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ABSTRACT: The Permian basalts in the Central Asian Orogenic Belt (CAOB) are crucial for con-
straining the closure of the Paleo-Asian Ocean. However, the origin of these basalts is still under discus-
sion. Here, we present comprehensive bulk-rock geochemical, Sr-Nd-Pb-Hf isotopic, and zircon U-Pb-
Lu-Hf isotopic data of the Liuyuan basalts and coexisting gabbros, which are located in the Beishan
Orogen in the southern CAOB, to constrain their emplacement setting and tectonic implications. Our
new gabbro ages of ca. 288-294 Ma are interpreted to represent the formation time of the Liuyuan basal-
tic belt. The Liuyuan basalts show MORB-like rare earth element (REE) patterns and bulk-rock ¢,(f)and
&yy(?) values of 11.0-15.4 and 4.6-9.2, respectively, suggesting an origination mainly from a depleted
mantle source. However, positive Pb anomalies, Nb-Ta depletions, and high Th/Yb ratios as well as
evolved Sr-Nd-Pb-Hf isotopic compositions of some samples indicate variable continental crustal contri-
bution. According to the covariation of Pb anomalies (Pb*=2xPb/(Ce+Pr,)) with Sr-Nd-Pb-Hf isoto-
pic compositions, we speculate that parent magma of the Liuyuan basalt was contaminated by conti-
nental crustal materials during the eruption rather than having been generated from an enriched man-
tle source. As revealed by mixing modelling, the Liuyuan basaltic magmas would require a minor
(<10%) upper continental crustal assimilation to explain the enriched trace elemental and radiogenic
Sr-Nd-Pb-Hf isotopic signatures. Consequently, the Liuyuan basaltic belt is believed to have been gen-
erated in a continental extensional environment instead of an oceanic setting and does not constitute a
Permian ophiolitic suture zone as previously suggested, since the Paleo-Asian Ocean was already closed
in the southern Beishan Orogen in the Early Permian.

KEY WORDS: crustal contamination, Liuyuan basaltic belt, Central Asian Orogenic Belt, Beishan

Orogen, Pb anomaly, tectonics.

0 INTRODUCTION

Mantle-derived basalts, which are widely distributed in
oceanic and continental plates, play an important role in under-
standing mantle processes (Hofmann, 2007; Donnelly et al.,
2004; Zindler and Hart, 1986; Allegre et al., 1982; White and
Hofmann, 1982), crust formation (O’Hara and Herzberg,
2002), and crust-mantle interaction (Jackson et al., 2007; Work-
man et al.,, 2004; McBride et al., 2001; Chesley and Ruiz,
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1998; Reiners et al., 1995). Based on the enriched geochemical
signatures, the mantle sources of oceanic basalts were divided
into several end-members such as HIMU, EM1, and EM2 due
to variable crustal-mantle recycling (White, 2015; Hofmann,
2007, 1997; Zindler and Hart, 1986). Continental basalts, how-
ever, have to transect thick continental lithosphere during as-
cent, which favors assimilation of continental crustal materials
to enrich basaltic magmas. Therefore, although some research-
ers suggest that the evolved Sr-Nd-Pb-Hf isotopic signatures of
continental basalts are derived from an enriched mantle source
(e.g., Hofmann, 2007; Farmer, 2003; Zindler and Hart, 1986;
Allégre et al., 1982), others argue that crustal contamination
plays an important role in the geochemical diversity of these
basalts (e.g., Heinonen et al., 2022; Jung et al., 2011; Zeng et
al., 2011; Glazner and Farmer, 1992).

Basalts commonly distribute in orogenic belts and bear
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significant information to unfold the tectonic evolution history
(e.g., Alongkot et al., 2021; Mantle and Collins, 2008; Wang et
al., 2007). However, the sources of the enriched components of
orogenic basalts are often ambiguous. Generally, geochemical
indexes such as Ce/Pb, Nb/U, Zr/Nb, Nb/La as well as Sr-Nd-
Pb-Hf isotopes on their own are unable to distinguish enriched
components from crustal contamination or subduction-related
sediment recycling into the mantle (Lee, 2014; Zeng et al.,
2011). Thus, it is imperative to evaluate the potential crustal
contamination of orogenic basaltic magmas.

