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Abstract The Bijigou intrusion is one of the largest and
most well-differentiated Fe—Ti oxide-bearing layered intru-
sions in the Hannan massif located in the northwestern mar-
gin of the Yangtze Block, South China. Besides the mineral-
ization-related mafic-ultramafic rocks, the intermediate-acid
intrusive rocks are also exposed in the mining area, which
is of great significance for the understanding the Neoprote-
rozoic tectonic evolution of the Yangtze Block, but studies
on these intermediate-acid rocks are scarce. The Bijigou
mafic-ultramafic layered intrusion is surrounded by granite
and cut by syenite veins. Here, we report new zircon U-Pb
ages, Lu-Hf isotope composition and bulk rock geochemi-
cal data of the Bijigou syenite vein and wall-rock granite in
the northwestern margin of the Yangtze Block. Laser abla-
tion inductively coupled plasma mass spectrometry (LA-
ICP-MS) zircon U-Pb dating results show that the Bijigou
syenite vein and wall-rock granite formed at 770 +3.5 Ma
(MSWD =0.17, n=28) and 810+4 Ma (MSWD =0.84,
n=26), respectively. The zircon eHf(t) values of the syenite
veins range from+ 1.52 to+5.33 (average of +3.05), com-
bined with its high potassium contents, negative Nb—Ta
anomalies and positive Pb anomalies, suggesting that they
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may have originated from mantle-derived basaltic magma,
which was modified by materials from subducting oceanic
slab. The zircon eHf{(t) and Ty, ages of the wall-rock gran-
ite range from+0.71 to+5.71 (average + 3.06) and 1344
to 1659 Ma (average 1519 Ma), respectively, indicating
that the granite was produced by partial melting of juve-
nile crust. The geochemical characteristics of the Bijigou
syenite and granite indicate that they were formed in a con-
tinental margin arc setting. Thus, combined with previous
studies, it suggests that there was a major subduction system
along the northwestern margin of the Yangtze Block dur-
ing 824-720 Ma, and the magmatism in the Hannan massif
was divided into two episodes: (1) early magmatism (824—
790 Ma), such as the Bijigou, Hongmiaozhen and Huang-
guanzhen granitoids, was derived from partial melting of
the juvenile or pre-existing crust in a continental arc setting;
(2) later magmatism (789-718 Ma), including Bijigou syen-
ite, Wudumen, Erliba and Zushidian granitoids, formed in a
subduction-related back-arc extensional environment. The
long-term subduction system along the northwestern margin
of the Yangtze Block during 824-720 Ma suggests that the
Yangtze Block was previously located at the periphery of the
Rodinia supercontinent.

Keywords Yangtze Block - Bijigou - Neoproterozoic -
Tectonic evolution - Rodinia supercontinent

1 Introduction

Neoproterozoic magmatism is widely developed in the
northwestern margin of the Yangtze Block, which has
caused widespread debate about the genetic mechanisms and
tectonic setting in this area (Li 1999; Li ZX et al. 1999, 2008;
Li XH et al. 2002, 2003, 2006; Zhou et al. 2002a, b, 2006a;
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Zheng et al. 2007; Zhao and Zhou 2008, 2009a, b; Zhao
et al. 2010; Dong et al. 2011, 2012; Ao et al. 2019; Wang
et al. 2023). In Earth’s ~4.57 Ga long history, every other
700-800 Ma, nearly all continental blocks on Earth’s surface
met together to form a supercontinent (Zhao et al. 2018).
The assembly and breakup of the Rodinia supercontinent
are key aspects of the Proterozoic tectonic evolution of
Earth, and the Yangtze Block of the South China Craton
was incorporated into the Rodinia supercontinent during the
Neoproterozoic era (Li et al. 1995, 1999; Zhao et al. 2018).
Nevertheless, the Yangtze Block was argued to be located
in the center or margin of the Rodinia supercontinent, with
its geodynamic mechanism in debate (Li et al. 1995; 2008;
Zhao et al. 2011; Evans 2013; Cawood et al. 2016; Zou et al.
2024).

Neoproterozoic granitoid intrusions and mafic-ultramafic
intrusions are widely distributed in the Hannan region,
northwestern margins of the Yangtze Block, South China
(Zhao and Zhou 2008; Luo et al. 2018; Ao et al. 2019).
Owing to differing opinions on the location of the Yangtze
Block in the Rodinia supercontinent, two contrasting
models, namely the mantle plume model and arc model,
have been proposed to explain their petrogenesis. The mantle
plume model suggests that the Neoproterozoic magmatism
around the Yangtze Block resulted from a mantle plume,
which initiated the breakup of the Rodinia supercontinent
(Li et al. 2002, 2003, 2006; Ling et al. 2003; Huang et al.
2022), while the arc model argues that the mafic-ultramafic
and felsic rocks were formed in arc setting related to oceanic
slab subduction beneath the margin of the Yangtze Block
(Zhou et al. 2002a, b, 20064a, b; Yan et al. 2004; Sun et al.
2007; Zhao and Zhou 2007a, b; Ao et al. 2019; Hui et al.
2020; Zhang et al. 2020; Wang et al. 2023).

