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The detailed study of HP/UHP metamorphic rocks and intermediate-acid
rocks has revealed the complete tectonic evolution of the North Qaidam
Orogenic Belt (NQOB), from oceanic to continental subduction and subsequent
exhumation. However, less comprehensive studies of Paleozoic mafic rocks
have led to a limited understanding of the subcontinental lithospheric mantle,
geodynamic settings, and tectonic transitions. In this paper, a comprehensive
study of mafic-intermediate rocks from the Yuka Terrane in the NQOB suggests
that zircon U-Pb dating yielded ages of 471 + 3Ma and 438 + 3 Ma,
respectively. Both rocks exhibit arc-like trace element patterns, characterized
by enrichment in REEs and LILEs (e.g., Cs, Rb, Ba, Th), depletion in HFSEs
(e.g., Nb, Ta), moderate (87Sr/®6Sr) i values (ranging from 0.70473 to 0.70811
and 0.70599 to 0.70685, respectively), and eNd(t) values ranging from positive
to negative (-2.7 to +0.3 and —-1.0 to +1.5, respectively), indicating derivation
from the partial melting of enriched subcontinental lithospheric mantle. The
current trace element compositions and previous studies on post-collisional
mafic rocks suggest that the enriched material added to the subcontinental
lithospheric mantle beneath the Qilian Block is primarily derived from fluids
released by the subducting oceanic crust, with a smaller contribution from
melts of overlying sediments. A comparison with previous studies, including
mafic geochronological data and the period of UHP metamorphism, reveals
that Paleozoic magmatism in the NQOB can be divided into three stages,
while the NQOB experienced four distinct stages of geodynamic processes.
These findings suggest a model of tectonic evolution and geodynamic
transition: (1) 535-445 Ma: Slab retreat and associated back-arc extension; (2)
445-420 Ma: Slab rollback; (3) 420-395 Ma: Slab breakoff; (4) 395-360 Ma:
Orogenic lithospheric collapse and extension. Overall, this study provides new
insights into the nature of the subcontinental lithospheric mantle beneath the
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Qilian Block, as well as the tectonic evolution and geodynamic processes
within the NQOB.

KEYWORDS

multi-stage mafic magmatism, mantle modification, geodynamic processes, tectonic
transition, North Qaidam

1 Introduction

The Collision orogenic belts may exhibit multi-stage mafic
(UHP)
recording the evolutionary processes from oceanic subduction
to continental subduction-collision, and eventually the post-

magmatism and ultrahigh-pressure metamorphism,

collision phase. Mafic magmatism, in particular, is a response to
geodynamic processes such as slab retreat and related back-arc
extension, slab rollback, slab breakoff, as well as delamination
and convective thinning of the lithosphere (Zhu et al, 2010;
Wang et al,, 2014; Song et al., 2015; Sun et al., 2018; Zhao et al., 2018;
Fang et al., 2019; Gao et al., 2021; Niu et al., 2021; Zhou et al., 2021;
Chen et al., 2024).

The geochemistry of mafic magma, often derived from
ultramafic mantle sources, offers valuable insights into deep mantle
processes and tectonic evolution (Hofmann, 1988; Chen et al., 2011;
Wang et al., 2014; Cook et al,, 2016; Zhao et al., 2018; Fang et al.,
2019; Gao et al., 2021; Khan et al., 2023). For example, arc-like trace
element compositions originating from the lithospheric mantle are
modified by subducting crust (Zhao et al., 2013; Wu C. et al., 2014;
Niuetal., 2021). During subduction, the oceanic or continental crust
is pushed into the deep mantle, where metamorphic dehydration or
partial melting forms fluids or melts from the slabs. These fluids
or melts subsequently interact with the overlying mantle wedge,
resulting in crust-mantle metasomatism at mantle depths (Roden
and Murthy, 1985; Hofmann, 1997; Coltorti et al., 2007; Zheng,
2009; 2012; Zheng and Hermann, 2014; Fang et al., 2019; Niu et al.,
2021; Chen et al., 2023; Guo et al., 2023).

Compared to subducting oceanic crust, the relatively low or
dry geothermal gradient of continental subduction makes it more
difficult for the subducting continental crust to release enough
fluid to metasomatize the overlying mantle wedge (Hofmann, 1997;
Herzberg, 2006; Chen and Zhao, 2017; Zheng and Chen, 2017;
Fang et al., 2019; Chen et al., 2020; Niu et al., 2021), resulting in a
general lack of arc volcanics coeval with continental subduction and
the widespread presence of arc volcanics above oceanic subduction
zones (Ernst and Liou, 1999; Rumble et al., 2003; Chung et al.,
2005; Mo et al, 2008; Niu et al., 2013; McCarthy et al., 2018;
Sun et al., 2018). Nevertheless, there are still small amounts of syn-
collisional mafic magmatism in the continental margin above the
subduction zone, such as the OIB-like mafic rocks found in the
Sulu-Dabie orogen and the E-MORB-like or arc-like intermediate-
mafic rocks found in the North Qaidam Orogenic Belt (NQOB)
(Fang et al, 2019; Niu et al, 2021). The metasomatized mantle
domains in orogenic belts serve as sources for syn-collisional mafic
rocks. Additionally, some post-collisional mafic rocks originated
from the mantle previously metasomatized by subduction-related
fluids or melts, which is interpreted as delamination or convective
thinning of the lithospheric mantle, leading to asthenospheric
upwelling and partial melting of the mantle source (Wang et al.,
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2014; Zhao et al, 2018; Zhou et al, 2021). In summary,
these mafic rocks provide a unique perspective for studying
crustal material recycling and geodynamic processes in orogenic
belts.

Mafic magma also plays a significant role in the formation
of intermediate (diorite/andesite) magma in orogenic belts
through processes that typically involve a combination of magma
mixing, fractional crystallization, and crustal assimilation, as
seen in examples such as the North Qaidam Orogenic Belt
(Chen et al, 2018). In the NQOB, the coexistence of oceanic-
and continental-type eclogites confirms that both oceanic and
continental crust subducted to mantle depths, along with prior
mafic magmatism. This mafic magma led to the formation
of intermediate and acidic rocks through various processes
(Niu et al,, 2021). Consequently, in many areas of the NQOB,
interfaces are observed between gabbro, diorite, and granite, etc.
As a result, many scholars have debated the evolution of the
NQOB, particularly the timing of the transition from oceanic
to continental subduction (Chen et al., 2009; Song et al., 2009a;
Zhang et al., 2013; Song et al.,, 2014; Sun et al., 2018; Cai et al,,
2021; Niu et al,, 2021). On the other hand, while many studies
have focused on UHP metamorphic rocks, comprehensive research
on mafic rocks—including their chronology, geochemistry, and
relationship to UHP metamorphism—has been lacking. This gap
has limited our understanding of the nature of the mantle and
the geodynamic processes in the NQOB (Song et al, 2003a;
Mattinson et al., 2006; Zhang G. et al.,, 2009; Zhang et al., 2011;
Zhang et al,, 2013; Song et al, 2014; Zhang G. B. et al.,, 2016;
Chen et al., 2018).

In the NQOB, mafic-intermediate rocks are distributed across
Yuka, Luliangshan, Xitieshan, Dulan, Wulan, and the Oulongbuluke
terrane, exhibiting varying geochemical characteristics and ages
ranging from 535 Ma to 360 Ma (Zhu et al, 2015; Wang et al.,
2014; Zhao et al., 2018; Chen et al., 2019; Zhou et al., 2019;
Chen et al, 2020; Gao et al,, 2021). The main objective of this
study is to investigate the timing, geochemical characteristics,
and tectonic significance of Paleozoic multi-stage magmatism
within the Yuka Terrane of the NQOB, with a focus on mantle
modification, tectonic evolution, and associated geodynamic
processes.

2 Geological setting

The NQOB is located at the northeastern margin of the Qinghai-
Tibet Plateau in northwestern China, at the junction of Qilian
block, Qaidam block and Tarim block (Figure 1A), which was
formed by the subduction of the Proto-Tethyan ocean beneath the
Qilian block and the collision between the Qaidam block and the
Qilian block in Paleozoic (Song et al., 2005; Song et al., 2006;
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sampling locations (modified after Chen et al.,, 2022a).

(A) The geological map showing the location of the NQOB in Northwest China (modified after Chen et al., 2022a); (B) The distribution of the Dulan,
Xitieshan, Luliangshan, and Yuka subduction complex terranes (modified after Chen et al., 2022a); (C) Showing the geological map of Yuka terrane with

Zhang G. B. etal,, 2008; Zhang et al., 2013; Song et al., 2014; Yu et al.,
2019; Lu et al., 2020). The NQOB extends toward the NWW for
~400 km, bounded by the large sinistral strike-slip Altyn-Tagh fault
to the west and a small fault of Wahongshan-Wenquan to the east
(Figure 1A). The NQOB mainly includes an UHP metamorphic belt
and its northern Oulongbuluke microcontinent (Figure 1B). The
Oulongbuluke microcontinent is composed of Paleoproterozoic-
Mesoproterozoic metamorphic basement with a Mesoproterozoic-
Phanerozoic sedimentary cover (Lu et al., 2008; Chen et al., 2013;
Wang et al.,, 2016; Liao et al, 2018; Wang et al., 2018). It was
intruded by early Paleozoic magmatic rocks, such as gabbro, diabase,
and diorite (Table 2), which was related to the subduction of the
Proto-Tethyan Ocean.