The Central Asian Orogenic Belt (CAOB) is one of the
most complex accretionary orogens in the world, which under-
went multiple evolution processes including subduction, colli-
sion, and the amalgamation of microcontinents, island arcs,
seamounts, oceanic plateaus, and the formation of accretionary
complexes during the closure of the Paleo-Asian Ocean from
the Early Neoproterozoic to the Late Paleozoic (e.g., Cao and
Wang, 2021; Cheng et al., 2021; Wang S J et al., 2020; Wang T
et al., 2020; Xiao et al., 2018, 2015; Cawood et al., 2009;
Kroner, 2007; Windley et al., 2007). The evolution of the south-
ern CAOB and the Paleo-Asian Ocean along the Solonker su-
ture zone has been clearly constrained in the east, while how
does it evolves in the west remains under discussion (Li et al.,
2022). The Beishan Orogen locates in the southern central mar-
gin of the CAOB and is, thus, critical for deciphering the evolu-
tion of the southern CAOB and the closely related Paleozoic
subduction and closure of the Paleo-Asian Ocean (Chen et al.,
2022; Wu et al., 2016; Xiao et al., 2010; Zuo et al., 1991). Fur-
thermore, the southern Beishan Orogen is characterized by an
occurrence of the Permian Liuyuan basaltic belt (ca. 1 500
km®), which mainly consists of large-scale pillow lavas and
massive gabbros (Fig. la; Xiao et al., 2010). Despite several
detailed former studies, the tectonic setting of the Liuyuan ba-
saltic belt is still hotly debated, which is dominated by an intra-
continental setting (Wang et al., 2017; Xue et al., 2016; Zheng
et al., 2014; Su et al., 2013; Zhang et al., 2012a, b; Jiang et al.,
2007; Zhou et al., 2004) and a subduction-related setting
(Zheng et al., 2020; Mao et al., 2012; Ao et al., 2010; Xiao et
al., 2009). The former model implies that the closure of the
Paleo-Asian Ocean in the southern Beishan Orogen had oc-
curred in the Silurian or Devonian, as evidenced by the lack of
thrust faults, chert, Triassic arc-type units or oceanic sedimenta-
ry units (Xu et al., 2019; Wang et al., 2017; Chen et al., 2016;
Zhang et al., 2011). In contrast, the latter model defines this
belt as an ophiolite complex and shows enriched mantle de-
rived arc-related geochemical characteristics (such as evolved
Sr isotopes), suggesting the continuous subduction of the
Paleo-Asian Ocean until its final closure at Late Permian to
Early Triassic (Zheng et al., 2020; Xiao et al., 2018, 2010; Ao
et al., 2012; Mao et al., 2012). However, these enriched geo-
chemical characteristics may come from various geological
processes. In addition to the involvement of recycled compo-
nents by subducted slab, the crustal contamination will also
lead to a similar characteristic. Therefore, it should be men-
tioned that the potential role of crustal contamination has not
been considered in detail by the previous studies, preventing a
thorough understanding of the generation and corresponding
tectonic setting of these mafic rocks.

In this study, we present new bulk-rock elemental, Sr-Nd-
Pb-Hf isotopic, and in situ zircon U-Pb-Lu-Hf isotopic compo-
sitions of the Liuyuan basalts and gabbros to constrain their
petrogenesis. We propose that crustal contamination played a
decisive role in generating the Early Permian Liuyuan basalts
in an intracontinental setting. Thus, in our opinion, the Liuyuan
basaltic belt fails to constitute a Permian ophiolitic suture zone
(as suggested by previous studies) and, thus, cannot represent
the final closure of the Paleo-Asian Ocean in the southern
CAOB.

1 GEOLOGICAL SETTING AND SAMPLES
1.1 Geological Backgrounds

The Beishan Orogen is an essential component of the
southern CAOB (Xiao et al., 2010), which is bounded by the
Dunhuang block to the south, the Solonker suture belt to the
east, and the Eastern Tianshan Orogenic belt to the west. There
are Xingxingxia and Altyn Tagh faults on the NW and SE
sides, respectively. It comprises several tectonically discrete
arc terranes, including the Queershan, Hanshan, Mazongshan,
Huaniushan, and Shibanshan terranes, which are separated from
each other by the Hongshishan, Shibanjing-Xiaohuangshan,
Hongliuhe-Xichangjing, and Liuyuan ophiolitic mélanges from
the north to the south (Fig. 1a). The Beishan Orogen was divid-
ed into two parts by the Early Paleozoic Hongliuhe-
Xichangjing ophiolite belt in the central (Song et al., 2015).
The northern Beishan Orogen (NBO) is characterized by Paleo-
zoic magmatic arcs, reflecting a complicated collage accretion-
ary system (Cleven et al., 2015; Song et al., 2013; Ao et al.,
2012; Xiao et al., 2010), while the southern Beishan Orogen
(SBO) is typified by Neoproterozoic (930-900 Ma) and Meso-
proterozoic (ca. 1.4 Ga) granitic gneiss, representing a conver-
gence process between microcontents (Yuan et al., 2019, 2015;
He et al., 2014a).