The Bijigou layered intrusion located in the Hannan
region is the largest mafic-ultramafic layered intrusion
in the northwestern margin of the Yangtze Block (Zhou
et al. 2002a; Chen et al. 2017). It is mainly composed of
ultramafic rocks in the lower zone, (noritic) gabbro in the
middle zone and diorite in the upper zone (Zhou et al.
2002a; Yang et al. 2013). The Bijigou intrusion contains
V-Ti magnetite ore layers in the middle zone with a total
thickness of ~ 112 m (Yang et al. 2013; Wang et al. 2023).
Geochronological and geochemical analyses show that the
Bijigou gabbro and diorite formed at~782-783 Ma and
785 Ma, respectively, in arc setting because of subduction
of the Rodinia oceanic slab (Zhou et al. 2002a; Wang et al.
2016; Chen et al. 2017). Intermediate-acid intrusions are
also widely distributed around the Bijigou layered intrusion,
but studies on these intrusive rocks are scarce. In this study,
a detailed petrographic investigation, bulk rock major and
trace element compositions, in situ U-Pb dating and Hf
isotope analyses of zircons from the Bijigou syenite veins
and granite are conducted to identify their petrogenesis and

constrain the tectonic evolution of the northwestern margin
of the Yangtze Block.

2 Geological setting
2.1 Regional geology

The South China Craton comprises the Yangtze Block in the
northwest and the Cathaysia Block in the southeast, which
was welded together along the Neoproterozoic Jiangnan
Orogen (Fig. 1; Guo et al. 1989; Chen et al. 1991; Li and
McCulloch 1996; Wang et al. 2007; Cawood et al. 2016,
2020; Yao et al. 2019; Shu et al. 2021). The Cathaysia
Block is predominantly composed of Neoproterozoic base-
ment rocks with Paleoproterozoic rocks only exposed in the
southwest Zhejiang and north Fujian and Mesoproterozoic
rocks limited to the Hainan Island (Zhao and Cawood 2012).
The Jiangnan Orogen includes a number of convergent plate
margin successions and can be divided into the northeast,
central and southeast domains (Yao et al. 2019). Assem-
bly of the Yangtze and Cathaysia Blocks was completed
by ~815-805 Ma, and shortly after assembly, the Jiangnan
Orogen and Cathaysia Blocks underwent regional extension,
resulting in development of the Nanhua rift basin (Yao et al.
2019, 2021 and references therein; Shu et al. 2021).

The Yangtze Block is separated from the North China
Block to the north by the Qinling-Dabie-Sulu orogeny and
from the Tibetan Plateau by the Songpan-Ganzi fold belt to
the West (Fig. 1; Ames et al. 1996; Hacker et al. 1996; Zhao
and Cawood 2012). It consists of Archean-Paleoproterozoic
crystalline basement surrounded by late Mesoproterozoic to
early Neoproterozoic folded belts (Zhao and Cawood 2012).
The Archean-early Paleoproterozoic basement rocks extend
sporadically along the northern and western margins of the
block including the Kongling Complex, Yudongzi Group,
Houhe Complex and Huangtuling granulites (Yao et al.
2019). Neoproterozoic mafic-ultramafic and felsic bodies
intrude into the basement strata and are unconformably
overlain by late Neoproterozoic to Sinian strata (Li et al.
2003; Zhou et al. 2002a, b, 2006a, b; Zhao and Zhou 2007a,
b; Yan et al. 2003; Wang et al. 2016).

In the Hannan region of the northwestern margin of the
Yangtze Block, pre-Sinian (> 750 Ma) rocks with an area >
1200 km? were mainly composed of Archean-Paleoprotero-
zoic gneisses, amphibolites and migmatites, and Meso- to
Neoproterozoic metasedimentary and volcanic rocks (Zhang
1991; Ling et al. 2003). The basement exposed in the Han-
nan region is characterized by the Neoproterozoic Xixiang
Group, which is a low-greenschist metamorphosed suprac-
rustal sequence (Ling et al. 2003). This sequence has a total
thickness of > 4 km and was intruded by the Wangjiang-
shan and Bijigou mafic-ultramafic intrusions and Hannan
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Fig. 1 Simplified geological map of the Hannan region in the northwestern margin of the Yangtze Block, South China (modified after Dong

etal. 2012)

granitoids including tonalite, trondhjemite, minor quartz
diorite, granodiorite and K-feldspar granite (Wang et al.
2016; Zhang et al. 2020). All of these Neoproterozoic intru-
sive rocks in the Hannan region, named the Hannan massif,
are covered by Sinian unmetamorphosed sedimentary rocks
(Fig. 1).

