.9 129.2 129.8 444 62.5 343 314 32.5 344
Ba 814 579 1084 843 473 915 1194 773 960 960 774
Th 20.1 23.2 16.4 14.8 22.7 10.2 12.3 10.8 9.92 15.1 9.49
U 3.24 5.54 2.62 3.07 3.11 3.00 3.96 2.72 2.24 2.05 2.34
Ta 1.25 1.83 1.48 1.35 1.57 0.41 0.51 0.51 043 0.35 0.38
Nb 12.7 14.7 11.2 12.3 14.0 6.52 10.7 6.45 7.14 5.59 6.58
Pb 22.6 25.5 23.6 22.0 25.7 18.5 21.9 18.5 16.3 15.7 16.9
Sr 312 232 330 333 302 753 788 696 704 686 633
Nd 19.9 174 16.6 21.4 23.4 24.9 44.0 22.6 25.1 23.6 25.0
Zr 134.4 102.2 117.8 133.7 132.7 156.7 162.8 134.8 137.0 134.7 133.0
Hf 4.38 3.67 3.68 4.20 4.31 4.23 4.47 3.67 354 3.40 3.68
Sm 3.28 2.92 2.76 3.40 3.76 393 7.17 3.76 3.85 3.37 4.14
Ti 1774 1338 1615 1951 2097 2931 3516 2937 3065 2947 2949
La 27.6 28.4 24.7 34.5 374 323 454 26.7 353 39.5 29.8
Ce 58.4 47.7 48.2 60.9 67.2 58.1 92.9 472 57.1 59.4 48.4
Pr 5.69 5.11 4.83 6.28 6.84 6.73 11.43 5.91 6.88 6.81 6.60
Nd 19.9 17.4 16.6 214 234 24.9 44.0 22.6 25.1 23.6 25.0
Sm 3.28 2.92 2.76 3.40 3.76 393 7.17 3.76 3.85 3.37 4.14
Eu 1.03 0.77 0.95 1.06 0.87 1.35 2.06 1.26 1.17 1.05 1.30
Gd 3.40 2.97 2.47 3.52 3.80 3.90 6.79 348 3.14 2.83 3.99
Tb 0.42 0.40 0.34 0.43 0.48 0.44 0.78 0.42 0.39 0.34 0.47
Dy 2.12 2.08 1.83 2.08 2.34 1.90 334 1.87 1.83 1.54 2.10
Ho 0.40 0.40 0.35 0.39 0.44 0.33 0.58 0.33 0.32 0.27 0.37
Er 1.25 1.27 1.06 1.23 1.38 1.00 1.73 0.98 0.92 0.79 1.10
Tm 0.18 0.19 0.16 0.18 0.20 0.12 0.22 0.12 0.12 0.10 0.14
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Table 1 (continued)

Pluton HIS LIS

Yb 1.29 1.38 1.10 1.22 1.40 0.82 1.44 0.81 0.76 0.62 0.91
Lu 0.21 0.22 0.18 0.20 0.22 0.13 0.22 0.13 0.12 0.10 0.14
Y 11.2 11.7 10.2 11.2 12.5 8.82 15.4 8.85 9.14 7.63 9.74

LOI loss on ignition, A/CNK Al,0,/(Ca0 +Na,0 +K,0) molar, Mg# [=100 x Mg/(Mg + Fe)], Fe,0;" total Fe expressed as Fe,0,