The Liuyuan basaltic belt located in the southern margin
of the Beishan Orogen, which was regarded as the constituent
of the Liuyuan ophiolitic mélange and possibly represents the
southern boundary of the CAOB (Xiao et al., 2010). It covers
150 km long and 10 km wide and separates the Huaniushan ter-
rane from the Shibanshan terrane (Fig. 1a). On the south and
north sides of the Liuyuan basaltic belt, Permian volcanic
rocks and associated volcaniclastic sedimentary units (e. g.,
volcanic-bearing sandstones, conglomerates, coarse to fine
grained sandstones, claystones, and black shales) covered vari-
ous Ordovician — Silurian metamorphic rocks and magmatic
rocks (Fig. 1b). The Permian sedimentary sequences on both
sides of this belt are comparable and symmetrical in petrology
and age, which is reconciled with the syncline structure devel-
oped in this area (Wang et al., 2017; Jiang et al., 2007). The
Permian claystones show contact metamorphism by Liuyuan
basalt, suggesting that the Liuyuan basalt was formed later
than the Permian claystones (Wang et al., 2017). The Liuyuan
basaltic belt is mainly composed of basaltic pillow lavas with
minor gabbros, andesites, dacites, rhyolites, and lacustrine sedi-
mentary rocks (sandstone, claystone, and clayey lake deposits;
Jiang et al., 2007). Mafic-ultramafic intrusive rocks exposed
on the northwest side of the Liuyuan basaltic belt in a NE-SW
orientation, almost parallel to the belt’s strike. Sedimentary
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Figure 1. (a) Simplified tectonic map of the Beishan Orogen showing the tectonic subdivisions and studied regions (modified after Xiao et al. (2010) and (He

et al., 2015). Insert figure shows a simplified tectonic map of the Central Asian Orogenic Belt (CAOB) (modified after Xiao et al. (2010)). (b) Geological map

of the Liuyuan basaltic belt in the southern Beishan Orogen.

rocks, dacites and rhyolites interlayered with pillow basalts
yield zircon U-Pb ages of 277-291 Ma, meaning that basalts
were formed contemporaneously with these rocks (Wang et al.,
2017). The gabbros intruded into the pillow lavas and sedimen-
tary rocks reveal emplacement ages of 270-282 Ma (Wang et
al., 2017). They share identical geochemical signatures with
the basaltic pillow lavas implying a comagmatic origin (Wang
et al., 2017; Zhang et al., 2011).

1.2 Petrography of Samples

We collected 12 basalt and 2 gabbro samples in the center
of the Liuyuan basaltic belt. The sample collection section
crosses this belt in a NE-SW direction. The Liuyuan basalts
with 0.5—1 m pillow structure in diameter are dark to grey-
green (Fig. 2a) and show cryptocrystalline and microcrystalline
textures. These rocks are mainly composed of fine-grained to

microlitic plagioclase and clinopyroxene with subordinate Fe-
Ti oxides (Fig. 2¢). The gabbros have an intrusive contact rela-
tionship with the basalts. The (dark)-grey massive gabbros dis-
play medium-fine grained and gabbroic texture (Figs. 2b, 2d),
typically consisting of platy labradoritic plagioclase (40 vol.%—
50 vol.% ) and short prismatic clinopyroxene (50 vol.% — 60
vol.%) (Fig. 2d). There are also a few amounts of opaque Fe-Ti
oxides.

