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Editorial on the Research Topic
Plate subduction and mineralization in East and Central Asia

Introduction

Plate subduction has played a pivotal role in shaping the tectonics in East and Central
Asia. Since the Paleozoic, the closure of the Paleo-Asian and Tethyan oceans have brought
together various continental blocks (e.g., Siberia, Sino-Korea, South China, Indochina and
Sibumasu), and many ophiolites and accreted island arc terranes in between to form the
present-day tectonic configuration. This generated the Central Asian Orogenic Belt, the
world’s largest Phanerozoic accretionary orogen, and the Tethyan tectonic domain that
extends across much of the southern Central Asia and mainland SE Asia. During this
prolonged multiphase subduction process, a number of world-class subduction-related
ore deposits within related regional tectonic belts were formed. In the following, we have
briefly summarized the key findings of the papers in this Research Topic (Figure 1):

Many ore deposits in East and Central Asia are characterized by multistage
metallogeny. By integrating fluid inclusion microthermometry and H-O-S-Pb isotopes
on the Haerdaban Pb-Zn deposit (Chinese Western Tianshan Orogen), Xia et al. suggested
that the stratiform ores there were sedimentary exhalative (SEDEX)-type formed in the
Proterozoic Haerdaban Group meta-carbonate/clastic sequences. Meanwhile, the
crosscutting vein-type ores were likely formed by a Late Ordovician-Silurian
magmatic-hydrothermal event genetically linked to North Tianshan Ocean subduction.
Led by Paleo-Asian Ocean subduction, the Devonian-Carboniferous is a key metallogenic
epoch in Central Asia, generating many world-class porphyry Cu deposits in the Balkhash
(e.g., Kounrad and Borly; Kazakhstan), Gurvansayhan (e.g., Oyu Tolgoi; Mongolia) and
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FIGURE 1

Geographic map of East and Central Asia, showing the study area of the 16 papers in this Research Topic.

Chinese Tianshan (Tuwu-Yandong, Xinjiang) regions (e.g.,
Wainwright et al,, 2011; Shen et al,, 2017; Mao et al., 2022).
Yang et al. reported on the newly discovered Qia’erdunbasixi Fe-
Cu skarn deposit in the Zarma-Sawur Cu-Au belt (Kazakhstan-
NW China). The ores are hosted along the diorite exocontact by
arc-type calc-alkaline andesite and minor basalt and tuff.
SHRIMP zircon U-Pb dating of the post-ore syenite (345 + 2.
2 Ma) provided a minimum age for the mineralization.

Despite that fact the Paleo-Asian Ocean was largely closed by
the Permian, the influence of subduction may have lasted long
after. Zhang et al. presented a new Early Cretaceous age (129.
7 Ma) on the dolerite dykes from the Bailingshan Fe deposit
(Eastern Tianshan Orogen, NW China). The dolerite has low
initial ¥Sr/**Sr and positive eNd(t) values, indicative of an
asthenospheric mantle source. The authors suggested that the
mafic magmatism may have occurred in an intraplate extension
setting, related to the delamination and sinking of dense, Late
Paleozoic subduction-modified lithospheric mantle.

Subduction of the Eastern Paleo-Tethys has been attributed
by some authors to contribute to the end-Permian Emeishan
Large Igneous Province (LIP) (Xu et al.,, 2019). The Emeishan LIP
has hosted many magmatic Fe-Ti-V oxide and Ni-Cu-PGE
sulfide deposits, yet its spatial continuation to the SE (e.g., in
Guangxi and NW Vietnam) is still inadequately constrained
2016).
western Guangxi, Zhang et al. revealed that these basalts (256.
7-259.5 Ma) were largely coeval with the Emeishan LIP
volcanism and have similar whole-rock geochemical and Sr-

(Halpin et al, By studying the Longlin basalt in

Nd isotope features to the Emeishan high-Ti flood basalt
sequence. The authors argued that the Emeishan LIP activity
had extended to western Guangxi.

Frontiers in Earth Science

In the Kunlun Orogen (Qinghai Province, NW China),
Zhang et al. presented new ages on the magmatic Cu-Ni
sulfide ore-bearing olivine-pyroxenite (250.8 Ma) and weakly
mineralized gabbro (257.3 Ma) from the Xiwanggou complex.
These Late Permian ages are much younger than most deposits
(Late Silurian-Early Devonian) in this region. Whole-rock
Sr-Nd and zircon Hf isotopes suggest that the magma was
mainly derived from the metasomatized subcontinental
lithospheric mantle (SCLM), and formation of the Xiwanggou
complex was likely related to subduction of the Paleo-Tethyan
Anemagen Ocean. The dextral shear of the crustal-scale
Wenquan and South Kunlun faults may have served as a
the

subduction in the Kunlun Orogen was likely completed in the

major conduit for magma ascent. Paleo-Tethyan
Middle Triassic. Zhang et al. reported new ages and geochemical
data on the ore-causative granodiorite porphyry (217.3 Ma) and
granite porphyry (217.0 Ma) at the large Harizha Cu polymetallic
deposit. The Late Triassic ages of these porphyries fall into the
post-collisional magmatic age range of the East Kunlun Orogen,
whilst their peraluminous and high-K nature is consistent with a
post-collisional petrogenetic setting.

Further west, Neo-Tethyan subduction and post-collisional
extension between the Arabian and Eurasian plates has caused
the assembly of microcontinents (incl. Taurides—Anatolides and
Biston-Avoramanm, Bilitis) along various suture zones, notably
the Oshnavieh-Salmas-Khoy ophiolite belt. Through extensive
geochemical data compilation and analysis, Azizi and Tsuboi, the
newly defined the Van microplate in eastern Turkey-NW Iran
was recognized, which drifted from the Arabian plate in the
Jurassic and accreted onto the southern Eurasian plate after the

closure of northern Neo-Tethyan branch. The process had
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generated prolonged multiphase magmatism in the Cretaceous,
Eocene, Oligocene-Miocene, and late Miocene-Quaternary.

In the Jurassic-Cretaceous, the Eastern Asian tectono-
metallogeny was mainly driven by the Paleo-Pacific
subduction, forming the Great Yanshanian Metallogenic Event
(Goldfarb, 2021). The event extended from the Russia Far East-
NE China-Korea, through the regional Tanlu Fault to South
China. In NE and Central China, the metallogeny has formed
many world-class porphyry Mo deposits (e.g., Chalukou), as well
as numerous intrusion-related, epithermal Cu (-Au-Ag) and
skarn Fe (-Cu) deposits. By dating various lamprophyre units
from the western Songliao Basin (NE China), Yu et al. found that
they were mainly emplaced in the Late Jurassic and Early
Cretaceous. Geochemical features suggest that the Early
Cretaceous suite was formed at a shallower depth than the
Late Jurassic suite. This indicates a probable crustal thickening
during 156-132Ma, prior to the widely reported Early
Cretaceous crustal thinning caused by subduction rollback.

In the SE Korean Peninsula, the Paleo-Pacific subduction had
formed a series of Cretaceous hydrothermal vein-type Cu
deposits in the Gyeongsang basin. Lee et al. analyzed the
mineralogy and fluid inclusion geothermometry of the
Gunbuk, (Gyeongnam
metallogenic belt). The results indicate that Haman was

Haman, and Daejang deposits
formed at the central-upper part of crystallizing stock under
higher P-T conditions than those of typical porphyry Cu
deposits, whilst the Gunbuk-Daejang deposits were formed at
a shallower peripheral location with partially overlapping P-T
conditions with porphyry-style mineralization.

Nonetheless, despite having similarly favorable tectonic
triggers (Paleo-Pacific subduction and the Tanlu crustal-scale
fault movement) and adakitic-like geochemical signature, some
intrusives are Cu-Au ore-forming but others are not. To
understand this disparity, Zheng et al. compared the age and
geochemistry between the ore-barren adakitic rocks
(130-129 Ma, 115.8, and 105.8 Ma) from the Huaibei-Linhuan
coalfield with other fertile/barren adakites across Eastern China.
They found that the parental magma of the Huaibei-Linhuan
adakites may have been considerably more reduced than typical
porphyry Cu-Au ore-forming magmas, possibly led by the late
assimilation of Carboniferous-Permian coal seams.

In the world-class Jiaodong gold province (east of Tanlu
fault, Eastern China), Xu et al. presented a new age on the
cataclastic granite ore host (142 Ma) for the Zhaoxian gold
which  helps to
mineralization age and is coeval with the regional Yanshanian

deposit, constrain the maximum
magmatism. Auriferous pyrite geochemistry and S-He-Ar
isotopes suggest that the ore fluids were derived from a
crustal-mantle mixed source, with metamorphic and
magmatic fluids dominating the early and main ore stages,
respectively.

In the Mangling orefield of North Qinling Terrane (west of

Tanlu fault, Central China), Fan et al. suggested that the
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Yaozhuang Mo polymetallic deposits are closely related to the
ore-bearing porphyry stocks, which were zircon U-Pb dated to be
157-153 Ma, coeval with the regional magmatic peak. The
Yaozhuang stocks were likely formed by the lower crustal
delamination in North Qinling.

In South China, the Paleo-Tethys closure (Indosinian
orogeny) and Paleo-Pacific subduction has led to major
regional tectonic reconfiguration and development of crustal-
scale faults, e.g., the Ziyun-Luodian Fault (Wang et al.), as well as
the Great Yanshanian Metallogenic Event (Goldfarb et al., 2021),
which is well-known to have formed the world-class W-Sn and
many rare-metal deposits in the Nanling Range. By studying the
ore-forming Jianfengling biotite monzogranite in the
Xianghualing orefield (Nanling Range), Ze-Yi et al. suggest
that the Jianfengling granite was emplaced in the Late Jurassic
(161.3-158.7 Ma), probably sourced from the Mesoproterozoic
Cathaysian basement in a lithospheric extensional setting. The
Nb-Ta contents increase with fluorine from the porphyritic to
equigranular lithofacies of the granite, indicating that the Nb-Ta
enrichment may have been caused by the gradual F increase
during granitic magma fractionation.

Coincident with the Paleo-Pacific subduction, Neo-Tethys
subduction in western SE Asia and the subsequent India-Asia
collision had generated many porphyry to epithermal-type Au
(-Cu) and Pb-Zn (-Ag) and orogenic gold deposits (Zaw et al.,
2014). The latter is well-developed along the 1,300 km long
Mogok-Mandalay-Mergui Belt in Central Myanmar. Hlaing
et al. presented and compared the geology and genesis of two
major gold districts (Modi Taung-Nankwe and Kyaikhto) in the
belt. Both gold districts have similar shear zone-hosted ore vein
textures and orientation, together with similar ore host of the
Carboniferous Mergui Group meta-sediments. They have also
similar wallrock alteration styles, ore mineral assemblage and low
to medium salinity ore fluids, comparable to typical mesozonal
orogenic gold systems.

Further southeast in the Indonesia archipelago, the East
Sulawesi Ophiolite, an interpreted Cretaceous-Paleogene oceanic
plateau fragment obducted onto the Sundaland margin by the
Pacific plate subduction (Kadarusman et al., 2004). The ophiolite
at Morowali consists mainly of serpentinized harzburgite and
lherzolite, and the extensive weathering formed substantial
laterite-type Ni resources. Based on garnierite (main ore mineral)
color and XRD/EPMA and whole-rock geochemical analyses, Choi
et al. suggested that the garnierite consists of serpentine-like and
talc-like phases. The former has high Ni-Fe contents and likely
originated from the bedrock, whereas the latter has lower Fe content
and a secondary origin, formed by weathering during repeated
annual dry and wet cycles.

This Research Topic of 16 articles in the Research Topic does
not provide all the new research progress on the tectonic
evolution and associated metal mineralization in the region,
although tries to cover the wider significant developments in
this field. The East and Central Asia region is highly endowed
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with a diversity of metallic ore deposits, including porphyry,
skarn, epithermal, VHMS, sediment-hosted/orogenic gold, vein-
type W-Sn deposits, and critical metal deposits. We envisaged
that further work on petrogenetic/metallogenetic studies of these
mineral systems, e.g, on the rare-metal enrichments in
fractionating magmas, are strategically important for future
mineral resource and green energy industry of the region.
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In northwestern Iran, magmatic activity occurred during three main intervals: The
Cretaceous, Eocene, and Miocene-Quaternary. The first two phases of magmatic
activity are more consistent with arc-type magmatism on an active continental margin;
whereas the last phase, which has calc-alkaline and alkaline affinities, shows more
similarity to postcollisional magmatism. Magmatic belts are mostly situated in the
northern and eastern parts of the Oshnavieh-Salmas-Khoy ophiolite belt (OSK-
Ophiolite) in northwestern Iran. The OSK-Ophiolite is known as the Neotethys, an
ocean remnant in northwestern Iran, and extends to eastern Turkey and surrounds the
Van area. This configuration shows that the Van microplate and surrounding ocean have
played an important role in the evolution of magmatic activity in northwestern Iran, eastern
Turkey, and the Caucasus since the Cretaceous. The Van microplate is situated among the
Arabian plate to the south, northwestern Iran to the east, and Armenia to the north. The
subduction of the northern branch of the Neotethys oceanic lithosphere beneath southern
Eurasia has been critical in flare-up magmatism in the southern Caucasus since the Late
Cretaceous. Considering the Van area as a new microplate makes understanding the
geodynamic evolution of this area easier than in the many tectonic models that have been
suggested before. When regarding the Van microplate, the main suture zone, which is
known as the Bitlis—-Zagros zone, should be changed to the Zagros—-Khoy-Sevan-Akera
suture zone, which extends to the eastern and northern Van microplate and western Iran.

Keywords: Van microplate, neotethys, Jurassic drifting, tethys ophiolites, NW Iran

INTRODUCTION

Most crust in Iran and Turkey is part of the Alpine-Himalaya orogenic belt, which is situated at the
junction of Gondwana (in the south) and the Eurasian plate (in the north) (Dewey et al., 1973; An
and Harrison, 2000; Gonctioglu, 2010; Prelevi¢ and Seghedi, 2013; Tian et al., 2017). This crust
includes a number of microcontinents, such as the Taurides-Anatolides and Biston-Avoramanm,
Bilitis, and Van microcontinents, with the latter being added by the authors in this research
(Figure 1). These microcontinents were distributed across the Tethys Ocean in the Mesozoic to early
Cenozoic eras but are now surrounded by oceanic-crust remnants (Jassim and Goff, 2006).
Nevertheless, there is no well-defined information to confirm that these microcontinents
completely drifted from the Arabian plate (Wrobel-Daveau et al., 2010; Azizi et al., 2013; Nouri
et al., 2016).
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Van Microplate

FIGURE 1 | Paleogeographic maps during the Late Jurassic-Early
Cretaceous (Jassim and Goff, 2006) show that the Neotethys Ocean
surrounded some microcontinents, such as Taurides—Anatolides and
Biston—Avoramanm, Bilitis, and Van microcontinents, which were added
by the authors in this research.

The northern fossil remnant of oceanic crust is known as the
Paleo-Tethys trace, which extends from northern Iran to
northern Turkey (Kroner and Romer, 2013; Manafi et al,
2013; Shafaii Moghadam and Stern, 2014). The central and
southern parts (Figure 2) are known as the Neotethys

remnant (Stocklin and Nabavi, 1973; Golonka, 2004; Ghasemi
and Talbot, 2006; Moghadam and Stern, 2015; Hassanzadeh and
Wernicke, 2016; Nouri et al., 2019).

Magmatic activity increased in both northwestern Iran and
Turkey in the Late Cretaceous and has continued through the
Quaternary (Alavi, 1994). Magmatism in both regions was
concentrated in four main periods: The Late Cretaceous,
Eocene, Miocene, and Quaternary. According to many
published research studies, most of the magmatic activity
was related to the Tethys (Neotethys) orogeny, which
stemmed from the subduction and collision of the Arabian
plate with the Turkey and Iran plates, as well as from
postcollisional tectonic regimes (Agard et al., 2006; Agard
et al,, 2011; Ali et al.,, 2013; Whitechurch et al., 2013; Nouri
et al., 2016; Nouri et al., 2017; Nouri et al., 2020; Azizi et al,,
2018b; Shabanian et al., 2018). Certainly, in Turkey and the
western and central parts of Iran, magmatic rocks show clear
similarities to the typical calc-alkaline, magmatic series
common to an active continental margin (Parlak et al,
2000; Aldanmaz, 2006; Dilek and Altunkaynak, 2009; Topuz
et al., 2004; Topuz et al., 2017).

The focus of this study is on magmatic activity in the region
between the Black and Caspian Seas, which includes
northwestern Iran, eastern Turkey, Georgia, Armenia, and
Azerbaijan (Figure 2). This magmatism is of interest, as it has
traditionally been considered to be a result of the subduction of
oceanic crust of the Neotethys beneath Iran and southern Turkey.
The site of this margin is considered to be represented by the
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FIGURE 2 | Distribution of the main suture zones and magmatic rocks from the Cretaceous to Quaternary in Turkey and northwestern Iran with the Van-microplate
position. Ophiolite members are distributed in the main suture zones that surround the Van microplate (modified from Nouri et al., 2016).
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Bitlis—Zagros—Fault (BZF) suture zone (Figures 2, 3). As the BZF
suture zone is distant from the southern and western Caspian Sea
(>300km), it is problematic for the highly, calc-alkaline
magmatism to be sourced from subduction coming from that
area. Furthermore, the location of the Khoy ophiolite sequence
would appear to be inconsistent with subduction focused solely
along the BZF. The large size of the Khoy ophiolite and its
composition of pelagic sediment, a large thickness of pillow lava,
sheeted dikes, both layered and massive gabbro, and cumulate
and tectonite peridotites, are highly consistent with typical
ophiolite sequences (Hassanipak and Ghazi, 2000; Ghazi et al,
2003; Khalatbari-Jafari et al., 2003) that have been generated in a
mature, oceanic basin. These seeming inconsistencies in the
geological record led us to propose the existence of a new
microcontinent or continental fragment that sits between the
BZF suture zone to the south and the Khoy ophiolite sequence to
the northeast.

In this study, we introduce a new microplate, the Van
microplate, which has an area of approximately 50,000 km?
and is situated between northwestern and central Iran, the
Anatolian block, and the Arabian plate (Figure 3). We outline
and explain the proposed, microplate boundaries, followed by an
explanation of how the northern branch of the Neotethys has
controlled the magmatic activity of northwestern Iran and the
Caucasus, based on this new microplate, despite the southern
branch.

GEOLOGICAL BACKGROUND

Eocene volcanic rocks are widely distributed from the southern
Caspian Sea to the southern Black Sea and are almost parallel to
the Cretaceous volcanic rocks (Figures 2, 3). Figures 2, 3 were
compiled based on more than 20 geology maps of Iran and the
surrounding area (See the Supplementary S1 for the map
references). Cretaceous volcanic rocks are also extensive,
although less so in comparison to the Eocene rocks
(Figures 2, 3), and are limited to the south of the Zagros
fault in the northern Sanandaj-Sirjan zone (SaSZ). Cretaceous
magmatism primarily has calc-alkaline affinity (Azizi and
Jahangiri, 2008; Azizi and Moinevaziri, 2009). Ophiolite
members, known as Neotethys remnants, are widely
distributed along major faults, such as the BZF and Zagros
thrust-fault (ZTF) suture in southern Turkey and western Iran.
The Bitlis-Zagros, which includes the BZF and ZTF here
(Figures 2, 3), is known as a major suture zone between the
Arabian and Iranian-Anatolian plates. It was opened in the
late Paleozoic Era and closed in the Cenozoic Era (Agard et al.,
2011; Alirezaei and Hassanzadeh, 2012; Abdulzahra et al.,
2016; Azizi et al., 2019).

Some dismembered mafic and ultramafic rocks are
exposed throughout the entire Bitlis-Zagros suture zone in
the border between Iran and Iraq along the BZF (Figures 2,
3). Some researchers considered this complex as ophiolites
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(Ismail et al., 2010; Ali et al., 2013; Ali et al, 2016;
Mohammad, 2013; Mohammad and Cornell, 2017; Al
Humadi et al., 2019) and found that these rocks are more
consistent with plume-type magma and barren rifts (Wrobel-
Daveau et al.,, 2010; Azizi et al., 2013; Azizi and Stern, 2019;
Karim and Al-Bidry, 2020). In this case, a barren rift between
the Van microplate and Arabian plate is more likely than
mature oceanic crust. These mafic rocks define the
Sanandaj-Sirjan zone (SaSZ) from the Arabian plate in
northwestern Iran to southern Turkey. The distribution of

the magmatic rocks with the major faults from eastern Turkey
to northern Iran is detailed in Figures 4A-E.

Azizi and Stern (2019) divided the SaSZ in western Iran
(Figure 2) into three main parts: northern, central, and southern.
In the northern part, which is separated from the Van microplate in
this study and the junction, some dismembered ophiolite has been
exposed. We call this the Oshnavieh-Salmas-Khoy ophiolite belt
(OSK-Ophiolites) here. The OSK-Ophiolites, which has a N-S trend,
is the main suture zone between the Van microplate and
northwestern Iran block. We describe the OSK-Ophiolites below.
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OSK Ophiolites

This dismembered ophiolite belt is exposed in a number of
locations. It mainly shows mid-ocean ridge and island-arc,
geochemical signatures and is widely exposed in the Khoy
area, with some massive-sulfide mineralization and chromite
deposits (Zaeimnia et al., 2017). In the Khoy area, the
ophiolite members in the east have been classified as the main
ultramafic parts of the mantle and comprise dunite and
harzburgite (Khalatbari-Jafari et al., 2003). In the west, the
members comprise oceanic crust, which consists of deep
pelagic sediment, pillow lava, and sheeted dikes, all with a
Cretaceous age. This complex was thrust onto the western side
of the Van microplate, and the Precambrian basement (Azizi
etal,, 2011) was thrust onto the ultramafic complex on the eastern
side. The entire complex was unconformably covered by
Oligocene-Miocene  conglomerate and a  terrigenous
sedimentary layer. The Khoy ophiolite sequences are typical of
mid-ocean ridges in mature oceanic crust, such as the recent
Pacific oceanic ridge (Sclater et al.,, 1971; Zhang et al., 2020).

Magmatic Activity
Magmatic activity around the Van microplate is restricted to four
main intervals:

Cretaceous, Eocene, Oligocene-Miocene, and late Miocene-
Quaternary.

Cretaceous Volcanic Rocks

Cretaceous volcanic rocks surrounding the Van microplate are
mostly less exposed, being buried under younger sedimentary and
volcanic rocks (Figures 3, 4). Cretaceous volcanic rocks are
mainly interbedded with sedimentary layers and are mainly
basaltic and andesitic-basaltic rocks (Azizi and Jahangiri, 2008)
that have erupted in submarine environments. Due to the high
levels of alteration within these rocks, there have been few studies
on these rocks. Whole-rock composition confirms that these
rocks were formed in an active, continental margin (Azizi and
Jahangiri, 2008).

Eocene Volcanic Rocks

This group of rocks is the main volcanic suit and extends from the
western Caspian Sea to Armenia, Georgia, and northern Turkey
(Figures 3, 4). On the Turkish side, it is divided into two main
extensions. The first part extends to the northern IAES fault, and
the second extends in a NE-SW direction along the eastern
Anatolian fault (EAF), which we consider to be the western
edge of the Van microplate (Figures 2-4).

Oligocene-Miocene Magmatic Rocks

These volcanic and plutonic rocks are widely distributed, and
they cut the Eocene volcanic rocks. Mainly Cu-Mo-Au deposits
and Fe mineralization (Azizi et al., 2009; Siani et al., 2015; Mehrabi
etal., 2016; Rabiee et al., 2019) occurred during magmatic activity in
the western and southern areas of the Caspian Sea.

Late Miocene-Quaternary Rocks
This group of rocks is distributed along the rim of the Van
microplate, and they are classified into two main groups. The first

Van Microplate

group includes adakite and adakitic rocks, and the second
includes high-Nb, basaltic rocks (Jahangiri, 2007; Azizi et al,
2014a; Azizi et al., 2014b), which confirms that they were formed
in a postcollisional, tectonic regime. In addition, some of the
major Pliocene-Quaternary volcanoes, such as Sahand, Sabalan,
and Ararat, erupted at this time (Allen et al., 2013a; Chiu et al,,
2013; Ghalamghash et al,, 2019).

WHOLE-ROCK CHEMISTRY

We have compiled whole-rock, chemical data on 900 volcanic
rocks (Agostini et al., 2007; Jahangiri, 2007; Azizi and Jahangiri,
2008; Haghnazar and Malakotian, 2009; Mazhari et al., 2009,
2011; Ahmadzadeh et al., 2010; Dilek et al., 2010; Ranin et al,,
2010; Aghazadeh et al., 2011; Aghazadeh et al., 2015; Ansari et al.,
2011; Dabiri et al., 2011; Hajialioghli et al., 2011; Mahmoudi et al.,
2011; Asiabanha and Foden, 2012; Alishah et al., 2013; Ansari,
2013; Castro et al., 2013; Ghaffari et al., 2013; Kheirkhah et al,,
2013; Moghadam et al., 2014; Neill et al.,, 2015; Doroozi et al.,
2016; Haghnazar et al., 2016; Moritz et al., 2016; Sahakyan et al.,
2017; Taki, 2017; Ashrafi et al., 2018; Haghighi Bardineh et al,,
2018; Jafari Sough et al., 2018; Lechmann et al., 2018; Shafaii
Moghadam et al., 2018; Zhang et al., 2018; Azizi et al,, 2019;
Ghalamghash et al., 2019; Temizel et al., 2019) from Cretaceous
to Quaternary magmatism in northwestern Iran, southern
Armenia, and eastern Turkey (Supplementary S2). The
sample locations and references for each area are shown in
Figures 4A-E.

Cretaceous volcanic rocks include basalt to rhyolite but are
mostly classified as andesite. Cretaceous intrusive bodies also
show some variation from gabbro to granite, with less
exposure compared to volcanic rocks. Whole-rock
composition shows that the Cretaceous, magmatic rocks
have a large variation in TiO, from 0.19 to 3.82 wt%
(average = 1.52 wt%, n = 125), Al,O; from 11.2 to 22.7 wt
% (average = 15.9 wt%, n = 125), and MgO from 0.03 to
11.8 wt% (average = 5.27 wt%, n = 125). In addition, these
rocks have a high concentration of Ba (average =470 ppm, n =
125), U (average = 2.82 ppm), and Th (average = 8.9 ppm).
Eocene-Miocene, magmatic rocks have a large variation in
SiO, (43-77 wt%), high content of Rb (average = 100 ppm; n =
389), Sr (average = 618 ppm, n = 429), Th (average = 11.7
ppm, n = 331) and U (3.47 ppm, n = 341). The upper
Miocene-Quaternary ~ magmatic  rocks are  mostly
categorized into two main groups: adakite, with higher
ratios of Sr/Y and La/Yb; and alkali basalts, with a higher
content of Nb (average = 27 ppm, 328). See
Supplementary S2 for more information about the whole-
rock chemistry of each group. For our discussion, the samples
are categorized into three main groups: Cretaceous, Eocene-
Miocene, and upper Miocene-Quaternary. All of the groups
show variances from the basalt to the rhyolites (Figure 5) in
the K,O + Na,O diagrams (Le Bas et al., 1986). Nevertheless,
the alkali elements for the Cretaceous and Eocene magmatic
rocks largely varied compared to the upper Miocene and
Quaternary rocks.

n =
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TECTONIC SETTING

For understanding tectonic setting, some key and general
petrological diagrams are briefly used here. The Ti/V ratio
diagram (Shervais, 1982) shows a wide distribution of the
Cretaceous volcanic rocks from the arc to extensional basins
(Figure 6A). Eocene rocks have more affinities for the arc-magma
series. The late Miocene-Quaternary arc affinity was decreased
and extended to alkaline and within-plate series (Figure 6A). The
Th/Yb vs. Nb/Yb diagram (Pearce, 2008) shows that most of the
mafic rocks plot in the volcanic-arc field because of the higher
ratios of Th/Yb (Figure 6B). The enrichment of Th occurred
during the fluids released from the subduction of the oceanic
crust and/or crustal contamination with some assimilation-
fractionation and contamination (AFC) processes. The
Cretaceous basaltic rocks show a dichotomy for both
intraoceanic arc and active continental-tectonic regimes.
Eocene basaltic rocks show a clear relation to the typical active
continental margin. Upper Miocene-Quaternary basaltic rocks
also plot in the volcanic-arc field, with some similarity to oceanic-
island basaltic rocks (OIB) near the mantle array, with less effect
on crustal components (Figure 6B). To avoid the mobility of
some trace elements, all Eocene and younger basaltic rocks, other
than Cretaceous volcanic rocks because of the wide ranges, were
normalized using rare-earth elements (REEs) of the chondrite
value (Sun and McDonough, 1989). The normalized pattern shows
that both the Eocene and upper Miocene-Quaternary rocks have
higher ratios of light REEs than heavy REEs, and negative slopes
from LREEs to HREEs (Figures 7A,B). Furthermore, the REEg
contained in the upper Miocene-Quaternary rocks are higher than
those in the Eocene basaltic rocks (Figures 7A,B).

The plotting of the intermediate-to-acidic rocks (SiO, > 52 wt%)
in FeO/(FeO + MgO) and Na,O + K,0-CaO vs. SiO, (Frost et al.,
2001) shows that the lower ratios of FeO/(FeO + MgO) for most of
the samples from the three groups plot in the magnesian and/or
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FIGURE 6 | Distribution of basic rocks (SiOs less than 52 wt%) from the
southern and western Caspian Sea with different ages from the Cretaceous to
Quaternary in the Ti-V Diagram (Shervais, 1982) and Th/Yb vs. the Nb/Yb
diagrams (Pearce, 2008) in a and b, respectively. The mafic rocks plot

near the arc and back-arc fields in the Ti-V diagram, and the higher ratios of
the Th/Yb ratios plot in the volcanic-arc field in the Nb/Yb-Th/Yb ratios. See
the text for more information and references for the data. For source data, see
Supplementary S2. Abbreviations: MORB = Mid-Oceanic Ridge Basalt;
BAB = Back Arc Basalt; IAT = Island Arc tholeiite; BON = Boninite.

I-type granite fields. Some of the Cretaceous and Eocene samples
extend to the ferroan granite field. The upper Miocene-Quaternary
rocks mainly plot in the magnesian field and/or I-type granite area
(Figure 8A). In the Na,O + K,0-CaO vs. SiO, (wt%), Cretaceous
and Eocene samples are scattered from the calcic to alkalic fields.
Nevertheless, most of the samples were concentrated in the alkali-
calcic field. The upper Miocene-Quaternary rocks plot in the alkali-
calcic field, with less variation than the Cretaceous and Eocene
samples (Figure 8B).

Intermediate-to-acidic rocks (SiO, > 52 wt%) have higher ratios
of Rb; lower ratios of Y, Ta, and Nb (Figures 9A,B); and almost plot
in the active margin to within-plate domains (Pearce et al., 1984).
Cretaceous intermediate-to-acidic volcanic rocks mainly plot in the
active margin and within-plate tectonic fields. The variation in the
Ta/Yb vs. Th/Yb ratios (Pearce, 1982) shows a wide range for the
Eocene and Cretaceous intermediate-to-acidic magmatic rocks and
more affinity with the upper Miocene-Quaternary for the within-
plate granite field (Figure 9C).
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than heavy REEs and negative slopes from LREEs to HREEs.