2.2 Geology of the Bijigou intrusion

The Bijigou layered intrusion in the north of the Hannan
massif is ~50 km long, ~ 6 to 12 km wide and ~5 km thick,
with an exposed area of ~500 km? (Wang et al. 2023). It is
composed of four lithological associations from bottom to
top: (1) a basal breccia zone with Cr-rich magnetite min-
eralization; (2) a lower zone composed of pyroxenite with
minor dunite, harzburgite, troctolite and anorthosite; (3) a
middle zone of gabbro and noritic gabbro with Fe-Ti oxide
mineralization; (4) an upper zone of diorite (Zhou et al.
2002a; Yang et al. 2013). Three V-Ti magnetite ore layers
with a total thickness of ~ 112 m in the middle zone com-
prise economic ore bodies that outcrop in the Zuantianliang,
Cuijiaping, Zhoujiabian and Bijigou sections from north to
south (Fig. 2). Besides the mineralization-related mafic-
ultramafic rocks, the intermediate-acid intrusive rocks are
also exposed in the mining area.

@ Springer

3 Sampling and analytical methods
3.1 Field and sample description

The Bijigou layered intrusion is surrounded by granite as
wall rocks (Figs. 2 and 3a). Syenite veins cut through the
lithological association of the layered intrusion (Fig. 3b).
Three syenite vein samples were collected from the inte-
rior of the Bijigou layered intrusion, and two wall rock
granite samples were collected from the contact zone.
The sampling locations of the syenite (BJG16-6) and
granite (BJG16-7: latitude N 33°13'36” and longitude E
108°2'15") are shown in Fig. 2. The syenite is a massive
structure and its hand specimen is pink-white (Fig. 3c).
The syenites are mainly composed of alkaline feldspar
with minor plagioclase and hornblende, which show an
equigranular and fine-grained (0.2—-0.5 mm in particle size)
texture (Fig. 3d). Some feldspar crystals suffer kaoliniza-
tion. The granite is in intrusive contact with the Bijigou
layered intrusion, with a massive structure and granitic
texture (Fig. 3e). The granite contains ~58% quartz, 30%
alkaline feldspar, 10% plagioclase and minor biotite (<
2%) (Fig. 3f). Accessory minerals include zircon and
magnetite. The size of the quartz is generally 0.1-0.3 mm.
The alkaline feldspars are relatively coarser grained, with
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Fig. 2 Simplified geological
map of the Bijigou layered
intrusion (modified after Liu
2015)

particle sizes of 0.5-2.5 mm. Some alkaline feldspars
show simple twin crystals and kaolinization edges.

3.2 Analytical methods

Major oxide and trace element analyses were completed at
the Laboratory of Mineralization and Dynamics, Chang’an
University, Xi’an, China. The major elements were deter-
mined by using x-ray fluorescence with an average uncer-
tainty of <5%. The trace elements were analyzed by using
a Thermo X-7 inductively coupled plasma mass spectrom-
eter (ICP-MS). The accuracy and precision of the ICP-MS

analyses were estimated to be > 5%. Major element and trace
element compositions of the syenite and granite are listed in
supplementary Table 1.

Zircons were separated from syenite (BJG16-6) and gran-
ite (BJG16-7) using conventional heavy liquid and mag-
netic separation techniques. Representative zircon grains
were handpicked under a binocular microscope and then
mounted on an epoxy resin disk and polished to about half
of their thickness for analysis. Cathodoluminescence (CL)
images were obtained to reveal the morphology and internal
structure of zircons by using a JSM 6510 scanning elec-
tron microscope equipped with a Gatan Mono CL System at
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Fig. 3 Representative field photographs and microscopic characteristics of the Bijigou granite and syenite. (a) Contact relationship of the
Bijigou gabbro and granite, with the granite shown as wall rock; (b) syenite vein cutting through the Bijigou gabbro; (¢) hand specimen of the
syenite; (d) syenite with isogranular texture mainly composed of alkaline feldspar, observed under monopolars; (e) hand specimen of the granite;
(f) granite with granitic texture mainly composed of alkaline feldspar, plagioclase and quartz, observed under crossed polars. Mineral abbrevia-
tions: Af = alkaline feldspar, Q = quartz, Hb = hornblende

@ Springer
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Beijing Geoanalysis Co., Ltd, Beijing, China. Zircon U-Pb
dating was conducted by using an Agilent 7700 x ICP-MS
coupled with an Analyte Excite 193-nm laser at the Labora-
tory of Mineralization and Dynamics, Chang’an University,
Xi’an, China. Spot size of 35 pm and frequency of 5 Hz
were adopted for all analyses. Helium was used as a car-
rier gas, and argon was used as a make-up gas and mixed
with the carrier gas via a T-connector before entering the
ICP-MS. Each analysis incorporated a background acquisi-
tion of approximately 15 s (gas blank) followed by 40-s data
acquisition for the sample. Zircon 91,500 was used as an
external calibration standard for mass discrimination and
U-Pb isotope fractionation. Detailed operating conditions for
the laser ablation system and the ICP-MS instrument and the
data reduction approach used are given in Luan et al. (2019).
Off-line raw data selection, integration of background and
analysis signals, time-drift correction, quantitative calibra-
tion and zircon isotope ratios were calculated using the
ICPMSDataCal 7.2 program (Liu et al. 2008). Concordia
diagrams and weighted mean calculations were carried out
by using the Isoplot 3.7 program (Ludwig 2003). U-Pb iso-
topic compositions of zircons from the Bijigou syenite and
granite are listed in supplementary Table 2.