2 ANALYTICAL METHODS
2.1 Whole-Rock Major and Trace Element Analysis

The collected samples were crushed to less than 60 mesh
in a corundum jaw crusher. About 100 g was powdered in a vi-
bratory disc mill (RS200, Retsch GmbH, Germany) equipped
with a tungsten carbide milling cup to 200 mesh. The bulk-
rock major element compositions were measured by X-ray flu-
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Figure 2. (a), (b) Field occurrences of the typical rocks in the Liuyuan basaltic belt, including pillow basalts (a) and massive gabbros (b). (c), (d) The respec-

tive mineral assemblages of the Liuyuan basalts (c) and gabbros (d). Cpx. clinopyroxene; P1. plagioclase.

orescence (XRF) using fused glass disks at the State Key Labo-
ratory of Geological Processes and Mineral Resources, China
University of Geosciences, Wuhan. The detailed sample-digesting
procedure for XRF analyses is the same as in Ma et al. (2012).
The analytical precision and accuracy for major element com-
positions are listed in Table S1.

About 50 mg of sample rock powder was digested by HF
+ HNO, in Teflon bombs and analyzed for trace elements by in-
ductively coupled plasma mass spectrometry (Agilent 7500a
ICP-MS) at the State Key Laboratory of Geological Processes
and Mineral Resources, China University of Geosciences, Wu-
han. The detailed sample-digesting procedure was reported by
Liu et al. (2008b). The results of the analyses of standard mate-
rials (BHVO-2, AGV-2, and BCR-2) and blanks are summa-
rized in Table S2.

2.2 Zircon U-Pb Dating and Trace Element Analysis by
LA-ICP-MS

Zircon grains were separated and concentrated from ~5 kg
of crushed gabbros using standard gravimetric and magnetic
techniques. U-Pb dating and trace element analysis of zircon
grains were performed simultaneously by LA-ICP-MS at the
State Key Laboratory of Geological Processes and Mineral Re-
sources, China University of Geosciences, Wuhan. The operat-
ing conditions for the laser ablation system and the ICP-MS in-
strument and data reduction are given in previous studies (Liu
et al., 2010, 2008a). The Geolas 2005 excimer ArF laser abla-
tion system was selected as a laser sampling system (Lambda
Physik, Gottingen, Germany). An Agilent 7500a ICP-MS in-
strument was used to acquire ion-signal intensities. A “wire”
signal smoothing device was included in this laser ablation sys-

tem (Hu et al., 2012a). Helium was used as a carrier gas and ar-
gon as a make-up gas and mixed with the carrier gas via a T-
connector before entering the ICP. Each analysis incorporated
a background acquisition of approximately 20—30 s (gas blank)
followed by a 50 s data acquisition from the sample. Zircon
91500 and NIST610 were used as external standards for U-Pb
dating and trace element analysis correction, respectively. Off-
line selection and integration of background and analyzed sig-
nals, time-drift correction and quantitative calibration for trace
element analysis and U-Pb dating were performed by ICPMS-
DataCal (Liu et al., 2008a, b). Concordia diagrams and weight-
ed mean calculations were made using Isoplot/Ex_ver3 (Lud-
wig, 2003). Common-Pb corrections were made using the
method of Andersen (2002).

2.3 In situ Lu-Hf Isotope Analysis of Zircon by LA-MC-
ICP-MS

In situ Lu-Hf isotopic analyses were conducted using a
Neptune Plus MC-ICP-MS (Thermo Fisher Scientific, Germa-
ny) equipped with a Geolas 2005 excimer ArF laser ablation
system (LambdaPhysik, Gottingen, Germany) at the State Key
Laboratory of Geological Processes and Mineral Resources,
China University of Geosciences, Wuhan. A “wire” signal
smoothing device was also included in this laser ablation sys-
tem (Hu et al., 2012a). A simple Y junction was used down-
stream from the sample cell to add small amounts of nitrogen
(4 mL/min) to the argon make-up gas flow (Hu et al., 2008). In
the present study, all zircon data were acquired in single spot
ablation mode at a spot size of 44 um. Each measurement con-
sisted of 20 s of acquisition of the background signal followed
by 50 s of ablation signal acquisition. Detailed operating condi-
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tions for the laser ablation system, the MC-ICP-MS instru-
ment, and the analytical methods are given in Hu et al.
(2012b). ICPMSDataCal was used to solve off-line selection
and integration of the analyte signals, and mass bias calibra-
tions (Liu et al., 2010, 2008a)