The UHP metamorphic belt includes four HP-UHP subduction
complex terranes (Figure 1B; Dulan, Xitieshan, Luliangshan and
Yuka) (Chen et al., 2005; Mattinson et al., 2006; Shi et al., 2006;
Song et al., 2006; Yang et al., 2006; Zhang et al., 2009b; Zhu et al.,
2010; Song et al, 2014; Zhao et al, 2017; Sun et al, 2018;
Chen et al., 2019; Song et al., 2019; Gao et al., 2021; Niu et al,
2021; Zhou et al., 2021). The HP-UHP metamorphic rocks primarily
consist of HP metagranitic and metapelitic gneiss, interspersed with
smaller amounts of eclogite, garnet peridotite, and mafic granulite
(Yang et al., 2001; Song et al., 2003b; Song et al., 2006; Yang et al.,
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2006; Song et al.,, 2007; Zhang]J. et al.,, 2008; Song et al., 2009b;
Zhang et al., 2009¢; Yu et al., 2013; Chen et al., 2018). Eclogites in
the form of lenses, blocks, and layers are distributed in paragneiss
and orthogneiss at Yuka, Xitieshan and Dulan, and their UHP
metamorphic age of 460-420Ma has been recorded (Table 1). The
discovery of coesite inclusions in eclogite and paragneiss, as well
as diamond inclusions in garnet peridotite, provides evidence of
UHP metamorphism and the deep subduction of the Qaidam block
(Yangetal., 2001; Song et al., 2003a; Song et al., 2005; Zhang G. et al.,
2009). In addition, magmatic rocks formed during the orogenic
process are also widely exposed in the belt, including arc-like
volcanic-igneous rocks, basic-ultrabasic intrusive rocks, ophiolite,
granitic intrusive rocks, and felsic dykes, which are interpreted as
being related to the subduction of the South Qilian oceanic and
post-orogenic (Wu et al., 2007; Chen et al.,, 2012; Wang et al., 2014;
Wu T. et al,, 2014; Zhu et al., 2014; Zhang et al., 2015; Zhao et al.,
2017; Sun et al., 2018; Chen et al., 2019; Wu et al., 2019; Chen et al.,
2020; Gao et al., 2021; Zhou et al., 2021; Chen et al., 2025). Volcano-
igneous rocks include basalt, basaltic andesite, andesite, and rhyolite,
etc., they have arc-related geochemical features and zircon U-Pb
crystallization ages range from 520 Ma to 445 Ma (Tables 1, 2),
which are interpreted as related to the development of island arc
or back-arc setting. In summary, comprehensive chronological and
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geochemical studies of these rocks show that the North Qaidam
experienced a complex tectonic evolutionary history, including
the opening of an oceanic basin, ocean-continent subduction,
continent-continent collision, and the exhumation of a subducted
slab during the Paleozoic (Song et al., 2009a; Song et al., 2009b;
Zhang et al., 2013; Song et al., 2014; Zhu et al., 2014; Song et al.,
2015; Zhang L. et al., 2016; Sun et al., 2018).

The Yuka terrane is one of the most significant components
of the NQOB (Figure 1C). Located in the northwest of the UHP
metamorphic belt, it primarily comprises the Tanjianshan Group
rocks, Yukahe Group rocks, Dakendaban Group rocks, granodiorite,
gabbro, and ultrabasic rocks. The Yukahe Group mainly consists of
granitic gneiss, argillaceous schist, and argillaceous gneiss, which
are in fault contact with the early Paleozoic Island arc volcanic-
sedimentary rocks, dunite, and Cambrian gabbro of the Tanjianshan
Group (Chen et al.,, 2007; Chen et al., 2009; Zhang et al., 2009b;
Ren et al,, 2017; Ren et al., 2019).

Eclogites in the Yukahe Group occur as layered or lenticular
blocks, and their retrograde metamorphism is minimal, allowing
reliable UHP metamorphic ages to be obtained (Table I;
436-431 Ma). These ages are later than the arc-back arc
magmatism associated with the subduction of the oceanic slab in
the region (Table 1; 446 Ma).

The Dakendaban Group dates to the Proterozoic and is
dominated by intermediate metamorphic plagioclase-amphibolite,
with minor magmatic intrusions (Lu et al, 2002; Zhou et al,
2019). In contrast, the Tanjianshan Group consists of a suite
of greenschist facies and severely deformed rocks, representing
a significant Early Paleozoic volcanic-sedimentary formation
(Li et al., 2006).

The magmatic rocks of the Dakendaban and Tanjianshan
Groups in the terrane are better preserved than those in other areas,
making them particularly suitable for addressing the research gaps
identified in previous studies.

3 Sampling and petrography

In this study, rock samples (P02 and P53) were collected from
the Dakendaban and Tanjianshan Groups of the Yuka terrane
(Figure 1C). The outcrops of these two groups indicate that they
have undergone later alteration (Figure 2). Eight of the freshest
samples were selected for testing and analysis. The P02 gabbro
samples, collected from the Tanjianshan Group, include P02G4-
1, P02G4-2, P02G4-3, and P02G19-1. The intrusion was in fault
contact with the Tanjianshan Group. The P53 diorite samples,
collected from the Dakendaban Group, include P53G3-1, P53G5-
1, P53G6-1, and P53G6-2. The intrusion was in intrusive contact
with the Dakendaban Group. The characteristics of the petrographic
observations are as follows.

The P02 gabbros are light grey-black with a gabbro-diabase
texture and a massive outcrop. They are primarily composed of
plagioclase (50+ vol%), clinopyroxenes (25+ vol%), and hornblende
(20+ vol%), with minor amounts of quartz (1+ vol%), biotite
(1% vol%), a few opaque minerals (1+ vol%), and tiny amounts
of chlorite (Figures2A, B, E, F). Plagioclase is subhedral to
anhedral with grain sizes of 0.2-0.6 mm and shows well-developed
polysynthetic twinning. Clinopyroxenes is subhedral with grain
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sizes of 0.2-1.5 mm, distributed in the interstice of plagioclase.
Hornblende is subhedral with grain sizes of 0.3-1.4 mm. Some
photomicrographs show minor alteration, such as hornblendization
of clinopyroxenes (Figures 2E, F).

The P53 diorites are also massive outcrop with grey-black in
color and texture similar to gabbro-diabase. They are primarily
composed of plagioclase (65t vol%), hornblende (25+ vol%),
pyroxene (3£ vol%), and biotite (2+ vol%), with minor amounts of
quartz (1% vol%) and opaque minerals (1+ vol%), along with trace
amounts of chlorite (Figures 2C, D, G, H). Plagioclase is subhedral
to anhedral with grain sizes of 0.1-0.8 mm and shows well-
developed polysynthetic twinning. Hornblende is subhedral with
grain sizes of 0.2-1.2 mm. Pyroxene and biotite are subhedral
with grain sizes of 0.1-0.3 mm, distributed in the interstice of
plagioclase. Some photomicrographs show minor alteration, such as
chloritization (Figures 2G, H).

4 Analytical methods

Eight selected samples from both groups were used for whole-
rock major and trace element analysis, as well as Sr-Nd isotope
analysis. Zircons from two samples (P02G19-1 and P53G3-1) were
selected for U-Pb dating and trace element analysis.

4.1 Zircon U-Pb geochronology and trace
elements analysis

The samples were washed, and crushed into fine powder
by jaw crusher at the Regional Geological Survey Research
Institute of Langfang City, Hebei Province. Zircon grains were
extracted by sieving, and standard heavy-liquid and magnetic
separation techniques, then were selected following examination
with a binocular microscope. The selected zircons were sent
to Wuhan Sample Solution Analytical Technology Co., Ltd.
for target preparation, mounted in epoxy resin, polished to
approximately one-third of their thickness, and imaged using
a cathodoluminescence (CL) detector with a scanning electron
microscope (JEOL). Zircon U-Pb isotopic dating and trace
element content analysis was conducted using LA-ICP-MS. The
detailed operating conditions for the laser ablation system, ICP-
MS instrument, and data reduction procedures followed those
described by Zong et al. (2017). The laser spot size and frequency
were set to 24 um and 80 Hz, respectively, and the laser ablation
depth was 20-40 um. Zircon 91,500 and glass NIST610 were used
as external standards for U-Pb dating and trace element calibration,
respectively. Each analysis was performed using a background
acquisition of approximately 20-30s, followed by 50s, of data
acquisition. The offline processing of analysis data was completed
by ICP-MS-DataCal software, including selection of background
and analysis signal, instrument sensitivity drift correction, trace
element analysis, U-Pb isotope ratio and age calculation, etc.,
(Liuetal.,, 2008a; Liu et al., 2010). The calculation of zircon U-Pb age
weighted mean value and the Concordia diagrams were completed
by Isoplot software (Ludwig, 2003).
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TABLE 1 Ages of oceanic and continental crust HP/UHP metamorphism and arc-back arc magmatism in the North Qaidam Orogenic Belt.