Sr (232-788 ppm), low Y (<18 ppm), and Yb
(0.62-1.44 ppm) contents, and corresponding high Sr/Y
and La/YDb ratios. All samples fall in the adakite field
on the Sr/Y versus Y and (La/Yb)y versus (Yb)y plots
(Fig. 8a and b). They have low HREE concentrations and
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Fig.5 Chemical classification of granitoidic rocks from the HJS and
LJS plutons, NW China. (a) Total alkali versus silica (TAS) diagram
(Middlemost 1994; with the thick solid line from Irvine and Baragar
1971); (b) K,O versus SiO, plot (Peccerillo and Taylor 1976); (¢) A/
NK versus A/CNK diagram (Chappell and White 1974; Maniar and
Piccoli 1989); (d) FeO'/(FeOT+MgO) versus SiO, plot (after Frost
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strongly fractionated REE patterns, with weak or no Eu
anomalies. These geochemical features are comparable
to those of adakite (Castillo 2012; Defant and Drummond
1990). Given that the HJS and LIS plutons have similar
Sr—Nd isotopic compositions and zircon U-Pb ages, it
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et al. 2001). Data sources: Eary Paleozoic lower crust-derived adak-
ites in the Qilian Block (Tung et al. 2016; Yang et al. 2015, 2016),
Early Paleozoic subducted oceanic crust-derived adakites in the Qil-
ian Block (Yang et al. 2015). The field of slab-derived adakites is
after Wang et al. (2006b)
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appears that they were co-magmatic. However, distinct
differences in major and trace elements and zircon Hf iso-
topic compositions indicate that their parental melts were
derived from different sources (Figs. 5 and 6).

It has been suggested that fractionation of garnet and
amphibole could yield similar geochemical features to
those of adakites because of their preferential incorpora-
tion of HREEs over LREEs (Moyen 2009 and references
therein). The LJS quartz diorites (440 Ma) were emplaced
significantly later than the mafic rocks within the Lajishan
area (ca. 525-470 Myr ago, Fu et al. 2014, 2017; Yan
et al. 2015; Zhang et al. 2017), and also have much lower
eng(t) values (-0.65 —40.77) than those of the mafic rocks
(eng(t) = +4.83 —4+6.34, Fu et al. 2017). Both the HJS and
LJS adakitic rocks display almost constant Dy/Yb ratios
with increasing SiO, contents, suggesting insignificant
fractionations of amphibole and garnet (Fig. 8c). More-
over, they have high Al,0; contents and do not exhibit
any conspicuous negative Sr and Eu anomalies (Fig. 6),
which is inconsistent with the significant fractional of
plagioclase. Therefore, the possibility of low-pressure or

CsRbBaTh U K TaNbLaCePbSrNd P Zr HfSmTiGd Y YbLu

mantle are from Boynton (1984) and McDonough and Sun (1995),
respectively

high-pressure fractional crystallization of basaltic melts
for the origin of the HJS and LJS granitoids does not seem
feasible.

Adakitic rocks formed by magma mixing usually have
extremely high MgO (mostly >3 wt%), Ni and Cr con-
centrations, and Mg# values (mostly > 52) (Chen et al.
2013; Streck et al. 2007), inconsistent with those observed
in the HJS and LJS plutons. Both of the adakitic plu-
tons show limited variations in whole-rock Sr—Nd and
zircon Hf isotopic compositions (Fig. 7), suggesting that
magma mixing between felsic and basaltic magmas is not
a reasonable hypothesis for the generation of the adakitic
granitoids in this study. This is further supported by the
absence of petrographic disequilibrium textures in the LIS
and HJS granitoids (Fig. 2), which is generally considered
to be crucial petrographic evidence for mixing between
basaltic and felsic magmas (Chen et al. 2013; Wang et al.
2019).

Adakite derived from partial melting of a subducted
oceanic slab is typically enriched in Na and contains high
CaO + Na,O contents, moderately high SiO,, and low

Table 2 Whole-rock Rb—Sr and Sm-Nd isotopic data for the HJS and LJS granitoids

Sampleno t(Ma) Rb Sr 8R30S 7Sr/%0Sr *7Sr/%8r), Sm  Nd WSm/*Nd  "BNA/"MNd ey Tpyn (Ga)
(ppm) (ppm) (ppm) (ppm)