The scattering of the Cretaceous volcanic rocks probably
supports different tectonic regimes during the Cretaceous and
requires more detailed work because the Cretaceous volcanic
rocks were strongly altered by seawater reactions. Some parts of
intermediate-to-acidic rocks have higher ratios of Sr/Y and La/
Yb and, based on the adakite key diagrams (Defant and
Drummond, 1990), are classified as adakite (Figure 10A).
The high affinity of the upper Miocene-—Quaternary volcanic
rocks for adakite groups, as well as the accompanying high-Nb
basaltic rocks, means that there is a correspondence to a
postcollisional tectonic regime in northwestern Iran since the
Miocene (Azizi et al., 2014a; Asiabanha et al., 2018; Torkian
et al., 2019).

Sr-Nd ISOTOPE RATIOS

We plotted 203 sample data points (Supplementary S2) in the
¥Sr/%Sr vs. "’Nd/'**Nd diagram collected from published
works (Alpaslan et al., 2004; Agostini et al., 2007; Haghnazar
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FIGURE 8 | Plotting of the intermediate to acidic rocks in the FeO/(FeO +
MgO) vs. SiO, (A) and Na,O + K,0-CaO vs. SiO, (Frost et al., 2001) diagrams
(B), which are used for intermediate and acidic rock classification. See the text
for more information.

and Malakotian, 2009; Mazhari et al., 2009, Mazhari et al., 2011;
Aghazadeh et al., 2011, Aghazadeh et al., 2015; Dabiri et al., 2011;
Allen et al, 2013a, Allen et al, 2013b; Ghaffari et al, 2013;
Moghadam et al.,, 2014; Neill et al.,, 2015; Sahakyan et al., 2017;
Haghighi Bardineh et al., 2018; Lechmann et al., 2018; Shafaii
Moghadam et al., 2018; Azizi et al., 2019). Most samples plot near
the mantle array with some variation for the Cretaceous and
Eocene igneous rocks. Cretaceous samples plot in two main
areas: the first group plots near the cross lines of the chondrite
uniform reservoir (CHUR) and bulk silicate earth (BSE); and
the second group, with lower ratios of '**Nd/"**Nd and higher
ratios of the ®’Sr/*°Sr, plots with the combination of both
mantle and crustal components for the evolution of these rocks
(Figure 11).

Eocene igneous rocks mainly plot in the depleted-mantle area
and extend to the lower '**Nd/"**Nd ratio and higher *Sr/*°Sr
ratio fields, which show heterogeneous sources such as depleted
mantle and primitive and metasomatized mantle for the sources
of these rocks. Furthermore, the scattering of Eocene samples in
the ®’Sr/*°Sr-'**Nd/'**Nd diagram suggests the involvement of
both mantle material and crustal components in the magmatic
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FIGURE 10 | Some intermediate-to-acidic rocks have higher ratios of Sr/
Y and La/Yb and are classified as adakite (A and B). See the text for more
information. For source data and references, see Supplementary S2.

activity during the Eocene. The scattering of the Sr-Nd isotope
ratios shows three main trends for the evolution of the Eocene
magmatic rocks, which we call EO.1, EO.2, and EO.3 (Figure 11).
These three trends show depleted mantle with higher ratios of
NN (>0.51290), such as from the subcontinental-
lithospheric mantle, as the primary source. During magmatic
evolution and/or later, they have been affected by crustal
components (EO.2 and EO.3 trend) and/or alteration (EO.1
trend). Due to the wide distribution of Eocene volcanism and
the variation in Sr-Nd isotope ratios, metasomatized mantle from
the oceanic slab is also the main alternative for the genesis of these
rocks, which has been suggested by many researchers for the
sources of these rocks.

Upper Miocene to Quaternary samples plot near the mantle
array from the depleted mantle to enriched mantle in the *’Sr/

FIGURE 9 | intermediate-to-acidic rocks and more affinity of the upper
Miocene-Quaternary for the within-plate field (C). For source data and ref-
erences, see Supplementary S2. Abbreviations: MORB = Mid-Oceanic
Ridge Basalt; BAB = Back Arc Basalt; IAT = Island Arc tholeiite; BON =
Boninite; COLG = Collision Granite; VAG = Volcanic Arc Granite; ORG =
Oceanic Ridge Granite; WPG= Within-Plate Granite.
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865r-'**Nd/'**Nd ratio diagram (Figure 11). Most samples are
concentrated near the cross line of the CHUR, which mainly
shows the combination of depleted (**Nd/*™*Nd > 0.512638) to
primitive mantles (***Nd/***Nd = 0.512638) as the main sources
of these rocks. Crustal-component interactions, for example,
assimilation with the magma, are lower than those of the
Eocene magmatic rocks (Figure 11), which may suggest the
thinning of the continental crust after collision. Therefore,
depleted mantle, oceanic-island basalt (OIB), source-like, and
enriched mantle (EM2) contributed to the genesis of Eocene and
upper Miocene-Quaternary magmatic activity, with less
contribution from continental crust for the upper Miocene-
Quaternary rocks.

DISCUSSION

In most of the traditionally published research, the northern and
eastern Bitlis—-Zagros suture zone has been considered as an
active continental margin since the Jurassic Period (Davoudian
et al., 2008; Agard et al., 2011; Hassanzadeh and Wernicke,
2016). Recently published research has confirmed that the
initiation of Neotethys subduction beneath the SaSZ (Azizi
and Stern, 2019) occurred in the Cretaceous Period, and the
collision of the Arabian plate and Van microplate in
northwestern Iran occurred in the late Eocene epoch (Azizi
et al., 2019). Nevertheless, there are some weak points
concerning the relationship of ultramafic rocks to the
ophiolite complex in northeastern Iraq within the suture of
the Arabian plate and Van microplate. There is also no strong
evidence for a typical ophiolite complex here (Azizi et al., 2013).
In line with our suggestion, the new OSK zone shows that

northwestern Iran-eastern Turkey magmatism was mainly
controlled by Neotethys oceanic subduction, which was
situated on the northern side of the Van microplate (Figures
2, 3). The Khoy ophiolites mainly occurred during the Late
Cretaceous Period (Ghazi et al., 2003; Khalatbari-Jafari et al.,
2003, 2004; Moghadam and Stern, 2015) and are in contact with
upper Neoproterozoic/lower Paleozoic granites (Azizi et al,
2011) in the east. Additionally, the Precambrian basements
mainly include intrusive granite and metamorphic rocks,
which were exposed in the Khoy, Urmia (Urmiah), and
Tabriz areas. Northwestern Iran was obducted onto the east
side of the OSK suture zone (Figure 3).

Tertiary volcanism surrounded the Van microplate (Figures
2, 3). Meanwhile, distinct depression basins, such as the Urmia
Lake basin (Figures 2, 3), were formed near the OSK suture
zone. All evidence shows a typical arc-type tectonic regime here.
Nevertheless, our information on the Cretaceous magmatic
rocks in northwestern Iran is not sufficient. The Neotethys
ophiolite or ophiolite-like belt in northwestern Iran is
divided into two branches in the area around Piranshahr
(Figure 3). The southern (southwestern) branch extends to
northeastern Iraq and continues to southern Bitlis, and it is
known as the BZF suture zone here. This branch does not show a
clear relationship to typical ophiolites, but it has some
correlation with plume-type (Azizi et al., 2013) sources with
some affinity for immature oceanic crust and/or continental
rifts. The second branch is the OSK suture zone, which extends
in a NW-SE direction in western Iran and joins the Sevan-Akera
suture zone (SAS) in its northern part (Figures 2, 3). The
southern branch on the Iran side is named the Kermanshah-
Nayriz ophiolites and is exposed along the Zagros fault in
western Iran (Figure 3).
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Magmatic activity since the Late Cretaceous Period developed in
the northern and eastern parts of the Van microplate (Figure 3). The
northern branches of the Neotethys, which were situated between
the Van microplate to the south and the northwestern Iran- Armenia
block (NWTA) to the north, were subducted beneath the NWIA
block during the middle to Late Cretaceous Period. To consider the

magmatic evolution in the southern rim of the NWIA, we suggest
the following schematic model for the evolution of magmatic rocks
in this belt since the Mesozoic.

Based on our suggested model, Jurassic rocks developed in the
Van microplate. NWIA also probably shows the fragmentation of
the Van microplate that occurred in the Late Jurassic/Early
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Cretaceous periods. Some evidence shows that the Jurassic
magmatism was related to the extensional regime and continental
rifts in the Khoy area (Khalatbari-Jafari et al., 2003; Lechmann et al,,
2018; Miyazaki et al., 2018; Shafaii Moghadam et al., 2019), and they
probably confirm the extensional regime or drifting of the Van
microplate during the Cimmerian orogeny. This evidence is also
consistent with the SaSZ tectonic regime, which had an extensional
regime in the Middle-Late Jurassic Period (Azizi et al., 2018a; Badr
et al., 2018; Azizi and Stern, 2019).

The OSK ophiolites have been thrust onto the passive
margin and are overlaid by Paleocene sedimentary rocks.
The ophiolite obduction on the passive margin probably
occurred in a continental-arc collision system and,
following the Neotethys, it started to subduct beneath the
NWIA in the Late Cretaceous (Figures 12A,B). During
subduction, nonarc magmatism, arc magmatism, and
forearc basins developed in an active margin in the NWIA.
Precambrian basements were obducted at this time (Figures
12A,B), and Upper Cretaceous-Eocene, magmatic rocks were
produced during this process.

After colliding with the Van microplate and NWIA in the late
Oligocene-Miocene, the oceanic crust experienced rollback, and
the NWIA plate was overridden and affected by the extensional
regime; some subsiding basins developed among the Eocene
fragmented volcanic belt (Figure 12C). Deposition in the
sedimentary basins started unconformably with a basal
conglomerate on top of the Cretaceous-Eocene complex
(Figure 12C). The extensional regime after the collision, the

thinning of the NWIA, and the high-angle subduction connected
both the lithospheric and asthenospheric mantle for the genesis of
the magmatic rocks in the Miocene Epoch (Figure 12C). In the
late stage, the oceanic crust was dismembered, and hot magma
was injected from the slab window (Figure 13). Some parts of the
magma erupted directly and made basaltic rocks that had a high
similarity to the OIB composition in the HTV belt from Ararat to
northern Sanandaj (Kheirkhah et al., 2009; Asiabanha and Foden,
2012; Azizi et al., 2014a; Torkian et al., 2016; Asiabanha et al,,
2018). Other parts crystallized inside the lower crust and
increased the geothermal gradient in the continental crust.
This process was the basis for the partial melting of the lower
crust and the production of adakite-like magma in the HTV belt
during the Pliocene-Quaternary (Azizi et al., 2014b; Torkian
et al,, 2019).

CONCLUSION

This research shows that the Van microplate drifted from the
Arabian plate in the Jurassic or earlier and is now surrounded by
dismembered Neotethys ophiolite. During the closure of the
northern branch of the Neotethys and the incorporation of the
Van microplate into the southern Eurasian plate, a long period
of magmatic activity (from the Late Cretaceous Period to the
present) occurred along the southern rim of Eurasia,
northwestern Iran, and the Caucasus. Therefore, the main
suture is not Bitlis-Zagros, which has been suggested as the
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junction of the Arabian and Iran-Armenia plates. Instead, it
seems that Zagros—Khoy-Akera is the main suture zone, and it
should be considered in future studies. The Zagers—-Khoy-Akera
suture can explain magmatism in the Caucasus and
northwestern Iran more easily than the BZS. Furthermore,
the northern SaSZ separated from the Anatolian plate via the
Van microplate.
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In this study, we conducted zircon U-Pb dating, and whole-rock geochemical and Sr-
Nd isotope analyses on the Late Mesozoic dolerite dykes in the Bailingshan Fe deposit
(Eastern Tianshan Orogen, NW China) to unravel their petrogenesis and regional tectonic
significance. Zircon U-Pb dating on the dolerite yielded an Early Cretaceous age of
129.7 + 1.4 Ma. The dolerite is calc-alkaline sodic (Nax,O/KoO = 4.71 to 6.80), and
enriched in LILEs (Rb, K, Sr, and Pb) but depleted in HFSEs (Nb, Ta, and Ti). The
intermediate Nb/U (16.7 to 18.5) and Ce/Pb (6.33 to 6.90) values, and the presence
of xenocrystic zircons in these dolerite dykes suggest crustal assimilation during the
magma evolution. Petrological modeling suggests fractionation of olivine, pyroxene,
garnet, and spinel. All the dolerite samples have low initial 87 Sr/86Sr (0.7041 to 0.7043)
and positive epng(t) (+ 4.6 to + 5.1) values, indicative of a depleted asthenospheric mantle
source. Partial melting modeling suggests that the melting has occurred in the spinel-
garnet stability field. Integrating the data from ore deposit geology, geochronology,
geochemistry and Sr-Nd isotopes, we proposed that the Late Cretaceous Eastern
Tianshan mafic magmatism was developed in an intraplate extension setting.

Keywords: petrogenesis, asthenospheric melts, within-plate magmatism, late mesozoic, eastern tianshan

INTRODUCTION

The Eastern Tianshan Orogen is located between the Tarim and Junggar blocks (Mao et al., 2005;
Han et al, 2010; Wang et al., 2014; Hou et al., 2014). Devonian to Triassic igneous rocks are
widely exposed in the orogen, consisting of the Jingerquan granite (376.9 £ 3.1 Ma), Bailingshan
granitoids (317 to 307 Ma), Huangshandong mafic-ultramafic intrusions (274 + 3 Ma), and
Donggebi granite porphyry (233.8 & 2.5 Ma) (Zhou et al.,, 2010; Deng et al., 2015; Zhang et al,,
2015, 2016; Zhao et al., 2019). Since many of these intrusions are related to regional magmatic-
hydrothermal mineralization, several studies were conducted to understand their geochronology,
petrogenesis, and geodynamic setting (Zhang et al., 2015, 2016; Xiao et al., 2017; Zhao et al., 2019),
which suggested that the Devonian-Carboniferous intrusions are arc-related, whereas the Permian-
Triassic intrusions are syn- to post-collisional (Wu et al., 2006; Zhou et al., 2010; Wang et al., 2014;
Zhao et al., 2019). However, the Late Mesozoic tectonic setting is still poorly constrained due to the
lack of robust indicator, which inhibits the reconstruction of the completed geological history for
the Eastern Tianshan Orogen.

Geochemistry of basaltic magmas is an effective geodynamic
tracer,  because  basalts from  different  tectonic  settings  have  distinctive
geochemical characteristics (Pearce, 1982, 2014; Wilson, 1989;

Frontiers in Earth Science | www.frontiersin.org 24

April 2021 | Volume 9 | Article 665610


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2021.665610
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/feart.2021.665610
http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2021.665610&domain=pdf&date_stamp=2021-04-21
https://www.frontiersin.org/articles/10.3389/feart.2021.665610/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Zhang et al.

Cretaceous Magmatism in Eastern Tianshan

Xia and Li, 2019). For instance, oceanic island basalts
(OIB) are enriched in light rare earth elements (LREEs)
and high field strength elements (HFSEs), whereas arc-related
basalts are characterized by low Nb/La ratios and negative
Nb, Ta, and Ti anomalies, and mid-ocean ridge basalts
(MORB) have high contents of compatible trace elements
and depleted isotopic values (Sun and McDonough, 1989;
Hofmann, 1997). In the past decades, a large number of
tectonic discrimination diagrams were established using basalt
geochemistry (Pearce and Norry, 1979, Pearce, 1982, 2008;
Wood, 1980; Shervais, 1982; Mullen, 1983; Meschede, 1986;
Vermeesch, 2006; Ross and Bedard, 2009; Ishizuka et al., 2014;
Saccani, 2015). Recent review studies suggested that intraplate
basalts can be distinguished from arc-related ones by Zr-
Zr/Y and Th/Yb-Ta/Yb diagrams, whereas OIB and MORB
are distinguishable from each other in the ternary 3Tb-Th-2Ta
diagram (Xia and Li, 2019).

In this contribution, we describe the newly-discovered
Cretaceous dolerite dykes near the Bailingshan deposit in the
Eastern Tianshan, and present their whole-rock geochemical
and isotopic compositions. These dolerite dykes represent
the youngest magmatic rocks in the Eastern Tianshan, and
our data provide new petrogenetic insight and improve our
understanding in the Late Mesozoic tectonic evolution of
the region.

REGIONAL GEOLOGY

The Chinese Eastern Tianshan in NE Xinjiang (NW China)

Belt (CAOB). The prolonged arc magmatism and collisional
orogenesis have formed the widespread Paleozoic to Permian
magmatic rocks and numerous Fe, Cu-Ni, Au-Ag, Pb-Zn and
Mo deposits (Mao et al., 2005; Han et al.,, 2010; Wang et al,,
2014; Hou et al., 2014; Li et al.,, 2019). From north to south,
the Eastern Tianshan comprises four tectonic terranes, including
the Dananhu-Tousuquan arc belt, Kanggur shear zone, Aqishan-
Yamansu belt and the Central Tianshan block (Figure 1; Qin
etal., 2002; Mao et al., 2005). These tectonic terranes are bounded
by several roughly E-W trending faults, including the Kanggur,
Yamansu and Agqikekuduke (Chen and Jahn, 2004; Mao et al.,
2005; Xiao et al., 2008; Yang et al., 2009).

The northern Dananhu-Tousuquan island arc belt contains
predominantly Silurian to Carboniferous calc-alkaline felsic
lavas, mafic volcanic-volcanoclastic rocks and marine clastic
sediments (Mao et al., 2005; Zhang et al, 2015). Overlying
these sedimentary-volcanic rocks are Permian basalts and
Cenozoic sediments. Many Devonian to Carboniferous (ca.
360 - 320 Ma) intrusions were considered to be arc-related
(Wu et al, 2006; Zhou et al, 2010; Wang et al., 2014).
Several important porphyry copper deposits (PCDs) were
discovered along this belt, notably Tuwu, Yandong, Yuhai, and
Linglong (Shen et al., 2014; Xiao et al., 2017; Wang et al,
2018). The Kanggur shear zone (about 400 km long and
20 km wide) contains dominantly Carboniferous volcaniclastic
rocks, clastic rocks and ophiolite fragments, most of which
are ductile deformed (Mao et al., 2005; Li et al., 2006).
Abundant Permian mafic-ultramafic intrusions and important
Cu-Ni sulfide deposits were formed in the eastern Kanggur
shear zone (Han et al., 2010; Zhang et al, 2012; Deng

is an important component of the Central Asian Orogenic et al, 2015). Besides, some syn- or post-collisional-related
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FIGURE 1 | Geologic map of the Chinese Eastern Tianshan Orogen (modified after Mao et al., 2005; Wang et al., 2006).
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Dolerite dyke

FIGURE 2 | Representative photographs showing the field relations, mineral assemblages and textural features for the dolerite: (a) Dolerite dyke cutting the Late
Carboniferous volcaniclastic rocks. (b) Mafic rocks with medium- to fine-grained porphyritic texture. (¢) Groundmasses of the dolerite with doleritic/interstitial texture.
Abbreviations: Am = amphibole; Cpx = clinopyroxene; Ep = epidote; Pl = plagioclase.

orogenic Au and porphyry Mo deposits were formed at ca.
280 - 230 Ma (Zhang et al, 2015; Wang and Zhang, 2016;
Wu et al., 2017).

The Aqishan-Yamansu belt comprises mainly Carboniferous
intermediate-felsic volcanic-volcaniclastic rocks with minor
marine sediment interbeds (Zhang et al., 2012; Han et al., 2019).
These sequences are widely intruded by Carboniferous-Permian
granitoids, which include the Bailingshan intrusive complex,
Hongyuntan granodiorite and Xifengshan granite (Zhou et al.,
2010; Zhang et al., 2016). Previous studies suggested that the
widely-exposed felsic rocks are I-type and arc-related (Luo et al.,
2016; Zhang et al., 2016; Zhao et al.,, 2019; Liu et al., 2020).
The Aqishan-Yamansu island arc is well-known for hosting a
series of Fe(-Cu) deposits, such as (from west to east) the
Hongyuntan, Bailingshan, Yamansu, and Shaquanzi (Mao et al.,
2005; Huang et al, 2013; Han et al, 2014; Hou et al., 2014;
Jiang et al., 2018; Zhang et al., 2018a,b; Shi et al., 2021). The

Central Tianshan Block is mainly consisted of a Precambrian
metamorphic basement and Paleozoic active-margin magmatic
sequences (Shu et al, 2002). Many skarn-type Fe and Pb-Zn
deposits were formed during the Late Carboniferous (Zheng
etal, 2015; Lu et al., 2018).

SAMPLING AND ANALYTICAL METHODS
Sampling

Dolerite dyke samples in this study were collected near the
Bailingshan Fe deposit (41°48'07”N, 91°11’40”E) in the Aqishan-
Yamansu belt, with a sampling interval of about 2 - 5 m
from one dyke. In the field, the dolerite dyke (70 - 80 m
long, 2 - 3 m wide) was observed to have intruded the Late
Carboniferous volcaniclastic rocks (Figure 2a), suggesting a
younger magmatic event.
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TABLE 1 | Zircon U-Pb dating results for the study mafic dykes in the Eastern Tiansha

n.

Spot No. Content (ppm) Th/U Isotopic ratios Isotopic ages (Ma)
Th U 207pp/2%pb 16 207Pb/BSU 16 206Pp/B8Y 16 27Pp/2%Pb 16 207Pb/ZSU 10 296Pp/2%8U 16
Bu-01 1209 732 1.65 0.0543 0.0024  0.1562 0.0070  0.0209  0.0003 383 100 147 6 138 2
pp-02 873 744 1.17 0.0535 0.0024  0.1513  0.0067 0.0206  0.0003 354 97 143 131 2
Bn-04 139 198 0.70 0.1221 0.0057  0.9643  0.0453  0.0568  0.0009 1987 88 686 23 356 6
pu-06 132 162 0.82 0.0568 0.0030  0.4477  0.0233  0.0573  0.0011 483 17 376 16 359 7
pu-07 576 487 1.18 0.0493 0.0033  0.1381 0.0095  0.0206  0.0006 165 157 131 8 132 4
pr-08 474 350 1.36 0.0516 0.0056  0.1432 0.0165  0.0201 0.0004 333 49 136 15 128 2
Bn-09 143 243 0.59 0.0814 0.0057  0.4603  0.0310  0.0406  0.0006 1231 137 384 22 256 4
pu-10 512 434 1.18 0.0484 0.0033  0.1350  0.0082 0.0206  0.0003 120 152 129 7 132 2
Bp-11 295 404 0.73 0.0543 0.0034  0.1563  0.0096  0.0209  0.0004 383 139 147 8 134 2
Bu-12 378 748 0.50 0.0615 0.0028  0.3260  0.0141 0.0384  0.0004 657 92 286 i 243 3
pu-13 547 512 1.07 0.0484 0.0029  0.1355  0.0078  0.0204  0.0003 120 138 129 7 130 2
Bu-14 1735 1082 1.60 0.0526 0.0024  0.1457  0.0066  0.0201 0.0003 322 104 138 6 128 2
Bu-15 2205 1263 1.75 0.0505 0.0022  0.1387  0.0061 0.0197 0.0003 217 100 132 5 126 2
pu-16 309 360 0.86 0.0558 0.0036  0.1541 0.0096  0.0200  0.0004 443 147 146 8 128 2
pp-17 1640 1157 1.42 0.0527 0.0022  0.1473  0.0062  0.0202  0.0003 322 94 139 5 129 2
Bu-18 1551 1072 1.45 0.0523 0.0023  0.1448  0.0065  0.0199  0.0003 302 100 137 6 127 2
pu-19 878 796 1.10 0.0490 0.0023  0.1363  0.0063  0.0200  0.0003 150 107 130 6 128 2
pr-20 48.5 56.4 0.86 0.1127 0.0089 52078 0.1816  0.3344  0.0052 1844 58 1854 30 1860 25
B-21 686 519 1.32 0.0570 0.0032  0.1594  0.0087 0.0203  0.0004 500 126 150 8 130 2
pu-22 473 580 0.82 0.0565 0.0021 0.4551 0.0164  0.0582 0.0008 472 83 381 i 365 5
pr-23 1279 994 1.29 0.0560 0.0022  0.1631 0.0062  0.0212  0.0004 454 87 153 5 135 2
Bu-24 127 462 0.27 0.0856 0.0077  0.5544  0.0671 0.0416  0.0009 1329 174 448 44 263 6
pu-25 323 314 1.08 0.0478 0.0037  0.1340  0.0094  0.0206  0.0004 100 161 128 8 132 2
The dolerite samples are dark green, and medium- to PleSovice and GJ-1 zircons as the internal standard.

fine-grained porphyritic (Figure 2b). Euhedral plagioclase
is the dominant phenocryst phase and commonly 1 to
3 mm long (Figure 2b). The doleritic-/interstitial-textured
groundmass is composed mainly of subhedral plagioclase,
clinopyroxene and trace Fe-Ti oxides (Figure 2c). Minor
plagioclase and clinopyroxene grains in the samples are
partially altered to epidote and amphibole, respectively. All the
sample preparation and laboratory analyses were performed
at the Wuhan SampleSolution Analytical Technology Co., Ltd.
(WSATCL), China.

Zircon U-Pb Geochronology

After separated with the conventional density and magnetic

separation techniques, zircon grains were hand-picked
under a binocular microscope. The zircon internal
structure was studied via cathodoluminescence (CL)

imaging using an Analytical Scanning Electron Microscope
(JSM — IT100).

Laser  Ablation-Inductively =~ Coupled = Plasma-Mass
Spectrometry (LA-ICP-MS) zircon U-Pb dating and trace
element analysis for the dolerite samples were performed at
the WSATCL. The laser ablation used 5 Hz frequency and
24 pm spot size. Each analysis comprises a background
acquisition of approximately 20 - 30s, followed by 50s
of sample data acquisition. The zircon 91500 and glass
NIST610 were used as the external standard, and the

Quantitative calibration for trace element analyses and U-Pb
dating were conducted using ICPMSDataCal (Liu et al,
2008). Calculation of weighted mean ages and concordia
diagram construction were performed using Isoplot/Ex 3.0
(Ludwig, 2003).

Whole-Rock Major and Trace Element

Analyses

All the samples were first powdered to less than 200-mesh,
then were placed in an oven at 105°C for drying of 12 h to
determine LOIL The major element contents were measured
by X-ray fluorescence (XRF) spectrometry (1 g powder for
each sample), and the analytical precision is better than
1%. For trace elements (including REEs), 50 mg powder for
each sample was dissolved in a mixture of 100ml HNOj;
and 100 ml HF. This solution was then analyzed with
an Agilent 7700e ICP-MS, and the analytical precision is
better than =+ 5%.

Whole-Rock Sr-Nd Isotopes

Whole-rock Sr-Nd isotope analyses were conducted on
a Neptune Plus Multi-Collector (MC)-ICP-MS, with the
detailed analytical techniques as described by Wang et al.
(2019). The 87Rb/%0Sr and '47Sm/!'**Nd ratios were calculated
using the Sr, Rb, Nd and Sm contents obtained by ICP-
MS. All the measured Sr and Nd isotope ratios were
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FIGURE 4 | (A) U-Pb concordia diagram of all the analytical zircon grains from the dolerite dyke. (B) U-Pb concordia diagram and weighted mean age of the
concordant zircons.

normalized with 86Sr/®8Sr = 0.1194 and M°Nd/!*Nd = 0.7219,
respectively (Lin et al., 2016). Analyses of the standards
NIST SRM 987 and JNdi-1 during the measurement
period yielded 37Sr/%6Sr = 0.710244 + 0.000022 (20) and
INd/'*Nd = 0.512118 £ 0.000015 (20), similar to the
recommended values (Tanaka et al., 2000).

RESULTS
Zircon U-Pb Ages

One sample was dated by zircon U-Pb analysis, and the
results are given in Table 1. The zircons analyzed have
wide ranges of U and Th contents, and all have high
Th/U ratios (> 0.4). The zircon grains are transparent and
euhedral-subhedral prismatic, indicating a magmatic origin
(Figure 3; Belousova et al., 2002; Li, 2009). The 23 zircons
analyzed show a wide 2°Pb/?38U age range (Figure 4A).
The concordant zircons (n = 16) range from 136 to 126
Ma, yielding a weighted mean age of 129.7 + 14 Ma
(MSWD = 1.4; Figure 4B), which likely represents the dolerite

crystallization age. Seven inherited/xenocrystic zircons were
identified, including a Precambrian (1860 Ma), three Devonian-
Carboniferous (365 to 356 Ma), and three Permian-Triassic (263
to 243 Ma) ones.

Whole-Rock Major and Trace Elements
Whole-rock major element and trace element contents of
the dolerite dykes are listed in Table 2. As our samples
are fresh or only slightly altered (e.g., weak epidote
alteration in some plagioclase grains), the alteration effect
on geochemistry is likely negligible. After normalized to
100 wt.% (anhydrous), the samples contain 49.4 to 50.1
wt.% SiO,, 19.8 to 20.6 wt.% Al,O3, and 6.54 to 6.82 wt.%
MgO. They have medium Fe;037 content (8.43 to 8.71
wt.%) with corresponding Mg# (100*Mg/(Mg + Fe)) of 47 -
49. The rocks are sodic (Na,O/K,O = 4.71 to 6.80), and
fall inside the basalt field in the TAS diagram (Figure 5;
Wilson, 1989).

All the studied dolerite dykes display uniform chondrite-
normalized REE patterns, as characterized by slight LREE
enrichments ((La/Yb)y = 3.63 to 3.77) and subtle Eu anomalies
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TABLE 2 | Major oxides (wt.%) and trace elements (ppm) abundances of the

doleritic dykes in the Eastern Tianshan.