Rock type Sample no. Age of Age of protolith Region Method References
metamorphism (Ma)
(Ma)
Age of HP/UHP metamorphism related to oceanic subduction
Eclogite 2D155 457 +7 Dulan terrane SHRIMP Song et al. (2006)
Eclogite 2D73 462+ 13 Dulan terrane SHRIMP Song et al. (2014)
Grt-pyroxenite 4C19 450 + 11 Dulan terrane SHRIMP Song et al. (2014)
Eclogite 99Y115 458 £ 10 Dulan terrane Sm-Nd Song et al. (2003a)
Eclogite 99Y313 459 +3 Dulan terrane Sm-Nd Song et al. (2003b)
Eclogite D5A 449 +2 Dulan terrane SHRIMP Mattinson et al. (2006)
Eclogite D5B 442 +7 Dulan terrane SHRIMP Mattinson et al. (2006)
Eclogite 5823 445+ 7 516+ 8 Dulan terrane SHRIMP Zhang J. et al. (2008)
Eclogite 7X368 461 +4 Xitieshan SHRIMP Zhang et al. (2011)
terrane
Grt-dunite 2C39 446 £ 13 Liliangshan SHRIMP Song et al. (2005)
Grt-lherzolite C305 457 +22 Liliangshan SHRIMP Song et al. (2005)
Age of HP/UHP metamorphism related to continental subduction
Eclogite D5B 433 +5 Dulan terrane SHRIMP Mattinson et al. (2006)
Eclogite D3F 422 +4 Dulan terrane SHRIMP Mattinson et al. (2006)
Eclogite Q08-20-3.1 430 + 4 Dulan terrane SHRIMP Zhang et al. (2009a)
Eclogite Q07-8-2.2 438 +2 -835 Dulan terrane SHRIMP Zhang et al. (2009b)
Eclogite Q08-10-5.1 446 + 10 -835 Dulan terrane LA-ICPMS Zhang et al. (2009¢)
Eclogite 2D73 424 +13 Dulan terrane SHRIMP Song et al. (2014)
Eclogite 4C04 425+ 8 Dulan terrane SHRIMP Song et al. (2014)
garnet pyroxenite 4C19 425+9 Dulan terrane SHRIMP Song et al. (2014)
Eclogite 7x2-7 439+8 -870 Xitieshan SHRIMP Zhang et al. (2011)
terrane
Eclogite Q7-15 433+3 Xitieshan SIMS Song et al. (2012)
terrane
Eclogite 04QH11 431 +4 795-748 Yuka terrane LA-ICPMS (Chen et al., 2009)
Eclogite 04QH14 436 +3 793-783 Yuka terrane LA-ICPMS (Chen et al., 2009)
Eclogite 9C16 408-439 856 Yuka terrane LA-ICPMS Zhang G. B. et al. (2016)
Eclogite 9C42 431+5 Yuka terrane LA-ICPMS Zhang L. et al. (2016)
Eclogite 9C58 436+ 5 875 Yuka terrane LA-ICPMS Zhang G. B. et al. (2016)
Eclogite 4Y04 433 +20 -850 Yuka terrane SHRIMP Song et al. (2010)
Eclogite 2C87 -850 Yuka terrane SHRIMP Song et al. (2010)
Grt-lherzolite C305 423+6 Liliangshan SHRIMP Song et al. (2005)
(Continued on the following page)
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TABLE 1 (Continued) Ages of oceanic and continental crust HP/UHP metamorphism and arc-back arc magmatism in the North Qaidam Orogenic Belt.

Rock type Sample no. Age of Age of protolith Region Method References
metamorphism (Ma)
(Ma)
Grt-harzburgite 2C39 420+6 Liliangshan SHRIMP Song et al. (2005)
Grt-lherzolite 07SLK02 427 +3 Liiliangshan LA-ICPMS Xiong et al. (2011)
Grt-pyroxinite 07SLKO05 429+3 Liliangshan LA-ICPMS Xiong et al. (2011)
Age of arc-back arc magmatism related to oceanic subduction
Dacite XTS-71-2 454+ 6 Xitieshan LA-ICPMS Sun et al. (2018)
Andesite 7]G-18-2
Basic volcanic rock 7)G-24-2
XTS-63-2
Gabbro XTS-103-2 458 +3 Xitieshan LA-ICPMS Sun et al. (2018)
Diorite-porphyrite XTS-97-2
Basaltic andesite 7)G-47-2
Epidiorite Z)G-51-2
Volcanic rock DQY-35 514+9 SHRIMP Shi et al. (2006)
Basic volcanic rock 7J18-1 464 + 4 Xitieshan LA-ICPMS Liang et al. (2014)
Acid volcanic rock XTS04-1 458 + 4 Xitieshan LA-ICPMS Fuetal. (2017)
Basic volcanic rock XTS17-2 462 +4 Xitieshan LA-ICPMS Fuetal. (2017)
Rhyolite porphyry XTS16-1 454+ 6 Xitieshan LA-ICPMS Fuetal. (2017)
Gabbro 468-522 Dulan LA-ICPMS Zhu et al. (2010)

4.2 Whole-rock major and trace elements
analysis

Whole-rock major and trace element concentrations were
obtained using X-ray fluorescence (XRF), atomic absorption
spectrometry (AAS), and inductively coupled plasma mass
spectrometry (ICP-MS). Major elements were analyzed at the
Mineral Resources Analyzing Center of the Ministry of Land
and Resources, Wuhan, using XRF and AAS, with analytical
uncertainties below 5%. Trace elements were analyzed at the
State Key Laboratory of China University of Geosciences using
ICP-MS (Agilent 7500a with a shield torch). Rare earth elements
(REEs) were separated by cation-exchange techniques. Analytical
uncertainties ranged from 1% to 3%. The analytical results for the
BHVO-1 (basalt), BCR-2 (basalt), and AGV-1 (andesite) standards
indicated that the trace elements’ precision was N10%. A detailed
description of the experimental methods can be found in Liu et al.
(2008b) and Rudnick et al. (2004).

4.3 Whole-rock Sr-Nd isotopic analysis

Whole-rock Sr-Nd isotopic compositions were measured using
a Triton thermal ionization mass spectrometer (TIMS) at Sample
Solution Analytical Technology Co., Ltd. The Sr-Nd isotopic
analytical techniques are described in detail by Liu et al. (2008a).
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The exponential law, initially developed for TIMS measurement
(Russell et al., 1978) and widely accepted for use in MC-ICP-
MS, was applied to assess instrumental mass discrimination in this
study. Mass discrimination correction was performed via internal
normalization to an 38Sr/%Sr ratio of 8.375209 and a'**Nd/'**Nd
ratio of 0.7219 (Lin et al., 2016). The interference-related elements
Sm, Ca, Rb, Er, and Yb were completely separated using ion-
exchange resins. Remaining interferences from '#Sm*, 83Kr*,
85Rb*, 7Er?*, and 73Yb?* were corrected based on the method
described by Lin et al. (2016). The USGS reference materials BCR-2
(basalt) and RGM-2 (rhyolite) were consistent with their published
values (Li et al., 2012). The CHUR composition used to calculate the
eNd(t) values was '**Nd/"**Nd = 0.512638 and '*/Sm/**Nd = 0.196
(Bouvier etal., 2008), with a decay constant of 6.54x10-12. Nd model
ages were calculated according to the depleted mantle model of Liew
and Hofmann (1988).

5 Analytical results

5.1 Zircon U-Pb geochronology and trace
elements

The zircon U-Pb age and trace element analysis results
of the two samples (P02G19-1 and P53G3-1) are shown in
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TABLE 2 U-Pb zircon ages of intermediate-mafic rocks in the North Qaidam region, NW China.