HIS-2 445 159.6  232.1 1.9908 0.718955+7 0.7063 292 174  0.1014 0.512341+8 -0.37 1.21

HIS-4 445 1292 3331 1.1222 0.713374+8 0.7062 340 214 0.0960 0.512395+5 0.99 1.10

LJS-1 440 445 7530 0.1707 0.706975+7 0.7059 393 249  0.0954 0.512317+4 -0.56 1.22

LJS-3 440 343 696.1 0.1424  0.707029+7 0.7061 376 226 0.1004 0.512397+5 0.70 1.12

exq(f) values are calculated by granitoid ages and based on ¥’Sm decay constant of 6.54x 10712, the *Nd/'**Nd and ¥’Sm/'**Nd ratios of
chondrite and depleted mantle at present day are 0.512630 and 0.1960, 0.513151 and 0.2136, respectively (Miller and O'Nions 1985). Ty, ages
are calculated according to the two-stage model as presented by Wu et al. (2002)
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K,O with K,0/Na,O weight ratios of ~0.4 (Defant and
Drummond 1990; Martin 1999). The LIS quartz dior-
ites are characterized by high Na,O (4.53-4.94 wt%) and
CaO + Na,0, low to medium K,O (1.65-2.09 wt%) con-
tents with K,0/Na,O weight ratios of 0.34-0.46, similar
to those of adakite derived from basaltic oceanic crust
(Fig. 5b). Moreover, the LIS quartz diorites have highly
depleted zircon Hf isotopic compositions (gp(t) val-
ues = + 5.1 to+ 8.0), consistent with the magma derived
from partial melting of oceanic crust. Althought most
samples from the LIS pluton display medium MgO and
Mg# and plot in the overlapping area of adakitic rocks
derived from melting of subducting oceanic crust and
lower continental crust in the Mg# and MgO discrimina-
tion diagrams (Figs. 8d and e), it should be noted that one
adakitic samples from this pluton has significantly higher
MgO (3.07 wt%) and Mg# (51.9) compared with those of
the lower crust-derived melts (Figs. 8d and e). This fur-
ther suggests that the LIS adakites had suffered interaction
between the slab-derived adakitic melts and the overly-
ing mantle peridotite during magma ascension (Li et al.
2016; Sen and Dunn 1994). In contrast, the HJS granites
have relatively higher SiO,, and LILEs (e.g., Rb, Cs, Th,
and U), and lower Mg#, and Ce/Pb values, and MgO and
compatible element contents (e.g., Ni and Co) compared
to those of the LIS quartz diorites. The HJS granites are
also enriched in K (K,0=3.40-4.31 wt%) with K,0/Na,O
weight ratios of 0.84—1.12. These geochemical features are
similar to those of lower continental crust-derived adakitic
rocks found in the eastern Qilian Block and Dabie Orogen
(Wang et al. 2007a; Yang et al. 2015) and are distinctly
different from slab-derived adakites or delaminated lower
continental crust-derived adakitic rocks, which usually
display high MgO, Cr, Ni, and Co concentrations and high
Mg# values because of interaction with a mantle source
(Gao et al. 2004; Xu et al. 2002).

Experimental studies show that melts produced by partial
melting of low-K MORB compositions at pressures of 1 to
2 GPa and temperatures < 1100 °C are generally character-
ized by high Al,O; and Na,O contents, and low K,0/Na,O
weight ratios (Prouteau et al. 2001; Sen and Dunn 1994),
whereas those derived by partial melting of a thickened lower
crustal source (metabasaltic or eclogitic material) typically
have relatively low MgO concentrations (<3 wt%) and Mg#
values (< 50), and relatively high K,O concentrations (Rapp
et al. 2002; Wang et al. 2007a). In the SiO, versus MgO and
Al,0O; versus K,0/Na,O plots (Fig. 8), samples from the HIS
pluton plot in the field of adakitic rocks derived from partial
melting of a thickened lower crust and the LJS pluton in the
subducted oceanic crust field. In addition, the LIS granitoids
have higher CaO/Al,0; weight ratios (0.26-0.33) compared
to the HJS granites (0.13-0.17), similar to adakitic rocks
formed by partial melting of subducted oceanic crust (CaO/
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Al,03>0.2, Li et al. 2016 and references therein). Further-
more, the ratios between LILEs and HFSEs (e.g., Th/Nb and
Th/Zr) are significantly lower in the LIS granitoids than in
the HJS granites. This coincides with our hypothesis (Fig. 9a
and b), because LILEs are generally more incompatible than
the HFSEs during crustal melting, and are relatively depleted in
subducted oceanic crust melts due to dehydration prior to partial
melting (Barboni and Bussy 2013; Hawkesworth et al. 1997; Zhao
and Zhou 2007). Therefore, it is suggested that the HJS granites
originated from the lower continental crust, and the LIS quartz
diorites were principally generated from oceanic crust.