2.4 Whole-Rock Sr-Nd-Pb-Hf Isotopic Analyses

The Sr-Nd-Pb-Hf isotopic analyses, including sample dis-
solution, column chemistry, and measurement, were performed
at the Wuhan SampleSolution Analytical Technology Co., Ltd.,
Hubei, China. Based on Sr-Nd-Pb-Hf concentrations, about 50—
200 mg of sample powder (200 mesh) was digested in mixed
HNO, and HF solution in Teflon bombs. Then the Teflon
bombs were heated to 190 °C for >24 h in a stainless steel pres-
sure jacket. After cooling, the solution was dried on a hotplate
at 140 °C, and then 1 mL HNO, was added and evaporated to
dryness again. Lastly, the sample was dissolved in the different
acid solutions for column chemistry. For Sr isotopic separation,
the samples were separated on ion-exchange columns by
AGS50W resin. The Nd isotopes were eluted in the evaporated
REE solution by an ion-exchange column filled with LN resin.
The AG resin was used to separate Pb isotopes, and the Hf iso-
topes were separated by LN-Spec resin.

The Sr-Nd-Pb-Hf isotopic analyses were performed on a
Neptune Plus MC-ICP-MS (Thermo Fisher Scientific, Dreie-
ich, Germany). Aliquots of the international standard solutions
of NIST SRM 987, JNDI-1, and JMC 475 were regularly used
for evaluating the reproducibility and accuracy of the instru-
ment for Sr-Nd-Pb-Hf isotopes. All data reduction for the MC-
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ICP-MS analyses of the Sr-Nd-Pb-Hf isotopic ratios was con-
ducted using the “Iso-Compass” software (Zhang et al., 2020).
The USGS reference material BCR-2 (basalt) was used to mon-
itor the data quality and its *’Sr/*Sr (0.705 046 + 0.000 012),
"Nd/"*Nd (0.512 650 + 0.000 007), "Hf/'"Hf (0.282 870 +
0.000 006), **Pb/**Pb (38.716 £ 0.003), *’Pb/**Pb (15.625 +
0.001), and **Pb/***Pb (18.748 + 0.001) ratios, all of which
were consistent with recommended values within errors (Table
S3, Zhang and Hu, 2020).

3 RESULTS
3.1 Zircon U-Pb Ages and Lu-Hf Isotopic Compositions
Zircon U-Pb ages and Lu-Hf isotopic compositions are
listed in Tables S4—S5. The zircon grains separated from the
gabbro samples (13LY42 and 13LY43) range in length from 80
to 200 pm and have length-to-width ratios between 1 : 1 and 2 :
1. The zircon grains are colorless and transparent or semi-
transparent. Most zircon grains are euhedral or subhedral and
show weak oscillatory or homogeneous zoning as revealed by
the cathodoluminescence (CL) images (Figs. 3¢, 3d). Their Th/
U ratios range from 0.7 to 3.1. The zircon grains of two sam-
ples yield concordant or near concordant U-Pb ages with
weighted mean **Pb/”*U ages of 288 + 1 Ma (20; n = 21,
MSWD = 1.7, sample 13LY42) and 294 + 1 Ma (20; n = 22,
MSWD = 1.5, sample 13LY43), respectively (Figs. 3a, 3b).
Samples 13LY42 and 13LY43 show initial zircon
"°H{/'"HTf ratios of 0.282 98—0.283 08 and 0.282 96-0.283 01,
and ¢,(f) values from +14 to +17 and +13 to +15, respectively
(Table S5).
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Figure 3. Zircon U-Pb Concordia diagrams (a), (b) and cathodoluminescence (CL) images (c), (d) of two gabbros (samples 13LY42 and 13LY43) from the

Liuyuan basaltic belt.
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3.2 Bulk-Rock Elemental Compositions

The Liuyuan basalts and gabbros mainly belong to the
sub-alkaline series on the TAS diagram (Fig. 4, all values in
text and figures recalculated on a normalized anhydrous basis).
Both basalts and gabbros have relatively low LOI ratios (1.51—
3.03) (Table S6). The basalts exhibit a relatively narrow range
of SiO, (46.6 wt.%—52.0 wt.%), TiO, (0.6 wt.%—2.9 wt.%),
FeO, (10.0 wt.%—13.9 wt.%), MgO (4.3 wt.%—9.3 wt.%), CaO
(7.2 wt.%—11.8 wt.%) and ALO, (12.9 wt.%—15.1 wt.%) con-
tents, respectively (Table S6, Fig. 5). Comparatively, the TiO,
and FeO, contents of the gabbros are slightly lower than those
of the basalts (Table S6, Figs. 5c, 5d).