Sample no.  Plutons and their locations Rocks Ages (Ma) References = Geochemical compositions
09QH19 Dulan gabbro 837+3 Zhu et al. (2015) E-MORB
99Y Liiliangshan basaltic rock 780 +22 Yang et al. (2004) MORB
14QH-21 Liliangshan gabbro 535+2 Chen et al. (2020) FAB
14QH-22 Liiliangshan gabbro 513+3 Chen et al. (2020) FAB
16QH-48 Liliangshan gabbro 510+ 3 Chen et al. (2020) FAB
09QH27 Liliangshan gabbro 535+2 Zhu et al. (2014) N-MORB
09QHS8 Xitieshan gabbro 521+7 Zhu et al. (2012) OIB
WL18-3-8 Oulongbuluke block gabbro 490 + 4 Gao et al. (2021) OIB
WL18-2-9.3 Oulongbuluke block gabbro 487 +5 Gao et al. (2021) OIB
WL18-3-1 Oulongbuluke block gabbro 487 +3 Gao et al. (2021) OIB
WL18-2-9.4 Oulongbuluke block gabbro 485+ 4 Gao et al. (2021) OIB
10QH1 Dulan gabbro 480 £ 1 Zhu et al. (2015) OIB
P02G19-1 Yuka gabbro 471+ 3 (The study) arc-like
03Q01/06Q Dulan gabbro 468 £2 Zhu et al. (2010) arc-like
HDS-ZK001-N20 Oulongbuluke block gabbro 466 + 1 Lietal. (2019) arc-like
HDS-DB-N2 Oulongbuluke block pyroxenite 455+ 4 Lietal. (2019) arc-like
P7TW13-4 Liliangshan basaltic andesite 432+6 Zhou et al. (2019) MORB
CHH39 ‘Wulan Chahanhe diorite 441 +2 Niu et al. (2021) arc-like
P53G3-1 Yuka diorite 438 +3 (The study) arc-like
CHHO09 ‘Wulan Chahanhe diabase 429+ 4 Niu et al. (2021) arc-like
CHH18 ‘Wulan Chahanhe gabbro 441 £5 Niu et al. (2021) E-MORB
CHH47 Wulan Chahanhe gabbro 439+5 Niu et al. (2021) E-MORB
07SLK25 Liliangshan pyroxenite Dyke 401+7 Xiong et al. (2014) arc-like
9C-67 Dulan intermediate dyke 393+ 1 Zhou et al. (2021) arc-like
Ql4-14 Dulan intermediate dyke 380+ 5 Zhou et al. (2021) arc-like
18CB-28 Dulan basic dyke 383+ 1 Zhou et al. (2021) arc-like
18CB-83 Xitieshan basic dyke 375+3 Zhou et al. (2021) arc-like
18CB-84 Xitieshan gabbro 368 +3 Zhou et al. (2021) arc-like
B1204-1 Xitieshan gabbro 372+2 (Zhao et al., 2018 arc-like
07DL-55 Dulan Yematan diorite 360 + 4 Wang et al. (2014) arc-like
10DL-24 Dulan Yematan diorite 374+2 Wang et al. (2014) arc-like
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FIGURE 2

Representative field photographs and photomicrographs of representative samples (P02-gabbro and P53-diorite) from Yuka terrane: (A) PO2 gabbro
intrudes into the early Paleozoic Tanjianshan Group; (B) Field photographs of P02 gabbro; (C) P53 diorite intrudes into the Proterozoic Dakendaban
Group; (D) Field photographs of P53 diorite; (E, F) Representative micrographs of P02 gabbro, showing a mineral assemblage of plagioclase, pyroxene,
hornblende, and minor quartz and biotite; (G, H) Representative micrographs of P53 diorite, characterized by weak plagioclase alteration, hornblende,
pyroxene, and minor quartz and biotite.
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Supplementary Tables S1, S2. The Concordia diagram of zircon U-
Pb ages and the diagram of Chondrite-normalized REE patterns for
zircon are shown in Figure 4.

Typical CL images of sample P02G19-1 and P53G3-1 (Figure 3)
indicate that the zircons are fresh and have undergone very little late
alteration. Grains exhibiting typical magmatic zircon characteristics
were selected for analysis. The zircons of sample P02G19-1 are
mostly long columnar and equiaxed, with grain sizes generally
ranging from 50-150 um and length to width ratios of 1:1 to
2:1, obvious tabular zone and weak oscillating zone (Figure 3A).
Zircon analysis results show high content of total REE (XREE =
2,683-7,540 ppm), U (4,178-19578 ppm) and Th (2,331-6,579 ppm)
with obvious fractionation of LREE and HREE (LREE/HREE:
0.4-0.14) (Supplementary Figure S4b; Supplementary Tables S1, S2).
The mean value of Th/U ratio is 0.69 > 0.5, steep HREE pattern
and significant positive Ce anomaly (Supplementary Figure S4b;
Supplementary Table S1), these indicate that the zircons of sample
P02G19-1 are of magmatic origin (Corfu et al., 2003; Hoskin and
Schaltegger, 2003; Wu and Zheng, 2004). Eighteen analyses from
zircons of P02G19-1 yield concordant 2°°Pb/***U ages ranging from
471 to 467 Ma (Supplementary Table S1). The weighted mean of
470.6+ 3.1 Ma (MSWD = 0.037; n
crystallization age of the gabbro (Figure 4A).

= 18) is interpreted as the

The zircons of sample P53G3-1 are mostly short-columnar and
a few long-columnar, with grain sizes ranging from 50 to 200 um
and length/width ratios of 1:1 to 2:1, and obvious oscillating zone
(Figure 3B). Zircon analysis results show that there is a variable
content of total REE (XREE = 1,078-7,813 ppm), U (304-2,294 ppm)
and Th (229-1,060 ppm) with obvious fractionation of LREE
and HREE (LREE/HREE: 0.004-0.096) (Supplementary Figure S4D;
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Supplementary Tables S1, S2). The mean value of Th/U ratio is 0.51 >
0.5, steep HREE pattern, obvious negative Eu anomaly and positive
Ce anomaly (Supplementary Figure S4D; Supplementary Table S1),
these indicates that the zircons of sample P53G3-1 are of magmatic
origin (Corfu et al.,, 2003; Hoskin and Schaltegger, 2003; Wu and
Zheng, 2004). Seventeen analyses from zircons of sample P53G3-
1 yield concordant *°°Pb/?**U ages ranging from 449 to 433 Ma
(Supplementary Table S1). The weighted mean of 438.4+ 2.9 Ma
(MSWD = 0.52; n = 17) is interpreted as the crystallization age of
the diorite (Figure 4C).

5.2 Whole-rock major and trace elements

Eight samples were selected for major and trace element
analyses, and results are presented in Supplementary Table S3. P02
samples have low loss-on-ignition (LOI) values, and P53 samples
have high loss-on-ignition (LOI) values, and its influence on rock
composition will be discussed later. In the total alkali-SiO, and
Nb/Y - Zr/(TiO,*0.0001) diagrams, the eight samples belong to the
subalkaline series, the P02 fall into the gabbro fields, and the P53 fall
into the gabbro or gabbroic-diorite fields (Figures 5A, B).

Samples P02 have small variations in SiO, contents that range from
45.34 to 49.95 wt%, with high contents of CaO = 8.71-11.20 wt%
(mean = 10.45 wt%), FeO = 7.10-9.30 wt% (mean = 8.10 wt%),
MgO = 7.14-8.66 wt% (mean = 7.58 wt%, Mg" values [100 x molar
MgO/(MgO + FeO)] of 49-55), Al,O; = 12.53-13.77 wt% (mean
= 13.41 wt%) and FeOT (10.4-16.3 wt%), indicating that they have
the property of strong mafic rocks. In addition, these gabbros have
low contents of Na,O = 1.86-2.47 wt% (mean = 2.10 wt%), K,O
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(A, C) U-Pb Concordia diagrams and (B, D) chondrite-normalized REE patterns of zircon from the gabbro (P02G19-1) and the diorite (P53G3-1).
Chondrite-normalization values are taken from Sun and McDonough (1989).

= 0.81-1.62 wt% (mean = 1.31 wt%), P,O5 = 0.23-0.45 wt% (mean
= 0.29 wt%) and TiO, (0.61-1.34 wt%).

Samples P53 have moderate variations in SiO, contents that
range from 50.06 to 56.24 wt%, highly variable contents of CaO =
4.38-12.51 wt% (mean = 8.22 wt%), MgO = 2.73-9.62 wt% (mean =
5.44 wt%, Mg" values [100 x molar MgO/(MgO + FeO)] of 39-67)
and ALLO; = 11.47-16.07 wt% (mean = 14.08 wt%). In addition,
these diorites have low contents of FeO = 4.15-5.80 wt% (mean
= 5.11 wt%, FeO" of 7.5-8.6 wt%), Na,O = 1.95-5.78 wt% (mean
= 4.07 wt%), K,O = 0.16-2.23 wt% (mean = 0.84 wt%) and TiO,
(0.52-0.91 wt%). These indicate that they also have the property of
mafic rocks.

In terms of whole-rock trace elements, two groups of rocks
show similar characteristics. All samples exhibit enrichment in light
rare earth elements (LREE) relative to HREE in the chondrite-
normalized REE diagram, distributed between OIB and E-MORB
(Figures 6A, C). In the primitive mantle-normalized trace elements
spider diagram (Figures 6B, D), all samples display enrichment
in large-ion lithophile elements (LILE: Rb, Ba and K) and
radioactive elements (Th and U), and depletion in high field
strength elements (HFSE: Nb, Ta, Zr, Hf and Ti). Samples
P02 have relatively high total rare earth elements (XREE
117.35-160.07 ppm), LREE/HREE ratio (5.36-9.90), and (La/Yb)y
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ratio (5.5-13.7), indicating obvious fractionation of LREE and
HREE (Supplementary Table S3). Samples P53 have relatively
high total rare earth elements (XREE 109.74-148.76 ppm)
and LREE/HREE ratio (7.22-10.43, (La/Yb)y value of 7.4-13.2),
indicating obvious fractionation of LREE and HREE. All samples
show consistent weak negative Eu anomalies (8Eu = 0.74-0.86), no
anomalies of Ce (8Ce = 0.94-1.02) and high positive anomalies
of Pb (Supplementary Table S3; Figure 6). In addition, the contents
of large ion lithophile elements (LILE) such as Rb, Ba and K in
samples P53 are lower than those in samples P02, and the contents
of high field strength elements (HFSE) such as Nb, Ta, Zr and Hf
in P53 are higher than those in P02 (Supplementary Table S3). In
summary, these results indicate that the two groups of rocks have

arc-like trace element compositions similar to those of island arc
volcanic rocks (Figure 6).