B w-01 B n -02 B n-03 B w-04 B n -05
Major oxides (wt.%)
SiOo 48.34 48.25 48.27 48.75 48.43
TiOo 0.97 0.97 0.95 0.98 0.99
Alb O3 19.43 19.58 19.81 19.42 19.48
Fe,Og7 8.44 8.45 8.16 8.52 8.44
FeO 4.90 4.42 4.60 4.38 4.42
MnO 0.13 0.15 0.14 0.13 0.13
MgO 6.60 6.41 6.43 6.39 6.36
CaO 9.68 9.54 9.56 9.87 9.78
Na,O 2.69 2.75 2.72 2.76 2.76
K20 0.56 0.40 0.50 0.58 0.59
P>0s5 0.25 0.26 0.25 0.26 0.25
Loss 2.52 2.66 2.65 2.39 2.43
Total 99.60 99.42 99.44 100.03 99.63
Trace elements (ppm)
Sc 22.3 21.8 21.4 22.8 22.3
V 185 184 183 190 190
Cr 149 149 150 144 148
Co 35.6 36.0 35.9 37.1 36.8
Ni 121 113 116 113 112
Cu 75.3 64.4 47.0 721 82.3
Zn 57.7 65.9 56.2 57.4 57.7
Ga 17.7 18.2 18.0 18.5 18.2
Rb 19.8 13.5 18.2 25.5 25.3
Sr 541 524 535 552 544
Y 19.4 20.4 19.7 20.6 20.1
Zr 104 99 99 107 106
Nb 4.40 4.31 4.22 4.50 4.52
Cs 0.96 0.84 0.69 1.48 1.42
Ba 163 106 115 158 142
La 9.25 9.20 9.05 9.70 9.48
Ce 22.4 23.0 22.6 24.2 23.4
Pr 3.06 3.07 3.04 3.24 3.17
Nd 13.9 14.0 13.6 14.7 14.2
Sm 3.79 3.73 3.67 3.78 3.74
Eu 112 1.20 1.16 1.19 1.18
Gd 3.51 3.48 3.62 3.66 3.56
Tb 0.55 0.56 0.54 0.56 0.55
Dy 3.47 3.44 3.35 3.78 3.54
Ho 0.72 0.69 0.71 0.72 0.72
Er 1.90 1.92 1.86 2.00 1.99
™ 0.29 0.28 0.27 0.30 0.30
Yb 1.77 1.82 1.75 1.88 1.80
Lu 0.27 0.27 0.26 0.28 0.28
Hf 2.39 2.21 2.35 2.37 2.40
Ta 0.27 0.28 0.26 0.29 0.28
Pb 3.49 3.33 3.30 3.66 3.70
Th 0.66 0.63 0.63 0.65 0.65
0] 0.26 0.23 0.24 0.25 0.25
Na, O/Ko O 4.82 6.80 5.42 4.80 4.71
Mg# 49 48 49 49 47
Nb/U 16.7 18.5 17.9 17.9 18.1
(Continued)

TABLE 2 | Continued

Bw-01 B w -02 Bw-03 Bwn-04 B -05
Ce/Pb 6.43 6.90 6.85 6.61 6.33
Sm/Yb 2.14 2.05 2.09 2.01 2.08
Dy/Yb 1.96 1.89 1.91 2.01 1.97
(La/Yo)y 3.75 3.63 3.70 3.70 3.77
Eu/Eu* 0.93 1.01 0.96 0.97 0.97

(Ew/Eu* = 0.93 to 1.01) (Figure 6A). In the primitive mantle-
normalized multi-element plot (Figure 6B), the samples are
enriched in large-ion lithophile element (LILE; e.g., Rb, K, Sr, and
Pb) and depleted in HFSEs.

Whole-Rock Sr-Nd Isotopes

Whole-rock Sr-Nd isotope compositions of the studied samples
are presented in Table 3. Initial isotope ratios were back-
calculated to the dolerite crystallization age of 130 Ma. The
samples have low initial 87Sr/36Sr (0.7041 to 0.7043) and positive
end(t) (+ 4.6 to + 5.1) values, yielding depleted mantle Nd one-
stage model ages (Tpyr1) of 746 — 882 Ma. In the (37Sr/%0Sr); vs.
(M3Nd/ 4N, diagram (Figure 7), all samples plot in the ocean
island basalt (OIB) field (Hart, 1985), similar to the Permian
Huangshanxi gabbro in the Eastern Tianshan (Zhang et al., 2011;
Deng et al., 2015).

DISCUSSION

Fractional Crystallization and Crustal

Contamination

The dolerite samples have much lower Mg# (47 - 49),
Cr (144 - 150 ppm) and Ni (112 - 121 ppm) contents
(Table 2) than typical mantle-derived melts (Mg# = 71 -
83, Cr > 1000 ppm and Ni > 400 ppm; Wilson, 1989
Wang et al.,, 2019), suggesting that their parental magma may
have experienced fractional crystallization. Rayleigh fractional
crystallization model calculations were conducted to determine
the fractionation phase (Wilson, 1989), which shows that all
samples plot between the olivine and pyroxene evolution trends
in the Cr-Ni diagram (Figure 8A). This indicates significant
fractionation of olivine and pyroxene. Fractionation of Ti-
bearing minerals (e.g., spinel) in the dolerite is evidenced
by the negative Nb, Ta and Ti anomalies and the Nb-Ta
fractional crystallization model diagram (Figure 8B; Saunders
et al., 1992; Hawkesworth et al., 1993). The lack of negative Sr
and Eu anomalies in the samples suggests limited plagioclase
fractionation (Figure 6).

Mantle-derived magmas commonly assimilate crustal
components during their ascent, which altered their geochemical
characteristics (e.g., LREE and LILE enrichments and HFSE
depletions; Wilson, 1989; Rudnick and Gao, 2014), as found
also in the dolerite dykes (Figure 6). This clearly suggests
certain degrees of crustal contamination for the doleritic
magma. Element pairs (e.g., Nb and U, Ce, and Pb) with similar
bulk-solid/melt partition coefficients cannot be significantly
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TABLE 3| Sr and Nd isotopic compositions of doleritic samples from the Eastern Tianshan.

Rb Sr 87Rb/%0Sr 87Sr/86Sr 26 ®7sr/ Sm Nd 147gm/  143Nd/ 20 (1*3Nd/ eng(t) TDMy

(ppm) (ppm) 86sr); (ppm) (ppm) 44Nd 144Nd 144Nd); (Ga)

Bp-01 19.8 541 0.105745 0.704445 0.0000086 0.7043 3.79 13.9 0.164782 0.512867 0.0000056 0.5127 5.0 0.88

Bp-02  13.5 524 0.074352 0.704215 0.0000085 0.7041 3.73 14.0 0.161012 0.512865 0.0000064 0.5127 5.0 0.82

Bn-03  18.2 535 0.098366 0.704239 0.0000085 0.7041 3.67 13.6 0.162885 0.512872 0.0000078 0.5127 5.1 0.83

B-04 255 5562 0.133849 0.704579 0.0000109 0.7043 3.78 14.7 0.154996 0.512863 0.0000065 0.5127 5.1 0.75

B-05 253 544 0.134156 0.704471 0.0000116 0.7042 3.74 14.2 0.159375 0.512842 0.0000126 0.5127 4.6 0.86
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segregated through partial melting or fractional crystallization,
and their ratios remain roughly constant and reflect those of
the magma source (Hofmann, 1997). The dolerite samples
have Nb/U (16.7 to 18.5) and Ce/Pb (6.33 to 6.90) values
intermediate between the mantle array (OIB/MORB) and
continental crust, also suggesting crustal assimilation (Figure 9).
Crustal contamination is also evidenced by the presence of
xenocrystic zircons in the samples (Figure 4A). To summary,
both fractional crystallization and crustal contamination
occurred during the Cretaceous magma emplacement
at/around Bailingshan.

Magma Source

Mafic magmas can be derived from the lithospheric or
asthenospheric mantle (Wilson, 1989; Shellnutt, 2014). The
lithospheric mantle is generally cooler and isotopically more-
enriched due to its interactions with subduction-derived melts
and/or fluids and its long isolation from the mantle convection
underneath. In contrast, asthenospheric mantle is commonly
hotter and isotopically more-depleted (Saunders et al., 1992;
Hofmann, 1997). Our dolerite samples have low initial 37Sr/%Sr
(0.7041 to 0.7043) and positive eng(t) (+ 4.6 to + 5.1) values,
plotting near the MORB field and overlap with typical OIB
(Figure 7), which suggests an asthenospheric mantle source.
This conclusion agrees with published work on the Huangshanxi
gabbro, which also pointed to a depleted asthenospheric mantle
source beneath the Eastern Tianshan Orogen (Zhang et al,
2011; Deng et al,, 2015). As above-discussed, the slight LREE
enrichments and distinct negative Nb, Ta and Ti anomalies of the
dolerite samples were likely caused by fractional crystallization
and crustal assimilation during the magma emplacement.

Since garnet has high partition coeflicients for Yb
(Dgarnet/meir = 6.6) relative to Sm (Dggrnet/melr = 0.25), low-degree
partial melting of mantle lherzolite (with garnet residue) would
strongly increase the Sm/Yb ratios (Green, 2006; Jung et al.,
2006). In contrast, partial melting of mantle spinel lherzolite does
not markedly change the Sm/Yb ratios, since spinel has similar
partition coefficients for Sm and Yb (McKenzie and O’Nions,
1991; Kelemen et al., 1993). Therefore, mafic magma source can
be effectively constrained by fractionation of Sm and Yb (Ellam,
1992; Aldanmaz et al., 2000; Zhang et al., 2015). Our dolerite
dykes have slightly elevated Sm/Yb ratios (2.01 to 2.14), and all
samples plot near the spinel-garnet lherzolite model curve in the
partial melting model diagram (Figure 10). This suggests that
the parental magma was likely generated by low-degree partial
melting of a spinel-garnet lherzolite mantle source at 70 — 80 km
depth, which is where the spinel-to-garnet transition is located
(McKenzie and O’Nions, 1991).

Tectonic Implications
As discussed above, the dolerite dykes were mainly generated
by low-degree partial melting of the asthenospheric mantle.
Mafic rocks of similar petrogenesis were proposed to have
formed in tectonic events including subducting slab break-off
(Davies and von Blanckenburg, 1995; Deng et al., 2015; Zhang
et al., 2015), mantle plume upwelling (Campbell and Griffiths,
1990; Bryan and Ernst, 2008; Zhou et al., 2009), continental
rifting (Corti, 2009; Thybo and Nielsen, 2009), and lithospheric
delamination (Hoernle et al., 2006; McGee and Smith, 2016;
Wang et al., 2019).

Slab break-off usually occurs during incipient continent-
continent collision (Davies and von Blanckenburg, 1995).
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Under this setting, the hot asthenospheric mantle would rise
through the slab window, and partially melted the overlying
metasomatized lithosphere (Rogers et al., 2002; Bonin, 2004;
Ferrari, 2004). Therefore, the resulting magmatism would be
focused along linear trends (Davies and von Blanckenburg,
1995). In/around our study area, no coeval linear magmatic
trends are observed or ever reported, inconsistent with a slab
break-off model. Considering the regional tectonic evolution,
it is widely considered that the Eastern Tianshan was in a
post-collisional setting since the Triassic (Wu et al, 2006;
Zhang et al, 2015; Zhao et al, 2019), after the Kanggur
Ocean closure and the subsequent Junggar-Central Tianshan
collision (Xiao et al., 2008; Wang et al., 2014; Zhang et al,,
2016; Zhao et al, 2019). Hence, we suggested that the

Cretaceous dolerite was unlikely produced by slab break-
off. The dolerite samples display obvious negative Nb, Ta
and Ti anomalies, significantly different from typical OIB-
like, mantle plume-related Tarim flood basalts (Zhou et al,
2009). The small volume of Cretaceous Eastern Tianshan
mafic rocks is also inconsistent with a large igneous province
(LIP) origin (Campbell and Griffiths, 1990; Bryan and Ernst,
2008). Furthermore, no geophysical evidence is available
to show the presence of mantle plume beneath the Eastern
Tianshan. Hence, we considered that the dolerite was
unlikely to be mantle plume-related. The continental rift
model involves narrow and long tectonic depressions in
the lithosphere, leading to partial melting of the upwelling
asthenospheric mantle (Corti, 2009; Thybo and Nielsen, 2009).
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Key features of this model include an elongated topographic
trough and Moho shallowing (Thybo and Nielsen, 2009).

However, graben structures are absent in the Eastern
Tianshan, suggesting that a continental rift scenario was
unlikely either.

Decompression  through  lithospheric =~ delamination,

accompanied by crustal extension, is another possible mechanism
to explain the melting of upwelling asthenosphere (Marotta et al.,
1998; McGee and Smith, 2016). Jull and Kelemen (2001) reported
that the subduction-modified lower lithospheric mantle is denser
than the normal upper lithospheric mantle. This makes the lower
lithospheric mantle to sink into the underlying asthenosphere,
and the latter rises up to take its place (Kay and Kay, 1993;
Xu et al, 2002). In the Eastern Tianshan, many recent works

documented that Carboniferous arc-related igneous rocks were
extensively developed due to the subduction of Kanggur ocean
basin (Xiao et al., 2008; Wang et al., 2014; Luo et al., 2016; Zhang
et al., 2016; Zhao et al., 2019). This process has likely added
oceanic materials into the deep lithospheric mantle beneath
the Eastern Tianshan. After that, the high-density lithospheric
root was probably removed, resulting in asthenospheric mantle
upwelling and the Bailingshan dolerite dyke emplacement. This
suggestion is supported by the intraplate tectonic classification in
the Zr vs. Zr/Y diagram (Figure 11). Zhao et al. (2019) suggested
that the Triassic (ca. 235 Ma) felsic magmatism was derived from
partial melting of thickened juvenile lower crust, and Zhang et al.
(2017) reported that the Duotoushan adakitic dacite porphyry
was emplaced via delamination process at around 197 Ma. These
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observations indicate an Early Jurassic tectonic transition from
post-collisional to intraplate setting in the Eastern Tianshan.
Together with our new newly data, we proposed that the removal
of the high-density lithospheric root may have continued
to the Cretaceous.

To summarize, we have constructed a modified tectonic
model to explain the Cretaceous intraplate magmatism in
the Eastern Tianshan (Figure 12). In our model, the lower
lithospheric mantle was modified by oceanic crustal input from
the Late Paleozoic subduction, which increased its density.
The density imbalance with the less-dense asthenospheric
mantle beneath may have caused a small-scale lithospheric
root removal. Consequently, the asthenospheric mantle upwelled
and partially melted, and formed the parental melt of the
Bailingshan dolerite dykes.

CONCLUSION

(1) Zircon U-Pb dating of the Bailingshan dolerite dykes from
the Eastern Tianshan yielded an Early Cretaceous age
(129.7 + 1.4 Ma).

(2) Parental magma of the dolerite dykes was likely derived
from low-degree partial melting of the asthenospheric
mantle in the spinel-garnet stability field, and undergone
fractionation and crustal assimilation during its ascent.

(3) Formation of the Cretaceous Eastern Tianshan dolerite
dykes was likely in an intraplate extension setting, and
related to the sinking of dense, subduction-modified lower
lithospheric mantle.
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Several magmatic Cu—Ni sulfide deposits have recently been explored along the deep
Middle Kunlun fault related to the extension of the East Kunlun orogenic belt in Qinghai
Province, NW China. The Xiwanggou mafic—ultramafic rocks associated with Cu—Ni
sulfide mineralization are first to be dated as late Permian compared to most of the
deposits formed during late Silurian—early Devonian in this region. The Xiwanggou
complexes located in the junction area between the East Kunlun and West Qinling
belts, are composed of gabbros, olivine-gabbros, pyroxenites, olivine-pyroxenites, and
peridotites. The Cu-Ni mineralization are mainly hosted in the olivine-pyroxenites and
pyroxenites, whereas the sulfide-poor mineralization distributed in gabbros and olivine-
gabbros. Zircon LA-ICP-MS U-Pb dating of the gabbro and olivine-pyroxenite revealed
their crystallized ages of 250.8 + 0.8 Ma and 257.3 £ 0.7 Ma, respectively. The
trace element characteristics of the Xiwanggou fertile mafic-ultramafic rocks shows
the enrichments in Sr, Rb, Th, Ba and light rare earth elements, and depletions in
Nb and Ta, which are associated with the slab derived fluid input and dehydration
melting of amphiboles. Meanwhile, Sr-Nd and Hf isotopic compositions of the gabbro
[eNd() = 0.66-1.18; eHf(t) = 5.2-12] and olivine-pyroxenite [eNd(f) = —1.09 — —0.43;
eHf(t) = 5.4-17.7] show that the magma was mainly derived from the metasomatized
portions of subcontinental lithospheric mantle (SCLM) source in the mantle wedge.
The magma primarily experienced dehydration melting processes of amphiboles
and subsequently underwent hydrated melting in the overlying mantle wedge and
relatively reduced background. The cool subduction process of the Anemagen oceanic
lithosphere maybe trigger large melting in the mantle wedge resulting in a relative low-Ni
content in the melt. The transpressional windows formed by the right-lateral strike-slip
shearing action of the Wenquan and South Kunlun faults in the South Kunlun forearc
belt created a significant conduit for the magma ascending. The thermometer of Fe
and Ni exchange between coexisting olivine and sulfide melt indicates the magma
were vyielded in a temperature range of ca. 1200-1300°C and an oxygen fugacity
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range of ca. —-10.57 to -8.98 (log unit), which suggested that the parental magma of
the Xiwanggou complex derived from a relatively reduced source favoring Ni relative to
Fe in the melt. The intermediate sulfide segregation from the melt resulted in a medium
tenor potential for the Xiwanggou complex.

Keywords: Xiwanggou, East Kunlun orogen, Cu-Ni sulfide deposit, late Permian, mafic-ultramafic rocks, zircon
U-Pb dating, Sr-Nd isotope, Fe-Ni exchange

INTRODUCTION

Several magmatic Cu-Ni sulfide deposits have recently been
explored along the deep Middle Kunlun fault paralleled to the
extension of the East Kunlun orogenic belt (EKOB), Qinghai
Province, NW China (Li et al.,, 2015; Song et al., 2016; Zhang
Z. W. et al., 2016; Li et al., 2018). The Xiariham deposit with
reserve of 1.16 Mt averaging grades of 0.65 wt% Ni, 0.14 wt% Cu,
and 0.013 wt% Co, and the Shitoukengde deposit with 0.15 Mt
averaging grades of 0.32% Ni were explored. And several new
middle - small scale deposits, comprising Langmuri, Gayahe,
Binggounan, and Xiwanggou mineralized locations have been
discovered (Figure 1A; Zhang et al., 2015; He et al, 2017;
Wang et al., 2020). The Xiwanggou mineralized mafic-ultramafic
complex is located in the east of the EKOB, the northern part of
the Qinghai-Tibet Plateau (Figure 1), which was first outlined by
a team from the Xi’an Center, China Geological Survey during
field mapping in 2015-2017. Several intrusions outcrop in the
Xiwanggou area but only the olivine pyroxenites have been found
to contain significant Ni—Cu sulfide mineralization.

Most of the world’s large magmatic sulfide deposits are
interpreted to have formed in continental rift settings (Maier and
Groves, 2011; Naldrett, 2013), where a mantle plume intersects
a continental rift, and provides a large volume of magma with
high metal content as a result of high degree partial melting
(Barnes and Lightfoot, 2005). Moreover, most of the super-large
magmatic sulfide deposits often occur in association with small
differentiated intrusions, and an open system of protracted-flow
magma conduits provides a significant space for ore reservoirs
in a extensional environment (Song et al., 2010; Maier and
Groves, 2011; Naldrett, 2013; Lightfoot and Evans-Lamswood,
2015; Barnes and Robertson, 2019). However, many magmatic
Ni-Cu sulfide deposits have recently been discovered in orogenic
settings or subduction-related magmatic arcs (Maier et al., 2008;
Sappin et al., 2011), and they have significantly contributed Ni
and Cu resources in China and the world. Examples of these
include the Early Permian Kalatongke (33 Mt at 0.8 wt% Ni
and 1.3 wt% Cu) (Song and Li, 2009; Li C. S. et al.,, 2012),
and Huangshan-Jing’erquan Ni-Cu belt (>50 Mt at an average
grade of 0.52 wt% Ni and 0.27 wt% Cu) in North Xinjiang (NW
China), and the Early Carboniferous Ni-Cu ore deposits (16 Mt
at 0.66 wt% Ni and 0.46% wt% Cu) hosted in the Aguablanca
intrusion in Spain (Pifa et al., 2006). Therefore, a few significant
deposits are associated with the margins of large oceans or with
supra-subduction zone environments, possibly reflecting poor
preservation potential or, with the latter, limitations on plume
interaction with continental lithosphere (Begg et al., 2010).

It is generally accepted that an extension or thinning
environment including intracontinental rifting and post
collisional extension are optimal for the formation of
magmatic sulfide deposits in the EKOB magmatic Cu-Ni-
Co mineralization under the Proto- and Paleo-Tethys evolution
in the EKOB (Jiang et al., 2015; Zhang Z. W. et al., 2016; Zhang
et al., 2021). The mafic-ultramafic complexes show diverse
lithofacies with different formation ages, indicating the multiple
stages of long-lived Paleozoic mantle-derived magmatism (Song
etal.,, 2011; Wang et al., 2014; Peng et al., 2016), and most identify
the ore-forming period as Late Silurian to Early Devonian, such
as the Xiariham and Shitoukengde deposits (Wang et al., 2013;
Sun et al., 2014; Song et al., 2016). However, the association of
the Late Permian Xiwanggou mafic-ultramafic rocks with Cu-Ni
sulfide mineralization has significantly broken the previous
viewpoints and broadened the prospecting horizon.

The EKOB is generally considered to have been in an
oceanic lithosphere subduction environment during late Permian
(Zhang et al,, 2012; Dong et al., 2018). At this point, we
compares contrasting geochemical trends exhibited between
fertile and barren late Permian basalts in the EKOB in terms
of major and trace elements, Sr-Nd isotopic ratios and zircon
Hf isotope to analyze the dynamic setting and ore-forming
potential of the Xiwanggou complex. In addition, it is significant
to know what the tectonic mechanism controls the conduit
formation for the Xiwanggou complexes in a compressional
subduction environment.

GEOLOGICAL SETTING

The EKOB is located in the western part of the central orogenic
belt (Figure 1A), which trends east-west and is approximately
1,500 km long and 50-200 km wide. The EKOB is generally
subdivided into four terranes from the north to the south:
the North Kunlun, South Kunlun, Muztagh-Anemagen and
Hohxil-Bayanhar Terranes farthest south (Figure 1A; Yang
et al., 1986; Jiang, 1992; Luo et al, 1999; Yu et al., 2020),
which are bounded by the North Kunlun Fault (NKF), Middle
Kunlun Fault (MKF), South Kunlun Fault (SKF), and Muztagh-
Anemagen Fault (MAF), respectively, from the north to the south
(Figure 1A). The orogen is bounded by the Altun Fault to the
west and Wenquan Fault to the east (Figure 1A). The NW-
trending Wenquan fault is the boundary between the EKOB and
the West Qinling orogenic belt (WQOB), and crosses the Elashan
Mountains (Figure 1A). The Elashan Mountain is located in
the easternmost segment of the EKOB, and in its eastern part,
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FIGURE 1 | (A) Sketch map showing the distribution of mafic-ultramafic complex and Cu-Ni sulfide mineralization in the East Kunlun Mountains, the northern part of
the Qinghai-Tibet Plateau (modified after Dong et al., 2018); LA-ICP MS zircon U-Pb ages from other studies are also shown in Dong et al. (2018) and Yu et al.
(2020). (B) Satellite map of the Xiwanggou area showing the fault syst. WQF, Wenquan fault; ELSF, Elashan fault; CWF, Chahanwusu fault; GLF, Gouli fault; MKLF,
Middle Kunlun fault; BLF, Boluoer fault; LKF, Longwakalu fault; SKLF, South Kunlun fault; AMF, Anemagen Fault. (C) Simplified geological map of the Xiwanggou area
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the metamorphic basement and Pre-Mesozoic sedimentary rocks
were uplifted due to the NE-dipping thrust fault systems and the
Wenquan dextral strike-slip fault (Jiang et al., 2008). Previous
studies suggested that the EKOB and WQOB were part of
a unified orogen before the Wenquan fault system developed
(Chen et al., 2015; Ren et al., 2016; Shao et al., 2017).

The tectonic evolution of the EKOB are closely associated
with the assembling and colliding history of variable terranes
in different era. The North Kunlun Terrane (NKT), as an
active continental margin, hosted a large amount of Precambrian
basement rock of Jinshuikou Group (Liu et al, 2005; He
et al.,, 2016), and late Ordovician-middle Silurian calc-alkaline
granitoids (Wu et al., 2012; Qi, 2015; Wang et al., 2016), which
are related to the subduction of back arc oceanic lithosphere
existed between the NKT and SKT at ca. 460 Ma causing the
late Ordovician-middle Silurian magmatism in the NKT and
thrusted basement rocks (Dong et al., 2018). The South Kunlun
Terrane (SKT), which developed as an inner-oceanic island arc,
consisted of the Wanbaogou Group basalts and large amounts
of multistage felsic magmatic rocks (Cai and Wei, 2007; Zhang
et al, 2010; Kong et al, 2014; Chen et al, 2016; Yu et al,
2020). Xu et al. (2016) got a zircon SIMS dating age of 762 £ 2
Ma for the Wanbaogou basalts, and their geochemical features
are similar to those of oceanic island basalt. The Late Silurian
to Early Devonian granitoids display either peraluminous or
metaluminous features (Zhao et al., 2008; Shi et al., 2016), which

were possibly resulted from an transition from collisional to a
post-collisional environment between the NKT and SKT during
the Late Silurian-Middle Devonian (Long et al., 2006; Zhang D. X.
etal., 2016). The Muztagh-Anemaqen Terrane (MAT) developed
as a young island arc as a consequence of subduction of Proto-
Tethys Oceanic crust, which carried SSZ (supra-subduction
zone) type ophiolites (Wu et al., 2005; Li et al., 2017), together
with island arc tholeiite (IAT) and TTGs (trondhjemite-tonalite-
granodiorites) during the Early Paleozoic (Ren et al., 2012; Qi,
2015; Zhao et al., 2017). The collision between SKT and MAT
probably occurred after the middle Devonian, as evidenced from
the absence of the upper Devonian strata in the SKT (Ye et al.,
2004). A new subduction zone reconstructed along the south of
the MAT after the middle Permian, which resulted in extensive
development of calc-alkaline granitoids in the NKT, SKT, and
MAT (Zhang et al, 2006; Liu et al., 2015; Ma et al., 2015;
Dong et al., 2016). The final closure of the Anemaqen Ocean
might have occurred in the Late Triassic as indicated by dates
from the upper Triassic Babaoshan terrestrial molasse formation
(Wu et al,, 2017).

The emplacement of mafic-ultramafic magma in the EKOB
can be separated into two stages (Yu et al, 2020): (1)
the first emplacement stage occurred primarily in the Late
Silurian-Early Devonian (ca. 393-427 Ma); (2) the second
stage occurred in the Middle-Late Permian. Previous studies
indicate that the first stage complexes were probably emplaced
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in a post-collisional extensional environment (Wang et al,
2014), and their components are mainly gabbro, pyroxenite,
and peridotite facies rocks (Peng et al., 2016). In addition, the
first stage intrusions generally developed extensive Cu-Ni sulfide
mineralization that are mainly hosted in the pyroxenite and
peridotite outcrop in the Xiariham, Binggounan, Shitoukengde,
Akchucsai, and Langmuri areas (Sun et al., 2014; Li et al., 2015;
Song et al, 2016; He et al., 2017; Zhang et al., 2018). In the
second stage, the mafic-ultramafic complexes outcrop mainly
in the Jiadang, Bairiqili, and Xiwanggou areas (Xiong et al.,
2011a; Kong et al., 2018). In the first two areas, gabbro is the
dominant rock type, and no sulfide ore bodies have been found,
but the Xiwanggou mafic-ultramafic complex is first discovered
containing Cu-Ni sulfide mineralization including chalcopyrite,
pyrrhotite, and pentlandite, which predominantly are hosted in
the olivine gabbros and olivine pyroxenites.

PETROGRAPHY AND MINERALIZATION

The Xiwanggou mafic-ultramafic complex is mainly composed
of gabbro, olivine gabbro, and olivine pyroxenite facies rocks,
in which younger mafic gabbroic intrusions emplacing into
the older ultramafic bodies (Figures 1C, 2A), both of which
show strong differentiation. The complexes underwent extensive
alteration by serpentinization and amphibolization. The richest
ore bodies are hosted in the ultramafic rocks (Figures 2D-
G), while some lower grade ones are found in the mafic
rocks (Figures 2B,C). The olivine gabbro contains a few
disseminated sulfides (Figure 2C), and is mainly composed of
20-30% olivine, 30-40% clinopyroxene, and 20-30% labradorite,
in addition to a few hornblende and secondary chlorite
minerals (Figures 3a,b). The gabbro has an equigranular texture
that is characterized by euhedral pyroxenes and plagioclases
(Figure 2C), and is predominately composed of 20-30%
clinopyroxene, 50-60% plagioclase, and <10% hornblende
with accessory apatite and zircon (Figures 3c,d). Olivine
pyroxenite contains 40-50% olivine and 40% clinopyroxenes,
plus hornblende, biotite and sulfide. Pyroxenes commonly
occur as large oikocrysts enclosing olivine crystals to form
a poikilitic texture (Figures 3b,d). The sulfide assemblages
including pentlandite, pyrrhotite, and chalcopyrite occur in the
interstitial spaces of olivine or pyroxene cumulates (Figures 2D-
G, 3g,h). A gabbro vein intruded into the olivine pyroxenite
(Figure 2A), suggesting that the gabbro formed slightly later than
the olivine pyroxenite.

The intrusions were prominently controlled by the NEE
and EW fault systems, and extend 1.2 km along the NEE
direction with a 100-200 m width. The country rocks hosting
the complex are Baishahe Formation and are dominated by
Precambrian metamorphic rocks such as biotite schist, quartz-
rich schist, quartzite, marble, and gneiss. Small late Ordovician
tonalite stocks were cut by the Xiwanggou mafic-ultramafic
intrusive rocks in the area (Figure 1C). No ages for the
granodiorite stocks are currently available, but papers in
preparation will give zircon U-Pb ages for the quartz diorite and
granodiorite stocks.

The Xiwanggou mafic-ultramafic rocks have undergone
variable degrees of post emplacement hydrothermal alteration.
Olivine is partially altered to serpentine; clinopyroxene is
partially replaced by amphibole and calcite (Figures 3c,e,f);
plagioclase is partially replaced by chlorite (Figure 3a); and
secondary magnetite (Figure 3h) occurs in the micro-fractures
of base-metal sulfides and envelopes the sulfides. In the areas
not affected by faulting and deformation, alteration is weak
(30% collectively) but pervasive. In the areas affected by
faulting and deformation, alteration is far more intensive, up to
100% in places.

SAMPLING AND ANALYTICAL METHOD

All the samples used in this study were collected in the
exploratory trench in the central part of the Xiwanggou mafic-
ultramafic complexes where the best sulfide mineralization
develops (Figure 1C). Different types of sulfide mineralization
and host rocks were systematically sampled along the trench.
Highly altered and deformed outcrops were avoided. Zircon
crystals separated from the sulfide-poor gabbro samples (XW-07)
and sulfide-rich samples olivine pyroxenite (XW-09) were used
for zircon U-Pb dating. Six hand samples are made into polished
thin sections to observe the mineral components and be termed.
In addition, two samples are made into powder to analyze the
chemical and isotopic components.

Zircon LA-ICP-MS U-Pb Dating

Zircon selection and targeting, and transmission and reflected
light and cathode luminescence imaging works were conducted
at Beijing Zhongxing Meike Technology Co. Ltd. Zircon crystals
with various aspect ratios and colors were separated from the
samples and inlayed into an epoxy resin target and then polished,
cleaned and carbon coated. The cathode luminescence (CL)
and back-scatted electron images were photographed to identify
zoning patterns in zircons. Some of good patterns were chose
for further dating and Hf isotope analysis. The CL images were
conducted using a FEI Quanta450 electron microscope, and
back-scatted electron images were made with a Gatan MonoCL4,
with a voltage of 15 kV.