Whole-rock Sr—Nd isotope compositions of the LIS
quartz diorites are slightly more enriched compared to the
Shaliuhe eclogites derived from the MORB protolith in the
NQ-UHPM belt (Fig. 7a) and the mafic rocks from the Lajis-
han area (ey4(t) = +4.83 —+6.34, Fu et al. 2017). It is well
accepted that the partial melting of slabs is usually accom-
panied by the melting of the overlying sediments (Castillo
2012; Tatsumi and Hanyu 2003; Wang et al. 2007b). On the
SiO, versus Th/Yb plot, the LIS quartz diorites exhibit a
well-defined positive correlation (Fig. 9c). Moreover, they
have low to medium K,O, high Ba, Th, and Th/Ce, signifi-
cantly negative Nb—Ta-Ti anomalies, and a slightly posi-
tive anomaly of Eu. These geochemical characteristics are
typical of oceanic sedimentary materials, further suggesting
the inclusion of subducted sediments during the formation
of the LJS quartz diorites (Benito et al. 1999; Woodhead
et al. 2001). The most suitable source for the LIS pluton of
the parental andesitic magmas with inherited mantle iso-
topic signatures thus is subducted oceanic crust with minor
included subducted terrigenous sediments. Simple binary
isotopic mixing modelling further suggests that the source of
the LIS pluton was ~90% ocean crust and ~ 10% continental
materials (Fig. 7c¢).

The HJS granites have relatively depleted zircon Hf
isotopic compositions (ey(t) = +2.0 to+5.4). Their Nd
isotope compositions are more depleted than those of the
basement rocks from the Maxianshan group in the Lanzhou
area (Fig. 7a), suggesting that they were not directly sourced
through partial melting of thickened ancient basement rocks.
The simple magma mixing model also has been excluded
as the potential source, as discussed above. Moreover, the
HIS granites have relatively young two-stage Nd-Hf model
ages, which is inconsistent with any of the known episodes
of regional crust generation (2.2-2.8 Ga and 1.60-1.85 Ga)
proposed by Tung et al. (2012, 2013, 2016). This indicates that
a basaltic lower crust source for the HJS pluton would be
juvenile, most likely from a mixed lithology formed by pre-
existing lower crust underplated by mantle-derived mafic
magma.

Overall, we conclude that the calc-alkaline LIS adakitic
quartz diorite was formed by partial melting of subducted
oceanic crust with the addition of minor oceanic sedimentary

material. In contrast, the high-K calc-alkaline HJS adakitic
granite was most likely derived by partial melting of a thick-
ened juvenile mafic lower crust.