5.3 Whole-rock Sr-Nd isotopic analysis

Eight samples were selected for Sr-Nd isotopic analyses,
according to the zircon U-Pb dating results of samples P02G19-
1 and P53G3-1, the initial isotopic ratios of Sr, Nd, €Sr(t), eNd(t),
Tpm(Nd) and Tpyp, (Nd) were calculated (Supplementary Table S4).
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FIGURE 5
The discrimination diagram of rock types/series for P02 and P53 from Yuka area. Post-collisional intermediate-mafic rocks and gabbro from Zhao et al.
(2017) and Zhou et al. (2021) (grey circle and light purple cross). (A) SiO, vs Na,O+ K,O (after Le Maitre et al., 1989),blue trend line from Irvine and
Baragar, (1971). (B) Nb/Y vs Zr/TiO, (after Winchester and Floyd, 1977). (C) Ta/Yb vs Ce/Yb diagram (after Pearce, 1982) for samples. (D) (Yb)y, vs.
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Samples P02 and P53 display variable (*’Sr/*’Sr); ratios ranging
from 0.70473 to 0.70811 (mean 0.70566) and 0.70599 to
0.70685 (mean 0.70631), with eNd(t) values ranging from
—-2.7 to +0.3 and -1.0 to +1.5, respectively. Their Tp),(Nd)
ages are 1,164-1,429 Ma for P02 and 1,063-1,270 Ma for P53
(Supplementary Table S4). These results indicate that the rocks

exhibit arc-like compositional characteristics, falling within the
mantle array and enriched subcontinental lithospheric mantle (E-
SCLM) of the NQOB (Figure 7).

6 Discussion
6.1 Sources and petrogenesis

Primary mafic magmas provide valuable insights into the
composition of their mantle sources. However, the geochemical
composition of rocks formed from these magmas is influenced
not only by the mantle source but also by open-system processes.
Fractional crystallization, an open-system process, generally does

Frontiers in Earth Science

11

not significantly modify the isotopic composition of a system,
as isotopic fractionation during this process is typically very
small. Therefore, the effects of open-system processes on the
composition of the primary magmas must be evaluated before
drawing conclusions about the nature of the mantle sources.

6.1.1 Key open-system processes affecting
primary mafic magmas

The later alteration may have influenced the concentrations
of certain elements and isotope compositions, particularly for
water-soluble elements such as LILE and LREE (Zhao and
Zhou, 2007; Khan et al., 2024). The Yuka Terrane rock samples (P02
and P53) from both groups have undergone weak alteration. LOI
(Loss on Ignition), which indicates the degree of alteration, shows
values ranging from 1.30 to 2.17 wt% for P02 and from 1.66 to
4.18 wt% for P53 (with one outlier value of 7.08 wt%). These results
suggest that both P02 and P53 were minimally affected by alteration.

Furthermore, observed between LOI
and Rb, Pb, U, or &Sr(t) for P02, whereas a weak correlation
exists for P53 (Supplementary Figure S1). This indicates that P53

no correlation is

frontiersin.org


https://doi.org/10.3389/feart.2025.1545127
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Lin et al. 10.3389/feart.2025.1545127
10—T—T—T——T—T—T T T T T T T T T T3 looocglIIIIIIIIIIIIIIIIIIIIIIIIIII§
F P02 Gabbro E E
r (a ] C ]
() ) ] < - ]
[} 1 g 1000 E
= I i E-MORB | £ : :
- o ]
£ 100 N-MORB { ¢ : ]
<= i ] £ 100 E
2 T 1 E 3 ]
= 1 = . a
= 1 g Ll ‘
5 2 1%
@« 10k e g 3 E
3 1 & C ]
] 1 3 3
1 I T T R T TR T N N NN TR S N 0.1_||||||||||||||||||||||||||||-
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu RbTh Nb K Ce Pr P Zr Sm Ti Tb Y Er Yb
Ba U Ta La Pb Sr Nd Hf Eu Gd Dy Ho Tm Lu
100—T——T—T——T—T T T T T T T T T T T3 10005|1||||||||[|1|||1||||||1||||§
E (©) —— P53 Diorite | E (d) ]
° g 10005— E
= = E E
2 100 {1 2 | :
£ 1 = 100 4
@) ] =] E 3
E ] = N ]
= ] & i 1
g e % 10 E
@« 10 = g E E
3 < X 1
] @ i 1
] 3 3
1 1 1 | | | | L 1 1 1 1 1 1 1 | 0 1 i | N I o O S S N O SO O O o N O N S O P O A N | |
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ! Rb Th Nb K Ce Pr P Zr Sm Ti Tb Y Er Yb
- Ba U Ta La Pb Sr Nd Hf Eu Gd Dy Ho Tm Lu
100 E T T T T T T T T T T T T T T T 3 IOOOC: P EE S LI L ET A LT EERITEET T LAFI L ELS
F — Intermediate/mafic rocks 2 3
F (e ] - ( 1
r © — Gabbro ] =2 (D 1
oy L I Peridotites ] § 1000 3
E = |
E 100} 4 2 i ]
g | 1 £ 100 e
@) [ 1 E 3 E
© [ ] ;:E r ]
= I | [ ]
£ 2 10k E
@ 10k 4 E i :
E 1 < - p
F 4 0 i )
1 1 | | | l | i L 1 1 1 1 1 | 0 1 i N Y Y Iy v | |
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu . Rb Th Nb K Ce Pr P Zr Sm Ti_Tb_ Y Er Yb
Ta La Pb Sr Nd Hf Eu Gd Dy Ho Tm Lu
FIGURE 6
(A, C) Chondrite-normalized REE patterns and (B, D) primitive mantle-normalized trace element patterns for intermediate-mafic rocks (P53 and P02).
Chondrite values are from Boynton et al. (1984). The data for primitive mantle, N-MORB, E-MORB and OIB are from Sun and McDonough (1989). (E, F)
Post-collisional intermediate-mafic rocks and gabbro from Zhao et al. (2018) and Zhou et al. (2021) and peridotites from Xiong et al. (2015).

was slightly affected by alteration (particularly for mobile elements
like Rb), while P02 remained largely unaffected.

Crustal contamination is an important open-system process
during ascent and emplacement of magmas (Fang et al., 2019), can
introduce crustal materials with high SiO,, K,O, Pb, LILE, LREE,
radiogenic Sr isotopes and low radiogenic éNd(t) values to mantle-
derived magmas (Hans Wedepohl, 1995; Rudnick and Gao, 2003),
which will lead to a negative correlation between SiO, (or K,0) and
eNd(t), Nb/U and Ce/Pb, and a positive correlation between SiO, (or
K,0) and the initial ¥ Sr/*¢Sr ratios. However, for P02 and P53, there
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is no significant correlation between K,O and Nb/U, or between
SiO, and Ce/Pb, eNd(t), initial '**Nd/'**Nd, and initial *’Sr/**Sr
(Supplementary Figures S2A, $4B-D). K,O a negative
correlation with initial *’Sr/**Sr Supplementary Figures S2B, S4A),

shows

and eNd(t) values range from weakly negative to weakly positive.
Additionally, the ratio of elements with similar partition coefficients
is not significantly affected by the degree of fractional crystallization
or partial melting. As a result, these correlations can be utilized to
assess the extent of crustal contamination. The Nb/Ta ratio of the two
groups of rocks ranges from 15.0 to 19.7 (Supplementary Table S3),
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FIGURE 7
Initial Sr-Nd isotopic compositions of intermediate-mafic rocks (P53 and P02) from Yuka area (modified from Niu et al., 2021). Data for subcontinental
lithospheric mantle (SCLM) of the North Qaidam tectonic belt are from Xiong et al. (2015). Data for eclogite with oceanic affinities in the North Qaidam
tectonic belt are from Zhang et al. (2019) and Zhang L. et al. (2017). The isotopic compositions for MORB and the mantle end-members DM are from
Zindler and Hart, (1986), for global subducted sediments (Gloss) are from Plank and Langmuir (1998). Post-collisional intermediate-mafic rocks and
gabbro from Zhao et al. (2018) and Zhou et al. (2021) (grey circle and light purple cross). The symbols are the same as in Figure 5.

with an average value of 17.5, which aligns closely with the primary
mantle value of 17.4 (Sun and McDonough, 1989). The plots
of Nb/Ta versus initial *’Sr/*Sr exhibit a positive correlation,
whereas Nb/Ta versus initial '**Nd/'**Nd show no significant
correlation (Supplementary Figures S2C, D). These observations
indicate that the influence of crustal contamination on rock
composition is negligible.