The U-Pb dating and rare element analyses of zircons
was conducted synchronously using laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) at the
Yanduzhongshi Geological Analysis Laboratories Ltd. Laser
Ablation System used was a New Wave UP213, and ICP-
MS was a Brooke M90. During the laser ablation process,
helium gas was the carrier gas and argon gas was used as
the compensation gas to adjust sensitivity, and the two
gases were mixed through a homogenizer before entering
the ICP-MS. The analysis of each sample point included
a blank signal of about 20~30 s and a sample signal of
50 s. Both a 91500 zircon standard and PleSovice were used
as external standards for isotope fractionation correction
(Wiedenbeck et al., 1995; Sldma et al, 2008). The actual
diameter of LA denudation spots was 25 pm. Concordia
diagrams and weighted mean calculations were made using
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FIGURE 2 | Hand specimen photos of the Xiwanggou mafic-ultramafic rocks. (A) The intrusive contact relationship between olivine pyroxenite and gabbro; (B,C)
Disseminated Cu-Ni sulfide minerals developed in gabbro and olivine gabbro, respectively; (D-G) Disseminated Cu-Ni sulfide minerals in olivine pyroxenite.

Frontiers in Earth Science | www.frontiersin.org

May 2021 | Volume 9 | Article 666967



https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Zhang et al. Geodynamic Setting and Cu-Ni Potential

FIGURE 3 | Microphotographs of the Xiwanggou intrusions (a,b,f: plain polarized, c-e: cross polarized, g,h: reflected light). (@) some euhedral labradorite
clinopyroxene developed in an olivine gabbro sample; (b) Medium-grained and severely absorbed olivine surrounded by clinopyroxene in an olivine gabbro sample;
(c,d) Euhedral clinopyroxene and plagioclase showing equigranular texture filled by fine-grained and interstitial amphibole in a gabbro sample. (e) Severe carbonation
altered clinopyroxene in a gabbro sample; (f) Medium-grained and severely absorbed olivine surrounded by amphibole in an olivine pyroxenite sample; (g,h) the
pentlandite, pyrrhotite, and chalcopyrite in mineralized olivine gabbros and olivine pyroxenites, respectively; Amp, amphibole; Cpx, clinopyroxene; La, labradorite; O,
olivine; PI, plagioclase; Pn, pentlandite; Po, pyrrhotite; Ccp, chalcopyrite; Mag, magnetite.
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FIGURE 4 | Cathodoluminescence images of selected zircon crystals from the Xiwanggou (A) and gabbro (B). Circles are laser beam targets. The black numbers

ZSKits authorized by the Yanduzhongshi Geological Analysis
Laboratories Ltd.

In situ Hf Isotopic Analyses

In situ zircon Hf isotopic analyses were performed using a
Geolas Pro laser ablation system coupled to a Neptune multi-
collector ICP-MS at the Key Laboratory for the Study of Focused
Magmatism and Giant Ore Deposits, MLR, at the Xi’an Center
of Geological Survey, China Geological Survey. The detailed
instrumental conditions and data acquisition procedures are
similar to those described by Hou et al. (2007). A stationary
laser ablation spot with a beam diameter of 30 wm was used
for the analyses. The ablated aerosol was carried by helium
and combined with argon in a mixing chamber before being
introduced to the ICP-MS plasma. All of the Hf analyses
were performed on the same spots that underwent U-Pb laser
ablation analysis. The GJ-1 zircon standard was used as a
reference standard; during this study, it yielded a weighted mean
176 Hf/77Hf ratio of 0.282030 + 40 (2SE).

Electron Microprobe Analysis
In this study, olivine, pyroxene and sulfide hosted in the
mafic-ultramafic rocks were analyzed. EPMA X-ray elemental

analysis were conducted through a 4 WDS detector-equipped
Shimadzu EMPA-1720H (Tokyo, Japan) electron microprobe
at Key Laboratory of Metallogenic Prediction of Nonferrous
Metals and Geological Environment Monitoring (Central South
University), Ministry of Education. Operating conditions were
15 kV acceleration, 20 nA beam current, and 5 pum diameter
electron beam. Silicon, Ti, Al, Fe, Mn, Mg, Ca, Na, K, Cr,
Co, and Ni were analyzed. The back-scatter electronic (BSE)
images were photographed under 15 Kv accelerating voltage and
0.5 nA current beam.

Whole-Rock Major and Trace Elements

The major and trace element analysis for the bulk rock
samples was mainly performed in the Yanduzhongshi Geological
Analysis Laboratories Ltd. Fresh samples were first broken to
centimeter sizes; only the fresh pieces were selected, washed with
deionized water, dried and then ground to less than 200 mesh
(0.5200 £ 0.0001 g) for geochemical analyses. Sample powders
were fluxed with Li2B40O7 (1:8) to make homogeneous glass disks
at 1250°C using a V8C automatic fusion machine produced by
the Analymate Company in China. The bulk rock major elements
were analyzed using X-ray fluorescence spectrometry techniques
(Zetium, PANalytical). The analytical errors for major elements
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TABLE 1 | Concentrations of 28U and 232Th, and U-Pb isotopes of zircon from the Xiwanggou mafic-ultramafic complex.

Sample U8 (Lg/g) Th®2(Lg/g) U/Th  Pb207/pp206 1o Pb207 /Y235 1o Pb206/y238 1o Pb2%6/U238 Ma) 1o
XW-07-02 256 250 1.02 0.05106 0.00164 0.28309 0.00959 0.04012 0.00066 253.6 4.1
XW-07-03 264 120 2.20 0.05165 0.00130 0.28016 0.00666 0.03952 0.00048 249.9 3.0
XW-07-04 663 573 1.16 0.05174 0.00082 0.28329 0.00437 0.03966 0.00039 250.7 2.4
XW-07-06 574 464 1.24 0.05072 0.00122 0.28271 0.00830 0.04025 0.00082 254.4 5.1
XW-07-07 225 95 2.38 0.05041 0.00143 0.28187 0.00772 0.04058 0.00050 256.4 3.1
XW-07-08 488 551 0.88 0.05218 0.00118 0.28319 0.00580 0.03953 0.00054 249.9 3.4
XW-07-09 124 139 0.89 0.05319 0.00203 0.28809 0.01189 0.03943 0.00077 249.3 4.8
XW-07-10 279 228 1.22 0.05063 0.00134 0.27222 0.00922 0.03891 0.00081 246.1 5.0
XW-07-11 156 132 1.18 0.05216 0.00165 0.28288 0.00812 0.03968 0.00065 250.8 4.0
XW-07-12 1231 1054 117 0.05128 0.00095 0.28395 0.00759 0.04002 0.00073 253.0 45
XW-07-13 517 700 0.74 0.05245 0.00145 0.28737 0.00939 0.03962 0.00068 250.5 4.2
XW-07-14 149 172 0.86 0.05248 0.00212 0.28432 0.01136 0.03942 0.00059 249.2 3.6
XW-07-15 247 350 0.71 0.05100 0.00178 0.27337 0.00986 0.03897 0.00067 246.4 4.1
XW-07-17 306 80 3.81 0.05138 0.00164 0.27926 0.00794 0.03968 0.00056 250.9 35
XW-07-19 427 287 1.49 0.05180 0.00108 0.28157 0.00640 0.03939 0.00039 249.1 2.4
XW-07-20 154 163 0.94 0.05163 0.00176 0.28131 0.01001 0.03963 0.00058 250.5 3.6
XW-07-21 475 271 1.75 0.05164 0.00179 0.28123 0.01018 0.03933 0.00058 248.7 3.6
XW-07-22 153 148 1.03 0.05249 0.00162 0.28139 0.00891 0.03929 0.00059 248.4 37
XW-07-23 302 193 1.56 0.05060 0.00121 0.27810 0.00684 0.03990 0.00046 252.2 2.8
XW-07-24 188 343 0.55 0.05194 0.00203 0.28378 0.01095 0.03983 0.00054 251.7 3.3
XW-09-01 2893 1674 1.78 0.05259 0.00096 0.29331 0.00530 0.04058 0.00069 256.4 4.3
XW-09-02 1612 0 0.00 0.05093 0.00141 0.28910 0.01086 0.04128 0.00092 260.8 5.7
XW-09-03 1227 884 1.42 0.05084 0.00120 0.28865 0.00627 0.04108 0.00035 259.5 2.2
XW-09-04 401 736 0.55 0.05104 0.00174 0.28848 0.01157 0.04103 0.00077 259.2 4.8
XW-09-05 1557 1483 1.05 0.05187 0.00106 0.28807 0.00592 0.04052 0.00079 256.1 4.9
XW-09-07 2649 1653 1.44 0.05105 0.00086 0.28523 0.00633 0.04065 0.00065 256.9 4.0
XW-09-08 5029 1293 1.76 0.05161 0.00082 0.28721 0.00372 0.04034 0.00035 255.0 2.2
XW-09-09 1616 1631 1.00 0.05150 0.00175 0.28910 0.00902 0.04090 0.00108 258.4 6.7
XW-09-10 560 365 1.58 0.05159 0.00129 0.29361 0.00709 0.04133 0.00047 261.1 2.9
XW-09-11 1739 351 5.23 0.05092 0.00081 0.28324 0.00413 0.04039 0.00046 255.2 2.9
XW-09-12 2101 1394 1.52 0.05165 0.00102 0.29100 0.00626 0.04099 0.00083 258.9 5.1
XW-09-13 488 268 1.92 0.05123 0.00141 0.28755 0.00777 0.04074 0.00039 257.4 2.4
XW-09-14 1890 337 5.69 0.05082 0.00062 0.28490 0.00393 0.04070 0.00050 257.2 3.1
XW-09-15 1445 266 5.55 0.05180 0.00090 0.29131 0.00717 0.04078 0.00075 257.7 4.6
XW-09-16 1260 615 1.48 0.05173 0.00108 0.28790 0.00590 0.04050 0.00071 255.9 4.4
XW-09-18 3083 1423 2.20 0.05116 0.00061 0.28721 0.00453 0.04067 0.00052 257.0 3.2
XW-09-19 262 169 1.56 0.05153 0.00206 0.29095 0.01264 0.04097 0.00076 258.9 4.7
XW-09-20 350 45 9.44 0.05162 0.00161 0.28719 0.00840 0.04052 0.00059 256.1 3.6
XW-09-23 669 816 0.83 0.05075 0.00095 0.28554 0.00603 0.04076 0.00047 257.5 2.9
XW-09-24 846 577 1.72 0.05161 0.00108 0.28775 0.00646 0.04036 0.00052 255.1 3.2
XW-09-25 363 518 0.69 0.05173 0.00148 0.28894 0.00803 0.04064 0.00059 256.8 3.6

were better than 1%. For trace element analysis, sample powders
were first dissolved using distilled HF + HNO3 in a screw-
top Teflon beaker for 4 days at 100°C. Trace elements of those
samples were analyzed by inductively coupled mass spectrometry
(ICP-MS) at the Yanduzhongshi Geological Analysis Laboratories
Ltd. The analytical uncertainty of the elements examined was
better than 5% for ICP-MS analysis, except for a few samples with
low trace element content, for which the uncertainty was about
10%. The obtained trace element values in the GSR-2 standard
were all consistent with their recommended values.

Sr-Nd Isotope Analysis

Main analysis process is as follows: a 0.25 g sample was
placed in a Teflon stewing pot; 0.5 ml HNO; and 1.5 ml
of HF were added, and the container was closed; the
sample underwent heating digestion for 48 h at 190°C;
HF was expelled at 160°C, and 3 ml 1:1 HNO3 was added
at 150°C; the container was closed and the temperature
was maintained at 150°C for 6 h, and leaving constant
mass to 25 g. Extraction of Sr was performed by spinning
the appropriate solution in a centrifuge, and drying the
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FIGURE 5 | Zircon U-Pb age diagrams of gabbros (A,C) and olivine-pyroxenites (B,D) in the Xiwanggou mafic-ultramafic complex.

supernatant; the acidity was adjusted; Sr was separated
and purified using SR special resin. Extraction of Nd was
similar to the extraction of Sr, but LN specific resin was
used to separate and purify Nd. The ¥Sr/%¢Sr ratios were
measured on a Thermo Fisher Scientific multi-receiver ICP-
MS and the and **Nd/!'*Nd ratios were measured on a
Neptune Plus Mc-ICP-MS in the Yanduzhongshi Geological
Analysis Laboratories Ltd. The measured ®Sr/%Sr and
M3Nd/"4Nd ratios were normalized for mass fractionation
using ®8Sr/%Sr = 8.373209 and **Nd/'*4Nd 0.7218
respectively.

ANALYTICAL RESULTS
Zircon U-Pb Isotope Age

Cathode luminescence images of the selected zircon crystals

from the Xiwanggou
pyroxenite are shown
stubby and columnar

sulfide bearing gabbro and olivine-
in Figure 4. They are mostly wide
with a clear stripped texture at the

edge. The long axis of the zircons from XW-07 (gabbro)

are variable, from 50

to 250 pwm, and those from XW-09

(olivine pyroxenite) range between 50 and 150 pm. The length-
width ratios are between 1:1 and 2:1. Most of zircons show
oscillatory zoning and inherited cores, but internally a few
zircons are texturally homogeneous. These features indicate
the selected zircons are of a magmatic origin from the mafic-
ultramafic complexes.

The analytical results of the U-Pb isotopic dating are listed
in Table 1. The zircon grains have 45-1653 pg/g Th, 124-
5029 pg/g U, and U/Th ratios of 0.63-9.44. The U/Th ratio
of magmatic zircons is generally less than 10; whereas the
U/Th of metamorphic zircons is greater than 10 (Rubatto and
Gebauer, 2000). This is consistent with our interpretation that
all the grains are from magmatic zircons. The concordia plots
of the analyses are shown in Figures 5A,B, and the average
age plots are shown in the Figures 5C,D. The concordia plot
shows a zircon U-Pb isotope age for the Xiwanggou sulfide-
poor garbbo of 250.8 & 0.77 Ma (Figure 5A), and its weighted
age is 250.7 £ 1.5 Ma (Figure 5C). The concordia plot shows a
zircon U-Pb isotope age for the sulfide-rich olivine-pyroxenite of
257.3 &£ 0.72 Ma (Figure 5B), and its weighted age is 257.3 & 1.4
Ma (Figure 5D). The results show that there is a large age
gap of ~ 7 Ma between the mafic and ultramafic associated
with mineralization.
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TABLE 2 | MC-ICP-MS zircon Lu-Hf isotopic compositions from the Xiwanggou mafic—ultramafic complex.

Sample age  176Yb/'"7Hf(corr) 20 176 u/""Hf(corr) 20 176 H£/177 Hf(corr) 20 eHf(T) TDM TDMC fs
XW-07-02  250.8 0.065209 0.000353 0.001776 0.000011 0.282958 0.000023 11.8 426 525 -0.95
XW-07-03  250.8 0.018209 0.000423 0.000529 0.000011 0.282866 0.000027 8.8 540 719 -0.98
XW-07-04  250.8 0.074527 0.000435 0.002079 0.000010 0.282901 0.000031 9.7 512 656 -0.94
XW-07-06  250.8 0.069588 0.000391 0.001956 0.000017 0.282915 0.000026  10.2 490 624 -0.94
XW-07-07  250.8 0.024615 0.000438 0.000690 0.000014 0.282843 0.000021 7.9 576 774 -0.98
XW-07-08  250.8 0.054090 0.000389 0.001607 0.000009 0.282971 0.000030  12.3 404 492 -0.95
XW-07-09  250.8 0.040387 0.000520 0.001128 0.000011 0.282908 0.000023 10.2 489 630 -0.97
XW-07-10  250.8 0.033413 0.000658 0.000961 0.000015 0.282931 0.000024  11.0 455 577 -0.97
XW-07-11  250.8 0.024161 0.000428 0.000709 0.000008 0.282960 0.000022 12.0 411 509 -0.98
XW-07-12  250.8 0.055200 0.001563 0.001590 0.000041 0.282828 0.000023 72 610 816 -0.95
XW-07-13  250.8 0.015963 0.000137 0.000450 0.000002 0.282933 0.000023 11.1 445 566 -0.99
XW-07-14  250.8 0.100246 0.003047 0.002631 0.000088 0.282881 0.000028 8.9 549 707 -0.92
XW-07-16  250.8 0.088039 0.000546 0.002463 0.000014 0.282867 0.000024 8.5 567 737 -0.93
XW-07-17  250.8 0.036838 0.001071 0.001005 0.000028 0.282837 0.000028 7.7 588 789 -0.97
XW-07-19  250.8 0.073293 0.000361 0.002041 0.000009 0.282773 0.000028 52 698 946 -0.94
XW-07-20  250.8 0.025506 0.000324 0.000734 0.000010 0.282897 0.000026 9.8 500 652 -0.98
XW-07-21  250.8 0.044156 0.000413 0.001221 0.000012 0.282868 0.000023 8.7 547 721 -0.96
XW-07-22  250.8 0.056651 0.000331 0.001431 0.000009 0.282922 0.000023 10.6 474 603 -0.96
XW-07-23  250.8 0.050193 0.002320 0.001435 0.000065 0.282909 0.000023 10.1 492 631 -0.96
XW-07-24  250.8 0.034403 0.000689 0.000904 0.000012 0.282862 0.000027 8.5 552 733 -0.97
XW-09-01  257.3 0.023660 0.000205 0.000609 0.000006 0.282838 0.000024 7.9 580 779 -0.98
XW-09-02  257.3 0.015845 0.000051 0.000502 0.000002 0.282826 0.000035 75 595 805 -0.98
XW-09-03  257.3 0.022233 0.000143 0.000563 0.000003 0.282816 0.000026 7.1 611 830 -0.98
XW-09-04  257.3 0.002906 0.000060 0.000076 0.000002 0.282857 0.000028 8.6 547 731 -1.00
XW-09-05  257.3 0.006253 0.000057 0.000174 0.000001 0.282844 0.000030 8.2 565 760 -0.99
XW-09-07  257.3 0.011385 0.000064 0.000259 0.000002 0.282810 0.000019 7.0 614 839 -0.99
XW-09-08  257.3 0.013233 0.000105 0.000401 0.000004 0.282870 0.000025 9.1 533 705 -0.99
XW-09-09  257.3 0.002606 0.000063 0.000062 0.000001 0.282846 0.000019 8.3 561 755 -1.00
XW-09-10  257.3 0.005199 0.000034 0.000154 0.000002 0.282941 0.000024  11.6 431 542 -1.00
XW-09-11  257.3 0.028089 0.000257 0.000812 0.000008 0.282825 0.000026 7.4 602 810 -0.98
XW-09-12  257.3 0.076114 0.000234 0.002547 0.000007 0.283125 0.000057 17.7 186 149 -0.92
XW-09-13  257.3 0.020316 0.000632 0.000393 0.000012 0.282852 0.000024 8.4 559 747 -0.99
XW-09-14  257.3 0.012864 0.000306 0.000327 0.000012 0.282810 0.000025 7.0 615 839 -0.99
XW-09-15  257.3 0.004513 0.000042 0.000114 0.000001 0.282843 0.000026 8.2 566 762 -1.00
XW-09-16  257.3 0.007368 0.000306 0.000256 0.000010 0.282800 0.000025 6.6 629 863 -0.99
XW-09-18  257.3 0.017092 0.000551 0.000373 0.000010 0.282825 0.000023 75 596 807 -0.99
XW-09-19  257.3 0.002477 0.000051 0.000069 0.000002 0.282828 0.000029 7.6 586 796 -1.00
XW-09-20  257.3 0.002330 0.000067 0.000081 0.000003 0.282766 0.000028 5.4 672 937 -1.00
XW-09-23  257.3 0.008891 0.000027 0.000213 0.000002 0.282881 0.000023 9.5 515 679 -0.99
XW-09-24  257.3 0.008955 0.000119 0.000245 0.000003 0.282786 0.000027 6.1 648 894 -0.99
Hf Isotope Mineral Compositions

The Lu-Hf isotopes of the selected zircon crystals from the
Xiwanggou mafic-ultramafic rocks are listed in Table 2. The
calculated eHf(f) values of these zircon crystals are all positive
varying from 5.2 to 12 for gabbro and 5.4 to 17.7 for olivine
pyroxenite, respectively. A comparison of these values with
those for depleted mantle, a potential contaminant, and the
Precambrian granitic gneiss which is exposed in the Xiariham
and Bokalike areas in the western part of the EKOB (data from
Gan, 2014; He et al., 2016) is shown in Figure 6.

The compositions of important rock-forming minerals such
as olivine and pyroxenes are listed in Tables 3, 4. Olivine
occurs as a cumulate phase in olivine gabbro, and commonly
encloses chromite with olive crystals and exhibits a reactional
rim in contacts with other silicate crystals. Minor amounts of
olivine grains are encapsulated by pyroxene with olivine texture
and serpentinization. The interiors of subhedral and euhedral
olivine grains are often intersected by some serpentine veins.
The composition of major elements has little change in the
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FIGURE 6 | (A) Zircon &Hf(t) value versus zircon U-Pb isotope age for the
Xiwanggou mafic-ultramafic rocks. (B) The statistical histogram of zircon eHf(t)
values from the Xiwanggou complex. The Hf isotope evolution of the
Precambrian granitic gneiss from East Kunlun orogen is calculated using the
parameters for the upper crust given by Gan (2014) and He et al. (2016). The
comparison of the late Silurian-Early Devonian mafic-ultramafic intrusions are
based on the data from Xiarihamu and Yuejinshan areas (Liu et al., 2012;
Wang et al., 2014; Li et al., 2015; Peng et al., 2016), and the Late Permian
Bairiqili gabbro-diabase are based on Xiong et al. (201 1b).

samples (Table 3) with MgO = 44.34-45.13 wt.%, FeO = 14.61-
15.43 wt.%, SiO, = 39.36-40.42 wt.%, NiO = 0.12-0.25 wt.%,
Cr,03 = 0-0.06 wt.% and a corresponding Fo value of 83.45-
84.51 with an average of 84.08, which corresponds to chrysolite
(Figures 7A-F). The good negative linear relationship between
MgO (wt.%) and FeO (wt.%) in olivine indicates that there was a
substitution between MgO (wt.%) and FeO (wt.%) (Figure 7A).
Olivine contains 83.45-84.51 mol% Fo with an average of
84.08 mol% (which is the value for chrysolite), and it is
depleted in Mn and Ca.

Pyroxene is mostly euhedral and subhedral grains, from
a cumulate phase with olivine or olivine inclusions forming
olivine texture. Serpentinization, chloritization, talcification,
and fibrillation are common. Pyroxene consists mainly of
clinopyroxene with SiO, content of 52.38-52.45 wt.%, TiO;
content of 0.18-0.7 wt.%, Al,O3 content of 2.87-3.13 wt.%, FeO
content of 4.13-4.26 wt.%, MgO content of 16.85-17wt.%, CaO
content of 22.97-23.01 wt.%, Cr,O3 content of 1.13-1.34, and
NiO content of 0-0.05 (Figures 7A-F).

Whole Rock Major and Trace Elements
The concentrations of major and trace elements in the samples
from the Xiwanggou mafic-ultramafic intrusions are given as

Supplementary Table 1. In this study, the Xiwanggou samples
can be geochemically divided into two groups based on the
variability of SiO; and (K,O + NayO) contents: 46.62-49.51
wt.% SiO; and 2.46-3.0 wt.% (K,O + Na,O) for gabbro; and
41.35-42.49 wt.% SiO, and 1.06-1.61 wt.% (K,O + Na,O) for
olivine pyroxenites. The corresponding Mg* of two groups are
77.76-82.04 and 88.10-88.22, respectively (Figure 8). The TiO,
contents of all samples are very low, ranging from 0.16 wt.% to
0.74 wt.% (ave. 0.38 wt.%), which is significantly lower than that
of oceanic tholeiite (2.63 wt.%), intraplate basalt (2.23 wt.%), but
more similar to that of island arc basalt (0.98 wt.%). In summary,
the gabbro in the Xiwanggou area is characterized by low Si and
Ti, high Mg, and depleted alkali.

Primitive mantle-normalized diagrams for incompatible
elements also exhibit nearly identical element concentrations,
reflecting a similar abundance and composition for mafic-
ultramafic rocks (Figure 9A). The abundances of more
incompatible large ion lithophile elements (LILE) are greater than
those of the high field strength elements (HFSE). This is typical of
the mantel magmas proposed to possess a large lithospheric crust
component. Other notable features include the depletion of Nb
and Ta relative to La and U, enrichment of Sr relative to Pr and
Nd, and slight depletion of Ba relative to Rb and Th. Such trace
element patterns are clearly similar to those of island arc sulfide-
bearing mafic intrusive rocks in the Tati and Selebi-Phikwe belts,
eastern Botswana (Maier et al., 2008).

Almost all samples are uniformly enriched in LREE relative
to HREE with (La/Sm)y of 1.43-2.38, and show flat HREE
chondrite-normalized patterns with (Gd/Yb)y = 1.31-1.52
(Figure 9B). The gabbro has relatively higher total REE
content (XREE = 20.46-42.76 ppm) and lower (La/Yb)yn
ratios [(La/Yb)y = 2.82-3.17] than that of olivine pyroxenite
[ZREE = 15.45-24.92 ppm; (La/Yb)y = 3.63-4.8]. Most of the
samples have slightly negative Eu anomalies (Eu/Eu* = 0.80-
0.95).

Sr-Nd Isotopes

The Rb-Sr and Sm-Nd isotope data for the Xiwanggou mafic-
ultramafic rocks are given in Table 5. The initial isotopic ratios
for the olivine pyroxenite and gabbro were calculated using
the zircon U-Pb ages of 257.3 and 250.8 Ma for these two
different intrusive phases, respectively. The olivine pyroxenite
and gabbro samples have distinctive 47Sm/!44Nd ratio range
of 0.15406-0.158684 and 0.170205-0.17175, respectively. The
olivine pyroxenites have slightly lower initial *3Nd/!**Nd ratios
varying narrowly between 0.512251 and 0.51285 than that of
gabbros varying from 0.512629 to 0.512655. The (%7Sr/%Sr);
ratios of the olivine pyroxenite range from 0.705535 to 0.706133,
and the gabbro has a ratio (378r/36Sr); of 0.705905-0.706620
(Figure 10A). In addition, the (¥7Sr/%0Sr); values of the
Xiwanggou complex almost keep invariable with varying SiO;
contents (Figure 10A). However, the (¥Sr/%Sr); values of the
late Permian Bairiqgili non-mineralization gabbro increase with
raising SiO, contents (Figure 10A). The eNd(f) values of the
olivine pyroxenite and gabbro are from —1.09 to —0.43 and 0.66
to 1.18, respectively (Figure 10B).
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TABLE 3 | The composition of microprobe analysis of olivine in olivine gabbro from the Xiwanggou deposit.

Sample (wt.%) X20111 x105.1 x10121 x10101 x109.1 X6011.1 X609.1 X608.3 X603.1 X602.1 X601.3 X902.1 0li03 Oli Oli Oli
SiOz 40.34 39.82 39.65 39.53 38.84 39.70 39.92 40.40 39.77 40.51 40.37 40.34 40.92 40.66 40.48 40.67
TiO2 0.02 0.02 0.00 0.00 0.02 0.00 0.00 0.04 0.01 0.05 0.00 0.08 0.00 0.01 0.038 0.03
Al,O3 0.01 0.04 0.02 0.01 0.02 0.03 0.02 0.03 0.03 0.01 0.02 0.01 0.01 0.03 0.00 0.00
FeO 15.36 12.92 14.32 15.14 15.26 14.81 14.85 14.59 14.91 14.78 15.08 14.75 14.58 15.25 15.09 15.14
MnO 0.24 0.24 0.23 0.21 0.23 0.25 0.22 0.21 0.23 0.20 0.23 0.21 0.23 0.25 0.24 0.23
MgO 45.22 46.41 45.23 4515 44.35 45.41 4512 44.89 44.87 45.31 44.87 45.37 4413 44.08 44.64 44.40
Ca0o 0.08 0.05 0.04 0.05 0.04 0.05 0.06 0.06 0.05 0.04 0.06 0.08 0.06 0.05 0.07 0.13
Nap,O 0.01 0.02 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00

KO 0.01 0.00 0.01 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00

Cry,03 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.06 0.00 0.00
NiO 0.12 0.16 0.20 0.23 0.22 0.22 0.21 0.22 0.20 0.24 0.25 0.13 0.18 0.14 0.17 0.15
Total 101.25 99.51 99.50 100.11 98.77 100.25 100.22 100.22 99.87 100.89 100.62 100.81 99.93 100.35 100.54 100.60
Mg x 100/(Mg + Fe) 74.64 78.22 75.96 74.89 74.40 75.41 75.23 75.47 75.05 75.41 74.85 75.47 7517 74.30 74.73 74.58
Si 1.000 0.995 0.997 0.992 0.989 0.993 0.998 1.007 0.998 1.004 1.005 1.002 1.022 1.015 1.008 1.013
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.000 0.001 0.001
Al 0.000 0.001 0.001 0.000 0.001 0.001 0.000 0.001 0.001 0.000 0.001 0.000 0.000 0.001 0.000 0.000
Fe 0.318 0.269 0.300 0.317 0.324 0.309 0.310 0.304 0.312 0.306 0.313 0.306 0.304 0.317 0.314 0.314
Mn 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.004 0.005 0.004 0.005 0.004 0.005 0.005 0.005 0.005
Mg 1.671 1.729 1.695 1.688 1.684 1.693 1.682 1.669 1.679 1.674 1.665 1.680 1.642 1.640 1.658 1.648
Ca 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.002 0.002 0.001 0.002 0.003
Na 0.000 0.001 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000
K 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Ni 0.002 0.003 0.004 0.005 0.005 0.004 0.004 0.004 0.004 0.005 0.005 0.003 0.004 0.003 0.003 0.003
Mole percent (mol%)

Forsterite 83.81 86.30 84.74 84.01 83.64 84.34 84.24 84.42 84.11 84.39 83.97 84.42 84.18 83.55 83.88 83.77
Tephroite 0.25 0.25 0.24 0.23 0.25 0.26 0.23 0.23 0.24 0.21 0.24 0.22 0.25 0.27 0.25 0.24
Fayalite 15.94 13.45 15.01 15.77 16.11 15.40 15.52 15.36 15.65 15.40 15.79 15.36 15.57 16.17 15.87 15.98
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TABLE 4 | The composition of microprobe analysis of pyroxene in olivine gabbro from the Xiwanggou deposit.