Physical and chemical conditions for the HJS and LJS
plutons

Ratios of middle REE (MREE) and HREE are generally sen-
sitive to melting/fractionation pressures in magmas because
the stability field of garnet contracts with decreasing pres-
sure. In contrast, plagioclase stability generally positively
correlates with magma water contents, yet is inversely
related to pressure. The HIS granites show moderately heavy
REE depletion. However, they have a flat, heavy REE pat-
tern with (Dy/Yb)y values of 0.98-1.10, suggesting that the
amphibole is the dominant residual mineral phase in the
magma source and no significant garnet presence. In con-
trast, the LIS pluton shows significantly higher (Sm/YDb)y,
(Dy/Yb)y, (Ho/Yb)y, Y/YDb values and Sr concentrations,
and lower Yb and Y contents than those of the HJS granites,
suggesting the occurrence of residual garnet. On the (La/
Yb)y versus (Yb)y plot, the LIS quartz diorites plot along
the partial melting lines of 10% garnet-amphibolite, whereas
the HJS granites plot between the partial melting lines of
10% garnet-amphibolite and amphibolite (Fig. 8b). This sup-
ports the idea that residual garnet played an essential role
in the origin of LJS quartz diorites. In addition, the Nb/Ta
ratios have been proven to be the most sensitive pressure
proxy, as this elemental pair is strongly controlled by the
presence of rutile rather than garnet and amphibole in the
residue (Foley et al. 2002; Nagel et al. 2012). Partial melting
of eclogites in the rutile stability field would yield melts with
high Nb/Ta ratios because the rutile distribution coefficient
of Ta is significantly greater than that of Nb (Foley et al.
2002). The Nb/Ta ratios of the LIS pluton (12.6-21.2) are
significantly higher than the HJS pluton, further implying
that rutile is a residual mineral in the source. This inference
is supported by their negative Nb and Ta anomalies, low
Nb/La ratios, and TiO,-undersaturated characteristics, as
shown in Figs. 6b and 9d. Therefore, the magma source for
the HJS granites may not be as deep as that of typical adak-
ites, with melting occurring at pressures less than 1.2 Gpa
(Moyen and Stevens 2006), whereas the parental magma of
the LIS pluton may have been produced at pressures higher
than ~ 1.5 Gpa (Xiong et al. 2005). This is consistent with
origins from a thickened juvenile mafic lower crust and a
subducted oceanic crust, respectively.

The HJS granites have relatively low CaO content and
(Ca0 +Na,0)/K,0 weight ratios, and weak depletion in Sr,
as shown in Fig. 6. More importantly, their Sr contents range
from 232 to 333 ppm, significantly lower than what is expected
for typical adakites (> 400 ppm), indicating minor residual pla-
gioclase in the magma source because of the low solubility
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Fig.8 (a) Sr/Y versus Y plot (after Defant and Drummond 1990); (b) b); (e) MgO versus SiO, plot (after Wang et al. 2012); (f) K,0/Na,O
(La/Yb)y versus Yby plot (after Drummond and Defant 1990); (c) versus Al,O; plot (after Liu et al. 2010a, b). Same symbols as in
SiO, versus Dy/Yb plot; (d) MgO versus SiO, plot, fields for different Fig. 4

types of adakite and data sources are taken from Wang et al. (2006a,
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of plagioclase (Conrad et al. 1988) and relatively low melt-
ing pressure. In contrast, the high Al,O5 and Sr contents, and
mostly positive Eu anomalies of the LIS quartz diorites suggest
retarded crystallization of plagioclase, which, when coupled
with the abundant amphibole as well as biotite and titanite in
the rocks, indicate an origin from an H,O-rich magma (Conrad
et al. 1988; Richards 2011). Ridolfi et al. (2010) mentioned
that YAl in amphibole is sensitive to the water content of the
melt, and proposed a hygrometric formula to estimate the
H,O content in the melt (H20m611=5.215ViA1* +12.28). The
estimated water contents in the LIS pluton would have been
1.5-2.4 wt% and 0.35-1.07 wt% for the HJS pluton based on
this formula. This also is evidence that the LJS pluton had
a much higher water content than those of the HJS pluton.
Additionally, both the HIS and LJS granitoids commonly
belong to magnesian-subtype according to the scheme of Frost
et al. (2001) based on the consideration of their high FeO'/
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Fig.9 (a) Th/La versus Th/Nb plot; (b) Th/Zr versus Nb/Zr plot; (c)
SiO, versus Th/Yb plot; and (d) SiO, versus TiO, plot. The fields for
adakites generated from subducted oceanic slab and thickened crust

(FeOT +MgO) values. Elevated whole-rock V/Sc and V/Co,
and low Fe'* /(Fe'°® + Mg) but high Fe>*/(Fe?* +Fe®*) ratios
in the amphiboles are observed in both granitoids (Fig. 4d).
These indicate their formation in a relatively oxidizing condi-
tion, consistent with relatively high magnetite contents and the
occurrence of titanite in the LIS pluton (Anderson and Smith
1995; Foley and Wheller 1990; Frost et al. 2001; Li et al. 2012;
Papoutsa and Pe-Piper 2014; Zhu et al. 2014). Collectively,
we conclude that both were produced in a relatively oxidized
environment, and the parental magma of the LIS rocks was
more water-rich than those for the HJS granites.