Fractional crystallization is also a crucial process during ascent
and emplacement of magmas, and can modify the compositions
of mafic to intermediate magmas. For P02, the narrow range of
Mg" value and MgO contents (Supplementary Table S3) indicate
that fractionation crystallization was very weak during magma
evolution. P02 exhibit no correlation between FeO' and MgO,
TiO, and MgO contents (Supplementary Figures S3E, F), indicating
that there was no accumulation of Fe-Ti oxide minerals, which is
consistent with the mineral phases observed in photomicrographs
(Figure 2). The no correlation between CaO/Al,O; ratios and
MgO contents indicate that the fractionation of clinopyroxene was
negligible (Supplementary Figure S3A). No correlation between
AL, O; and MgO contents, weak Sr anomaly and absence of Eu
anomaly, which means that no obvious fractionation of occurred
during the magma evolution (Supplementary Figures S3, S6A, B).
For P53, the change of Mg# value, Cr and Ni as well as
the positive correlation between Mg’ and Cr, Mg’ and Ni
(Supplementary Figures S3G, H) indicate that they may have
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experienced the fractionation of olivine or clinopyroxene. The weak
correlation between CaO/Al,O; and MgO, SiO, and MgO as well
as CaO and MgO contents (Supplementary Figures S3A-C) may
be explained by weak fractional crystallization of clinopyroxene
and olivine. However, La (20.6-29.7 ppm) and La/Sm (4.5-5.2)
values for the P53 samples follow the expected evolutionary path of
partial melting rather than fractional crystallization. In addition,
the insignificant Sr anomaly and the absence of Eu anomaly
indicate that fractional crystallization of plagioclase is minimal
(Figures 6C,D). The weak negative correlation between MgO and
TiO, (Supplementary Figure S3E) may indicate the fractional
crystallization of Fe-Ti oxide minerals, but there is no correlation
between MgO and FeO! contents (Supplementary Figure S3F)
in the
microphotographs. Therefore, fractionation crystallization has a

as well as no Fe-Ti oxide minerals are observed
limited effect on geochemical composition of P53 and can be
ignored for P02.

the
contamination and fractional crystallization on the composition of

In conclusion, influence of later alteration, crustal
the studied rocks are basically negligible. Therefore, the composition
of these rocks was mainly controlled by the mineralogical and
geochemical composition of their sources. In addition, the P53
has undergone weak alteration and weak fractional crystallization,
and immobile elements (such as REE, HEFSE, etc.) can be used to

discriminate the nature of the magma source.
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6.1.2 Mantle source

Both groups of rocks (P02 and P53) belong to calc-alkaline
series (Figure 5C), with similar geochemical and isotopic compositions
(Figure 6), which indicate that they have similar source regions.
They have low SiO, (45.34-49.95 wt% and 50.06-56.24 wt%) and
high MgO (7.14-8.66 wt% and 2.73-9.62 wt%) contents (Table 1),
indicating that they are formed by partial melting of an ultramafic
mantle source. In general, the mantle sources of mafic magma beneath
the collision orogenic belt may be variable and complex (Mo et al,
2003; Chung et al., 2005; Dai et al., 2015; Fang et al., 2019; Niu et al,,
2021; Sun et al.,, 2022; Villaseca et al.,, 2022). The magma derived
from the asthenosphere mantle is equivalent to the mid-ocean ridge
basalt (MORB) or oceanic island basalt (OIB) on the compositions of
major-trace elements, which are marked by not depleting of HFSEs
(Hofmann, 1988; Zou et al., 2000). In comparison, the magma derived
from lithospheric mantle wedge show typical arc affinity signatures,
such as enrichment of LILEs and LREEs, and depletion of HFSEs
(Zhao and Zhou, 2007; Li et al., 2017; Niu et al., 2021). The two
groups of rocks show arc-like trace element distribution patterns,
enriched in REE and LILE (such as incompatible elements: Cs, Rb,
Ba, Th, etc.) and depleted in HFSE (such as Nb, Ta, etc.), indicating
that they originate from lithospheric mantle, and Zr/Nb ratios are
significantly higher than OIB and La/Nb ratios >1.5 also proved this
(Supplementary Table S3; Sun and McDonough, 1989). On the other
hand, high initial ¥ Sr/*®Sr ratios (0.70473-0.70811,0.70599-0.70685),
negative to positive eNd(t) values (-2.7 to +0.3, -1.0 to +1.5),
obvious differentiation of LREE and HREE (Lay/Yby: 5.52-13.67) and
positive anomalies of Pb (Supplementary Figures S6A, B; Table 54),
these indicate that the mantle source had the addition of crustal
material. This is supported by the ratios of trace elements that have
different geochemical characteristics but similar incompatibilities, and
which cannotbe fractionated during magmatic processes. For instance,
the ratios of Nb/U, Th/La, Nb/La, Ce/Pb, and Th/Nb are significantly
different from those of the depleted mantle (Sun and McDonough,
1989; Salters and Stracke, 2004). These indicate that the mantle source
may have been metasomatized by subduction-related components
(Campbell, 2002). In addition, the two-stage model age (T, (Nd):
1.1-1.4 Ga; Supplementary Table S4) consistent with the protolith
age of UHP metamorphic rocks indicates that the subcontinent
lithospheric mantle is a reasonable source region, as evidenced by
all samples falling into the enriched subcontinent lithospheric mantle
beneath the NQOB (Figure 7).

In summary, the arc-like trace element characteristics and
enriched Sr-Nd isotopic compositions in the two groups of rocks
show that they were derived from the enriched subcontinent
lithospheric mantle beneath the NQOB, which was reformed by
subduction-related crustal materials.

6.1.3 Modification of the subcontinental
lithospheric mantle

Oceanic and continental arc magmatism are considered to
be a typical product of oceanic subduction, while oceanic and
continental-type eclogites are considered to be a typical product
of oceanic/continental subduction to subarc depths. Compared
with HP/UHP metamorphic rocks, arc-like mafic rocks carry more
information about lithospheric mantle. Generally, calc-alkaline
rocks are produced in the island-arc setting during oceanic
subduction, and its trace element composition is characterized
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by depletion of Nb and Ta, enrichment of LILEs (Rb, Ba, Th,
U, K, Pb and La), such as P02 (Figure 6B). In addition, the P53
formed during continental subduction-collision and some mafic
rocks of post-collision also show the properties of typical island-
arc rocks (Figures 5D, 6D). Therefore, there are continuous arc-like
magmatism during oceanic subduction, continental subduction-
collision and post-collision in the NQOB, and the magma originated
from the lithospheric mantle previously modified by the subduction
system (Zhao et al., 2018; Zhou et al., 2021).

Slab subduction is regarded as a crucial mechanism for bringing
crustal components into the mantle, and the interaction between
the subducted components and the overlying mantle determines the
geochemical composition of the mantle-derived magma above the
subduction zone (Elliott, 2003; Zhao et al., 2015; Fang et al., 2019).
The depleted mantle generally shows depleted LILE and LREE, and
the low Sr-Nd isotopes, are enriched after the metasomatism of the
crustal material (Workman et al., 2003; Salters and Stracke, 2004;
Workmanand Hart, 2005; Willbold and Stracke, 2010). Common post-
collisional mafic igneous rocks at the Sulu-Dabie show arc-like trace
element distribution patterns and significantly enriched Sr-Nd isotopic
compositions (Zhao et al., 2013). Such compositions are interpreted
to have resulted from the incorporation of continental crust-derived
materials into their mantle sources. This is because felsic melts formed
by subducting continental crust typically exhibit arc-like trace element
distribution patterns and enriched radiogenic isotopes, and if these
melts reacted with the mantle, the crustal characteristics would be
transferred to the final mafic rocks (Zheng and Hermann, 2014).
However, P02, P53 and post-collisional mafic rocks at the NQOB
exhibit mainly arc-like trace element distribution patterns and slightly
enriched/depleted radiogenic isotopic compositions (Figures 5, 6).
These indicate that the crustal materials involved in the mafic rocks
cannot be the subducted continental crust. In addition, post-collision
mafic rocks with slab-derived fluid enrichment trends in the NQOB
(Figure 8). On the other hand, the subducted continental crust is
relatively dry, and it is difficult to release enough fluids to modify
the mantle at the subarc depth, but the subducted oceanic crust can
bringalarge amount of water into the subarc depth, which is conducive
to partial melting or dehydration of the overlying mantle (Zhao et al.,
2013; Dai et al,, 2015; Zheng et al., 2018). Therefore, the derivatives of
the oceanic crust are reasonable crustal components to add to mantle
sources of P02 and P53, such as basaltic oceanic crust-derived fluids
or overlying sediment-derived melts.