Sample (wt.%) X6-11.2 X6-9.2 X6-8.2 X6-8.1 X6-7.2 X6-7.1 X6-3.2 X6-1.3 X6-1.2 X6-1.2 X6-1.1
SiO» 51.33 50.99 50.77 50.82 52.19 51.83 51.53 51.38 51.37 51.90 51.27
TiOo 0.50 0.41 0.52 0.51 0.53 0.45 0.49 0.55 0.54 0.53 0.51

Al,Og 3.65 3.12 3.05 3.37 3.07 3.23 2.83 3.52 3.05 3.01 3.41

FeO 4.06 4.06 4.34 3.91 4.06 4.08 4.70 4.04 4.60 4.23 3.96
MnO 0.1 0.14 0.11 0.10 0.13 0.1 0.13 0.1 0.14 0.14 0.1

MgO 17.00 17.21 17.24 17.74 16.89 16.89 17.07 16.93 17.62 17.41 16.72
CaO 21.35 21.49 21.28 20.54 21.98 21.39 21.02 21.30 20.29 21.07 21.80
Na,O 0.33 0.36 0.40 0.32 0.41 0.38 0.35 0.35 0.36 0.34 0.37

KO 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00

Cro03 1.34 1.20 1.13 1.30 1.29 1.32 117 1.34 1.22 1.14 1.32

NiO 0.05 0.02 0.00 0.04 0.03 0.00 0.02 0.01 0.01 0.03 0.01

Total 99.73 99.02 98.86 98.66 100.58 99.70 99.35 99.52 99.20 99.79 99.49
Mg*100/(Fe + Mg) 80.7 80.9 79.9 81.9 80.6 80.6 78.4 80.7 79.3 80.4 80.8

Si 1.903 1.904 1.900 1.900 1.919 1.919 1.919 1.907 1.911 1.917 1.906
Al(V) 0.062 0.042 0.035 0.048 0.051 0.060 0.043 0.061 0.045 0.048 0.056
AlVI) 0.097 0.096 0.100 0.100 0.081 0.081 0.081 0.093 0.089 0.083 0.094
Ti 0.014 0.012 0.015 0.014 0.015 0.013 0.014 0.015 0.015 0.015 0.014
Fed+ 0.018 0.020 0.022 0.018 0.022 0.020 0.019 0.019 0.019 0.018 0.020
Fe2+ 0.108 0.107 0.114 0.104 0.102 0.106 0.127 0.106 0.124 0.112 0.103
Mn 0.003 0.005 0.004 0.003 0.004 0.003 0.004 0.003 0.004 0.004 0.004
Mg 0.939 0.958 0.962 0.989 0.926 0.933 0.948 0.937 0.978 0.959 0.927
Ca 0.848 0.860 0.853 0.823 0.866 0.849 0.839 0.847 0.809 0.834 0.868
Na 0.006 0.006 0.007 0.006 0.007 0.007 0.006 0.006 0.006 0.006 0.007
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cr 0.039 0.035 0.033 0.038 0.038 0.039 0.034 0.039 0.036 0.033 0.039
Ni 0.002 0.001 0.000 0.001 0.001 0.000 0.001 0.000 0.000 0.001 0.000
Mol.%

Enstatite 49.48 49.67 49.77 51.54 48.78 49.33 49.43 49.48 51.07 50.22 48.74
Ferrosilite 5.67 5.54 5.89 5.42 5.38 5.59 6.62 5.60 6.45 5.88 5.41

Wollastonite 44.67 44.56 44.16 42.88 45.62 44.89 43.74 44.74 42.25 43.67 45.66
DISCUSSION are clearly similar to those of island arc sulfide-bearing mafic

Sources and Geodynamics of Late
Permian Mafic-Ultramafic Rocks

The zircon U-Pb ages of gabbro and olivine pyroxenite are
250.8 &= 0.8 Ma and 257.3 £ 0.7 Ma, respectively. These ages are
consistent with field observations that mafic gabbro intersected
the ultramafic olivine pyroxenite. In addition, the Paleo-Tethyan
Anemagen Ocean in EKOB are considered to begin northward
subduction in the Late Permian before 260 Ma, and closed at the
Middle Triassic (Mo et al., 2007; Li R. B. et al., 2012; Yang et al.,
2013; Chen et al,, 2017); and yet other scholars have proposed
that the subduction of the Paleo-Tethys Ocean began at the Early
Permian (Liu, 2014; Xiong et al., 2014; Chen et al.,, 2015), and
closed in the Middle and Late Triassic as indicated by the deposit
of a typical Upper Triassic Babaoshan molasse formation at that
time (Wu et al.,, 2017). Therefore, the Xiwanggou complexes are
believed to be formed in a subduction environment from Late
Permian to Middle Triassic.

The trace element patterns of the Xiwanggou mafic-ultramafic
intrusions are characterized by the depletion of HREE, Nb and
Ta, and enrichment of Sr, Rb, Ba, and LREE (Figure 9), which

intrusive rocks in the Tati and Selebi-Phikwe belts, eastern
Botswana (Maier et al., 2008). In addition, the Late Permian-
Early Triassic gabbroic and dioritic dykes from the EKOB display
similar distribution patterns that are enriched in LILEs and
depleted in HFSEs (Xiong et al., 201la; Ding et al, 2014),
which generally indicates a metasomatized mantle source in a
subduction environment (Jiang et al., 2015; Kong et al., 2018).
Therefore, the geochemical and geochronological data of the
Xiwanggou complexes, together with the regional considerations,
suggest that they record a northward subduction of the Paleo
Tethys Ocean during Late Permian to Early Triassic (Mo et al,,
2007; Xiong et al., 2011a; Zhang et al., 2012).

The AFC processes tend to obscure the potential distinctions
of primary chemical signatures between the fertile and barren
basalts. In this study, we calculated the AFC processes involved
in the magma evolution controlled by the partition coefficient
of minerals. In the conceptual model (Figures 11A,B), the
geochemical evolution of the middle-late Permian rocks show
different paths via two different mechanisms. This further
indicates that some of the Late Permian mafic-ultrmafic magma
first probably experienced dehydration partial melting controlled
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by breakdown of amphibole in the mantle wedge, which usually
occurs between ~825 and 1000°C at pressures between 0.5
and 2.0-2.5 GPa (Peacock et al.,, 1994). However, some other
underwent an assimilation and fractional crystallization (AFC)
process jointly controlled by 70% clinopyroxene (Cpx) and
30% garnet (Grt), and tended from lower crust to upper crust
composition (Figures 11A,B).

The remarkable distinctions between contemporary fertile
and barren rocks convey significant information on ¢éNd(t) and
(¥7Sr/36Sr); values. The Xiwanggou ore-bearing intrusions with
lower contents of SiO, and (87Sr/30Sr); are believed to be less
contaminated by crustal materials (Figure 10A; Arndt et al,
2005). However, the Bairiqili barren mafic-ultramafic intrusive
rocks with relative high contents of SiO, and (®7Sr/%8r);
maybe indicate a mixing magma source between depleted
subcontinental lithospheric mantle (SCLM) and lower crustal
materials (Figure 10A; Xiong et al., 2011a; Liu et al., 2012). As the
mafic microgranular enclaves (MMEs) captured by the Triassic
granitoids in EKOB with similar SiO, contents and medium
(878r/86Sr); values are generally considered to be sourced from
a mixing of subcontinental lithospheric mantle (SCLM) with
EMII type mantle as well as felsic magma yielded by the partial
melting of lower crust materials (Gao et al., 2015). Furthermore,
the late Permian mafic-ultramafic rocks have similar trend
paralleling to the EMII (enriched mantle IT) features evolved from
depleted mantle to lower crustal materials of basement, indicating
a partial melting process of intensively depleted lithospheric
mantle wedge above subducted slab as a consequence of injection
of subduction-related fluid (Figure 10B). but the eNd(#) values
of the Xiwanggou complex are close to zero and much more
depleted than the contemporary barren mafic rocks in the

A 1000.0

100.0 |~

Rock/Primitive Mantle

B 1000.0

100.0

Rock/Chondrite

0.1 T T T T T T T T T T T T
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

FIGURE 9 | Primitive mantle-normalized trace element patterns (A) and
chondrite-normalized REE patterns (B). Olivine gabbro normalizing values
after Sun and McDonough (1989). The gray shadows show the spectrum of
trace and REE elements from the Middle-Late Permian mafic-ultramafic
intrusions developed in the East Kunlun Orogen (Xiong et al., 2011a; Kong
et al., 2018).

Bairiqili, which may be related to a relatively low assimilation-
fractional crystallization (AFC) degree of lower crustal materials.
This is consistent with the indication between varying Mg# and
SiO; values (Figure 8). Nevertheless, the eNd(t) values of the
contemporary barren mafic rocks show a similar spectrum to
those of MMEs (Figure 10B), which further indicate that the
magma are much more possible yielded by a partial melting
process of metasomatized SCLM above subducted slab (Xiong
etal., 2011a; Jiang et al., 2015; Peng et al., 2016; Li et al., 2018).
Many recent papers have proposed that the metasomatized
portions of the SCLM are enriched in chalcophile and highly
siderophile elements, and that partial melting of this part of the
mantle are particularly capable of forming magmatic ore deposits
(Fiorentini and Beresford, 2008; Richardson and Shirey, 2008;
Zhang et al., 2008; Arndt, 2013). The contrasting geochemical
signatures between fertile and barren may be attributed not only
to the heterogeneity of SCLM sources, but also to the complexity
of AFC processes during the interaction between SCLM and
overlying crustal materials. The ¢Hf(t) values of zircon crystals
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Mixing line @ shows an initial mantle evolution from a depleted to an enriched
mantle.

complexes in Tianshan Orogen, which were produced by a high-
degree of differentiation of the SCLM that was metasomatized by

melts and/or fluids from the subduction (Su et al., 2012, 2014).

/'/<b
10 =

uC ( y
SHO 5Ty /D 0A0%AFC
x5 F 47 Cox (70%)

[ & ;;HE(,JQ./ +Gr((30%)

! o FAES
s N O

- . 3 X t

E (D Partial Mclting# ;. ALK

[ of Amp (100%) !

Th/Yb
s

TR MOR type
TH*

Late Permian-early Triassic

« Mmafic-ultramafic rocks
without mineralization
(ca. 265-250 Ma)

0.10}

Xiwanggou mafic-ultramafic
rocks with mineralization

0.01 00 T o
Ta/Yb

x Late Permian-early Triassic mafic-ultramafic rocks
without mineralization (ca. 265-250 Ma)

Xiwanggou mafic-ultramafic rocks
with mineralization ® 0-40% AFC
Cpx (70%) P
+Grt (30%)
x  mf

La/Yb
S

PM

18 il AT MR RRTT | AR |
.001 0.01 0.1 1.0 10
Nb/Y

FIGURE 11 | Nb/Y vs. La/Yb (A) and Ta/Yb vs. Th/Yb (B) diagrams of the
middle-late Permian mafic-ultramafic rocks from the East Kunlun Orogen. It
plots in the field around primary mantle (PM), lower crust (LC) and upper crust
(UC) composition points. AFC, assimilation and fractional crystallization; Amp,
amphibole; Bt, biotite; Cpx, clinopyroxene; Grt, garnet. The upper (UC) and
lower crustal (LC) components are based on Taylor and Mclennan (1995). The
partial melting starting material was an average composition of primary mantle
based on Sun and McDonough (1989). The partitioning coefficients for
different mafic-ultramafic rock-forming minerals from Keskin (1994) are used
in the melting and crystallization fractionation model. Tick marks explain the
fraction of partial melting versus various minerals calculated using the
petromodeler software (Ersoy, 2013). The data of the Xiwanggou fertile rocks
are from this study and Kong et al. (2019b), and those of the barren rocks are
from Jiadang (Xiong et al., 2011a; Kong et al., 2018), Bairigili (Xiong et al.,
2011b), and Langmuri (in published) areas.

Olivine Fo value can be used as indicator of oxygen fugacity

and temperature of hosted melt, which accounts to the activities
of metallic Fe controlled by reducing conditions, and ferric
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iron controlled by oxidizing conditions (Zhou et al., 2018).
In addition, the exchange of Fe and Ni between olivine
and sulfide melt is significantly controlled by the complex
of temperature, sulfur fugacity, oxygen fugacity and nickel
contents of sulfide melt (Brenan, 2003; Zhou et al., 2018),
which is probably occurred in the deep continental lithosphere
as mantle sulfide is likely molten in much of there (Zhou
and Hirschmann, 2016). Although compositions of ascending
mantle melt will be significantly affected by AFC processes,
the Xiwanggou complex is justified to be slightly influenced
in this study. Therefore, the olivine compositions from the
Xiwanggou complex can be used to estimate the metling
conditions of its mantle source. Compilation from previously
published olivine-sulfide melt equilibration experiments (Fleet
and Macrae, 1988; Gaetani and Grove, 1997; Brenan, 2003;
Zhou et al., 2018), olivine Fo values and Ni contents show
contrast relationships elevate with decreasing fO, at different
temperatures (Figures 13a,b). On basis of the linear regressions,
the moderate Fo values from this study suggests log fO, range
of -10.57 £ 0.06 to -8.98 £ 0.07 between 1200 and 1300°C
(Figure 13a), and the Ni contents give a similar logfO, range
of -10.19 £ 0.28 to -9.02 £ 0.19 at a temperature range
of 1200-1300°C (Figure 13b). Generally, the temperature of
the hottest part of mantle wedge can reach ~1200-1350°C in
continental magmatic arcs; and the crust-mantle boundary are
typically at ~1 GPa and 1100°C (Grove et al., 2012). Moreover,
the oxygen fugacity in Earth’s mantle decrease with depth, within
temperature range of 800-1400°C (Frost et al., 2004; Frost
and Mccammon, 2008). Therefore, the parental magma of the

Xiwanggou complex derived from a dehydration partial melting
of upper mantle wedge (AFMQ = -2 - 0 log units) rather than
transition zone (AIW = 0) or deeper mantle (AIW = -1.4 log
units and temperature above 1350°C), which was controlled
by the breakdown of amphibole between the 1200 and 1300°C
isotherms at relative shallow depths of 45-60 km (Peacock et al.,
1994; Grove et al.,, 2012). The relatively reduced source may favor
Ni relative to Fe in the melt owing to the great stability of the
Ni3S, species with greater metal/anion ratios [(Fe + Ni)/(S + O)]
(Brenan and Caciagli, 2000; Kress, 2007).

Ore-Forming Potential of Xiwanggou

Mafic-Ultramafic Magma

Several critical aspects for the genesis of the large and super-
large magmatic sulfide ore deposits have been identified (Lambert
et al., 1998; Naldrett, 1999; Mao et al., 2008; Song et al., 2011),
and upgrading concentration and segregation of sulfide liquid
from Ni-rich parent magma to an economic level is an imperative
precondition (Li and Naldrett, 1999; Li et al., 2007; Mao et al.,
2018). Generally, the mechanism of sulfide segregation affect
subsolidus Fe-Ni exchange reaction between olivine and a sulfide
liquid (Li et al,, 2007; Mao et al, 2018). Olivines in contact
with sulfide melt would react with sulfides, exchanging Ni and
Fe (Li and Naldrett, 1999), which is an important mechanism
for producing high Ni sulfide for picritic and basaltic magmas
(relatively Ni-rich) (Brenan and Caciagli, 2000; Mao et al., 2018).
The Fo values of the olivine from the Xiwanggou complex are
covered by those of medium-Ni tenor deposit, and much lower
than those from high tenor deposits, such as the Jinchuan and
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FIGURE 13 | Fo values (mol% MgO/[MgO + FeQ]) (A) and Ni contents of
olivines coexisting with sulfide melts (B) show relations to the variable oxygen
fugacities and temperatures from various studies. Data sources of different
temperatures are: 1200°C from Brenan (2003); 1300°C and 1307°C and from
Fleet and Macrae (1988) and Brenan (2003); 1350°C from Gaetani and Grove
(1997); 18395°C and 1400°C from Fleet and Macrae (1988) and Zhou et al.
(2018).

Xiariham deposits (Figure 14A; Zhang Z. W. et al,, 2016; Zhou
etal,, 2016). In addition, the Xiwanggou complex shows a positive
Fo-Ni correlation in olivines as a consequence of abundant Ni
absorbed by olivine from sulfide and decreasing Fe contents in
olivine affected by sulfide segregation (Figure 14A). Therefore,
a strong sulfide segregation scale resulted in a medium tenor
potential of the Xiwanggou deposit, whereas magmatic rebalance
between olivine and melt will result in a low-Ni tenor deposit.

Ni and MgO contents in melt are significantly related to the
ratios between olivine and sulfide segregation, and decrease with
increasing fractionated degrees (Figure 14B). The Xiwanggou
complex shows very low ratios of olivine and sulfide segregation
that are mainly concentrated between 0.1 and 0.5 (Figure 14B).
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FIGURE 14 | (A) Olivine Ni vs. Fo (mol% MgO/[MgO + FeQ]) diagram
indicating different processes in forming high-Ni, medium-Ni and low-Ni tenor
magmatic Ni-Cu deposits (on basis of Mao et al., 2018); (B) MgO (wt.%)-Ni
(ppm) diagram of bulk compositions. The curves in the figure are computer
simulations of the fractionation of a komatiite magma containing 32 wt% MgO
as a consequence of the separation of olivine (unsaturated) or a mixture of
different proportions of olivine + sulfide. The numbers indicate the weight ratio
between olivine and sulfide segregation.

The Ni and MgO contents of the Xiwanggou gabbro are
obviously lower than the olivine pyroxenites, which accounts
to the increasing melt fraction from olivine pyroxenites to
gabbro (Figure 14B). Clinopyroxenes in the Xiwanggou olivine
pyroxenites contain extremely high Cr,O3 contents and very
low SiO; contents, which further indicates that the Xiwanggou
complexes underwent relatively low degree fractionation in
mantle, and would need more sulfur contents to achieve sulfur
saturation (Liu et al., 2007).

The thermal structure of subduction zone was modeled to
discuss the ore forming potential of the Xiwanggou mafic-
ultramafic magma, as compare to those of the Ural-Alaska
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type mafic-ultramafic intrusions in arc environments (Su
et al., 2012; Figure 12). The subduction of oceanic slab
continues from the Middle Permian to early Late Triassic
in the EKOB (Yu et al, 2020), in which old and cool
oceanic crust (<45 Ma) is subducted with a high angle,
representing a rapid convergence (Peacock and Wang, 1999).
Yao et al. (2018) suggested that the melting in cooler
subduction zones is usually triggered and enhanced by the
continuous addition of slab-derived fluids or melts, resulting
in a relative low-Ni content in the melt, but warm subduction
may produce melts with high Ni abundance. Therefore, we
supposed that the Xiwanggou host rocks may reach medium
potential for Cu-Ni sulfide mineralization, although its scientific
significance are valuable.

Tectonic Control of Magmatic Conduit

Most economic magmatic Ni-Cu-(PGE) deposits have been
interpreted to have formed indynamic lava channels or magma
conduits (Zhou et al., 2004; Begg et al., 2010), which provide rapid
and efficient magma transport to the crust without significant
early sulfide segregation (Barnes and Lightfoot, 2005). Therefore,
it is important to know the tectonic mechanism of the conduits
for middle-late Permian mafic-ultramafic magmas in the EKOB
as potential exploration targets.

In addition to the Xiwanggou complex, abundant similar
types of the Late Permian- Middle Triassic mafic—ultramafic
intrusions have been brought close to the surface as a
result of more significant uplifting in the EKOB (Xiong
et al., 2011a; Kong et al, 2018). All of these intrusions are
located in the junction area between the EKOB and WQOB.
Tectonic and geochronological constraints indicates that the
subduction of the Paleo Tethys oceanic slab started during
the Late Permian along the southern most Anemaqen fault
(Figure 1), which resulted in large amounts of magmatism
formed in the continental arc belt. Although the EKOB
was in a suppressed setting as the subduction environment,
significant local transpressional windows caused by the right-
lateral strike-slip shearing action of the Wenquan (WQF) and
South Kunlun faults (SKF) and a series of the secondary faults
like the Longwakalu fault and bending Boluoer fault were
formed in the South Kunlun forearc belt (Figure 12), which
provided significant conduits for the large-scale magmatism
and related magmatic metallogenesis (Begg et al., 2010). In
addition, crustal deep faults have clearly played an important
role in providing zones of weakness up which magma has
ascended into crustal material. The characteristics of the
tectonic setting are similar to those of the Early Permian
Huangshan-Jing'erquan Ni-Cu belt in North Xinjiang (NW
China), in which the right-lateral wrench tectonics characterized
by crustal-scale shear zones most likely controlled and focused
the intrusion of parent magmas (Branquet et al., 2012; Wu
et al, 2018). It is therefore that the secondary tensional
structures formed by large-scale regional shearing stress most
likely provide a channel for the ascending of mantle-derived
magma and also create a space for the formation of magma
chambers in the crust. Furthermore, local transtensional-
rifted spaces caused by large scale strike-slip shearing along

suture zones provide settings where deep, Moho-penetrating
faults are available for reactivation, and accessing any dense
mafic underplated material that might be residing at the
base of the crust (Lightfoot and Evans-Lamswood, 2015;
Barnes et al., 2016).

CONCLUSION

(1) The EKOB is characterized by two-stages of mafic-
ultramafic magmatic activities associated with copper-
nickel sulfide mineralization in the Late Silurian-Early
Devonian and Middle-Late Permian;

(2) The late Permian Xiwanggou Ni-Cu-bearing mafic-
ultramafic complexes are sheeted intrusions emplaced by
injection of successive mafic-ultramafic magma batches.

(3) The parental magma of the Xiwanggou mafic-ultramafic
complex derived from a source of SCLM in a cool
subduction zone, which primarily experienced dehydration
melting processes of amphiboles and subsequently
underwent hydrated melting in the overlying mantle wedge
and relatively reduced background.

(4) The Fe-Ni exchange between olivine and melt is
significantly associated with the temperature and oxygen
fugacity, which indicates that the magma were yielded in
a temperature range of ca. 1200-1300°C and an oxygen
fugacity range of ca. -10.57 to -8.98 (log unit).

(5) The transpressional windows as a consequence of Late
Permian regional scale dextral strike-shearing activities,
is considered as a conduit for the syn kinematic
sheeted intrusion.
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High-Ti (Ti/Y) flood basalts are widely distributed in the Late Permian Emeishan large igneous
province (LIP), SW China, and their spatial distribution and genetic mechanism are important to
reveal the role of plume-lithosphere interactions in the LIP origin. Western Guangxi is located on
the eastern edge of Emeishan LIP. To explore the genesis of the high-Ti basalt in westem
Guangxi and any genetic link with the Emeishan LIP, we performed whole-rock geochemical
and Sr-Nd isotope and zircon U-Pb-Hf isotope analyses on the Longlin basalts from western
Guangxi. The results indicate that the Longlin basalt from Tongdeng area has relatively high SiO»
but low MgO and TFe,Og contents. The rocks have zircon eHf(t) = —0.42 to 6.41, whole-rock
(87Sr/%°3r), = 0.707167-0.707345, and eNd(t) = 2.5 to —2.14. In contrast, the Longlin basalt
from Zhoudong area has relatively low SiO, but high MgO and TFe,O5 contents. The rocks have
whole-rock (¢/Sr/%°Sr), = 0.706181-0.706191 and eNd(t) = —0.57 to 0.69. Four Longlin basalt
samples display LREE enrichments and HREE depletions, and with indistinct Eu and 8Ce
anomalies. LA-ICP-MS zircon U-Pb dating on three Longlin basalt samples (from different
localities) yielded consistent weighted average age of 257.9 + 2.6 Ma (MSWD = 0.55), 259.5 +
0.75Ma (MSWD = 3.0), and 256.7 + 2.0Ma (MSWD = 0.68), indicating a Late Permian
emplacement. Considering the similar age and geochemical features between the Longlin basalt
and Emeishan flood basalts, we interpret that the former is spatially, and temporally associated
with the Emeishan LIP. Geochemical features show that the high-Ti basalts in western Guangxi
resemble Deccan-type continental flood basalts (CFBs), which were derived by decompression
melting of the mantle plume. Combined with previous geochemical studies, we suggest that the
difference in Ti content and Ti/Y ratio in CFBs are related to the depth and melting degree of
mantle source, in which high-Ti features may have been linked to low degree of partial melting in
the deep mantle.

Keywords: Emeishan large igneous province, late Permian, Sr-Nd-Hf isotopes, basalt geochemistry, western
Guangxi (SW China), Plume-lithosphere interaction
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INTRODUCTION

Large igneous provinces (LIPs) are formed by voluminous mafic
(and minor felsic) rocks emplaced in a short period of time, and
are generally considered to be mantle plume-related but not
directly related to normal ocean spreading and subduction
(Coffin and Eldholm, 1994; Courtillot and Renne, 2003;
Acocella, 2021), although recent works suggested that
interaction between mantle plumes and subducting/subducted
slabs may be plausible (Xu et al., 2019; Xu et al., 2021). LIPs are of
great significance for studying of global environmental
catastrophes and mass extinctions, mineral resources (esp.
magmatic massive Cu-Ni-PGE sulfide and Fe-V-Ti oxide

Late Permian High-Ti Basalt

deposits), supercontinent reconstruction, and regional uplift
(Wang and Zhou, 2005). Hence, petrogenesis of LIPs, such as
the role of plume-lithosphere interaction in the origin of the
continental flood basalts (CFB), and the origin of the high-Ti (Ti/
Y), and low Ti mafic magmatism, has attracted much research
attention (Fodor, 1987; Peate et al., 1999; Lai et al., 2012).

The Emeishan LIP is located in the western margin of the
Yangtze craton and the eastern margin of the Tibetan plateau, SW
China, and likely related to Late Permian mantle plume processes
(Chung and Jahn, 1995; Li et al., 2008; Zhang, 2009). Complex
tectonic events in the Sanjiang fold belt had strongly deformed
the original distribution of the Emeishan LIP rock units (Xu et al.,
2013). Besides, whether the basaltic rocks in the Song Hien
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Tectonic Zone (NW Vietnam) are parts of the Emeishan LIP
remains disputed (Halpin et al., 2016, and ref. therein). Therefore,
it is of great significance to reveal the original spatial extent of
CFB magmatism in the Emeishan LIP. Emeishan LIP consists
mainly of flood basalts and associated mafic-ultramafic intrusions
and (minor) felsic intrusions. The volcanics comprise mainly
picrite, basalt and basaltic andesite, and can be divided into a
high-Ti and low-Ti suite. This is similar to that in many other
LIPs, such as the Siberian and Deccan Traps (Fodor, 1987; Peate
et al., 1999; Fan et al.,, 2008). However, the validity of such Ti-
based distinction is still disputed (Xu et al., 2001; Xu et al., 2004;
Zhang et al., 2001; Shellnutt, 2014). Xu et al. (2001) considered
that these high-Ti basalts were mantle plume-related, and formed
by low-degree partial melting in the garnet stability field.
However, Li al.  (2008) argued against substantial
lithospheric mantle assimilation. Besides, some authors
considered that the Emeishan basalts have a continuous TiO,
range and should not be divided into two suites (Hou et al., 2011).
For instance, Zhang (2009) considered that the high-Ti basalts
may have formed by fractionation and accumulation of Fe-Ti
oxides, whilst Hao et al. (2004) suggested that the high-Ti and
low-Ti basalts are different fractionation products of the same
parental magma.

Western Guangxi in SW China is located in the southwestern
margin of the Yangtze craton (Figure 1A). It tectonically lies in
the intersection between the Tethyan and Pacific tectonic
domains. Mafic magmatism in the region is widespread and
closely related to gold mineralization (Huang et al, 2015).
Among the many mafic magmatic units, the Late Permian
basalts are coeval with the Emeishan CFB, and generally
display high-Ti (or high-Ti/Y) characteristics (Fan et al., 2008;
Lai et al,, 2012; Zhang and Xiao, 2014; Huang et al,, 2015).
However, petrogenetic setting of this magmatism is variably
suggested to be 1) intra-oceanic setting related to the eastern
Paleo-Tethys (Wu et al., 1993; Wu et al., 1997); 2) mantle plume
related as part of the Emeishan (Liao et al., 2013; Zhang and Xiao,
2014; Huang et al., 2015). Besides, there are various views on the
genesis of these rocks, including partial melting of the sub-
continental lithospheric mantle (Lai et al., 2012), and mixing
of plume-derived magma and continental lithosphere materials
(Fan et al, 2008). In order to decipher the genesis and
petrogenetic setting of these Late Permian basalts in western
Guangxi, we conducted detailed field and petrographic
observations on the high-Ti basalts in the Longlin area
(western Guangxi), followed by zircon U-Pb-Hf isotope, as
well as whole-rock elemental and Sr-Nd isotope analyses. Our
findings constrain the formation timing and petrogenetic setting
of the Longlin basalts, and explore the spatial distribution of
Emeishan LIP and the genesis of high Ti-basaltic magmatism in
western Guangxi.

et

GEOLOGICAL BACKGROUND AND
PETROGRAPHIC FEATURES

The study area is located in the northern part of the Nanpanjiang-
Youjiang rift basin in western Guangxi (Figure 1). Local

Late Permian High-Ti Basalt

tectonism is strong, and has undergone the Caledonian (Early
Paleozoic), Variscan (Late Paleozoic), Indosinian (Triassic),
Yanshanian (Jurassic-Cretaceous), and Himalayan (Cenozoic)
tectonic cycles (Xu et al., 2013). The Caledonian orogeny may
have closed the early Paleozoic South China ocean basin, forming
the folded basement of the region. Afterward, the Indosinian
orogeny terminated the pelagic sedimentation in South China,
forming the complex tectonic framework of the region.

The study area is mainly covered by pelagic sedimentary
rocks of Cambrian and Devonian to Triassic ages (Figure 2).
The Cambrian rocks (total outcrop size: 60 km?) comprise
mainly carbonates, which are mainly distributed at Shechang
and minor at Maxiong, Shuidong, Ganhao, and Poyan of the
Xinzhou-Pingban counties (Li et al., 2019). Upper Paleozoic
rocks (total outcrop size: 814km?) comprise mainly
carbonates and minor clastics, of which the carbonate
rocks are mainly distributed in the platforms and the
limbs of the Shechang anticline, as well as in the
northeastern part of the study area (Li et al., 2019). The
clastic rocks are mainly distributed in the periphery of the
platforms and in the southern limb of the Shechang anticline.
Thick Triassic turbidite sequences are widely distributed in
the deep-water basins between the carbonate platforms (total
outcrop size: 1,005 km?) (Li et al., 2019).

Magmatic rocks are uncommon in the study area, and
consist mainly of mafic volcanic and (minor) plutonic rocks
(total outcrop 30.75km?) in the central and
southwestern parts of western Guangxi, e.g., at Naweli,
Tongdeng, Boli, and Xiaoren. The basalts occur mainly as
interlayers among the Middle Permian Sidazhai Formation
and Upper Permian Linghao Formation (Figure 3A). Minor
tuffaceous rocks were also found, and there is no discernible
alteration in the wallrocks. Grain size decreases toward the
intrusive margin, and vesicle and almond/pillow structure are
uncommon. As shown in Figure 4, there are three layers of
basalt in the Linghao Formation, with the thickness of 65, 15,
and 10 m from bottom to top. The bottom of the first basalt
layer consists of the Linghao Formation siltstone, and the top
of each layer consists of volcaniclastic rocks. Eight least-
altered samples (from Tongdeng, Xiaoren, and Zhoudong)
were collected from the Linghao Formation basalt. The rocks
are grey-greyish green and porphyritic (Figure 3B).
Compositionally, the rocks contain mainly pyroxene
(40-45%) and plagioclase (47-52%), together with minor
biotite, ilmenite, pyrite, and pyrrhotite (Figure 3C). The
basalts have phenocrysts of pyroxene and plagioclase
(grain size: 0.5-1.2mm). The pyroxene is subhedral-
anhedral elongated and partly ilmenite-altered, whilst the
plagioclase is elongated and partly epidote-altered. Fine-
grained pyroxene, sphene, and serpentine occur as
interstitial minerals (Figure 3D).

size:

ANALYSIS METHODS

Major oxide concentrations were measured by wave-
dispersive X-ray fluorescence (XRF) spectrometry at the
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FIGURE 2 | Geologic sketch map of the Longlin area in western Guangxi.
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Fault City/Town

Analytical Chemistry and Testing Services (ALS) Chemex Co.
Ltd. (ALS Geochemistry method ME-XRF26). Fused glass
disks with lithium borate were used and the analytical
precisions were better than + 0.01%, estimated from
repeated analyses of the standards OREAS 146 and SY-4.
Trace element concentrations of the samples were
determined by a Perkin-Elmer ELAN 6000 inductively
coupled plasma mass spectrometry (ICP-MS) after acid
digestion in high-pressure Teflon bombs at the GIG-CAS
(ALS Geochemistry method ME-MS81). The analytical errors
were <5% for rare earth element (REE) and high field strength
element (HFSE), and 5-10% for the other elements, based on
repetitive analyses of standards NCSDC47009 and SARM-5.
Detailed analytical procedures followed those outlined by
Zhang et al. (2019).