In situ zircon Hf isotope analyses were carried out by
using a Nu Plasma IT multiple collector ICP-MS (MC-ICP-
MS) coupled with a RESOLution M-50 (ASI) excimer ArF
laser ablation system at the State Key Laboratory of Conti-
nental Dynamics, Northwest University, Xi’an, China. The
H£/"7TH ratio was applied to calculate the mass fraction-
ation of Hf (By,); !"*Lu signal and "SLu/!">Lu=0.02656
were used to calculate the interference of '7°Lu on !"6Hf.
173y b-1"'Yb was applied to calculate both Byy, and the
13Yb signal and 7°Yb/!3Yb=0.78696 were used to cal-
culate the interference of ’°Yb on "°Hf. Zircon 91,500,
Monastery and GJ-1 were used as external standards during
this analysis, and the 176H1£/17THF ratios for the three zircon
standards are in good agreement with recommended val-
ues. The detailed information of these instruments can be
found in Bao et al. (2017), and the detailed information of
analysis strategy and data deduction can be found in Yuan
et al. (2008). Zircon Hf isotopic compositions of the Bijigou
syenite and granite are listed in supplementary Table 3.

4 Results
4.1 Bulk rock geochemistry

Based on the bulk rock geochemical data of the syenite veins
and wall rock granites (supplementary Table 1), the loss-on-
ignition (LOI) values are low (< 1.00), indicating that the
Bijigou syenite and granite samples are relatively fresh with
slight alterations. The Bijigou syenite contains SiO, contents

of 64.6 wt%—65.0 wt%, analogous to granitoids. The syenite
vein samples exhibit high Al,O; contents (19.0 wt%—19.2
wt%), alkali contents (Na,O+ K,0=13.5 wt%—13.9 wt%)
and K,0/Na,O0 ratios (1.86-2.42). Meanwhile, the Bijigou
syenite contains minor MgO (0.03 wt%-0.07 wt%) and
Fe,05" (0.23 wt%—0.47 wt%) contents. The A/CNK values
range from 1.02 to 1.03, indicating a weakly peraluminous
series (Fig. 4a). In the SiO, vs. K,O diagram, it displays
their affinities with shoshonitic series (Fig. 4b), which illus-
trates the high alkaline characteristics of the Bijigou syen-
ite. Chondrite-normalized rare earth element (REE) patterns
of the syenite are light REE (LREE) enriched and heavy
REE (HREE) depleted, with marked positive Eu anomalies
(0Eu=3.93-5.41) (Table 1, Fig. 5a). In the primitive mantle
normalized trace element spider diagram, the Bijigou syen-
ites are enriched in large-ion lithophile elements (LILEs,
e.g., Rb, Ba, Pb and Sr) and depleted in high-field-strength
elements (HFSEs, Nb, Ta, Zr, Hf and Ti) (Table 1, Fig. 5b).
The syenite samples exhibit extremely low content of trace
element, which closely resembles that of feldspar. Therefore,
it is inferred that the syenite might be formed by feldspar
cumulative process (Sawyer 1987; Shellnutt and Zhou 2007,
Vincent et al. 2022).

The Bijigou granites have SiO, contents of 72.4 wt%—74.3
wt% and low contents of CaO (0.97 wt%—1.01 wt%) and
MgO (0.28 wt%—0.39 wt%). The Bijigou granites are weakly
peraluminous with A/CNK values ranging from 1.05 to 1.06
(Fig. 4a). In the Si0O, vs. K,O diagram, the Bijigou granites
fall into the field of the high-K calc-alkaline series (Fig. 4b).
The REE contents of the Bijigou granite (106—-132 ppm)
are much higher than those of the syenite, and they are
characterized by LREE enrichment and HREE depletion
with marked negative Eu anomalies (8Eu=0.39-0.40)
(Table 1, Fig. 5a), similar to those of the Hongmiaozhen
and Huangguanzhen granites. Relative to primitive mantle,
the granite shows positive Rb and Pb anomalies and negative
Nb, Ta and Ti anomalies (Fig. 5b).