Yuanyang Yu, Keqing Zong, Yu Yuan, Reiner Klemd, Xinshui Wang, Jingliang Guo, Rong Xu, Zhaochu Hu and Yongsheng Liu

All samples show N-MORB-like flat rare earth element
(REE) patterns ((La/Yb), = 0.75-1.96) with weak negative Eu
anomalies (Eu* = 0.79—-1.06; Figs. 5f, 6a) on the chondrite-
normalized REE diagram, while the REE contents of the ba-
salts are usually higher than those of the gabbros (Fig. 6a). On
the primitive mantle-normalized trace element diagram, the
Liuyuan basalts and gabbros show negative Nb, Ta, Ti, and
strongly variable Pb anomalies (Fig. 6b). These trace element
characteristics are consistent with those of previously studied
Permian basalts and gabbros in this area (Mao et al., 2012;
Zhang et al., 2011; Jiang et al., 2007) (grey shadow in Fig. 6).
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Beishan Orogen. The Cl-chondrite and primitive mantle values are from McDonough and Sun (1995). The shaded areas show the data from the references
(Zheng et al., 2020, 2014; Xu et al., 2019; Zhang et al., 2015, 2011; Su et al., 2012; Zhao et al., 2006). N-MORB and E-MORB are from Gale et al. (2013),
OIB is from GEOROCK (http://georoc.mpch-mainz.gwdg.de/georoc/), and UCC is from Rudnick and Gao (2003).

3.3 Sr-Nd-Pb-Hf Isotope Compositions

The Liuyuan basalts and gabbros show a large range of Sr-
Nd-Pb-Hf isotopic compositions (Fig. 7). Their initial *’Sr/*’Sr, ..
ratios, &.(f),and &,(f)values are 0.703 01—-0.705 49, +4.6—+
9.2, and +11.0 — +15.5, respectively (Table S7). Their
*®Pb/*™Pb, .o " Pb/"Pb, .., and **Pb/*Pb, ., ratios are 17.80—

initial> initia
18.36,15.53-15.58, and 37.69-38.24, respectively (Table S7).

4 DISCUSSION
4.1 Fractional Crystallization of the Liuyuan Basalts
Petrographic and geochemical observations indicate that
the Liuyuan basalts experienced fractional crystallization with
the formation of olivine, plagioclase, and pyroxene, as well as
previous reports (Wang et al., 2016; Mao et al., 2011; Zhang et
al., 2011; Jiang et al., 2007; Zhao et al., 2006). The obvious
positive relationship between Ni and MgO indicates substantial
fractional crystallization of olivine (Fig. 5e). The slightly nega-
tive Eu anomaly (Fig. 6a) and the correlation between Sr/Nd
and Eu*, indicate the crystallization of plagioclase. While the
range of CaO (7.2 wt.%—12.5 wt.%) and ALO, (12.9 wt.%—
15.8 wt.%) highlights the variability produced by plagioclase
and/or clinopyroxene fractionation (Fig. Sb). However, frac-
tional crystallization usually does not result in highly variable
Pb anomalies and a wide range of Sr-Nd-Pb-Hf isotope compo-
sitions. These characteristics all indicate that the Liuyuan ba-
salts may be subjected to the addition of crustal components,
and the relevant process will be discussed in the next section.

4.2 Crustal Contamination and the Origin of the Liuyuan
Basalts

The gabbro samples are excluded from bulk-rock trace el-
ement fingerprinting due to variable degrees of fractional crys-
tallization (Pearce, 2003). In contrast, the whole-rock geochem-
istry of basalts generally represents original magma composi-
tions, which are less affected by crystallization processes, espe-
cially the highly incompatible element patterns (e.g., Nb, Ta,
Ti) and radioisotope compositions (e.g., Sr, Nd, and Hf iso-
topes). The Liuyuan basalts show Nb-Ta-Ti depletions and
strongly variable Pb anomalies (Fig. 6b), indicating the addi-

tion of an enriched component. Only a few of the Liuyuan ba-
salts exhibit high Ce/Pb ratios (>20) that are close to MORB
(Ce/Pb = 25 £ 5; (Hofmann et al., 1986), while the majority of
samples show distinctly lower Ce/Pb ratios (<12) that are typi-
cal signatures of continental crust (Gao et al., 1998; Rudnick
and Fountain, 1995). The evolved Sr-Nd-Pb-Hf isotopic com-
positions (Fig. 7) also indicate the addition of the Liuyuan maf-
ic magmas by enriched materials such as continental crust or
sediments. However, it is usually difficult to pinpoint the exact
timing and location of the addition of these enriched materials,
1. e., contamination of the crustal sediments in the mantle
source region or assimilation during the ascent and extrusion
of the magmas after departure from the mantle source.