Whole-rock Sr-Nd isotope analysis was conducted at the
Isotope  Geochemistry Laboratory, Wuhan Center of
Geological Survey (China Geological Survey), using a Triton
and MAT 261 thermal ionization mass spectrometer. The
chemical analysis was monitored by the GBWO04411,

GBWO04419 and NBS607 procedures, and the equipment
conditions by the NBS987, NBS981 and JNDI procedures.
Detailed analytical procedures were as described by Wang
et al. (2015).

The CL images were performed using the TIMA analysis in the
Chengpu Geological Testing Co. Ltd., Langfang, China. LA-ICP-
MS zircon U-Pb dating was conducted at the Key Laboratory of
Institute Continental Collision and Plateau Uplift, Tibetan
Plateau Research (Chinese Academy of Sciences) analysis. The
analysis used a UP193 F x 193 nm ArF ablation system coupled
with an Agilent 7500a ICP-MS. Analytical conditions include
193 nm wavelength, < 4 ns pulse width, 35 um spot size. 91,500
zircon was used as the external standard, and was analyzed
between every six samples. The sample isotopic and elemental
contents were calculated with the Glitter 4.5 software, whilst the
Pb isotope calibration and U-Pb age calculation was performed
with the ComPbcorr#3_18 (Andersen, 2002), and Isoplot 4.15
(Ludwig, 2003), respectively.

Zircon Lu-Hf isotope analysis was conducted at the State
Key Laboratory of Geological Processes and Mineral
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o] o 7 .
Siltstone SO J-| Basalt /7| Joint
FIGURE 4 | Geological section of Longlin basalt among the Linghao Formation.
Resources [China University of Geosciences (Wuhan)],  an energy density of ~7 J/cm?, and helium as the carrier gas.

using a GeoLas 2005 excimer ArF laser ablation system  The standards (91,500 and GJ-1 zircon) were analyzed once
coupled with a Neptune Plus GeoLas 2005 multi-collector ~ for every eight zircon samples. Detail procedures for data
(MC)-ICP-MS (Thermo Fisher Scientific). Analytical calibration and processing are as described in Ye et al.
conditions include 32 ym beam size, 6 Hz frequency with  (2013).
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TABLE 1 | Major element (wt%) and trace element (ppm) compositions for the
Longlin basalt samples.

Sample TD-1 TD-4 ZD-4 ZD-7

wt%
SiO, 53.61 51.05 44.96 45.87
Al,Oz 11.96 12.53 13.89 13.88
MgO 4.42 5.25 5.94 5.74
Na,O 2.09 1.90 3.32 3.50
KO 2.07 2.58 1.27 1.22
P>0s 0.38 0.40 0.68 0.69
TiOo 3.33 3.65 3.72 3.75
Ca0 5.16 4.70 7.09 7.39
TFe,O3 12.68 13.25 15.92 15.02
MnO 0.18 0.19 0.21 0.22
LOI 3.76 4.09 2.93 2.68

ppm
Li 12.2 13.6 13.8 12.7
Be 1.79 2.07 1.07 1.14
Sc 24.7 26.8 24.6 25.8
Ti 19,980 21,900 22,320 22,500
\Y 353 371 452 434
Cr 360 430 30 30
Mn 1250 1280 1410 1480
Co 33.6 37.2 49.2 44.3
Ni 85.6 96.6 43.6 41.4
Cu 98.4 104.5 95.3 86.5
Zn 118 131 120 95
Ga 23.2 24.3 22.4 22.0
As 8.1 9.7 7.9 7.5
Rb 73.7 65.1 19.9 18.2
Sr 1635 1005 484 453
Y 32.2 35.6 31.5 32.4
Zr 310 322 195 203
Nb 41.7 43.2 30.5 30.9
Sn 2.5 2.7 1.6 1.7
Ba 565 607 598 503
La 46.9 491 35.4 35.6
Ce 101.5 101.0 81.5 81.3
Pr 13.00 13.70 10.90 10.95
Nd 52.0 56.0 46.0 46.7
Sm 10.40 11.15 9.67 9.65
Eu 2.89 3.10 3.19 3.36
Gd 8.42 9.30 8.31 8.25
Tb 1.20 1.30 1.16 1.20
Dy 6.69 7.06 6.47 6.47
Ho 1.23 1.30 1.20 1.25
Er 3.14 3.40 3.13 3.19
m 0.42 0.46 0.44 0.43
Yb 2.54 2.62 2.51 2.61
Lu 0.37 0.40 0.38 0.37
Hf 7.7 7.9 4.8 4.9
Ta 2.43 2.56 1.80 1.88
Pb 7.8 6.9 0.8 0.8
Th 6.39 6.54 3.55 3.66
u 1.15 1.19 0.90 0.89
YREE 250.7 259.89 210.26 211.33
LREE 226.69 234.05 186.66 187.56
HREE 24.01 25.84 23.6 238.77
LREE/HREE  9.441482716 9.057662539 7.909322034  7.890618427
Lan/Ybon 13.24 13.44 10.12 9.78
SEu 0.944166881  0.930692943  1.087929039 1.151256993
8Ce 1.01 0.95 1.02 1.01

Late Permian High-Ti Basalt

ANALYSIS RESULTS

Whole-Rock Major and Trace Element

Geochemistry

In this study, we analyzed four fresh Longlin basalt samples (two
samples from Tongdeng and Zhoudong each) for their whole-
rock geochemical compositions (Table 1).

The basaltic rocks from Tongdeng and Zhoudong have
Sio, = 51.05-53.61wt%  and  44.96-4587wt%  and
ALO; = 11.96-12.53 wt% and 13.88-13.89 wt%, respectively. Basalts
from Tongdeng have clearly higher SiO, but lower ALO; contents. The
Tongdeng samples have similar Na,O and K,O contents, ie., Na,O =
1.90-2.09 wt%, K,O = 2.07-2.58 wt%, and Na,O/K,0O = 0.74-1.01,
whilst the Zhoudong samples have relatively high Na,O and low KO,
ie, Na,O = 332-3.50 wt%, K,O = 1.22-127 wt%, and Na,0O/K,0 =
2.61-2.89. The Tongdeng samples have lower Fe [total iron (TFe,O;) =
12.68-13.25 wt%)] and Mg (MgO = 4.42-5.25 wt%, Mg# = 41.08-4421)
than the Zhoudong samples (TFe,O; = 15.02-1592 wt%, MgO =
5.74-594 wt%, Mg# = 42.73-43.32). The Tongdeng and Zhoudong
samples have TiO, = 3.33-3.65wt% and 3.72-3.75wt% and Ti/Y =
615-620 and 694-709, respectively, which fall into the high-Ti (Ti/Y)
basalt (TiO, > 2.8%, Ti/Y > 500) range defined by Xu et al. (2001). In the
Zr/TiO,-Nb/Y and SiO,-Nb/Y discrimination diagrams (Figure 5), all
samples fall inside (near) the alkali basalt field.

The Tongdeng and Zhoudong samples have total REE
(XREE) = 250.70-259.89 ppm and 210.26-211.33 ppm and Lay/
Yby = 13.24-13.44 and 9.78-10.12, respectively. This indicates that
the former has higher ZREE and LREE/HREE fractionation than the
latter. Samples from both Tongdeng and Zhoudong have indistinct Eu
and Ce anomalies (Figure 6A; Tongdeng: 0Eu = 0.93-0.94,
6Ce = 0.95-1.01; Zhoudong: 8Eu = 1.09-1.15, 8Ce = 1.01-1.02).
In the primitive mantle-normalized multi-element diagram
(Figure 6B), the Zhoudong samples have distinct positive
anomalies for some large ion lithophile elements (LILEs, e.g, Rb,
K) and Sr, but negative anomalies in Nb and Y. In comparison, the
Tongdeng samples have generally higher LILE contents, and have more
distinct negative Sr and Zr-Hf contents than the Zhoudong samples.
HREE contents of the Tongdeng and Zhoudong samples are similar.

The Longlin basalt samples have low loss on ignition
(LOI = 2.68-4.09wt%), indicating minimal alteration/
weathering, which is consistent with the petrographic observation.

Zircon U-Pb-Hf Isotopes

Tongdeng Samples

Zircons (n = 28) from sample TD-1 show oscillatory zoning in
cathodoluminescence (CL) images (Figure 7A). Most of them are
80-120 um long and 60-90 um wide with length: width ratio of
1.2-1.5. Results of the U-Pb isotopic dating are listed in Table 2. The
zircons have Th/U = 0.43-0.87 (avg. 0.67). A total of 13 analysis spots
clustered together along the U-Pb concordia (Figure 7B), yielding a
weighted average age of 257.9 + 2.6 Ma (MSWD = 0.55). 15 inherited
zircons were also found, with ages of ca. 460-1811 Ma.
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For the 29 Hf analysis spots (Table 3), 13 spots (with weighted
average age of 257.9 Ma) yielded "7°Hf/""7Hf = 0.282245-0.282492.
Calculated with their respective zircon U-Pb age, the zircons have
eHf(t) = -13.22 to —4.15 (avg. —10.20) and one-stage model age
(Tpw1) = 1,068-1,431 Ma (avg. 1,328 Ma). The remaining 15 analysis
spots yielded °Hf/"7Hf = 0.281438-0.282658, and calculated
eHf(t) = —14.44 to 11.48 and Tpy = 868-2,528 Ma.

Xiaoren Samples

Zircons (n = 30) from sample XR-1 show oscillatory zoning in
CL images (Figure 7C). Most of them are 80-110 um long and
50-80 um with length: width ratio of 1.2-1.5. The zircons have
high Th/U = 0.45-1.58 (avg. 0.76). All the data points fall on/near
the concordia (Figure 7D), yielding a weighted average age of
259.6 + 1.4Ma (MSWD = 0.22) (Table 2). For Hf isotopes
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FIGURE 7 | Representative zircon CL image and concordia diagram for the Longlin basalt samples. The hollow ring is the position of analytical spot. Numbers near
the analytical spots are the U-Pb ages (Ma).

(Table 3), 27 analysis spots vyielded '7°Hf/'””Hf =  ratio = 1.1-1.4, and have high Th/U = 0.32-1.87 (avg. 0.72).
0.282353-0.282603, eHf(t) = —9.42 to —0.52 (avg. —4.83), and  All the zircons cluster around the concordia and yielded a
Tpmi = 924-1,294 Ma (avg. 1,109 Ma). concordia age of 256.8 + 1.1 Ma (MSWD = 9.5) (Figure 7F),

which is similar to the weighted average age of 256.7 + 2.0 Ma
Zhoudong Samples (MSWD = 0.68) (Table 2). For Hf isotopes (Table 3), 25

Zircons (n = 25) from sample ZD-1 show oscillatory  analysis spots yielded '"°Hf/'””Hf = 0.282607-0.282825,
zoning in CL images (Figure 7E). Most of them have eHf(t) = —0.42 to 6.41 (avg. 3.10), and Tpy = 646-922 Ma
length = 50-80 um, width = 40-60 um, and length: width  (avg. 794 Ma).
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TABLE 2 | Zircon La-ICP-MS U-Pb isotopic data for the Longlin basalt samples.

Analysis Pb  Th u 207py/206pp 207ppy/235Yy 206py /238y 207p}y/206py, 207ppy/235y 206py/238Yy

ppm Ratio 10 Ratio 10 Ratio 10 Age (Ma) 106 Age(Ma) 10 Age(Ma) 1o

TD-1-01 71 301 321 0.073983 0.001946 1.661195 0.045385 0.161161  0.002537 1043 54 994 17 963 14
TD-1-02 68 138 348 0.072091 0.001658 1.621626 0.039361 0.161001  0.002136 989 46 979 15 962 12
TD-1-03 75 57 193  0.108796 0.002333 4.881075 0.109199 0.321691 0.004352 1789 39 1799 19 1798 21

TD-1-04 17 242 312  0.064132 0.002959 0.306330 0.016354 0.040731  0.000607 376 119 271 13 257 4
TD-1-05 27 271 529  0.050400 0.002001 0.286202 0.011452 0.040664 0.000621 213 91 256 9 257 4
TD-1-06 18 167 362 0.061920 0.002165 0.289863 0.011063 0.040688 0.000616 283 96 258 9 257 4
TD-1-07 33 437 636  0.062019 0.001715 0.292051 0.009584 0.040330 0.000545 287 76 260 8 255 3
TD-1-08 151 163 366 0.116836 0.002303 5.456432 0.113420 0.334623 0.004545 1909 35 1894 18 1861 22
TD-1-09 62 160 310 0.072229 0.001739 1.630263 0.040341 0.161829 0.002242 992 49 982 16 967 12
TD-1-10 15 169 290 0.053942 0.002918 0.305018 0.016190 0.041339 0.000878 369 122 270 13 261 5
TD-1-11 23 142 129  0.071619 0.003122 1.214566 0.052878 0.123474 0.002527 976 89 807 24 751 15
TD-1-12 94 261 814  0.062729 0.001822 0.846737 0.023031 0.097000 0.001319 698 63 623 13 597 8
TD-1-14 38 29 403 0.068780 0.002296 0.686320 0.023430 0.084992 0.001419 567 85 531 14 526 8
TD-1-15 36 109 163 0.083518 0.003035 1.897084 0.063631 0.163738 0.002958 1281 I 1080 22 978 16
TD-1-16 57 189 287  0.075370 0.002619 1.566583 0.062045 0.147889 0.002129 1080 70 963 21 889 12
TD-1-17 34 522 620 0.062799 0.002367 0.300509 0.014478 0.040455 0.000814 320 102 267 " 256 5
TD-1-18 71 80 171 0.115803 0.004142 5.161256 0.192982 0.316251 0.005101 1892 64 1846 32 1771 25
TD-1-19 21 96 119 0.069590 0.004910 1.194028 0.080285 0.125381 0.003519 917 145 798 37 761 20
TD-1-21 24 317 435 0.065305 0.003643 0.314536 0.020712  0.040745 0.000959 433 116 278 16 257 6
TD-1-22 55 141 269  0.074524 0.002622 1.702454 0.067007 0.162877 0.002517 1057 I 1009 21 973 14
TD-1-23 25 266 465 0.066285 0.003486 0.322901 0.018443 0.041669  0.000990 465 137 284 14 263 6
TD-1-24 26 391 450  0.062257 0.003505 0.298829 0.017477 0.041732  0.000982 208 121 265 14 264 6
TD-1-25 28 153 166 0.071778 0.003146 1.235827 0.055249 0.122539 0.002656 989 90 817 25 745 15
TD-1-26 20 259 378 0.064136 0.003198 0.312633 0.017227 0.041529  0.000741 376 133 276 13 262 5
TD-1-27 38 523 707 0.063201 0.002552 0.296136 0.012746 0.040086 0.000746 345 105 263 10 253 5
TD-1-28 14 214 275  0.059202 0.004116 0.320732 0.019868 0.040741 0.001063 576 162 282 15 257 7
TD-1-29 24 90 247 0.069473 0.002428 0.693095 0.029176 0.082947 0.001634 583 89 535 17 514 10
TD-1-30 10 94 188  0.050696 0.004363 0.301635 0.025470 0.042495 0.001335 228 198 268 20 268 8
XR-1-01 19 266 382 0.063735 0.002350 0.309377 0.013623 0.041432 0.000713 361 100 274 1 262 4
XR-1-02 20 250 417 0.049315 0.002211 0.275965 0.011654 0.040597  0.000739 161 106 247 9 257 5
XR-1-03 23 333 443  0.048525 0.001907 0.274737 0.0105561 0.040863 0.000640 124 93 246 8 258 4
XR-1-04 20 267 396 0.050880 0.002092 0.289243 0.011974 0.041000 0.000686 235 64 258 9 259 4
XR-1-05 19 258 384 0.060679 0.001821 0.282887 0.009481 0.040685 0.000587 233 81 253 8 256 4
XR-1-06 18 247 354 0.0515619 0.001776 0.290333 0.010274 0.040868 0.000837 265 80 259 8 258 5
XR-1-07 20 216 421 0.049522 0.001750 0.282357 0.010448 0.041114  0.000651 172 83 253 8 260 4
XR-1-08 28 357 565 0.060115 0.001719 0.286213 0.009851 0.041316  0.000632 21 80 256 8 261 4
XR-1-09 23 211 487  0.061100 0.001834 0.289357 0.010863 0.040784  0.000707 256 83 258 9 258 4
XR-1-10 28 360 561  0.048900 0.001726 0.277317 0.010207 0.040976  0.000771 143 88 249 8 259 5
XR-1-11 22 275 426 0.049457 0.002235 0.282027 0.012568 0.041396 0.000757 169 106 252 10 261 5
XR-1-12 33 464 648  0.049237 0.001654 0.280739 0.009577 0.041205 0.000660 167 78 251 8 260 4
XR-1-13 23 345 428 0.061208 0.002266 0.289672 0.012517  0.040971  0.000866 250 102 258 10 259 5
XR-1-14 21 214 424 0.049939 0.001951 0.281216 0.010421 0.040850 0.000749 191 91 2562 8 258 5
XR-1-15 15 192 308  0.050499 0.002024 0.285813 0.011441 0.041170 0.000770 217 93 255 9 260 5
XR-1-16 41 627 750  0.048329 0.001327 0.279146 0.007588 0.041579  0.000580 122 67 250 6 263 4
XR-1-17 19 183 401 0.049147 0.001658 0.281058 0.010025 0.041256 0.000761 154 80 251 8 261 5
XR-1-18 21 302 409 0.061535 0.001844 0.297106 0.011280 0.041362 0.000661 265 79 264 9 261 4
XR-1-19 12 174 235 0.052164 0.001926 0.300110 0.011310 0.041534  0.000695 300 85 266 9 262 4
XR-1-20 19 410 319 0.050710 0.001961 0.290096 0.010778 0.041561  0.000675 228 61 259 8 263 4
XR-1-21 29 372 568  0.048996 0.001407 0.282051 0.008180 0.041279  0.000581 146 67 262 6 261 4
XR-1-22 26 344 499  0.051325 0.001518 0.292345 0.008267 0.041016 0.000551 254 67 260 6 259 3
XR-1-23 14 204 264  0.049144 0.001694 0.277700 0.008950 0.040903 0.000649 154 81 249 7 258 4
XR-1-24 10 179 188  0.049998 0.001977 0.284489 0.0115625 0.040920 0.000645 195 91 254 9 259 4
XR-1-25 41 675 748  0.050857 0.001317 0.294030 0.007823 0.041371  0.000631 235 64 262 6 261 4
XR-1-26 31 460 577  0.0561704 0.001299 0.298694 0.007306 0.041361 0.000487 272 57 265 6 261 3
XR-1-27 30 759 480  0.064523 0.001544 0.312213 0.009177  0.040856 0.000585 394 63 276 7 258 4
XR-1-28 33 5563 605 0.052665 0.001565 0.298959 0.008869 0.040506  0.000583 322 67 266 7 256 4
XR-1-29 28 482 508 0.051108 0.001290 0.294232 0.007173 0.041259  0.000563 256 57 262 6 261 3
XR-1-30 18 293 328 0.060963 0.001644 0.291304 0.009180 0.040834 0.000652 239 81 260 7 258 4
ZD-1-01 39 306 841  0.056512 0.002205 0.308840 0.011585 0.039262 0.000704 432 89 273 9 248 4
ZD-1-08 12 330 336  0.062805 0.003233 0.195868 0.010996 0.027045 0.000542 320 139 182 9 172 3
ZD-1-05 9 178 176 0.057653 0.003270 0.316499 0.017894 0.040089 0.000973 517 124 279 14 253 6
ZD-1-06 10 128 190  0.049682 0.002468 0.283362 0.014378 0.040918 0.000829 189 119 253 ihl 259 5
ZD-1-11 12 188 216 0.063998 0.004759 0.307796 0.026723 0.0415623 0.001331 372 200 272 21 262 8

(Continued on following page)
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TABLE 2 | (Continued) Zircon La-ICP-MS U-Pb isotopic data for the Longlin basalt samples.

Analysis Pb  Th U 297Pb/?%°Pb 27Pb/?*Y 29%pp/2%8Y 297Pb/?°°Pb 297pp/2%Y 2%%Pb/>%8y
ppm Ratio 10 Ratio 10 Ratio 10 Age (Ma) 106 Age(Ma) 16 Age(Ma) 1o
ZD-1-13 13 302 326  0.052522 0.003997 0.207544 0.015651 0.028673 0.000622 309 174 191 13 182 4
ZD-1-15 42 283 884  0.052178 0.001908 0.295049 0.010140 0.040521 0.000619 300 83 263 8 256 4
ZD-1-19 13 269 222 0.063908 0.004238 0.291651 0.021760 0.039828 0.001074 369 206 260 17 252 7
ZD-1-20 38 259 798  0.053033 0.002719 0.295749 0.013604 0.039940 0.000758 332 117 263 ihl 252 5
ZD-1-21 3 35 57 0.051343 0.005034 0.284236 0.031571 0.041154  0.001662 257 232 254 25 260 10
ZD-1-24 42 356 850  0.052432 0.002128 0.303630 0.012298 0.041348 0.000694 306 93 269 10 261 4
ZD-1-25 5 57 96 0.056262 0.004866 0.299513 0.023212 0.041173 0.001312 461 193 266 18 260 8
ZD-1-26 5 67 105  0.059686 0.004954 0.319396 0.025031 0.040699 0.001380 591 148 281 20 257 9
ZD-1-27 94 1628 3725 0.050122 0.001399 0.148207 0.004696 0.021115 0.000463 211 32 140 4 135 3
ZD-1-28 29 207 618 0.050826 0.002029 0.288251 0.011320 0.040712  0.000669 232 62 257 9 257 4
ZD-1-29 29 202 619 0.051312 0.001894 0.291135 0.010793 0.040626 0.000655 254 88 259 8 257 4
ZD-1-30 32 237 693  0.052272 0.001958 0.297918 0.011026 0.041031  0.000765 298 90 265 9 259 5
ZD-1-31 43 305 915  0.060757 0.001911 0.294113 0.011006 0.041594  0.000762 232 92 262 9 263 5
ZD-1-32 7 88 137 0.050652 0.003302 0.279244 0.016742 0.040815 0.000944 233 145 250 13 258 6
ZD-1-33 30 198 640  0.054044 0.002119 0.306291 0.011324 0.040748 0.000669 372 87 271 9 257 4
ZD-1-36 7 105 123 0.054228 0.003759 0.299376 0.018899 0.041010 0.000961 389 156 266 15 259 6
ZD-1-38 23 543 369 0.051093 0.004462 0.294296 0.030690 0.040618  0.000942 256 202 262 24 257 6
ZD-1-39 6 67 102 0.060346 0.006044 0.324208 0.025367 0.042553 0.001315 617 218 285 19 269 8
ZD-1-43 17 271 299  0.056477 0.004235 0.305951 0.020844 0.040526 0.001103 472 167 271 16 256 7
ZD-1-44 41 310 849  0.049012 0.002037 0.277313 0.011534 0.040490 0.000725 150 94 249 9 256 4
ZD-1-45 28 459 536  0.0561000 0.003011 0.274991 0.016935 0.038751 0.000893 239 137 247 13 245 6
ZD-1-46 43 269 913  0.062999 0.002148 0.303627 0.012999 0.040909 0.000732 328 91 269 10 258 5
ZD-1-47 28 193 593  0.052049 0.003234 0.291269 0.016678 0.040798  0.000881 287 147 260 13 258 5
Note: o is mean square error.
Whole-Rock Sr-Nd Isotopes Longlin basalts. The older zircons (ca. 460-1811Ma) in
The Tongdeng samples have higher  (¥Sr/*°Sr);  Longlin basalt are likely xenocrystic captured from the

(0.707167-0.707345) but lower eNd(t) (2.5 to —2.14) than the
Zhoudong  samples  (¥Sr/*°Sr); = 0.706181-0.706191,
eNd(t) = 0.57-0.69 (Table 4). The Nd model age for the
Tongdeng and Zhoudong samples are 1,227-1,217 Ma and
1,002-1,017 Ma, respectively. In the (37Sr/%%Sr);-eNd(t)
discrimination diagram (Figure 8A), all the Tongdeng and
Zhoudong samples fall close to the MORB field and overlap
with the Emeishan high-Ti basalts. In the eNd(t)-eHf(t)
discrimination diagram (Figure 8B), the Tongdeng samples all
fall far below the mantle evolution line, whilst the Zhoudong
samples fall on or slightly below it.

DISCUSSION

Permian Mafic Magmatism in Western

Guangxi

In this study, our new zircon LA-ICP-MS U-Pb dating results on
three Longlin basalt samples yielded weighed mean *°°Pb/***U
age of 257.9 + 2.6 Ma (Tongdeng), 259.6 + 1.4 Ma (Xiaoren) and
256.7 + 2.0 Ma (Zhoudong). Zircons in Longlin basalt are
generally characterized by (weak) oscillatory zoning on CL
images and high Th/U ratios (0.32-1.87), resembling typical
magmatic zircons (Hoskin and Schaltegger, 2003). The Late
Permian ages are consistent with the emplacement of these
basalts among the Upper Permian Tonglinghao Formation.
Therefore, the weighted mean *°°Pb/*®*U ages of ca.
257-260 Ma can represent the crystallization age of the

intruded wallrocks.

In recent years, many Late Permian magmatic rocks have been
discovered in Western Guangxi. Fan et al. (2004) zircon SHRIMP
U-Pb dated a basalt sample from Yangxu area and yielded a
weighted mean “%°Pb/*®U age of 253.7 + 6.1Ma (n = 23,
MSWD = 2.8). Fan et al. (2008) reported two zircon SHRIMP
U-Pb ages of 259.5 + 52 Ma (n = 14, MSWD = 5.0) and 259.1 +
4.0 Ma (n=7, MSWD = 0.85) from two basalts in the Bama area and
Baise area. Lai et al. (2012) reported the zircon LA-ICP-MS U-Pb
ages of 257 + 9 Ma (n = 8, MSWD = 2.8) of another basalt sample
from Bama area. Recently, Zhang and Xiao (2014) LA-ICP-MS
zircon U-Pb dated two diabase sills from Yufeng and Bama and
yielded weighted mean ***Pb/***U ages of 259.3 + 0.8 Ma (n = 10,
MSWD = 0.35) and *°°Pb/**®U ages of 257 6 + 29 Ma (n = 12,
MSWD = 1.06). Integrating these age data, mafic magmatism in the
western Guangxi was probably active during ca. 254-260 Ma.

Petrogenesis of the Late Permian Western

Guangxi Basalts

Crustal Assimilation

As shown in the (¥7Sr/%Sr);-eNd(t) diagram (Figure 8A), the
samples plot above the evolutionary trend defined by mid-ocean
ridge basalt (MORB) and lower or middle continental crust
(LCC/MCC). This, and the relatively wide zircon eHf(t) range
and linear correlations between MgO, Nb/La, and SiO,
(Figure 9), suggest that parental magma may have
experienced crustal assimilation during their ascent. Crustal
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TABLE 3 | Zircon Hf isotopic data for the Longlin basalt samples.

Late Permian High-Ti Basalt

Analysis t (Ma) 176Yb/1T7Hf 178 u/177HE 175HE/1TTHE 10 sHf(t) 10 TDM1(Hf) TDM2(Hf)
TD-1-20 240 0.112508 0.003099 0.282322 0.000013 -11.14 0.46 1390 1970
TD-1-27 253 0.097859 0.002856 0.282288 0.00001 -12.05 0.37 1431 2037
TD-1-7 255 0.0853 0.002464 0.282382 0.000013 -8.63 0.45 1279 1823
TD-1-17 256 0.099026 0.002945 0.282439 0.00001 -6.67 0.34 1212 1700
TD-1-5 257 0.110081 0.003339 0.282408 0.000012 -7.79 0.43 1271 1772
TD-1-6 257 0.028456 0.000836 0.282287 0.000009 -11.64 0.33 1356 2016
TD-1-4 257 0.041196 0.001317 0.282285 0.000012 -11.79 0.41 1376 2025
TD-1-28 257 0.03752 0.001152 0.282313 0.00001 -10.79 0.36 1331 1962
TD-1-21 257 0.04143 0.001253 0.282245 0.000011 -13.22 0.39 1430 2115
TD-1-10 261 0.033878 0.001038 0.282254 0.00001 -12.78 0.34 1410 2090
TD-1-26 262 0.035612 0.001093 0.282247 0.000011 -13.01 0.38 1421 2105
TD-1-23 263 0.077877 0.00232 0.282428 0.00001 -6.78 0.34 1206 1713
TD-1-24 264 0.054585 0.001762 0.28227 0.000012 -12.29 0.42 1414 2061
TD-1-30 268 0.021727 0.000756 0.282492 0.000009 -4.15 0.32 1068 1552
TD-1-29 514 0.025869 0.00082 0.282559 0.000008 35 0.3 976 1254
TD-1-14 526 0.023621 0.000773 0.282559 0.000009 3.78 0.31 975 1246
TD-1-12 597 0.025355 0.000812 0.282449 0.000016 1.41 0.55 1129 1450
TD-1-25 745 0.050102 0.001767 0.282444 0.00001 4 0.36 1165 1401
TD-1-11 751 0.062281 0.002132 0.282658 0.00001 11.48 0.36 868 932
TD-1-19 761 0.016123 0.000672 0.282002 0.000008 -10.76 0.29 1743 2339
TD-1-16 889 0.037597 0.00114 0.282229 0.000008 -0.22 0.28 1448 1776
TD-1-2 962 0.028373 0.000938 0.282002 0.000012 -6.56 0.44 1755 2228
TD-1-1 963 0.027836 0.001054 0.282308 0.000011 4.24 0.38 1334 1553
TD-1-9 967 0.027851 0.00092 0.282183 0.00001 -0.04 0.35 1504 1824
TD-1-22 973 0.037762 0.001278 0.28214 0.000012 -1.68 0.42 1579 1931
TD-1-15 978 0.015551 0.000544 0.281763 0.000009 -14.44 0.3 2063 2729
TD-1-18 1771 0.017903 0.000601 0.281589 0.000012 -3.09 0.43 2304 2629
TD-1-3 1798 0.038284 0.001358 0.281672 0.000009 -0.46 0.33 2234 2487
TD-1-8 1861 0.028131 0.000892 0.281438 0.000009 -6.83 0.31 2528 2927
XR-1-28 256 0.110715 0.003341 0.282582 0.000021 -1.65 0.75 1010 1383
XR-1-5 256 0.043959 0.001378 0.282432 0.000008 -6.64 0.3 1171 1699
XR-1-2 257 0.045846 0.001429 0.28245 0.00001 -6.01 0.36 1147 1660
XR-1-9 258 0.037287 0.001238 0.282603 0.000009 -0.52 0.31 924 1314
XR-1-30 258 0.052244 0.001626 0.282353 0.000013 -9.42 0.46 1290 1876
XR-1-14 258 0.037546 0.001161 0.282431 0.000009 -6.57 0.32 1165 1697
XR-1-27 258 0.098276 0.003125 0.282572 0.000014 -1.95 0.51 1020 1404
XR-1-3 258 0.076727 0.002297 0.282479 0.000015 -5.1 0.52 1133 1603
XR-1-23 258 0.036711 0.001097 0.282585 0.000012 -1.13 0.44 947 1353
XR-1-24 259 0.030127 0.000965 0.282586 0.000014 -1.08 0.51 942 1349
XR-1-10 259 0.057407 0.00176 0.282423 0.000009 -6.96 0.31 1195 1721
XR-1-4 259 0.051023 0.001579 0.282455 0.000009 -5.78 0.31 1144 1647
XR-1-22 259 0.034962 0.001068 0.282434 0.000012 -6.43 0.43 1158 1689
XR-1-7 260 0.036827 0.001125 0.282446 0.000009 -6.02 0.32 1143 1663
XR-1-15 260 0.038532 0.001242 0.282456 0.000015 -5.68 0.54 1133 1642
XR-1-12 260 0.071761 0.00223 0.282447 0.000012 -6.15 0.44 1176 1671
XR-1-17 261 0.026176 0.000803 0.282442 0.00001 -6.1 0.35 1139 1669
XR-1-29 261 0.083299 0.002381 0.282603 0.000019 -0.65 0.69 953 1323
XR-1-21 261 0.050621 0.001585 0.282473 0.000011 -5.13 0.4 1119 1607
XR-1-8 261 0.048946 0.001499 0.282447 0.000011 -6.02 0.38 1153 1664
XR-1-26 261 0.053506 0.001677 0.282426 0.000013 -6.79 0.45 1188 1712
XR-1-18 261 0.059755 0.001853 0.282562 0.000016 -2 0.57 999 1410
XR-1-25 261 0.080771 0.002498 0.282518 0.000015 -3.68 0.54 1081 1516
XR-1-11 261 0.052477 0.001568 0.282431 0.000009 -6.59 0.31 1178 1700
XR-1-1 262 0.087635 0.002665 0.282583 0.000017 -1.41 0.59 991 1373
XR-1-19 262 0.075995 0.002342 0.282368 0.000012 -8.94 0.42 1294 1848
XR-1-16 263 0.050863 0.001418 0.282447 0.00001 -5.97 0.37 1150 1662
ZD-1-27 135 0.088365 0.002933 0.282319 0.000012 -13.34 0.41 1388 2029
ZD-1-3 172 0.033256 0.001155 0.282295 0.000011 -13.22 0.37 1356 2051
ZD-1-13 182 0.028187 0.001043 0.282347 0.00001 -11.15 0.34 1279 1928
ZD-1-45 245 0.168095 0.004771 0.282825 0.000018 6.51 0.64 672 857
ZD-1-1 248 0.05117 0.001892 0.282633 0.000014 0.22 0.49 898 1259
ZD-1-19 252 0.076251 0.002307 0.282769 0.000018 5.04 0.65 709 955
ZD-1-20 252 0.041787 0.001572 0.282699 0.000027 2.7 0.95 796 1105
ZD-1-5 253 0.06476 0.001964 0.282741 0.000012 413 0.44 744 1015
(Continued on following page)
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TABLE 3 | (Continued) Zircon Hf isotopic data for the Longlin basalt samples.