4.2 Zircon U-Pb age

Zircon grains from the syenite sample (BJG16-6) are mostly
short and columnar and are > 50 pm in length, with length-
to-width ratios ranging from 1:1 to 2:1. Most of the syen-
ite zircons do not show oscillatory zoning in CL images
(Fig. 6a), which might be due to their crystallization from
high-temperature and low-viscosity magma (Belousova et al.
2002; Wu and Zheng 2004). The Th and U contents of the
zircons from the syenite are 51-786 ppm and 54-700 ppm,
respectively (supplementary Table 2). The Th/U ratios of
the analyzed zircons vary from 0.44 to 2.2 (supplementary
Table 2), indicating their magmatic origin (Hoskin and
Schaltegger 2003; Wu and Zheng 2004). The 2°°Pb/?*8U
apparent ages of 28 spot analyses of syenite zircons vary
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Fig. 4 (a) NK/A vs. A/CNK diagram (after Maniar and Piccoli 1989); (b) SiO, vs. K,O diagram (after Peccerillo and Taylor 1976). Erliba and
Wudumen data are from Zhao and Zhou (2008), Zushidian data are from Ao et al. (2014) and Hongmiaozhen and Huangguanzhen data are from

Ao (2015)

between 762.0 and 778.2 Ma, yielding a weighted mean
206ph/2381 age of 770+ 3.5 Ma (MSWD =0.17, n=28)
(Fig. 7a).

Zircon grains from the granite sample (BJG16-7) are
mostly euhedral and commonly up to 200 pm in length, with
length-to-width ratios ranging from 1:1 to 1.5:1. Most of
the granite zircons are characterized by evident oscillatory
zoning in CL images (Fig. 6b). As shown in Fig. 6, the zir-
con grains from granite are larger than those from syenite.
The Th and U contents of the zircons in the granite range
from 150 to 672 ppm and 261 to 711 ppm, respectively, with
Th/U ratios of 0.27-1.1 (supplementary Table 2). The 28
analysis spots are conducted in the oscillatory zones of the
granite zircons, among which the concordance of 26 points

1000

is between 94 and 99% except for the first and seventh spots.
The 2°Pb/**8U apparent ages of 26 concordant analysis spots
of the granite zircons vary between 789.0 and 826.8 Ma,
yielding a weighted mean 2°°Pb/**U age of 810 +4 Ma
(MSWD =0.84, n=26) (Fig. 7b).

4.3 Zircon Hf isotopic composition

In situ zircon Hf isotope analysis was carried out in the
corresponding location of U-Pb dating in syenite and gran-
ite zircons. Zircon grains from the syenite show homoge-
neous Hf isotopic compositions with 7°Hf/!7"Hf ratios of
0.282361 to 0.282474 with an average of 0.282402. The
calculated ey(t) values range from+1.52 to+5.33 with an

...... Bijigou granite
~———Bijigou syenite

Hongmiaozhen and

Sample/Chondrite
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e-mantle
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Fig. 5 Chondrite-normalized REE patterns and primitive mantle-normalized trace element patterns for the Bijigou syenite and granite. Chon-
drite-normalized values are from Taylor and McLennan (1985); primitive mantle-normalized values are from Sun and Mc Donough (1989). Data

sources as for Fig. 4
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Fig. 6 CL images of zircons from the Bijigou syenite (a) and granite (b). Solid and dotted circles represent the analysis locations of the U-Pb
dating and Hf isotope, respectively, while the numbers next to the circles represent the U-Pb ages and eHf(t) values

average of +3.05. The corresponding two-stage Hf model
ages (Tpyp) vary from 1337 to 1557 Ma, with an average
age of 1480 Ma (supplementary Table 3).

Zircon grains from the granite have '"°Hf/!’"Hf ratios
ranging from 0.282338 to 0.282464, and the average
76H£/'"THF ratio is 0.282390. The calculated ey (t) values
are mostly positive and range from+0.71 to+5.71 with an
average of +3.06, similar to those from the syenite, except
for the single negative gy(t) value (—0.50) with the oldest
Tpme (1735 Ma) in the sixth spot. The corresponding Ty,
ages of the other 27 spots vary from 1344 to 1659 Ma,

with an average age of 1519 Ma. The ey(t) values versus
the weighted mean 2°°Pb/>*3U ages are shown in Fig. 8.
S Discussion