Tectonic implications for the northward subduction
of the South Qilian Ocean Plate

The Qilian Block, located between the North Qilian Orogenic
Belt and NQ-UHPM belt, is predominantly Precambrian

0.3

0.2+

Subducted oceanic
slab-derived adakites

Nb/Zr

0.1

(b)

TiO, (wt%)

0.4}
0.0 1 1 1 1
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are from Stern and Kilian (1996) and Wang et al. (2006b), respec-
tively. TiO, saturation field for the melt derived from partial melting
of basic rocks is from Xiong et al. (2011). Same symbols as in Fig. 4
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basement and is characterized by widespread and volumi-
nous Early Paleozoic granitoids with minor basaltic rocks
(Gao et al. 2018; Li et al. 2018; Tung et al. 2016; Xia et al.
2016; Yang et al. 2015, 2016). The geodynamic mechanism
responsible for the generation of the Early Paleozoic mag-
matism within the Qilian Block still remains controversial.
Two main tectonic models have been proposed to explain
the tectonic evolutionary process of the Qilian orogeny
during the Early Paleozoic (see details in the Introduction,
Huang et al. 2015; Li et al. 2017; Tung et al. 2016; Yang et al.
2015, 2016). These models debate the location of the suture
zone and the subduction polarity of the oceanic lithosphere
(Huang et al. 2015; Li et al. 2017; Song et al. 2014a, b; Tung
et al. 2016; Xia et al. 2016; Yang et al. 2015, 2016).

The occurrence and stability of abundant euhedral horn-
blende and biotite, as well as magnetite crystals in the LIS
and HJS plutons, indicate oxidized and water-rich conditions,
which relate to their derivation with plate subduction pro-
cesses (Richards 2015). Several Cambrian granitoidic plu-
tons along the northern margin of the Qilian Block are rec-
ognized, including the Kekeli (ca. 512 Ma, Wu et al. 2010),
Menyuan (ca. 505-500 Ma, Huang et al. 2015; Peng et al.
2017), and Xiagucheng (ca. 505 Ma, Qin et al. 2014) plu-
tons, supporting southward subduction of the North Qilian
Ocean during the Late Cambrian. However, the south-
ward subduction of the North Qilian Ocean is difficult to
explain the formation of ca. 517 Ma quartz diorite and ca.
505-493 Ma gabbros in the Lajishan region in the southern
part of the Qilian Block (Cui et al. 2018; Tao et al. 2018;
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Yang et al. 2021). In addition, a compilation of available
geochronological data for the igneous rocks within the east-
ern part of the Qilian Block suggests that Early Paleozoic
magmatism mainly occurred in the range from 464 to 402
Myr ago, with a major peak between 455 and 435 Myr ago
(Fig. 10). Only minor Cambrian—Middle Ordovician (ca.
517-464 Ma) magmatic rocks are exposed in the Qilian
Block, and those with ages of ca. 500—464 Ma are predomi-
nantly distributed in the Lajishan region (Cui et al. 2018;
Tao et al. 2018; Yang et al. 2021). There appears to have
been a magmatic hiatus in the range from 500 to 464 Myr
ago in the northern margin of the Qilian Block (Fig. 1a).
Moreover, the North Qilian Orogenic Belt developed a char-
acteristic trench—arc—basin system during the Early Paleo-
zoic, and the corresponding voluminous widespread mag-
matism was essentially continuous from 516 to 402 Myr ago
(Song et al. 2013; Xia et al. 2016). These suggest that the
subduction polarity for the North Qilian oceanic basin dur-
ing the Early Paleozoic was dominantly northwards, and its
southwards subduction only occurred during the initial stage
of slab subduction. The ca. 464—402 Myr ago magmatism in
the Qilian Block thus could not be related to the southwards
subduction of the North Qilian oceanic plate. Temporal and
spatial variations of the magmatic rocks in the Qilian Block
thus clearly suggest the northward subduction of the Early
Paleozoic oceanic lithosphere existed in the south of the
Qilian Block. Identifications of ophiolite sequences and
island arc volcanic rocks (514 Ma, Shi et al. 2006; Zhang
et al. 2008) in the NQ-UHPM belt imply that an ocean
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existed between the Qilian Block and Qaidam-West Qin-
ling Orogenic belt (namely, the South Qilian Ocean). Xu
et al. (2006) and Li et al. (2018) confirmed the existence of
this ocean and further suggested that it occurred as a branch
of the proto-Tethys ocean after the breakup of the Rod-
inia supercontinent. Moreover, the WNW-ESE-trending
NQ-UHPM belt is considered to have resulted from the
ca. 495-440 Myr ago deep subduction of the South Qilian
Ocean and the Qaidam continental crust beneath the Qil-
ian Block (Xu et al. 2006). Taken together, it is suggested
that there was an Early Paleozoic ocean basin (South Qilian
Ocean) located between Qilian and Qaidam Blocks, and the
northward subduction of this oceanic lithosphere beneath
the Qilian Block, and the subsequent continental collision
are the main mechanisms responsible for the development of
the Early Paleozoic voluminous intense magmatism within
the Qilian Block.