Refractory minerals such as rutile and garnet remain stable at
subarc depths, meaning that the released fluid is depleted in HFSE
and HREE but enriched in LILE and LREE, as garnet is the major
host of HREE and rutile is the major host of HFSE such as Nb, Ta,
and Ti (Zheng et al., 2011). Such fluid would react with the mantle
to generate metasomatic mantle domains, which may undergo
partial melting to produce mafic melts with arc-like trace element
distribution patterns and relatively depleted radiogenic isotopes
(Schmidt and Poli, 2003; Zheng et al., 2019), which is consistent
with trace element composition of P02 and P53 but not consistent
with the Sr-Nd isotopic compositions. In addition, the SiO, contents
of the two groups of rocks are 45.34-49.95 wt%, 50.06-56.24 wt%,
respectively, with low Nb/U and TiO,/Al,O; ratios (Figure 8A),
which are similar to oceanic arc basalts and continental arc basaltic
andesites (Kelemen et al., 2003). These features are consistent with
metamorphic dehydration/partial melting of the subducting oceanic
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FIGURE 8
Plots of (A) Ce/Pb versus TiO2/Al203, (B) Th versus U/Th, (C) Ba/Th versus Th/Nb, and (D) Ba/Th versus (La/Yb) N for the Diorite (P53) and Gabbro
(PO2) of Yuka area (modified from Niu et al., 2021). Post-collisional intermediate/mafic rocks and gabbro from Zhao et al. (2018) and Zhou et al. (2021)
(grey circle and light purple cross). The data for MORB and OIB are from Hofmann, (1988) and Sun and McDonough, (1989), respectively. The data for
oceanic-arc basalts (OAB) and continental arc basaltic andesites (CAB) are from Kelemen et al. (2003). The data for island arc volcanic rocks are from
Hawkesworth et al. (1997). The symbols are the same as in Figure 5.

crust in the rutile stability zone and oceanic crust-derived fluids are
reasonable crustal components to add to mantle sources but do not
exclude sediment-derived melts. The peridotite from Luliangshan
of the NQOB also demonstrated the metasomatism of the mantle
wedge by the fluids released by the subducting slab, and they have
arc-like trace element compositions (Figure 6) and originated from
the subcontinent lithosphere mantle (Xiong et al., 2015; Li et al,
2018). In addition, the ratios of U/Th, Th/Nb, Ba/Th and (La/Yb)y
show insignificant enrichment trends, including fluid from oceanic
crusts and melt from overlying sediments (Supplementary Table S3;
Figure 8) (Hawkesworth et al., 1997; Elliott, 2003; Bebout, 2007;
Zhengand Hermann, 2014; Zheng, 2019). Therefore, the enrichment
of the subcontinent lithospheric mantle of the NQOB is mainly due
to the contribution of fluids derived from subducted oceanic crust,
with a small amount of melts derived from subducted sediments.

In summary, the NQOB has continuous arc-like magmatism of
subcontinent lithospheric mantle generally metasomatized by fluids
derived from the subducting oceanic crust. This metasomatic mantle
source may not have undergone partial melting shortly after its
early formation but was stored in the orogenic belt and became a
potential source of subsequent mafic magmatism (Chen et al., 2016;
Fang et al., 2019; Zheng et al., 2019).
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6.2 Geodynamic process and multi-stage
magmatism

Previous studies (Song et al, 2009a; Zhang et al, 2013;
Song et al., 2014; Wu et al., 2019; Ren et al., 2019; Zhou et al., 2021;
Zhou et al., 2021; Chen et al., 2022) have shown that the NQOB is
a series of tectonic events that occurred from the early Paleozoic
to the late Paleozoic, including oceanic subduction, continental
subduction, collisional orogeny, slab exhumation, and post-orogenic
extension. Several tectonic evolution models have been proposed
to explain HP/UHP metamorphism and magmatism. For instance,
Wu et al. (2019) divided the granites in the Wulan of the NQ
into five stages based on age and geochemical characteristics: (1)
465-473 Ma, (2) 423-446 Ma, (3) 391-413 Ma, (4) 372-383 Ma
and (5) 240-271 Ma, revealing tectonic evolution and geodynamic
processes. However, mafic rocks originated from deep mantle and
are more representative in revealing the nature of mantle and
geodynamic processes, such as syn-collisional and post-collisional
mafic rocks (Zhao et al,, 2013; Dai et al,, 2015; Fang et al., 2019;
Niu et al., 2021).
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6.2.1 Age of multi-stage mafic magmatism

Generally, the protolith ages of oceanic-type eclogites are usually
consistent with the age of mafic rocks at a certain stage in the
region, including the stage from the formation to the closure of
the ocean basin (Zhang L. et al., 2008), the protolith of continental-
type eclogites may represent the mafic rocks intruded during
breakup of ancient supercontinent (Song et al., 2010; Zhang et al.,
2009¢; Zhang et al,, 2011; Zhang G. B. et al., 2016), and mafic
magmatism later than continental eclogite-facies metamorphism
represent the mafic rocks intruded during exhumation or post-
collision (Zhao et al., 2013; Zhao et al., 2017; Zhou et al., 2021).
The ages of oceanic and continental-type eclogites in the NQOB
are 465-445 Ma and 438-420 Ma, respectively, indicating that the
continental crust subducted to the depth of the mantle after 440 Ma
(Table 1). As shown in tables 1 and 2, there are multi-stages of mafic
magmatism in the NQOB, and the ages range from Neoproterozoic
to Late Paleozoic, which are responses to different tectonic activities.

Some scholars have reported Neoproterozoic mafic rocks of the
continental rift tectonic setting in the NQOB, which have geochemical
compositions similar to E-MORB, MORB, and WPB, and some have
been interpreted as mid-ocean ridge ophiolites (Yang et al., 2004;
Zhuetal.,2015). These mafic rocks suggest that the breakup of Rodinia
supercontinent induced melting of the deep mantle and the ocean
begins to develop. The ages of P02 gabbros are 471 Ma, have arc-like
geochemical compositions (Figures 4,6),and was formed in the island-
arc setting on the active continental margin (Figure 9), indicating that
the NQ was in a mature island-arc setting at this time. Previous studies
on the chronology and tectonic setting of mafic rocks suggest that
the subduction of the Paleozoic ocean should be earlier than 535 Ma
(Zhu et al., 2014; Chen et al., 2020) and the closure of the ocean after
455 Ma (Zhuetal.,2010; Lietal.,2019) in the NQOB, these mafic rocks
belong to the tholeiitic or calc-alkaline or potassium series (Figure 5)
and FAB or N-MORB or OIB or arc-like trace element compositions.
The ages of P53 diorites are 438 Ma, which is consistent with the age
of UHP metamorphism of continental-type eclogites, representing
the product during continental subduction-collision. In addition,
intermediate-mafic rocks were discovered in the Wulan in the eastern
part of the NQOB, with ages of 441-429 Ma, which was interpreted as
syn-collision magmatic rocks (Niu et al., 2021). Therefore, the NQOB
have intermediate-mafic magmatism in response to continental
subduction-collision, they have arc-like or E-MORB geochemical
compositions and belong to the calc-alkaline or tholeiite series.
After deep subduction of continent and slab exhumation, the
NQOB entered the post-orogenic tensional settings (Xiong et al,
2014; Zhao et al, 2018; Zhou et al, 2021). The post-collision
intermediate-mafic rocks are reported in the Dulan, Luliangshan and
Xitieshan of the NQOB, most of which have arc-like geochemical
compositions and belong to the tholeiite or calc-alkaline series, the
ages (393-360 Ma) are consistent with the post-collisional granites
(Figures 5, 6).

In summary, mafic rocks are widely distributed in the
NQOB, such as Yuka, Luliangshan, Xitieshan, Dulan, Wulan and
Oulongbuluke microcontinent (Tables 1 and 2). These intermediate-
mafic rocks have different geochemical compositions, the age
ranges from 535Ma to 360 Ma, belonging to the products of
different evolutionary stages. According to the age, geochemical
characteristics, tectonic background of mafic rocks and the age
of UHP metamorphism, the Paleozoic mafic magmatism in the
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NQOB can be divided into three stages: (1) Oceanic subduction
(535-455 Ma), (2) Continental initial collision: (441-429 Ma), and
(3) post-collision: (393-360 Ma).

6.2.2 Geodynamic setting

Previous studies have shown that the NQOB experienced
geodynamic processes such as slab subduction, back-arc extension,
slab rollback, slab breakoff, lithosphere collapse and extension
in Paleozoic, which were responded to HP/UHP metamorphism
and granitic magmatism (Song et al., 2006; Song et al, 2014;
Zhang L. et al,, 2016; Zhao et al., 2018; Wu et al,, 2019). Therefore,
the geodynamic setting of the two groups of rocks in this paper
may include: (1) slab retreat and associated back-arc extension
(Shi et al., 2006; Zhu et al., 2010); (2) slab rollback during initial
continental collision (Niu et al., 2021); (3) breakoft of subducting
oceanic slab (Xiong et al.,, 2014; Zhou et al., 2021); and (4) orogenic
lithospheric delamination, collapse and extension (Wang et al., 2014;
Zhao et al., 2018; Zhou et al., 2021).