5.1 Emplacement age of the Bijigou syenite vein
and wall rock granite

The voluminous Neoproterozoic granitoids show NE-SW
orientation in the Hannan massif and are mainly comprised
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Fig. 7 Zircon U-Pb concordia diagrams for the Bijigou syenite (a) and granite (b)
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Fig. 8 eHf(t) vs. U-Pb age diagram of the zircon from the Bijigou
syenite and granite. The data of the Bijigou diorite are from Wang
et al. (2016)

of the following intrusions from north to south: Bijigou wall
rock granite (this study), Bijigou syenite (this study) and
granite vein (773 +£9 Ma, Geng 2010; 759 +4 Ma, Chen et al.
2017), Wudumen trondhjemite and tonalite (789 + 10 Ma,
Ling et al. 2006; 735+ 8 Ma, Zhao and Zhou 2008; Liu et al.
2009; 718 +9 Ma, Dong et al. 2012; 785+4 Ma, 764 +2 Ma,
Yang et al. 2013), Erliba trondhjemite (730 +£ 6 Ma, Zhao
and Zhou 2008; 778 +3 Ma, Liu et al. 2009), Zushidian
trondhjemite (728 +3 Ma and 786 +4 Ma, Ao et al. 2014),
Huangguanzhen granite porphyry (814 +25 Ma, Ao 2015)
and Hongmiaozhen alkali-feldspar granite (790+ 5.7 Ma and
802 +4.3 Ma, Ao 2015). Furthermore, the same granitoids
show relatively scattered ages. This might be owing to the
complex lithology and/or using different dating methods

@ Springer

(e.g., LA-ICP-MS, SHRIMP). The mafic-ultramafic intru-
sions are represented by the Bijigou (782-785 Ma; Zhou
et al. 2002a; Wang et al. 2016; Chen et al. 2017) and Wangji-
angshan intrusions (819-823 Ma; Zhou et al. 2002a; Wang
et al. 2016) in this area.

The zircon CL characteristics and high Th/U ratios of
the Bijigou syenite vein and wall rock granite indicate
their magmatic origin (Belousova et al. 2002). Therefore,
it shows that the syenite vein and wall rock granite formed
at 770 +£3.5 Ma (MSWD=0.17, n=28) and 810+4 Ma
(MSWD =0.84, n=26), respectively (Fig. 7). Previous
studies have already demonstrated that the Bijigou layered
intrusion formed at 782—-785 Ma (Zhou et al. 2002a; Wang
et al. 2016; Chen et al. 2017). As observed in the field,
granite surrounds the Bijigou layered intrusion in the form
of wall rocks (Fig. 3a), while the syenite veins cut through
the Bijigou layered intrusion (Fig. 3b). This indicates
that the formation age of the Bijigou layered intrusion is
earlier than that of the syenite veins but later than that of
the wall rock granite. In summary, the emplacement ages
of the Bijigou intermediate-acid intrusive rocks and mafic-
ultramafic layered intrusion are consistent with geological
observations, and the dating results in this study are reliable.

5.2 Petrogenesis of the Bijigou syenite vein

Syenites which are enriched in alkali elements generally
formed in an extensional setting occurring as small intru-
sive stocks (Abdalla 1996; Yang et al. 2007). Although they
are volumetrically insignificant, they have attracted much
attention owing to their specific petrogenesis and tectonic
implications (Litvinovsky et al. 2000; Mingram et al. 2000;
Kumar et al. 2007). A variety of viewpoints have been pro-
posed regarding the generation of syenite magma as follows:
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(1) possible derivation from an enriched mantle source
(O’Nions and Mckenzie 1988); (2) partial melting of rocks
at the bottom of thickened crust or low-degree partial melt-
ing of the lower crust due to injection of mantle-derived
magma and volatile (Huang and Wyllie 1981; Tchameni
et al. 2001); (3) mixing of mantle-derived basaltic mag-
mas with crustal-derived granitic melt (Zhao et al. 1995;
Mingram et al. 2000). The Hf isotope composition of the
enriched mantle source beneath the Yangtze Block in the
Neoproterozoic is dominated by subducted crustal material
with negative eHf(t) values, such as the Qichun pyroxenite
in the Northern Yangtze Block, which shows eHf(t) val-
ues of — 21.3+ 1.2 (Zhang et al. 2016). In contrast, zircons
from the Bijigou syenite have positive gy(t) values ranging
from+ 1.52 to+5.33. Thus, it is unlikely that the Bijigou
syenite was generated by an enriched mantle or thickened
crust source. Moreover, it is impossible for syenite to have
been formed by evolution of depleted mantle alone, owing
to the distinctly lower g,(t) values than those of the coeval
depleted mantle (around + 15; Fig. 8). Thus, it is inferred
that some crustal material or crustal-derived granitic melt
was introduced into the parental magma of the Bijigou syen-
ite. The high volume percentage of K-feldspar in the Bijigou
syenites and the low REE contents and positive Eu anomaly
indicate that these rocks represent crystal accumulation of
aresidual silicic melt, which derived from a basaltic paren-
tal magma and experienced crustal contamination (Sawyer
1987; Shellnutt and Zhou 2007; Shellnutt 2021; Vincent
et al. 2022). In addition, the negative Nb-Ta anomalies and
positive Pb anomalies of the Bijigou syenite indicate the
involvement of the crust material (Rudnick and Fountain
1995). Therefore, it is proposed that the Bijigou syenite
was probably derived from mantle-derived basaltic magma
which was modified by materials from subducting oceanic
slab (Zhao and Zhou 2008; Liu et al. 2009).