Mao et al. (2011) suggested that the high and varied
¥'Sr/*Sr ratios (0.703 4-0.709 8) of the Liuyuan basalts are the
result of slab-derived components mixing in the mantle source.
However, the here reported ¢,(f) = +15.4 and &,,(¢) = +9.2 val-
ues of the Liuyuan basalts are similar to those of the depleted
mantle (Zindler and Hart, 1986). Furthermore, the Liuyuan ba-
salts show strongly variable Pb anomalies relative to MORB
and OIB and, in addition, exhibit excellent Pb* (2 x Pb,/(Ce, +
Pr,)) and Sr-Nd-Pb-Hf isotope correlations (Fig. 7), which are
not shown by the most OIB that are considered to have an en-
riched mantle source (White, 2010). Although the samples
were slightly altered (LOI = 1.51-3.03), there is no correlation
with Pb*, which excludes the possible influence of secondary
processes such as late hydrothermal alteration on Pb* (Fig.
S1). Therefore, crustal contamination of the Liuyuan mafic
magmas after their departure from the mantle source region
should play an important role in the generation of the enriched
isotope signatures of the basalt. Moreover, the crustal contami-
nation becomes more powerful with the evolution of the mag-
ma, as evidenced by the good correlations between MgO and
Pb*, **Pb/"*Pb, .., *'St/*Sr, ., and Ce/Pb (Fig. 8). It can be fur-
ther demonstrated that Pb* is an effective index of crustal con-
tamination. Besides, the occurrence of the crustal contamina-
tion of the Liuyuan mafic magmas is also supported by the gab-
bro sample 13LY42 which has a lower bull-rock ¢,(¢) value (+
13) than the early-crystallized zircons (g, (f) = +14—+17) (Fig.
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9), thereby indicating that substantial crustal contamination of
the basaltic magmas had occurred and contributed to lots of the
whole rock Hf isotopic composition and within zircons pre-
served the early signature of depletion.

In summary, the Liuyuan basalts and the associated gab-
bros, which were derived from the same depleted mantle
source, underwent significant crustal contamination. In order
to identify that the enriched materials mainly come from the
upper crust or the lower crust and evaluate the proportion of
the contamination, we conducted mixing modelling between
depleted mantle (DM) and the upper continental crust (UCC)
or the lower continental crust (LCC) using Th/Yb, Nb/Yb ra-
tios, which represent the interaction between continental crust
and magmas (Pearce and Peate, 1995). High Th/Yb ratios devi-
ated from the MORB-OIB array (Fig. 9), which indicates the
involvement of crustal components (Pearce, 2008). In the
Th/Yb-Nb/Yb diagram, the Liuyuan basalts more likely experi-
enced about 10% contamination of the UCC rather than the
LCC. Because >50% contamination of LCC is impossible (Fig.
10a). The mixing modelling of Pb* vs. “'Sr/*Sr, .., &.,(?), and
e(Hbetween DM and UCC further suggests that about 10%
contamination of UCC is reasonable (Fig. 7). Moreover, the
modelling simulation of Sr-Nd isotopic compositions of DM
with UCC also shows that the Liuyuan basalts were contami-
nated by UCC with a proportion of about 10% (Fig. 10b).