The coexistence of continental-type eclogites and oceanic-type
eclogites in the NQOB indicates that both oceanic and continental
crusts were subducted to the depths of the mantle and undergo ultra-
high pressure metamorphism, and subsequently exposed due to slab
breakoff (Zhang G. B. et al., 2008; Chen et al., 2009; Song et al., 2014;
Zhang G. B. et al., 2016). Slab breakoff can lead to the asthenosphere
rising, bringing a large amount of heat to induce partial melting
of the lithospheric mantle (Huw Davies and von Blanckenburg,
1995). However, the age of UHP metamorphism of continental-type
eclogites is 438-420Ma (Table 1) and the study of granite in Wulan
indicates that the slab breakoff and exhumation of continental crust
occurred between 420 Ma and 397 Ma (Wu et al.,, 2019), which is
inconsistent with the magmatic crystallization ages of P02 and P53
(471 and 438 Ma). After the exhumation of subduction slab, the
NQOB experienced lithosphere delamination, collapse and extension
(390-360 Ma; Song et al., 2014; Wang et al., 2014; Wu C. et al., 2014;
Zhao et al,, 2018; Zhou et al., 2021). Therefore, slab breakoff and
lithosphere delamination, collapse and extension cannot be used to
explain the geodynamic background of P02 and P53 magmatism.

Arc magmatism is common above oceanic subduction zone, and
if the overlying lithosphere is relatively thin and hot or thermal
convection during oceanic subduction, the metasomatic mantle
domain is prone to partial melting. The arc magmatism related
with subduction in the NQOB ranges from 535 to 446 Ma and
the arc-backarc system terminated at 446 Ma (Tables 1, 2), which
is consistent with the age of P02 magmatism (471Ma). On the
other hand, P02 gabbros emplaced into the Tanjianshan Group in
the island-arc setting, belong to the calc-alkaline series, and have
arc-like geochemical compositions (Figures 5, 6). In addition, P02
gabbros show obvious affinity of island-arc tectonic environment
(Figure 9) and classical island-arc rocks (Figure 5). Thus, these
indicate that the geodynamic setting of P02 magmatism can be
explained by retreat of the subducted oceanic slab and associated
arc-backarc extension.

Slab rollback is an effective mechanism for the separation of the
subduction slab and the overlying mantle wedge. At the beginning
of the initial continental collision, the subducted oceanic slab occur
rollback and steepening, which would cause tectonic extension,
flux of heat into the overlying mantle and heating the previous
metasomatic mantle, thereby inducing magmatism (Ding et al.,
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2005; Fangetal., 2019; Niu et al., 2021). The magmatic crystallization
ages of P53 (438 Ma) is younger than that of subduction-related
arc magmas (Tables I and 2, 535-446 Ma), slightly earlier than
the age of UHP metamorphism of continental-type eclogites
(438-420 Ma). This time relationship indicates that P53 magmatism
occurred during the tectonic transition from oceanic subduction to
continental subduction/collision. Therefore, the P53 magmatism is a
response to the subduction-collision between the Qaidam block and
the Qilian block, and rollback of the previously subducted oceanic
slab is reasonable geodynamic setting of this magmatism. The partial
melting of the ascending asthenosphere or enriched subcontinental
lithospheric mantle produced E-MORB-type or arc-like magmatic
rocks in the NQOB, the ages of magmatic crystallization
ranges from 441 to 428 Ma, which also evidenced this process
(Niu et al., 2021).

Taken together, the P02 and P53 magmatisms reveal a
geodynamic transformation from the retreat of the subducting
slab the
slab rollback. The multistage mafic magmatism and UHP

oceanic and associated back-arc extension to
metamorphism indicate four distinct stages of geodynamic
processes the NQOB (Figure 10): (1) slab retreat
and back-arc extension (535-445Ma), (2) slab rollback

(440-430 Ma), (3) slab breakoft (from 420 Ma onward), and

in
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(4) orogenic lithospheric delamination, collapse, and extension
(390-360 Ma).

6.3 Implications for tectonic transition

The NQOB experienced a series of tectonic evolution in
Paleozoic, such as oceanic subduction, continental subduction-
collision and post-orogenic extension (Zhang et al, 2013;
Song et al, 2014; Song et al, 2015; ZhangL. et al., 2016;
Zhang C. et al, 2017; Zhao et al,, 2018; Ren et al., 2019). The
magmatism and metamorphism associated with these tectonic
events are quite extensive, such as eclogite facies metamorphism
and multi-stage mafic magmatism (Tables 1 and 2). Based on
the previous discussion, we summarize a model of tectonic
transition.

Ocean subduction (535-445 Ma) - slab retreat and associated
back-arc extension: The South Qilian Ocean subducted beneath
the Qilian Block; the overlying subcontinent lithospheric mantle
was metasomatized by fluids originating from the oceanic crust at
subarc depths. Partial melting of metasomatized mantle domains
produced arc magmatism related to slab subduction (e.g., P02),
while some metasomatized mantle domains were preserved in
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(1) Ocean subduction (535-445 Ma) - slab retreat
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the orogenic lithosphere, serving as potential sources for later
arc magmatism (e.g., P53). During this period, the NQOB also
existed mafic magmatism originating from the asthenospheric
mantle and depleted mantle (Table 2, 535-455 Ma). Furthermore,
the subducted oceanic crust underwent UHP metamorphism in
the deep mantle, resulting in oceanic-type eclogites with the age of
465-455 Ma (Table 1).

Continental subduction-collision (445-420 Ma) - slab rollback:
The initial collision of the Qaidam and Qilian blocks led to the
rollback of the subducting slab, and the asthenospheric mantle
upwelling and lateral flow induced the partial melting of the previous
metasomatic mantle domain to produce arc-like rocks (e.g., P53).
The syncollisional intermediate-mafic magmatic rocks with the age
of 441-429 Ma in the NQOB, which also indicates the geodynamic
process of slab rollback (Niu et al, 2021). A similar example
was reported in the Dabie-Sulu orogenic belt, the slab rollback
caused partial melting of the metasomatic mantle to generate mafic
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magma during the initial continental collision (Fang et al., 2019).
Furthermore, continental crust of the Qaidam block was dragged by
the subducting relatively dense oceanic lithosphere to mantle depths
(>100 km), which resulted in UHP metamorphism and generated
continental-type eclogites with the age of 438-420 Ma (Table 1).
Slab exhumation (420-395 Ma) - slab breakoff: This stage lacked
mafic magmatism and only pyroxenite dykes were reported in
Luliangshan of the NQOB (Xiong et al., 2014). The study of eclogites
and granites indicates that the exhumation of continental crust
occurred between 420 Ma and 397 Ma (e.g., Mattinson et al., 2006;
Zhang et al,, 2011; ZhangG. B. et al., 2016; Chen et al., 2022).
Post-collision (395-360 Ma)-orogenic lithospheric collapse and
extension: The age of continental-type eclogites and granites
indicates that the age of slab breakoff and slab exhumation is
after 420 Ma, and then entered the post-collisional orogenic setting
(Table 1) (Wu et al,, 2019). The collapse and extension of the
orogenic lithospheric led to the upwelling of the asthenosphere,
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which induced partial melting of the metasomatic mantle domain,
resulting in the post-collisional arc-like mafic magmatism with the
age of 393-360 Ma (Table 2).

7 Conclusion

A comprehensive study of thin-section analysis, zircon U-Pb
dating, whole-rock major-trace element analysis, and whole-rock Sr-
Nd isotopic analysis of diorite (P53) and gabbro (P02) rocks from the
Yuka terrane in the North Qaidam Orogenic Belt (NQOB) led to the
following conclusions.

1. In the Yuka terrane, gabbro (P02) originated during the
oceanic subduction stage at 471 Ma, and diorite (P53) formed
during the continental subduction-collision stage at 438 Ma.

2. As a result of partial melting of the enriched subcontinental
lithospheric mantle, gabbro (P02) and diorite (P53) exhibit
moderate (*’Sr/®¢Sr)i values (0.70473-0.70811 and 0.70599 to
0.70685, respectively) and positive to negative eNd(t) values
(-2.7 to +0.3 and —1.0 to +1.5, respectively).

3. Both gabbro and diorite exhibit arc-like trace element

compositions, indicating derivation from the subcontinental

lithospheric mantle, metasomatized by fluids from previously
subducted oceanic crust at subarc depths within the rutile
stability zone.

Paleozoic mafic magmatism in the NQOB can be divided

into three stages: (1) Oceanic subduction (535-455 Ma), (2)

Continental initial collision (441-429 Ma), and (3) post-

collision (393-360 Ma).

5. The NQOB also underwent four stages of geodynamic
processes: (1) 535-445 Ma: Oceanic subduction, slab retreat,

(2) 445-420 Ma:

subduction and collision, followed by slab rollback; (3)

and back-arc extension; Continental
420-395 Ma: Exhumation of oceanic and continental crust,
and slab breakoff; (4) 395-360 Ma: Post-collisional orogenic
collapse and lithospheric extension.
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