5.3 Petrogenesis of the Bijigou wall rock granite

Positive eHf(t) values of granitic rocks usually indicate that
the magma was derived from the depleted mantle or the
juvenile crust which was newly extracted from the depleted
mantle, while negative eHf(t) values usually indicate that
the magma originated from the ancient crust (Amelin et al.
1999, 2000; Wu et al. 2007; Diwu et al. 2012). Zircon
grains from the Bijigou granite show gy (t) values ranging
from+0.71 to+5.71 with an average of + 3.06, indicating
that the parental magma of the Bijigou granite was likely
formed via melting of the depleted mantle or juvenile crust.
It is generally considered that granite cannot be directly
formed from deplete mantle (Wu et al. 2007). The lower
Nb/U ratios of the Bijigou wall rock granite (average of
5.72) also suggest that it was sourced from crustal material
(Rudnick and Fountain 1995).

Eu’* is more easily accommodated by plagioclase than
the other REE?*; therefore, Eu anomalies are mainly con-
trolled by plagioclase (Cottin et al. 1998). The negative Eu
anomalies (0Eu=0.39-0.40) of the Bijigou granite indi-
cate that the parental magma experienced fractionation of
plagioclase or was extracted from a plagioclase-bearing
residual source. In the Hannan region, the Hongmiaozhen
(802 +4.3 Ma) and Huangguanzhen granites (814 +25 Ma)
are contemporaneous with the Bijigou granite (Ao 2015).
In Fig. 9, the Bijigou, Hongmiaozhen and Huangguanz-
hen granite samples are distributed along the line of frac-
tional crystallization. In addition, due to the high partition
coefficient of Sr and Ba between plagioclase and granitic
magma, the depletion of Sr and Ba (Fig. 5b) also indicates
the crystallization and separation of plagioclase (Zhu et al.
2009). Moreover, the negative anomalies of Nb, Ta and Ti
indicate fractional crystallization of Ti-bearing minerals
(e.g., ilmenite and titanite; Fig. 5b). Furthermore, the low
contents of transition metals (e.g., Sc, V, Cr, Co, Ni, Cu)
suggest the fractionation of mafic silicate minerals (e.g.,
olivine, pyroxenes) (Shellnutt 2021). Combined with the
approximate crystallization age and Hf model age, this sug-
gests that the Bijigou granite was probably formed via the
partial melting of juvenile crust. In summary, the parental
magma of the Bijigou granite may have been derived from
the partial melting of the juvenile crust and involved frac-
tional crystallization.

5.4 Tectonic setting and implications for the Hannan
region

Regarding the tectonic setting in the Neoproterozoic of the
Yangtze Block, whether there is a mantle plume or arc-
related setting is debated, and the location of the Yang-
tze Block was in the internal or periphery of the Rodinia
supercontinent (Zhao et al. 2011; Cawood et al. 2016; Gao
et al. 2020a). In Fig. 10a, b, c, d, the Hannan granitoids
and syenite are plotted in the field of volcanic arc or conti-
nental margin arc granites. Such features are interpreted as
showing a subduction-related tectonic affinity (Rios et al.
2007). The gabbroic intrusions from the Hannan massif,
including the Wangjiangshan (819 + 10 Ma, Zhou et al.
2002a; 823 + 6 Ma, Wang et al. 2016) and Bijigou (782-785
MaZhou et al. 2002a; Wang et al. 2016; Chen et al. 2017),
are also suggested to have a subducted material modified
source related to the active continental margin (Wang et al.
2016). Meanwhile, the sandstone geochemistry and detrital
zircon geochronology of the Hengdan Group in the Bikou
terrane indicate that the northwestern margin of the Yangtze
Block should be a long-lived active continental arc during
the early to middle Neoproterozoic (Gao et al. 2020b). In
addition, the SINOPROBE deep reflection profile images
reveal that the Neoproterozoic subduction occurred along
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Fig. 9 Diagrams of La/Yb vs. La (a) and La/Sm vs. La (b) of the Hannan granites

the northwestern margin of the Yangtze Block (Gao et al.
2016). Thus, it is reasonable to conclude that the Hannan
massif, including the Wangjiangshan and Bijigou gabbroic
intrusions and a series of granitoids such as Bijigou granite
and syenite, as well as Wudumen, Erliba, Zushidian, Hong-
miaozhen and Huangguanzhen granitoids, were produced in
a subduction-related continental margin arc setting.