Analysis t (Ma) 178Yb/1TTHE 176 L/ TTHE 1TOHE/1TTHE
ZD-1-44 256 0.027206 0.00095 0.282639
ZD-1-15 256 0.033752 0.001184 0.28268
ZD-1-43 256 0.101104 0.00298 0.282737
ZD-1-38 257 0.073786 0.002218 0.282734
7ZD-1-29 257 0.03739 0.001253 0.282647
ZD-1-26 257 0.033116 0.000993 0.282772
7D-1-28 257 0.038275 0.001372 0.282607
ZD-1-33 257 0.027671 0.000933 0.282647
ZD-1-47 258 0.042357 0.001492 0.282625
ZD-1-32 258 0.042764 0.001193 0.282757
ZD-1-46 258 0.026803 0.000902 0.282634
ZD-1-6 259 0.033849 0.000981 0.28274
ZD-1-36 259 0.037992 0.001101 0.282727
ZD-1-30 259 0.029077 0.000992 0.282659
ZD-1-21 260 0.036689 0.001033 0.282797
ZD-1-25 260 0.066052 0.001866 0.282742
ZD-1-24 261 0.048586 0.001851 0.282695
ZD-1-11 262 0.079678 0.002417 0.28272
ZD-1-31 263 0.038586 0.001392 0.282674
ZD-1-39 269 0.045788 0.001428 0.282789

Late Permian High-Ti Basalt

10 eHf(t) 16 TDM1(Hf) TDM2(Hf)
0.000009 0.77 0.33 866 1230
0.000009 217 0.33 814 1141
0.000017 3.88 0.61 770 1033
0.000019 3.93 0.66 758 1030
0.000011 1.02 0.38 862 1215
0.000011 5.48 0.38 680 932
0.000015 -0.42 0.54 922 1307
0.00001 1.07 0.34 855 1212
0.00002 0.22 0.69 899 1267
0.000011 4.93 0.39 705 967
0.00001 0.65 0.35 872 1240
0.00001 4.39 0.35 725 1002
0.000011 3.93 0.38 745 1032
0.00001 1.53 0.35 840 1184
0.00001 6.41 0.36 646 874
0.000012 4.32 0.43 740 1008
0.000018 2.69 0.64 808 1112
0.000013 35 0.47 783 1062
0.000012 2.08 0.42 827 1152
0.000012 6.25 0.42 664 892

Note: For the calculation of eHf(t) values, we have adopted the '7°Lu decay constant of 1.867 x 107" (Séderlund et al., 2004), the present-day chondiitic values of '7°Lu/"""Hf = 0.0332
and "7Hf/"7HF = 0.282772 (Blichert-Toft and Albaréde, 1997). To calculate one-stage model ages (Tp:) relative to a depleted-mantle source, we have adopted the present-day
depleted-mantle values of ""°Lu/"""Hf = 0.0384 and ""°Hf/'"Hf = 0.28325 (Vervoort and Blichert-Toft, 1999).

TABLE 4 | Whole-rock Sr and Nd isotopic compositions for the Longlin basalt

samples.

Sample TD-1 TD-3 ZD-1 ZD-2-4
Sr (ppm) 1048 741 959 499
Rb (ppm) 67.9 75.1 64.9 20.5
8"Rb/%5sr 0.09648 0.2486 0.1603 0.1604
8731/86gr 0.7077 0.70808 0.70678 0.70677
20 0.00002 0.00002 0.00002 0.00001
(7 sr/%5sr); 0.7071709 0.7070046 0.706065 0.7063355
Nd (ppm) 66.0 60.6 46.4 47.4
Sm (ppm) 11.72 11.40 10.03 9.96
147Sm/"44Nd 0.1174 0.1194 0.1223 0.1217
T43NG4Nd 0.512376 0.512398 0.512542 0.512547
20 0.000003 0.000003 0.000003 0.000005
("*3Nd/"*“Nd); 0.512178 0.512196 0.512335 0.512341
ena(®) -2.167846 -1.949417 0.2974821 0.5097659
Tom (Ma) 1110.948 1148.448 1116.7554 1063.0548
Toom (Ma) 1205.9407 1188.1823 1004.4052 987.12358

Note: (878r/%6Sr); and ("**Na/"**Nd); are the initial isotopic ratios of &’ Sr/%°Sr and "**Ndl/
144 N d

assimilation would have increased the Th/Ta ratios (cf. MORB
and OIB: Th/Ta < 1.6, Sun and McDonough, 1989), as found in
both the Tongdeng (Th/Ta = 2.55-2.63) and Zhoudong
(Th/Ta = 1.95-1.97) samples. The Tongdeng samples may
have had stronger crustal assimilation influence as their Th/Ta
ratios are clearly higher than their Zhoudong counterparts. This
conclusion is also supported by the higher SiO, and Nb/La, the
lower MgO, zircon eHf(t) and whole-rock eNd(t) values, together
with the more xenocrystic zircons in the Tongdeng samples.

If the rock formation was influenced by crustal assimilation,
the rocks would have (Th/Ta)py; = 1 and (La/Nb)py; > 1 (by lower
crustal material); and (Th/Ta)py > 2 and (La/Nb)py > 2 (by

upper crustal material) (Peng et al., 1994). The Longlin basalts
have (Th/Ta)pyy = 0.94-1.27 and (La/Nb)py = 1.17-1.20,
showing mainly lower crustal influence. In the (*Sr/
863r);-eNd(t) discrimination diagram (Figure 8A), the Longlin
basalts plot above the evolutionary trend defined by MORB and
LCC/MCQC, indicating also lower crustal involvement. Assuming
that the Longlin basalts were depleted mantle-derived, zircon Hf
isotope calculation indicates that crustal input is of 8% for the
Zhoudong samples and 40% for the Tongdeng samples. In the
magma mixing modelling, the eHf(t) value of the depleted
mantle-derived, ancient crustal-derived, and parental magmas
of the Longlin basalts are 16 [depleted mantle eHf(t) value at
259 Ma], —13.22 [minimum measured Longlin basalt eHf(t)
value] and -1/-10 [average measured Zhoudong/Tongdeng
basalt eHf(t) value], respectively. The assumed Hf contents of
the depleted mantle and crustal material are 0.309 pg/g (Taylor
et al,, 1981) and 4.5 ug/g (Yangtze middle-lower crustal average;
Chi and Yan, 2007), respectively. Considering that the mantle-
sourced parental magma of the Longlin basalts has lower/equal
eHf(t) value than/to that of the depleted mantle, and that the
assimilated crustal material has lower ¢Hf(t) value than the lowest
eHf(t) value (-13.22) of the samples, the Zhoudong and
Tongdeng samples should have their actual degree of crustal
assimilation below 8 and 40%, respectively.

The Lu-Hf and Sm-Nd isotopic systems have similar
geochemical characteristics, and hence the eHf(t) and eNd(t)
values show strongly positive correlation (Vervoort et al., 1999).
Nd-Hf decoupling of magmatic rocks are commonly related to
residual garnet or zircon enrichment in the magma source region
(Patchett et al., 2004; Vervoort et al., 2000; Zeng et al., 2021a),
and/or crustal assimilation (Patchett et al., 1984; Carpentier et al.,
2009). From Figure 8B, it is shown that the Tongdeng samples
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FIGURE 8 | (A) (°"Sr/%5Sn)-eNdi(t) and (B) eHf(t)-eNd(t) (base map after Vervoort et al., 1999 and Zeng et al., 2021a; Zeng et al., 2021b) diagrams for the Longlin
basalt samples. MORB, mid-ocean-ridge basalt; EM | and EM I, enriched mantle; HIMU, LCC/MCC, middle to lower continental crust; UC, upper continental crust; IMM,
Indian MORB; PMM, Pacific MORB. Data source: the ranges of Emeishan high- and low-Ti basalts are from Xu et al. (2001), Zhou et al. (2006) and Xiao et al. (2003), Xiao
etal. (2004)a,b; DM, EMI, and EM Il (Zindler and Hart, 2003); LCC, MCC, and UC (Jahn et al., 1999); global sediments from Vervoort et al. (1999); global lower crust
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have clear Nd-Hf decoupling, whereas for the Zhoudong samples
such decoupling is indistinct. Because not all samples of the
Longlin basalts show Nd-Hf decoupling, the decoupling is
probably unrelated to the mantle source region. As afore-
mentioned, the Zhoudong samples have higher degree of
crustal assimilation than the Tongdeng samples, implying that
their Hf-Nd isotope decoupling was likely assimilation related.
Since Hf** and Zr*" have similar ionic radii, Hf is commonly

enriched in zircon through isomorphism, leading to very low
zircon Lu/Hf value (distinct lower than most rock-forming
minerals) (Vervoort et al, 2011). After prolonged
accumulation, e¢Hf(t) of zircon would be clearly lower than
that of other minerals, and thus the sediments or rocks with
high zircon contents would have lower ¢Hf(t) than those that lack
zircon (e.g., mudstone, shale, or pelagic sediments) (Patchett
et al, 1984; Carpentier et al,, 2009). Meanwhile, the Sm-Nd
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isotope system is unaffected by zircon. Hence, the eHf{(t) value of
zircon-rich sediments or rocks would deviate negatively from its
eNd(t) value with reference to the mantle array, whereas the
eHf(t) value of zircon-poor sediments or rocks would deviate
positively from its eNd(t) value with reference to the mantle array.
The eHf(t) values of the Tongdeng sample are obviously lower
than its eNd(t) value, indicating that the crustal materials
assimilated by it should be zircon-rich sediments or rocks. The
lesser crustal assimilation for the Zhoudong samples may have
caused the indistinct Hf-Nd decoupling.

The content of REE in the crust is higher than that in the
mantle (Taylor and McLennan, 1985; Sun and McDonough,
1989). Therefore, compared with the Zhoudong samples, the
Tongdeng samples experienced stronger crustal contamination,
which may be one of the reasons for their higher REE content. In
addition, the contents of Zr and Hf in Tongdeng samples are
obviously higher than Zhoudong samples, which is consistent
with the fact that the crustal materials assimilated by them are
rich in zircon.

Fractional Crystallization

It is generally considered that mantle-sourced primitive melts
may have had relatively high Ni (> 400 ppm), Cr (> 1,000 ppm)
and Mg# (73-81) contents (Mahoney, 1997; Wilson, 1989), which
are not found in the Longlin basalts (Tongdeng: Ni = 12-22 ppm,
Cr = 20-110 ppm, Mg# = 54-69; Zhoudong: Ni = 111-129 ppm,
Cr = 220-280 ppm, Mg# = 58-60). This shows that fractionation
of mafic minerals (e.g., olivine and pyroxene) has likely occurred
(Frey and Prinz, 1978; Wang et al,, 2016; Zeng et al., 2021b). Due
to the insufficient element geochemical data, it is hard to
determine the fractionated minerals from the Harker-type

diagrams. Using the lowest Cr content of mantle-sourced melt
(1,000 ppm; Wilson, 1989), calculation suggests that the
petrogenesis of the Tongdeng samples requires ~50% olivine
or ~20% pyroxene fractionation, whilst that of the Zhoudong
samples requires ~30% olivine or ~10% pyroxene fractionation
(partition coefficient from GERM website: http://www.earthref.
org/). Because crustal assimilation can also reduce the magma Cr
content, the degree of crystallization differentiation of mafic
minerals in Zhoudong and Tongdeng samples must be lower
than the above calculated values, especially the Tongdeng samples
with higher degree of crustal contamination. The lack of Eu
anomalies in the Longlin basalts indicates insignificant
plagioclase fractionation.

Nature of Magma Source
All Longlin basalt samples in this study have lower eHf(t) and
eNd(t) values than the depleted mantle, suggesting that the
basaltic magma has undergone crustal assimilation during the
magma ascent, and/or the magma was sourced from the mantle
metasomatized by subducting crustal material, possibly from the
altered Paleotethyan slab (Zeng et al., 2018; Xu et al., 2021).
The magma source region can be determined by the most
primitive samples of the Longlin basalts (i.e., Zhoudong samples,
with the least crustal assimilation and fractionation). Since Yb is
more compatible in garnet than in pyroxene and spinel, whilst Sm is
incompatible in all these minerals, Sm/Yb can also be used to
constrain the mantle source mineralogy (Aldanmaz et al., 2000).
In the Sm vs. Sm/Yb diagram (Figure 10A), the Zhoudong samples
plot between the partial melting curves of garnet lherzolite and
spinel-garnet facies (1:1) lherzolite. From the Sm/Yb vs. La/Sm
diagram (Figure 10B) (Ozdemir and Giileg, 2014), the
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FIGURE 11 | Tectonic discrimination diagrams for the Longlin basalt samples: (A) Ti/100-Zr-Y*3 diagram (after Pearce and Cann, 1973); (B) Nb*2-Zr/4-Y diagram
(after Meschede, 1986); Th/Hf-Ta/Hf diagram (after Wang et al., 2001); Zr/Y-Zr diagram (after Pearce, 1982). Data from other basalt units in western Guangxi are shown
for comparison. WPB-within-plate basalt; MORB-mid-ocean ridge basalt; IAB-island-arc basalt; WPA-within-plate alkali basalts; WPT-within-plate tholeiites;
VAB-volcanic-arc basalts; PMORB-basalt from plume-influenced regions; NMORB-oceanic basalt from normal mid-ocean ridge environment. (C): |—N-MORB
Margin of divergent oceanic plate; Il —Margin of convergent plate (Il; —Island are of continental margin; Il,—Volcanic are of continental margin); lll—Oceanic intra plate
(the oceanic island and seamount, T-MORB, E-MORB); IV—Continental intraplate (IV;—Continental rift; IV,— Alkaline basalt zone; IV;—Tensional zone); V—Mantle

Ti/100
A
Zr (ppm) Y*3 (ppm)
- 1> A
]\
Fx
)s
100 | ‘9/&,«Q ,,,,,, -
r \Qo E
[ s ]
L \Y% i
5\3 I Il 1 //Q N |
= o - \\e‘\\ .
= I
10 E
L | J
102 L C el
102 107! 10°
Ta/Hf
Baise basalts (Fan etal., 2008)
Basalts from NW Guangxi (Lai et al., 2012)
¢*Diabases from the Yufeng and Bama (Zhang and Xiao, 2014)
plume; (D) 1—Continental rift; 2— Continental tensional zone.

Nb*2 (ppm)

\/

Zrl4 (ppm)

ZrlY

M| L L PR

108

100 —
10" 102
Zr (ppm)
m Bama mafic rocks (Huang etal., 2015)
x Baidu diabase (Lietal., 2019)
* Tongdeng and Zhoudong basalts (this study)

compositions of Longlin basalt are consistent with magmas formed
by low-degree melting (1.0-2.0%) and >80% garnet lherzolite
contribution. It is commonly accepted that the depth of the
garnet-spinel stability zone is 75-85km in the upper mantle
(McKenzie and O’Nions, 1991; Klemme and O’Neill, 2000).
Therefore, magma for Longlin basalt was likely formed in the
spinel-garnet transition zone at 75-85 km depths.

Geodynamic Significance

In many tectonic discrimination diagrams (Figure 11), the
Longlin basalts fall inside the within-plate basalt field, similar
to most mafic rocks from western Guangxi. According to

Sun et al. (2007), within-plate basalts have w (Nb)/w (Zr) >
0.04 and w (Th)/w (Nb) > 0.11, of which continental rift-
related basalts and continental extension-related basalts have
w (Th)/w (Nb) = 0.11-0.27 and >0.27 (generally 0.27-0.67),
respectively. The Longlin basalts have their Nb/Zr
(0.13-0.16) similar to that of within-plate basalts and their
w (Th)/w (Nb) (0.12-0.15) similar to that of continental rift-
related basalts of the within-plate basalts. This shows that the
Late Permian western Guangxi was located in a continental
rifting setting.

Based on “°Ar-*Ar dating, Hou et al. (2006) considered that
the Emeishan LIP mafic magmatism occurred at ~258.9 Ma and
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2021). UC-upper continental crust; PM—primitive mantle; DM-shallow depleted
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OlB—-oceanic island basalt; DEP-deep depleted mantle; EN—enriched component;
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lasted for less than 3 My. Shellnutt et al. (2008) constrained the
timing of the Emeishan LIP plume activity to ~260 Ma. He
et al. (2007) dated Xuanwei Formation, silicic ignimbrite and
tuff by SHRIMP zircon geochronology, and considered that
the activity time of Emeishan basalt is 259-262 Ma. Li (2012)
statistically analyzed 70 age data of the Emeishan LIP
magmatism, and found that the age was mostly
concentrated in 252-265 Ma. As mentioned above, the Late
Permian mafic magmatism was also developed in the western
Guangxi, and its emplacement age was coeval with the
Emeishan LIP magmatism. Moreover, the interpreted
intraplate rift setting for the Late Permian mafic
magmatism in western Guangxi is consistent with the rift
setting of the Emeishan LIP. Previous studies indicate that
the intermediate and outer zones of the Emeishan LIP
comprise mainly high-Ti basalts (Xu et al,, 2004; Cheng
et al.,, 2019). The mafic magmatic rocks in western Guangxi
generally have the high Ti-feature (Fan et al., 2008; Lai et al.,
2012; Zhang and Xiao, 2014; Huang et al., 2015) and have
similar Sr-Nd isotopic composition to the Emeishan high-Ti
basalts (Figure 8A), which is consistent with its location in the
Emeishan LIP margin. Hence, the Late Permian magmatism in
western Guangxi is most likely associated with the
Emeishan LIP.

Considering the role of mantle plume and lithosphere in
the CFB formation, Turner et al. (1996) divided the CFB into
two genetic types, i.e., Deccan-type and Parana-type. Deccan-
type CFB has geochemical characteristics similar to OIB,
which is derived from decompression melting of
asthenospheric peridotite in the mantle plume. The
Parana-type CFB is rich in incompatible elements, and is
formed by partial melting of the lithospheric mantle (driven
by mantle plume-derived heating). As shown in Figure 6, the
Late Permian basalts in western Guangxi are enriched in
LILEs and LREEs, with no discernible Nb, Ta and Ti
anomalies. The distribution curves are obviously different
from NMORB and EMORB, but similar to OIB. In addition,
the Late Permian basalt samples in western Guangxi fall
mainly in the OIB field (Figure 12). Therefore, we suggest
that the Late Permian basalt in western Guangxi belongs to
the Deccan-type, and its formation is closely related to the
decompression melting of a mantle plume. In the Th/Nb-
Ti0,/Yb diagram (Figure 12C), most of the western Guangxi
basalt samples fall near the type-IIIB line (plume-SZLM
interactions), which also demonstrates a mantle plume
source with lithospheric input. This is consistent with our
conclusion that the Longlin mafic magma has experienced
crustal assimilation.

Possible formation mechanisms for the Emeishan high-Ti
and low-Ti basalts are still under debate, and have been
attributed to the different magma source regions, degrees of
partial melting, fractional crystallization, and crustal
assimilation processes, or a combination of these factors
(e.g., Xu et al., 2001; Hao et al.,, 2004; Li et al., 2008; Zhang,
2009). In this study, formation of the Tongdeng and Zhoudong
samples have clearly different degrees of crustal assimilation,
yet they all have high-Ti features, which shows no obvious
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relation between the high-Ti features and crustal assimilation.
Since Fe-Ti oxides commonly fractionated at the late magma
evolution stage (when MgO < 4 wt%) (Xu et al., 2013). The
Zhoudong basalt samples have MgO > 4.42 wt%, which
suggests that the high-Ti features are unlikely to be related
to ilmenite fractionation. As afore-discussed, Late Permian
basalts from western Guangxi (e.g., Longlin) were mainly
sourced from low-degree partial melting of the mantle in
the spinel-garnet transition zone, features that may have
shaped their high-Ti characters. Since lithospheric thinning
is commonly present above the mantle plume axis, partial
melting could have extended to shallower depths (e.g., spinel
stability field) and become more extensive (i.e., higher-degree
partial melting). Conversely, distal from the mantle plume
head, the lithospheric mantle is thicker and mantle
decompression melting occurred at greater depths (in the
spinel-garnet transition zone and garnet stability field) with
lower intensity (i.e., low-degree partial melting). Therefore,
the location of western Guanxi basalts on the Emeishan LIP
margin may explain the high-Ti character of the basalts in this
region.

High-Ti and low-Ti basalts also coexist in other LIPs
around the world, such as the Parand, Deccan, and Siberia
(Peate et al., 1999; Xia et al., 2012). Fodor (1987) and Arndt
et al. (1993) considered that high-Ti and low-Ti basalts are
caused by different degrees of melting of the same mantle
source, with the degree of partial melting degree for high-Ti
basalts being lower than their low-Ti counterparts. McKenzie
and Bickle (1988) suggested that the lithospheric mantle
thickness is the principal factor that controls the depth and
degree of partial melting in the mantle source region. Xia et al.
(2012) considered that high-Ti basalts are formed by lower
degree of partial melting in the deeper part of the mantle plume
(tail), whereas low-Ti basalts are formed by higher degree of
partial melting in the shallower part of the mantle plume
(head). The above viewpoints are consistent with our
conclusion that the difference of mantle source depth and
degree of partial melting have caused the significant Ti content
variation of magmatic rocks in the Emeishan LIP.

CONCLUSIONS

1) Longlin basalts from different places in western Guangxi
yielded similar Late Permian zircon U-Pb ages, i.e., 257.9 +
2.6 Ma (Tongdeng), 259.5 + 0.75Ma (Xiaoren), and
256.7 + 2.0 Ma (Zhoudong), coeval with the Emeishan
flood basalt emplacement.

Element and Sr-Nd-Hf isotope geochemistry show that the
Longlin basalts were formed from low-degree partial melting
in the spinel-garnet transition zone at depths of 75-85 km.
The parental magma may have undergone mafic mineral (e.g.,

2)

Late Permian High-Ti Basalt

olivine and pyroxenes) fractionation and varying degrees of
lower crustal assimilation.

Late Permian basalts in western Guangxi have similar
emplacement age and geochemical features to the
Emeishan high-Ti flood basalts. This suggests that the
Emeishan LIP activity extended to western Guangxi.

Late Permian basalts in western Guangxi have OIB-type
geochemical characteristics, and their formation is
closely linked to the decompression melting of a
mantle plume. The high-Ti features may have
caused by the low-degree partial melting in the deep
mantle.

3)

4)
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Genesis of High-Mg Adakites in the
Southeastern Margin of North China
Craton: Geochemical and U-Pb
Geochronological Perspectives

Shuo Zheng?, Yanfei An"*, Chunkit Lai®, Hongzhi Wang* and Yunfeng Li*

"School of Resources and Environment Engineering, Anhui University, Hefei, China, 2Exploration Research Institute, Anhui
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Brunei, “Third Exploration Team of Anhui Provincial Bureau of Coal Geology, Suzhou, China

In the eastern North China Craton (NCC), Mesozoic tectonics was dominated by the Paleo-
Pacific subduction rollback and the Tanlu crustal-scale fault movement. The regional
transtension had generated extensive adakitic magmatism, some Cu-Au ore-forming but
others not. To establish the geodynamic setting and any metallogenic link for the adakites
from the southeastern NCC margin, we analyzed the ore-barren adakitic rocks from
underground mines in the Huaibei-Linhuan coalfield (where surface igneous outcrops are
scarce), and compared their ages and geochemistry with other mineralized and ore-barren
adakites across Eastern China. Zircon U-Pb dating reveals two magmatic episodes in the
Huaibei-Linhuan coalfield: 1) early-Early Cretaceous (ca. 130-129 Ma) (quartz-)diorite and
granodiorite, and 2) late-Early Cretaceous (ca. 115.8 and 105.8 Ma) microgabbro and
dolerite. Whole-rock geochemistry indicates that the (quartz-)diorite and granodiorite are
high-Mg adakitic, featured by low K,O/NaO (avg. 0.33), high Sr/La (avg. 44.3), and lack of
correlation between SiO, (fractionation index) and Sr/Y (avg. 56.55) and MREE/HREE (avg.
1.09), resembling typical adakites derived from oceanic-slab partial melting.
Geochronological correlation with the regional tectonic events suggests that the slab-
melting may have been caused by the Paleo-Pacific subduction rollback. Further extension
and crustal thinning in the late-Early Cretaceous along the southern Tanlu fault may have
formed the gabbro-dolerite in the coalfield. Geochemical comparison suggests that
parental magma of the Huaibei-Linhuan adakites may have had similar water content
[similar zircon 10,000*(Eu/Eu*)/Y and Eu/Eu* ratios] to typical porphyry Cu-Au ore-forming

magmas, yet the former may have been considerably more reduced (lower zircon Ce/Nd
and whole-rock V/Sc ratios). We considered that the assimilation of Carboniferous-
Permian coal seams in the area may have further lowered the magma fO, and thus its
potential to form Cu-Au mineralization.

Zheng S, An'Y, Lai C, Wang Hand Li Y
(2021) Genesis of High-Mg Adakites in
the Southeastern Margin of North
China Craton: Geochemical and U-Pb
Geochronological Perspectives.
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INTRODUCTION

The Mesozoic eastern North China craton (NCC) is
tectonically complex due to the co-influence of a number
of tectonic events, including the North China-South China
collision, the Paleo-Pacific subduction and rollback, the
gradual NCC decratonization, together with the ~500-km
sinistral movement of the regional Tanlu fault zone and the
accompanied pull-apart basin formation (e.g., Li et al., 2012,
2017; Hongetal., 2020; Zhang et al., 2020; Sun et al., 2021; Ye
et al., 2021). The complex tectonic interactions resulted in
the formation of important Cu-Au mineralization across the
region, notably the world-class Jiaodong-Liaodong orogenic
gold province (e.g., Goldfarb and Santosh, 2014; Zhang Z.
etal.,2019; Liu et al., 2019, 2020; Li J. et al., 2020; Deng et al.,
2020), and the Cu-Au-Fe polymetallic Middle-Lower
Yangtze River Metallogenic Belt (MLYRB) (e.g., Pirajno
and Zhou, 2015; Zhou et al., 2015; Zhang Y. et al., 2019;
Lu et al., 2021). Many of these deposits are closely related in

High-Mg Adakites in North China

space-time to adakitic magmatism, yet many adakitic units
in the region are also ore-barren (e.g., Liu S.-A. et al., 2010; Li
C. et al,, 2020; Jiang et al., 2020). Genetic link between
adakitic magmatism and Cu-Au mineralization is rather
well-established (e.g., Reich et al., 2003; Richards and
Kerrich, 2007; Chiaradia et al., 2012), yet understanding
why some adakites are ore-barren would also benefit both
ore deposit modelling and regional Cu-Au exploration
(Table 1).

In the southeastern NCC margin (Anhui province) where the
North China Alluvial Plain is currently situated, intrusive rocks
are rarely exposed and thus less studied. In this study, we
collected samples from various underground coal mines across
the Huaibei-Linhuan coalfield (Figure 1). Through zircon U-Pb
dating and whole-rock geochemical analyses, and by comparing
geochemically with the coeval Cu-Au mineralized/barren
adakites across Eastern China (esp. in the MLYRB and along/
near the southern Tanlu fault), we discuss why some adakites are
ore-forming and some are not.

TABLE 1 | Summary of ages, intrusions and lithology of major barren and fertile adakite units in Eastern China.