4.3 Implication for the Final Closure of the Paleo-Asian
Ocean in the Southern CAOB

The Beishan Orogen plays an important role in constrain-
ing and understanding the tectonic evolution of the southern
CAOB (Zheng et al., 2020; Zhang et al., 2011; Xiao et al.,
2010). Xiao et al. (2010) suggested that the Liuyuan basaltic
belt is a Permian ophiolitic complex of the Paleo-Asian Ocean
in the southern CAOB, which was finally closed in the Triassic
based on the supra-subduction zone (SSZ) character of Permian
mafic rocks in this area (Zheng et al., 2020; Feng et al., 2018;
Mao et al., 2011; Ao et al., 2010; Xiao et al., 2010). However,
the lack of marine sediments and the presence of terrigenous
clastic rocks do not support this view (Wang et al., 2017; Chen
et al., 2016). Moreover, the enriched characteristics (e.g., radio-
genic St isotope and high LILE contents) found by Mao et al.
(2012) in Liuyuan basalts may not be attributed to the contribu-
tion of the subduction plate, but rather may be caused by crustal
contamination during the ascent and extrusion of magma, as we
discussed in Section 4.1. Other studies proposed that the Liuyu-
an basaltic belt had formed as a result of plume-associated mag-
matic processes (Su et al., 2012; Qin et al., 2011; Zhou et al.,
2004). However, the lack of planar magmatism distribution, a
long emplacement time of ~20 Ma, and distinct geochemical fea-
tures in mantle plume-related mafic rocks refute this hypothesis
(Xue et al., 2016; Campbell and Griffiths, 1990).
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Our geochronological results show that the Liuyuan basalt
formed in the Early Permian (Figs. 3a, 3b), which is consistent
with previous studies (Zhang et al., 2011; Zhao et al., 2006).
However, the geochemical characteristics of the Liuyuan ba-
salts unambiguously show that they were contaminated by the
upper continental crust (Figs. 7—10). The Late Carboniferous
(318—312 Ma) southward subduction in the area 200 km north
of this basaltic belt (Zhang et al., 2017) could cause the intrac-
ontinental extension environment in the Liuyuan area, which
appears to more reasonably explain the mafic rocks, symmetri-
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cal, and lacustrine characteristics of the peperite-bearing
volcanogenic-sedimentary strata on the north and south sides
of the Liuyuan basaltic belt (Wang et al., 2017; Chen et al.,
2016). Furthermore, the intracontinental extensional environ-
ment can not only explain the widespread occurrence of Perm-
ian A-type granite and bimodal volcanic rocks produced under
the extensional background in this area (Xu et al., 2018; Wang
et al., 2017; Zheng et al., 2014; Zhang et al., 2012b) but also
produce pillow basalts with geochemical characteristics of de-
pletion. Therefore, we favor an intracontinental extensional en-
vironment, instead of the presence of the Paleo-Asian Ocean in
the southern Beishan Orogen during this period. This is also
supported by tectonic models such as the intracontinental rift
system (Liu et al., 2022; Wang et al., 2017; Jiang et al., 2007)
and post-collision delamination settings (Zhang et al., 2011;
Zhao et al., 2006). Importantly, the occurrence of ~465 Ma
high-pressure (HP) eclogites in the northern of the Liuyuan ba-
saltic belt (Saktura et al., 2017; Liu et al., 2011; Qu et al,,
2011) implies an Early Paleozoic subduction and collision
event in the southern Beishan Orogen. Moreover, the discovery
of ~440-430 Ma HP granulites in the Dunhuang Block indi-
cates that the Dunhuang continental margin has been subduct-
ed and collided with the southern Beishan Orogenic belt in the
Early Paleozoic (He et al., 2014b; Zong et al., 2012). During
the Early Paleozoic, therefore, the terranes in the southern
Beishan Orogen have been progressively accreted together in
the northern margin of the Dunhuang block and the Paleo-
Asian Ocean has been closed in this orogen.
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5 CONCLUSIONS

We present comprehensive petrological observation, bulk-
rock major and trace elements, Sr-Nd-Pb-Hf isotopic, and zir-
con U-Pb-Lu-Hf isotopic data of the Liuyuan basalts and gab-
bros. Zircon grains from two gabbros reveal crystallization ag-
es of 288—294 Ma. The Liuyuan basalts show evolved bulk-
rock ¥Sr/*Sr, ., (0.703 103-0.705 49), **Pb/**Pb, ., (37.69—
38.24) and depleted bull-rock ¢, () values (11.0-15.4), g,(¢) val-
ues (4.6—9.2) respectively. Based on these geochemical charac-
teristics, we propose that the Early Permian Liuyuan basaltic
belt in the southern Beishan Orogen of the southern CAOB de-
rived from a depleted mantle source and experienced about
10% contamination of the upper continental crust. Therefore,
the Liuyuan basaltic belt formed in an intracontinental exten-
sional environment and does not constitute an ophiolitic suture
zone, thereby indicating that the Paleo-Asian Ocean was al-
ready closed in Early Permian in the southern Beishan Orogen
of the southern CAOB.
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