Combined with previous studies (Ling et al. 2006; Zhao
and Zhou 2008; Liu et al. 2009; Geng 2010; Dong et al.
2012; Yang et al. 2013; Ao et al. 2014; Ao 2015; Chen et al.
2017), it is suggested that there was a subduction system
along the northwestern margin of the Yangtze Block during
824-720 Ma (Fig. 10). Moreover, the older granitoids
(814-790 Ma, including Bijigou, Hongmiaozhen and

Fig. 10 (a) Rb vs. (Yb+Ta) diagram; (b) Ta vs. Yb diagram; (¢) Rb vs. (Y +Nb) diagram; (d) La/Yb vs. Th/Yb; (e) St/Y vs. Y and (f) (La/
Yb)y vs. Yby plots for discrimination of adakites and the arc magmatic rocks, after Condie (1989), Brown et al. (1984), Defant and Drummond

(1990) and Murphy and Nance (1991). Data sources as for Fig. 4
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Huangguanzhen) were plotted into the arc magmatic rocks
field, while the relatively younger granitoids (including
Wudumen, Erliba and Zushidian) and Bijigou syenite
(789-718 Ma) were plotted within or near the adakite field
(Fig. 10e, f). Therefore, the ca. 824—720 Ma magmatic
activity in the Hannan region during the subduction setting
can be divided into two types (Fig. 11):

(1) The early magmatic rocks (824-790 Ma), including
the Bijigou (this study), Hongmiaozhen and
Huangguanzhen granitoids (Ao 2015), are derived from
continental arc magma. Moreover, these granites are
formed by partial melting of the juvenile or pre-existing
crust (Fig. 11a; Ao et al. 2019);

(2) The late magmatic rocks (789-718 Ma), including
the Wudumen (Zhao and Zhou 2008; Liu et al. 2009),
Erliba (Liu et al. 2009) and Zushidian granitoids (Ao
et al. 2014), and the Bijigou syenite (this study), are
adakitic or shoshonitic magmas derived from partial
melting of oceanic crust or depleted mantle owing
to the continuous subduction of the Rodinia ocean
lithosphere (Fig. 11b; Liu et al. 2009; Ao et al. 2019).

The Bijigou syenite was formed in an extensional envi-
ronment. Moreover, the contemporaneous Dahanshan gab-
bro in the northwestern margin of the Yangtze Block was
also suggested to be formed in a subduction-related back-
arc extensional environment, which might be caused by roll
back of subducted oceanic slab (Luo et al. 2018; Ao et al.
2019). Therefore, it is inferred that~790 Ma may represent
the geotectonic transition from advancing subduction to
retreating subduction in this area (Gao et al. 2020a).

Accretionary orogens related with the evolution of a
supercontinent are usually divided into the interior and
exterior orogens (Murphy and Nance 1991; Cawood and
Buchan 2007; Cawood et al. 2016). The interior accretionary
orogens occur between converging continental blocks and

are followed by continent-continent collision, leading to the
assembly of a supercontinent, while the exterior accretionary
orogens with long-term subduction following its final
assemblage occurred at the periphery of a supercontinent
to balance the long-term sea floor spreading in the circum-
supercontinent ocean (Hoffman 1991; Cawood and Buchan
2007; Ge et al. 2014; Sun et al. 2022). It is generally
believed that the Rodinia supercontinent finally assembled
at~1300-900 Ma and began to break up from~ 830 Ma
(Li et al. 1999; Zhao et al. 2018). The Yangtze Block
was a constituent of the Rodinia supercontinent (Li et al.
1999). However, the formation age of the Neoproterozoic
arc-related magmatism in the northwestern margin of the
Yangtze Block was later than that of the Grenville age (ca.
1300-1000 Ma) orogenic belts (Li et al. 2008), and the
duration of magmatism far exceeds that of the mantle plume
(Li et al. 1999). Therefore, the long-term subduction system
along the northwestern margin of the Yangtze Block during
824-720 Ma suggests that the Yangtze Block was located at
the periphery of the Rodinia supercontinent.

6 Conclusions

(1) LA-ICP-MS zircon U-Pb isotope dating shows that the
Bijigou syenite veins and wall rock granite were formed
at 770 +£3.5 Ma MSWD=0.17, n=28) and 810 +4 Ma
(MSWD =0.84, n=26), respectively.

(2) The Bijigou syenite veins have eHf(t) values ranging
from+ 1.52 to+5.33, combined with high potassium
contents, negative Nb—Ta anomalies and positive Pb
anomalies, suggesting that they may have originated
from mantle-derived basaltic magma which was
modified by materials from subducting oceanic slab.

(3) The Bijigou granite occurring as the wall rock of the
Bijigou layered intrusion is characterized by high
Si0, contents and LREE enrichment with negative

(a) 824-790 Ma
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Fig. 11 A sketch tectonic model of the Bijigou granite and syenite (modified after Luo et al. 2018; Ao et al. 2019)
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Eu anomalies and zircon eHf(t) values mainly ranging
from+0.71 to+5.71, indicating that the Bijigou granite
may be derived from the partial melting of the juvenile
crust.

(4) The Hannan massif of the northwestern margin of the
Yangtze Block was formed in a subduction-related
setting during 824-720 Ma. It is inferred that the
Yangtze Block was at the periphery of the Rodinia
supercontinent based on its long-term subduction.
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