Zircon U-Pb dating indicates that the HJS and LJS gran-
itoids in this study were emplaced between 445 and 438
Myr ago. Combined with previous studies, this suggests that
adakitic magmatism in the Qilian Block occurred over a rela-
tively long, protracted period (from ca. 459 to 419 Myr ago),
peaking at~445 Ma (Table S1; Fig. 10). Similarly, strongly
peraluminous granites from the Qilian Block have concen-
trated ages in the range from ca. 455 to 431 Ma, peaking
at~450 Ma (Fig. 10). This suggests a significantly high heat
flux in the Qilian Block during the Late Ordovician—Early
Silurian (Barbarin 1999; Liégeois 1998). Moreover, several
ca. 449438 Ma gabbros within the Qilian Block closely coex-
ist with coeval granitoids, such as the Heishishan, Bamishan,
and Lumanshan plutons (Guo et al. 2015; Yang et al. 2015),
and both them thus constitute a bimodal intrusive rock asso-
ciations. Furthermore, there are numerous mafic dikes in the
Maxianshan group (ca. 441-434 Myr ago, He et al. 2008) and
small mafic—ultramafic dike-like intrusions along the southern
margin of the Qilian Block (ca. 455-440 Myr ago, Yan et al.
2015; Yu et al. 2012; Zhang et al. 2014, 2015). These strongly
suggest that the Qilian Block was in an extensional setting
from ca. 455 to 434 Myr ago. This is further supported by the
identification of the ca. 446 Ma Yindonggou A-type granitoid
in the Qilian Block (Cui et al., 2018). All of these gabbros,
basaltic dikes, and small mafic—ultramafic dike-like intrusions
in the Qilian Block are geochemically enriched in LREEs and
LILEs, and depleted in HFSEs, indicating their generation in
a subduction-related environment. Therefore, the Late Ordovi-
cian—Early Silurian magmatism in the Qilian Block most likely
occurred in a subduction-related extensional tectonic setting.