No. Location Intrusion Lithology Ages (Ma) Barren or Source
fertile

1 BWGB Caoshan Monzogranite 109 + 3 Au Li et al. (2020a)

2 Donglushan Diorite porphyry 113+ 1

3 Jiangshan Altered granite porphyry 117 + 3

4 Jiuhuashan Granodiorite 115 +3

5 Huaiguang Granodiorite 118 +3 Liu et al. (2012)

6 Jingshan Granodiorite 118 + 1

7 Zhuishan Monzogranite 112 £ 1

8 Caoshan Monzogranite 112 +2 Yang et al. (2010)

9 Huaiguang Granodiorite 130+ 2

10 Nvshan Syenogranite 130+ 3

11 STLF Damaocun Monzonite 128 + 1 Ore-Barren Liu et al. (2010a)

12 Fangjiazhuang Monzonite 129 + 1

13 Xiaolizhuang Quartz monzonite 125 £+ 1

14 Qiaotouiji Monzonite 132 +2

15 Haizi Diorite 130 + 2 In this study

16 Taiping diorite 129 + 1

17 Qingdong Microgabbro 116 + 1

18 Yuan-1 dolerite 106 + 2

19 MLYRB Datuanshan Carbonate 139 + 3 Cu-Au-Mo Mao et al. (2006)

20 Tongguanshan Granodiorite 137 £ 1 Cu-Au Jiang et al. (2020)

21 Longhushan Diorite 138 + 3 Cu-Au-Mo Sun et al. (2003)

22 Shanxingshan Granodiorite 138 +3 Mo

23 Xianlinbu Granodiorite 133 £ 1 Fe-Mo

24 Yueshan Quartz diorite 136 + 2 Cu-Mo

25 Fengshandong Granodiorite 144 + 2 Cu-Mo Xie et al. (2007)

26 Qianjiawan Diorite 138 + 2 Cu-Au

27 Ruanjiawan Granodiorite 144 + 2 W-Cu-Mo

28 Tongshankou Granodiorite 142 + 2 Cu-Mo

29 Tonglishan Granodiorite 138 + 2 Cu-Fe

30 DOB Liujiawa Gabbronorite 128 + 1 Ore-Barren Zhang et al. (2013)

31 Liujiawa Diorite 127 £ 2

32 Liguo Dioritic porphyry 131 +3 Fe Xu et al. (2004)

33 Jiagou Monzodioritic porphyry 132+ 4 Ore-Barren

34 Banjing Diorite 126 + 2 Zhou et al. (2019)

35 Banijing Diorite 127 +1 Yang et al. (2008)

36 Fengshan Monzodiorite porphyry 129+ 2

37 Caishan Quartz diorite 131 £ 1

*BWGB: Bengbu-Wuhe Gold Belt; STLF: Southern Tan-Lu Fault; MLYRB: Middle-Lower Yangtze River Metallogenic Belt; DOB: Dabie Orogen Belt.
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FIGURE 1 | Tectonic maps of China (A) and North China (B), and (C) geologic map of the Huaibei-Linhuan coalfield, showing the distribution of basement rocks,
sampling sites and major structures (modified after Zhao et al., 2016; Zhu et al., 2005, 2009; An et al., 2018).

Geological Background
Archean to Mesozoic geological record is well-preserved in the

NCC, except locally in its eastern part due to later
decratonization. The craton was largely formed by extensive
Archean tonalite-trondhjemite-granodiorite (TTG)
emplacement, and remained relatively stable throughout the
Paleozoic-Early Triassic. Afterward, the convergence between
the Yangtze and North China plates (collided in the Early-
Middle Jurassic) had caused widespread Mesozoic magmatism,
forming the Cretaceous intermediate-mafic and bimodal (sub-)
volcanic rocks in the southern NCC margin (Li et al., 2017). Some
intrusive rocks were suggested to have formed by mantle
underplating and had a crustal-mantle mixed source.
Geochemistry of these rocks implies that the lithospheric
mantle beneath the NCC is highly heterogenous (Yang et al,
2008; Zhao et al., 2009; Xia et al., 2013).

Although igneous rock exposure is generally poor in the
southeastern NCC margin, many intrusions are encountered
in the underground coal mines there, notably those in the
Huaibei-Linhuan coalfield. The Huaibei coalfield is located
close to the Xuzhou-Suzhou fault system and between the
EW-trending Fengpei and Bangpu uplift zones (Figure 1B).
Faults of various sizes and types were documented in the
coalfield, but consist mainly of high-angle normal faults and
rare reverse faults. The regional Huangji and Subei faults were
interpreted to have formed in the same stage as the regional
Carboniferous-Permian folding (which formed the Tongting
syncline and Nanping anticline) (Figure 1C) (An et al.,, 2018).

The Linhuan coalfield is bounded by the N-S-trending Taihe-
Wuhe and Subei faults, and by the E-W-trending Nanping and
Fengwo faults, giving a rectangular shape to the coalfield. The
Taihe-Wuhe fault is a steeply-dipping normal fault, which
connects to the Tanlu fault zone in the east. Secondary faults
and interlayer structures are well-developed in the coalfield: the
former is mainly NE-trending and less-commonly NW-trending,
whilst the latter is developed on both hanging-wall and footwall of
the coal seams, which locally damaged the coal seams. Major fault
activities likely commenced in the Jurassic (early-stage
Yanshanian orogeny), during which the regional stress
transition (to NW-SE-trending) may have formed the Xuzhou-
Suzhou imbricated structure. Tectonic regime in Eastern China
changed again to active extension during the middle- and late-
stage Yanshanian orogeny, forming many normal faults and
fault-bounded basins. Normal faulting likely reached its peak
during the Cenozoic Himalayan orogeny, during which many
ancient structures were also reactivated/modified (Yao and Liu,
2012). Intermediate volcanism and plutonism were active during
the Yanshanian movement, and were mainly controlled by the
NNE-trending and EW-trending faults (Xu et al., 2004; Yang
et al., 2010).

Previous geological survey documented that stratigraphy in
the Linhuan coalfield comprises Ordovician and Carboniferous-
Permian sequences (#3 Exploration Team of Anhui Bureau of
Coal Geology, 2007). The coal-bearing sequences include the
Upper Carboniferous Benxi and Taiyuan formations, Lower
Permian Shanxi Formation, Middle Permian Shihezi
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Formation, and the Middle-Upper Permian Shiqianfeng
Formation. The Carboniferous sequences comprise mainly
greyish mudstone in the lower part, and crystalline limestone
and sandy shale-mudstone in the upper part. The Permian
sequences comprise mainly sandstone and mudstone (An
et al,, 2018, and ref. therein). Plutonic emplacement is locally
controlled by ancient faults and interlayer fractures, which likely
served as magma conduits. Many Jurassic-Cretaceous
intermediate-mafic dykes were identified in the Huaibei
coalfield, and are controlled mainly by NNE-trending faults
and minor by EW-trending and NW-trending ones. Middle
Jurassic-Early Cretaceous intermediate-felsic plutons are
widespread in the southern NCC margin, and eclogite
xenoliths and adakitic rocks were reported in the Xuhuai area
as a rectangle tectonic region in the Southern Tan-Lu Fault
(STLF) showing in Figure 1B (Xu et al, 2006; Xu et al,
2009). Plutonic rocks intruding the coal-bearing sequence in
the Huaibei coalfield include mainly diorite porphyry stock,
dykes, and sills. All coal mines in the Linhuan coalfield were
affected (metamorphosed) by various degrees of plutonism,
which intensified toward the Subei and Daliujia faults, e.g., at
the Yangliu and Haizi mines (#3 Exploration Team of Anhui
Bureau of Coal Geology, 2007; Yangliu Coal Industry Co. Ltd,
2017; Zhao et al,, 2019).

Intrusive rock samples in this study were collected from coal
mines in the Huaibei-Linhuan coalfield. Plutons are mainly
dioritic in the coal mines along the NE-trending Qiluzhou
fault (Taiping, Haizi, Yangliu), whilst those in the coal mines
along the NS-trending Daliujia fault (Yuandian-1, Yuandian-2,
Qingdong) are mainly gabbroic and minor peridotitic.

Sampling and Analysis Methods

In this study, we analyzed igneous rock samples from six mines in
the Huaibei-Linhuan coalfield, with the sampling locations
shown in Figure 1C. Sample lithologies include (quartz-)
diorite-granodiorite (n = 6) from Yangliu (YL-03, YL-07),
Haizi (HZ-08, HZ-13), and Taiping (TP-01, TP-04), and
microgabbro-dolerite (n = 6) from Qingdong (TT-07, TT-12),
Yuandian-1 (Y1-29, Y1-32), Yuandian-2 (Y2-08, Y2-23). The
rock samples were prepared into petrographic thin sections and
rock powder (200 mesh) for microscopic (including SEM)
observations and  whole-rock  geochemical  analyses,
respectively. Sample preparation and petrographic observation
were conducted at the Geological Laboratory of the School of
Resources and Environment Engineering, Anhui University.
Optical microscopic analysis was performed with an Olympus
BX53PLM to identify textural features and rock-forming
minerals. Whole-rock major and trace elemental compositions
were measured on all samples by X-ray fluorescence (XRF) and
inductively coupled plasma mass spectrometry (ICP-MS),
respectively.

The XRF analysis follows the Chinese national standard
procedure GB/T 14506.28-2010. The powdered samples were
dried at 105°C for 2-4 h and then cooled down in a desiccator. For
each sample, 0.700 g was weighted and mixed with 5.200¢g
Li,B,O7, 0.400 g LiF, and 0.300 g NH,NO;. The mixture was
placed in platinum crucibles (95% Pt + 5% Au). Afterward, 1 ml

High-Mg Adakites in North China

LiBr (1.5%) was added to the crucibles, dried on a hot-plate, and
then heat (with lid closed) at 1,200°C for 10 min to form a
glass disc.

Solution ICP-MS sample preparation follows the Chinese
National Standard Procedure GB/T 30714-2014. Weighted dry
sample powder (0.1000 g) was placed in
polytetrafluoroethylene (PTFE) bottles, mixed successively
with 10 ml HNO;, 10ml HF, and 2ml HCIl, and then
heated on hot-plate for 2-3h to completely dissolve the
samples. After cooling, the residue was washed with ultra-
pure water, dried again, and then redissolved in 2.0 ml aqua
reqia and 1.0 ml LH3BO; on hot-plate for around 16 min. The
solution was then transferred to 50 ml bottles, diluted with
water and then measured (with two blanks) on an Agilent
7700e ICP-MS. The analysis follows the Chinese national
standard procedure DZ/T0223-2001.

LA-ICP-MS zircon U-Pb dating was performed at the
Wuhan Sample Solution Analytical Technology Co. Ltd.
(China) with an Agilent 7900 ICPMS, coupled to a GeoLas
HD 193 nm excimer laser ablation system. Zircon 91500 and
glass NIST610 were used as external standards for U-Pb dating
and trace element calibration, respectively. Each analysis
incorporated a background acquisition of approximately
20-30s followed by 50s of data acquisition from the
sample. An Excel-based software ICPMSDataCal was used
to perform off-line selection and integration of background
and analyzed signals, time-drift correction and quantitative
calibration for trace element analysis and U-Pb dating (Liu
et al., 2008; Liu et al, 2010 Y.). Concordia diagrams and
weighted mean calculations were made using Isoplot/
Ex_ver3 (Ludwig, 2003). Analytical conditions include:
80 m] laser energy, 5Hz frequency, and 32 um laser beam
size. The standards were analyzed twice for every six samples.
The data processing and concordia plot production were
completed with ICPMSDataCal 10.9 and Isoplot 3.0,
respectively.

RESULTS

Petrographic Features

Taiping mine: Diorite samples were collected from a dyke (4-6 m
thick) at 300 m depth. The rocks are dark-grey, medium-fine-
grained, and massive structure. The rocks contain mainly
plagioclase (75%) and hornblende (20%) and rare pyroxene
(<5%). Some samples are porphyritic and have zoned
plagioclase phenocrysts in a dark grey to greyish-green
microcrystalline groundmass. The plagioclase grains are largely
euhedral-subhedral, whilst hornblende grains are subhedral
(Figures 2A,D).

Yangliu mine: The diorite-granodiorite samples were collected
from a sill at 463-504 m depth (drill-hole 2017-02). The rocks are
weakly porphyritic, with subrounded quartz and alkali feldspar
phenocrysts and (minor) hornblende phenocrysts set in a dark-
grey hornblende groundmass. Feldspar phenocrysts (2 mm) are
generally larger than subhedral hornblende phenocrysts (0.5 mm)
(Figures 2C,F).
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FIGURE 2 | Hand-specimen and thin-section microscopic photos of subvolcanic rocks from the Huaibei-Linhuan coalfield: (A) Taiping (TP-01) diorite; (B) Haizi
(HZ-08) diorite; (C) Yangliu (YL-03) diorite; (D) Taiping granodiorite with feldspar phenocrysts; (E) Haizi porphyritic diorite with altered euhedral feldspar phenocrysts; (F)
Yangliu granodiorite porphyry with quartz and plagioclase phenocrysts; (G) Qingdong (TT-07) microgabbro; (H) Yuandian-1 (Y1-29) dolerite; (I) Yuandian-2 (Y2-23)
dolerite; (J) Pyroxene and plagioclase in the Qingdong microgabbro (XPL); (K) Plagioclase and pyroxene in the ophitic-textured Yuandian-1 dolerite (XPL); (L)

07; (C) Y1-32.

FIGURE 3 | SEM image of plutonic rock samples, showing partially-assimilated porous natural coke inclusions with rounded corroded margin: (A) HZ-13; (B) TT-

s

Natural Coke:

Haizi mine: The diorite porphyry samples were collected from a
dyke (8-10 m thick) at 800 m depth. The rocks are dark grey and
medium-fine-grained massive, and contain mainly phenocrysts of
plagioclase (60%), hornblende (20%) and pyroxene (<5%), which set
in a dark-grey hornblende and (minor) pyrite groundmass (Figures
2B,E). Partially assimilated porous and rounded-/irregular-shaped
natural coke fragments are included in the diorite (Figure 3A).

Qingdong mine: The microgabbro samples were collected
from a sill at 478-483 m depth (drill-hole 2016-03). The rocks
are greyish-green, fine-grained massive, and contain mainly
plagioclase feldspars (55%), pyroxene (35%) and olivine (10%)
(Figures 2G,]). Partially assimilated natural coke fragments,
featured by being porous and rounded/irregular, are observed
under SEM in the microgabbro (Figure 3B).
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Qingdong microgabbro (TT-07); (D) Yuandian-1 dolerite (Y1-32).

FIGURE 4 | Representative zircon CL images for the Huaibei-Linhuan intrusive rock samples: (A) Taiping diorite (TP-01); (B) Haizi diorite porphyry (HZ-08); (C)

Yuandian-1 mine: The dolerite samples were collected from a
sill at 295-320 m depth (drill-hole 2016-06). The rocks are
greyish-green,  fine-medium-grained  massive  (weakly
porphyritic), and contain euhedral-subhedral plagioclase (65%)
and pyroxene (25%) phenocrysts set in a groundmass (10%) of
similar mineral content (Figures 2H,K). Some dolerite samples
contain partially assimilated natural coke fragments (Figure 3C).

Yuandian-2 mine: The dolerite samples were collected from a
sill at 278-305m depth (drill-hole 2016-20). The rocks are
greyish-green, fine-medium-grained massive, and weakly
porphyritic. The rocks have mainly plagioclase (60%),
pyroxene (20%), and minor (10% each) hornblende and Fe-Ti
oxides. The pyroxenes are commonly altered to fine-grained
amphibole and chlorite (Figures 2L,L).

Zircon U-Pb Geochronology and Trace

Element Geochemistry

In this study, one Taiping diorite (TP-01) and Haizi diorite
porphyry (HZ-08), and one Qingdong microgabbro (TT-07)
and Yuandian-1 dolerite (Y1-32) were zircon U-Pb dated.
Zircon grains from all rock samples are largely similar in size
(50-150 pm, mostly ~100 pm). Zircons from the diorite samples
(TP-01 and HZ-08) are featured by rounded, partially resorbed

inherited cores (20-120 pm, mostly 25-90 um) surrounded by
oscillatory zoned rims, giving an overall short prismatic or
subrounded shape. Most zircon cores have markedly different
CL reflectance (darker or brighter) from their growth rims. The
cores are mostly unzoned (homogenous) but sector zoning is also
found in certain grains. For the microgabbro-dolerite samples
(TT-07 and Y1-32), most zircon grains do not have inherited
core, and most of them are elongated prismatic (some occur as
broken fragments), and are oscillatory- and/or sector-zoned
(Figure 4).

Zircon samples from the Taiping diorite (TP-01) have high
Th/U ratios for both the inherited cores (avg. 0.62) and rims (avg.
0.39), resembling typical igneous zircons (Hoskin and Black,
2000). Most age data (n = 19) from the cores cluster closely
around 2,500 Ma, and yielded an upper intercept ***Pb/***U age
0f2,463 + 23 Ma (20, MSWD = 1.2). Meanwhile, age data (n = 21)
from the rims yielded a weighted average *°°Pb/***U age of
129.2 + 1.4 Ma (20, MSWD = 2.0), which we interpreted to be
the diorite emplacement age (Figures 4A, 5B; Table 2).

Similarly, zircons from the Haizi diorite porphyry (HZ-08)
have high Th/U ratios for both the inherited cores (avg. 0.47) and
rims (avg. 0.84), resembling typical igneous zircons (Hoskin and
Black, 2000). Age data (n = 19) from the cores also cluster closely
around 2,500 Ma, and yielded an upper intercept **°Pb/***U age
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TABLE 2 | (Continued) Zircon U-Pb dating results of the plutonic rock samples from the Huaibei-Linhuan coalfield.
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High-Mg Adakites in North China

of 2,475 + 33 Ma (20, MSWD = 2.3). Analyses of the zircon rims
(n = 15) yielded a weighted average *°°Pb/***U age of 130.0 +
24Ma (20, MSWD = 2.4), which we interpreted to be the
diorite crystallization age (Figures 4B, 5A,C; Table 2).

For the Qingdong microgabbro (TT-07), the zircon ages
range narrowly from 110.48 to 120.38 Ma and there are no old
inherited zircons. The zircons are likely igneous due to their
high Th/U ratios (avg. 0.50) and the ubiquitous igneous
oscillatory zoning. Twenty-five analyses yielded a weighted
average “"°Pb/>**U age of 115.8 + 1.1 Ma (20, MSWD = 2.0),
which likely reflects the timing of the microgabbro formation
(Figures 4C, 5B,E; Table 2).

For the Yuandian-1 dolerite (Y1-32), most zircon ages range
narrowly from 104.38 to 124.48 Ma. Again, the zircons are likely
igneous due to their high Th/U ratios (avg. 0.93) and their
igneous oscillatory zoning. Fifteen analyses yielded a weighted
average “°Pb/***U age of 105.8 + 1.8 Ma (20, MSWD = 2.8),
which is largely the same (within error) as the upper intercept
29°pb/>*%U age (106.6 + 2.4 Ma) and likely represents the dolerite
formation age (Figures 4D, 5F; Table 2).

Most zircons, regardless of their host-rock types and ages, have
similar left-inclining REE patterns and positive Ce anomalies
(Ce**/Ce’* = mostly 0.21-90.78), resembling typical igneous
zircons (Belousova et al., 2002). LREE contents are mostly low
(often below the detection limit), and the few zircons with
abnormally high La content are likely caused by apatite
inclusions (Lu et al, 2016). Different rock samples, however,
have different zircon Eu anomalies: Zircon rims of samples HZ-08
and TP-01 have no discernible anomalies [§Eu: (Eu*/Eu) =
0.42-0.86], whereas their Neoarchean-Paleoproterozoic cores have
distinct negative anomalies (Eu = 0.03-0.48). Varying negative Eu
anomalies are present for both samples TT-07 (§Eu = 0.03-0.84) and
Y1-32 (8Eu = 0.12-0.55) (Figure 6; Table 3).

Whole-Rock Elemental Compositions

For the 12 samples analyzed, their whole-rock major element
contents were back-calculated to 100 wt% to remove the volatile
influence. A few samples yielded very high LOI (e.g., TT07
= 12.36 wt%, Y2-23 = 10.19 wt%), which we considered to be
caused by the natural coke inclusions (instead of alteration/
weathering), as demonstrated by the fresh igneous texture and
partially-assimilated natural coke fragments observed under
the SEM (Figure 3). The microgabbro-dolerite samples have
SiO, = 42.58-50.88 wt%, AlL,O; = 12.22-14.55 wt%, MgO
5.44-8.63 wt%, FeOp = 6.99-14.68 wt%, and (Na,0O + K,O)
2.62-4.08 wt%, whilst the diorite-granodiorite (Haizi, Taiping,
and Yangliu) samples have SiO, = 57.45-61.27 wt%, AL,O; =
14.53-16.12 wt%, MgO = 2.87-4.63 wt%, FeOr = 4.0-6.71 wt%,
and (Na,O + K,0) = 6.45-9.15 wt% (Table 4).

In the Total Alkali-Silica (TAS) diagram, the gabbro-dolerite
samples fall inside the (olivine-)gabbro fields (some marginally
alkali), whilst the diorite-granodiorite samples fall inside the
(quartz-)monzonite and syenite fields (Figure 7A). Similar
results are shown in the immobile Zr/Ti vs. Nb/Y diagram,
suggesting that alteration/weathering has no major influence
on the major element geochemistry (Figure 7B). Both the
gabbro-dolerite (ASI = 0.94-1.38) and diorite-granodiorite
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(ASI = 1.09-1.42) are peraluminous (Figure 7C), with the former
being calc-alkaline and latter high-K calc-alkaline (Figure 7D).
The diorite-granodiorite samples have high Sr (>677.7 ppm) and
low Y (<15.48 ppm) (Sr/Y = 49.97-106.95), showing adakitic
affinity. In contrast, the gabbro-dolerite samples have lower Sr
(<384.2 ppm) and higher Y (>24.13 ppm)(Sr/Y = 15.26-83.19,
avg. 47), resembling normal arc magmatic rocks (Figure 8A). The
gabbro-dolerite and diorite-granodiorite samples have similar
total (¥) REE contents [73.14-193.10 ppm (avg. 112.88) and
50.51-113.45 ppm (avg. 84.99), respectively] and chondrite-
normalized REE patterns, which are featured by enrichments
in LREE/MREE [(La/Yb)y = 4.27-17.85 and 8.63-10.62,
respectively] and MREE/HREE [(Dy/Yb)xy = 1.76-2.16 and
1.81-1.98, respectively] (Tables 4; Figures 7-8). In primitive
mantle-normalized diagrams, both the gabbro-dolerite and
diorite-granodiorite show large ion lithophile element (LILE)
over high field strength element (HFSE) enrichments, as well
as negative Ta-Nb and Ti anomalies and distinct positive Pb and
Sr anomalies.

DISCUSSION

Multiphase Magmatism in the

Huaibei-Linhuan Coalfield

Intrusive rocks dated in this study yielded at least two magmatic
phases: The Early Cretaceous diorite-granodiorite ages (Haizi:
130.0 + 2.0Ma; Taiping: 129.2 + 1.4 Ma), whilst the
microgabbro-dolerite  yielded  Late  Cretaceous  ages
(Qingdong: 115.8 + 1.1 Ma; Yuandian-1: 105.8 + 1.8 Ma).
The Early Cretaceous Huaibei-Linhuan diorite-granodiorite
are coeval with the high-Mg adakite-like diorite-granodiorite
in the Liujiawa pluton (~128 Ma), which is located further
southwest in the eastern Dabie Orogen close to the Tanlu
fault zone (Figure 1) (Jiang et al, 2020). Also along the
Tanlu fault, the ore-related Nvshan syenogranite and the
Huaiguang granodiorite in the Bengbu-Wuhe goldfield
(Anhui Province) were both dated to be ~130Ma (Li C.
al.,  2020). The Huaibei-Linhuan (quartz-)diorite-
granodiorite are also of similar age (slightly younger) than
the Tongguanshan Cu-Au ore-forming adakites (~136.7 Ma;
Tongling orefield), and the ore-barren high-Mg adakitic
plutons at Fangjiangzhuang (~129.1 Ma) and Qiaotouji
(~131.7Ma) in the MLYRB (Liu S.-A. et al, 2010; Jiang
et al., 2020). This suggests that the emplacement of the
Huaibei-Linhuan (quartz-)diorite and granodiorite was part
of the extensive Early Cretaceous (high-Mg-)adakitic
magmatism, which extended from the along the eastern
MLYRB northward along the Tanlu fault. From Eastern
China, the Tanlu fault zone likely continues NE-ward across
the Bohai sea basin into NE China, although its northeastern-
most end is yet to be well identified (Ye et al.,, 2021). Early
Cretaceous adakitic granitoids were documented at Xiuyan (ca.
129-126 Ma) in the Liaodong Peninsula (NE China) (Dong
et al,, 2020), and Krinichnoye (131.4 Ma) in the southern
Sikhote-Alin (SE Russia Far East). As to be discussed in the
later section, we attributed this major regional adakitic

et
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magmatism as a product of Paleo-Pacific subduction and
rollback and/or tearing, facilitated by the reactivation of the
Tanlu fault zone movement.

The younger late-Early Cretaceous magmatic phase in
Huaibei-Linhuan (Qingdong: 115.8 Ma; Yuandian-1: 105.8 Ma)
was also reported elsewhere along the Tanlu fault. For instance,
normal-arc-type  granite- and diorite porphyries and
monzogranite from the Bengbu-Wuhe goldfield were dated at
ca. 112-114 Ma, and the associated Bengbu mafic dykes yielded
similar Ar-Ar age (plateau: 111.8 + 0.6 Ma; isochron: 109.6
+ 1.5 Ma) (Liu et al,, 2012; Li C. et al., 2020).

Petrogenesis of the Huaibei-Linhuan
Magmatic Rocks

In this study, we have identified an earlier adakitic (quartz-)
diorite-granodiorite phase and a younger gabbro-dolerite phase
for the Early Cretaceous magmatism in Huaibei-Linhuan. For the
adakitic (quartz-)diorite-granodiorite, they have relatively high
Mg (MgO = 2.87-4.63; Mg# = 0.65-0.76) and low K,0/Na,O
(0.35-0.54), resembling typical adakites derived from oceanic slab
melting. Such features are distinct from the adakites derived from
melting of the thickened lower crust, notably those from the
Bengbu-Wuhe goldfield situated in the interior of the North
China Craton (Figure 8) (Li C. et al., 2020). It is not to say that
there is no crustal influence in the Huaibei-Linhuan adakitic
rocks, as evidence from the presence of Precambrian inherited
cores (2,317-2,632 Ma) in the Cretaceous zircons. The weighted
average ages of the inherited cores for the (quartz-)diorite-
granodiorite samples from Haizi (2,475 + 33 Ma) and Taiping
(2,463 + 23 Ma) are similar to the relict magmatic zircons in (ca.
2,455 and 2,716 Ma) from the Cenozoic (~1 Ma) Nushan basalts
in the southeastern North China Craton (Ping et al., 2019),
suggesting clear NCC crustal input for the Huaibei-Linhuan
adakite formation. The lack of the clear correlation between
the adakitic signature (Sr/Y) and fractional crystallization
(SiO,) suggest that the adakites were not formed by high-
pressure fractionation (garnet and/or amphibole) (Figure 7D).
This conclusion is also supported by the lack of upward-concave
MREE-HREE pattern in the chondrite-normalized REE plots
(Figure 9), or the lack of correlation between MREE/HREE
(Dy/Yb) and fractionation (SiO,), which would be expect for
amphibole-garnet fractionation-derived adakites or normal calc-
alkaline rocks (such as the Huaibei-Linhuan gabbro-dolerite)
(Castillo et al, 1999; Kamvong et al., 2014) (Figure 10A).
Previous studies suggested that if the adakites were formed by
fractional crystallization, substantial amphibole (85%) and garnet
(15%) fractionation are needed (Mori et al., 2007). Our (quartz-)
diorite-granodiorite samples do not fall on these fractionation
trends (Figures 10A-B), and no garnet (and very few amphibole)
was found in the rocks, suggesting that the adakites were not
formed from fractional crystallization. In the Rb/Y vs. Nb/Y and
Ba/Th vs. Th discrimination plots, the Huaibei-Linhuan adakite
samples fall between the slab-derived and melt-derived
enrichment trends, suggesting that the magmas were sourced
from both slab-derived fluids and melts (Figures 10C-D). The
Sr/La ratio has been used to distinguish slab-derived adakites

Frontiers in Earth Science | www.frontiersin.org

92

October 2021 | Volume 9 | Article 731233


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Zheng et al. High-Mg Adakites in North China

A B oo Weighted *Pb/*U
eighted mean
HZ-08C =130.0£2.0 Ma (n=15) HZ-08E
; MSWD=2.4
0.5 Weighted mean®Pb/**Pb Probability = 0.002
=2475+33 Ma (n=19) 0.022
MSWD=2.3
0.4
z 0.021F
8 o3 3
& 1500 I
o & 0.020f
02 | .
BN RRRREN T,
| SRS EEEEEEEEE RN
T RR
EiER [EEREER o016k
0.1400 |
0.0 1 L 1 1 . . 0.018 L + + . .
0 2 4 6 8 10 12 14 0.09 0.11 0.13 0.15 0.17 0.19
207ppR3%Y 207pp /235
C D
Weighted mean™Pb/*U
TP-01C 0.0225 | = 129.2¢1.4 Ma (n=21) TP-01E
06F Weighted mean®Pb/“Pb 4 I\PIIS\t/)VE;fIi.O_ 0004
=2463+23 Ma (n=19) robability = 0. 140,
MSWD=1.2
0.0215 F
2 L 5
& 04 8 0.0205F
o ]
g = o
14 3050] o
« 1500 «
oo 0.0195 F
021 N — - 4
e e P o |
2 T T 1t 1l
L e . 00185} Wi TSP
H 1
sno/@ . e }‘mHH'H“ .
0.0 * * * * * * * 0.0175 . . —
0 2 4 6 8 10 12 14 0.09 0.11 0.13 0.15 0.17 0.19
207p /235 207pp/235
E F
0.020 1.0 (5200
Weighted mean™Pb/**U -
=115.8+1.1 Ma (n=25) TT-07 Y1-32
MSWD=2.0
Probability = 0.003 0.8 . l
0.019 | i |
IR
- I
;«,9 o 06
< & 4400
= 2
F Qo
g oo1s £
s g
0.4 ) 00,
Weighted mean  Pb/™"U
3600 =105.8+1.8 Ma (n=15)
L MSWD=2.8
0.017 0.2 Hh2s00 Probability = 0.001
0.016 . : 0.0 . . ,
0.08 0.10 0.12 0.14 0.16 0 20 40 60
207p /235 238J/ 206pp
FIGURE 5 | Zircon LA-MC-ICP-MS U-Pb Concordia diagrams of the Huaibei-Linhuan intrusive rock samples: (A) inherited zircon cores from Haizi diorite porphyry
(HZ-08); (B) zircon growth rims from Haizi diorite porphyry (HZ-08); (C) inherited zircon cores from Taiping diorite (TP-01); (D) zircon growth rims from Taiping diorite (TP-
01); (E) Qingdong microgabbro (TT-07); (F) Yuandian-1 dolerite (Y1-32).

from lower-continental crustal (LCC)-derived ones, because (Liu S.-A. et al.,, 2010). Our adakitic (quartz-)diorite-granodiorite
altered oceanic crust (with MORB-type LREE depletion and Sr  samples have elevated Sr/La ratios (Figure 11A), indicating a
enrichment by seawater) has much higher Sr/La than the LCC  slab-derived origin. The slab-derived origin is also supported by
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FIGURE 6 | Chondrite-normalized zircon REE patterns for the Huaibei-Linhuan intrusive rock samples: Chondrite normalizing values are from Sun and McDonough
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the zircon trace element compositions. The zircons show in
general increasing Yb/Gd with Hf content, which demonstrate
a magma cooling and fractionation trend (Figure 12A) (Barth
and Wooden, 2010). The Cretaceous zircons (or zircon rims)
have elevated U/Yb ratio (a proxy of LILE-enrichment),
suggesting a more enriched magma source resembling that of
typical continental arc (Grimes et al., 2015). This is markedly
different from the Precambrian cores, whic