Both break-off and rollback of the subducted south Qilian
oceanic slab have been proposed to explain the Early Paleo-
zoic extensional setting in Qilian Block, NW China (Huang
et al. 2015; Xia et al. 2016). The Early Paleozoic exhuma-
tion of the combined ultrahigh-pressure-metamorphosed
oceanic and continental crust recorded in the North Qaidam

ultra-high pressure metamorphic belt precludes the model of
slab rollback during subduction. Notably, the LIS granitoids
in this study show relatively high Mg# values and depleted
Sr—Nd-Hf isotopic characteristics, and can be interpreted as
the products of partial melting of the subducted ocean crust.
This, coupled with the Liancheng, Gangcha and Bamishan
high-Mg dioritic rocks (Tung et al. 2016) constitutes the
igneous rock associations related to slab break-off (Ma et al.
2015a). Moreover, the ca. 460-435 Ma granitoids show
a wide range of A/CNK, Mg#, and ey(t) values (Figs. 7a
and 11), suggesting that a large volume of mantle materials
were added in a short period in response to slab break-off.
Therefore, it is suggested that both the LIS and HJS adakitic
rocks were probably generated in an extensional tectonic
setting related to the break-off of the northward subducting
South Qilian Ocean slab.

Accordingly, we suggest a simplified genetic model for the
HIJS and LJS granitoids in the eastern Qilian Block (Fig. 12).
A deficiency of large-scale magmatism before 470 Ma in the
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Fig. 11 Plots of Mg# (a) and A/CNK (b) versus ages for the Early
Paleozoic granitoids in the eastern Qilian Block. Data sources for the
Early Paleozoic granitoids in the eastern Qilian Block as in Fig. 7
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Fig. 12 Schematic illustration
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NQ-UHPM belt and Qilian Block may be due to the subduc-
tion of a cool oceanic plate and an overall compressional
stress regime, which are not favorable for magma ascent
(Benito et al. 1999; Eyal et al. 2010). With the South Qilian
Ocean closed, a subsequent continental collision between the
Qilian and Qaidam Blocks resulted in the Qaidam Block con-
tinental lithosphere subducted beneath the Qilian Block, as
well as thickening of the Qilian continental crust during the
early Ordovician (Zhang et al. 2008). Contrasting behavior
of oceanic (negatively buoyant) and continental (positively
buoyant) portions of the same lithosphere led to slab break-
off after collision in ca. 460 Ma (von Blanckenburg and Davis
1995; Wong et al. 1997). The resultant rapid rise of astheno-
spheric mantle, in turn, facilitates the extension of the overly-
ing continental lithosphere. The mantle wedge beneath the
Qilian Block underwent decompressive melting due to heat
flow from the upwelling asthenosphere. It gave rise to the
generation of mafic—ultramafic intrusions with arc magmatic
geochemical characteristics that are now located in the east-
ern Qilian Block. Concurrently, hot asthenospheric materials
through the slab window would first result in partial melting
of the broken edges of the oceanic slab and overlying sedi-
ments, then formed the slab-derived LJS adakites, and also
induced partial melting of the middle-lower crustal materials
through heat conduction to generate the crustal-derived HIS
adakitic rocks, and the Xindian and Jishishan S-type granites
in the eastern part of the Qilian Block (Fig. 12). With the
slab break-off windows widening, the continued upwelling
of the asthenospheric mantle then afforded sufficient energy.
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It gradually propagated northward, resulting in a decrease in
the crystallization ages of the granitoids/ S-type granitoids
within the Qilian Block trending towards the north. Dif-
ferences in source compositions and conditions of melting
are responsible for the generation of the varying granitoids
within the Qilian Block.

Conclusions

New LA-ICP-MS zircon U-Pb dating and whole-rock anal-
ysis results indicate that the HJS and LJS granitoids along
the southern margin of the Qilian Block were emplaced
between 445 and 438 Myr ago and have geochemical char-
acteristics similar to those of adakite. The HJS granites were
most likely derived from partial melting of a thickened juve-
nile lower crust, leaving amphibole and plagioclase residues.
In contrast, the LIS quartz diorites were derived from partial
melting of subducted oceanic crust and minor oceanic sedi-
ments with garnet+ rutile + amphibole as residual minerals
in the source. By integrating the new results and previous
data, it is suggested that the break-off of the northward
subducting South Qilian Ocean slab is the most likely geo-
dynamic mechanism for the formation of the HJS and LIS
adakitic rocks in the eastern Qilian Block.
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