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ABSTRACT
A combined study of whole-rock geochemical and Sr-Nd isotopic data, and zircon U-Pb geochronolo-
gical and Hf isotopes has been carried out for several Neoproterozoic intrusions, including the Lung 
Thang, Posen and Sin Quyen in the Phan Si Pan Zone, northwest Vietnam to constrain their age, 
petrogenesis and tectonic implications. The Lung Thang and Posen intrusions, mainly composed of 
granodiorite, were formed at 803–777 Ma and are characterized by moderate SiO2 (64.43–66.65 wt.%), 
and K2O (4.05–4.89 wt.%), with A/CNK and A/NK values of (0.94–1.03) and (1.72–2.11), respectively. They 
have negative whole-rock εNd(t) (−6.16 to −3.73) and zircon εHf(t) values (−7.9 to −4.1), which suggest 
that the Lung Thang and Posen intrusions were generated by partial melting of ancient, K-rich crustal 
rocks. The Sin Quyen intrusion, occurring as dykes, is composed of monzodiorite and was emplaced at 
742 ± 3 Ma. The Sin Quyen intrusion has high alkalies (K2O+Na2O = 7.42–7.47 wt.%), and low MgO 
(<1.31 wt.%) and Ni (6.55–6.93 ppm), with A/CNK and A/NK values of (0.67–0.68) and (1.64–1.68), 
respectively. Their whole-rock εNd(t) and zircon εHf(t) values are −6.15 to −5.92 and −5.8 to + 8, 
respectively. These geochemical characteristics suggest that the Sin Quyen intrusion was produced 
by the partial melting of ancient crustal sources mingled with mantle-derived components. 
Geochemically, the Lung Thang, Posen and Sin Quyen intrusions are medium- to high-K, calc-alkaline 
in nature and show enrichment in LILE (Th, U, K, Rb) and LREE, and strong negative anomalies of Nb, Ta, 
and Ti. Such geochemical characteristics suggest that they formed in a subduction-related tectonic 
environment. The geochronological and geochemical correlation of these intrusions with those along 
the southwestern margin of the Yangtze Block in South China suggests that the Phan Si Pan zone in 
northwestern Vietnam is a constituent of the SW Yangtze Block. Additionally, these intrusions show 
a significant correlation with other contemporaneous magmatic rocks in the northeast Indochina Block, 
Lhasa Block, the northwestern margin of Greater India as well as those in Seychelles and northern 
Madagascar. This correlation suggests a similar history and synchronous episode of crustal growth/ 
recycling in an Andean-type arc system along the western and northern margin of the Rodinia 
supercontinent during the Neoproterozoic.
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1. Introduction

Granitoids are the main constituents of the continen-
tal crust, and thus offer an important understanding 
of the crustal evolution and tectonic history (Jahn 
et al. 2000; Ashwal et al. 2002, 2013; Zhou et al.  
2006, 2006; Pham et al. 2012; Rehman et al. 2021; 
Zhao et al. 2021). Granitoids in continental arcs may 
characterize the subduction process of oceanic litho-
sphere beneath continental plate (Qi et al. 2014,  
2016; Moghadam et al. 2015; Pereira et al. 2015; 
Faisal et al. 2016; Li et al. 2018; Sajid et al. 2018), 
which provide important constraints on the 

subduction history and the amalgamation of conti-
nents and supercontinents (Ashwal et al. 2002, 2013; 
Zhou et al. 2006, 2006; Pham et al. 2012; Qi et al.  
2014, 2016; Li et al. 2018; Mastoi et al. 2020; Baig 
et al. 2021; Rehman et al. 2021). The South China and 
Indochina blocks are important integral components 
in the palaeogeographic reconstruction of the 
Rodinia supercontinent (Metcalfe 2002, 2006; 
Lepvrier et al. 2004; Boger 2011; Johnson et al.  
2011). Previous studies have reported widely distrib-
uted Neoproterozoic granitoids in the Panxi-Hannan 
Belt and Jiangnan Orogen of the South China Block, 
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as well as Phan Si Phan Zone in NW Vietnam 
(Figure 1a) (Pham et al. 2009; Qi et al. 2014, 2016; 
Yang et al. 2016; Cawood et al. 2018), and various 
tectonic models have been proposed to interpret the 
tectonic settings of these granitoids, such as rift set-
ting (Zheng et al. 2008), subduction setting (Zhao and 
Zhou 2007; Pham et al. 2009; Huang et al. 2009; Zhao 
et al. 2011; Qi et al. 2014, 2016), and intracontinental 
orogeny (Shu et al. 2011). Given the uncertain inter-
pretations of the tectonic setting of this magmatism, 
the positioning of the South China Block within 
Rodinia is also a subject of significant debate, 

including external or internal position models 
(Cawood et al. 2020 and references therein).

Recently, the Neoproterozoic magmatic rocks found 
in the Phan Si Pan Zone, Northwest Vietnam, have been 
studied by several researchers (Nam et al. 2003; Pham 
et al. 2009; Wang et al. 2011; Qi et al. 2014, 2016). 
However, the origin of these Neoproterozoic magmatic 
rocks in the Phan Si Phan Zone remains a subject of 
ongoing debate. Lan et al. (2000) suggested that these 
Neoproterozoic rocks originated through partial melting 
of the ancient crust, accompanied by limited contribu-
tion of mantle material, while other geologists suggest 

Figure 1. Simplified tectonics map of NW Vietnam and adjoining areas (Pham et al. 2009; Wang et al. 2016; Qi et al. 2016; Minh et al.  
2021 and references therein).
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that these rocks exhibit adakitic characteristics, indica-
tive of partial melting of ancient oceanic crust within in 
a subduction zone setting (Li et al. 2018; Minh et al. 2021 
and References therein). While progress has been made 
in understanding the magmatic evolution of these 
Neoproterozoic rocks, there remains a need to establish 
more precise constraints on the evolution of magmatism 
and the associated Neoproterozoic tectonic evolution 
within Rodinia. Furthermore, there is still debate regard-
ing the tectonic affinity of Northwest Vietnam. Qi et al 
(2012, 2014). suggest that Northwest Vietnam is tectoni-
cally affiliated with Indochina Block. Alternatively, the 
Phan Si Pan Zone in northwest Vietnam is considered 
to be a part of the southwestern Yangtze Block (Li et al.  
2018; Zhou et al. 2020; Minh et al. 2021). Thus, some 
researchers suggest that the Phan Si Pan Zone in north-
west Vietnam is an important, albeit poorly studied, 
segment of the Panxi-Hannan Belt of the west- 
southwestern Yangtze Block (Li et al. 2018; Minh et al.  
2021). In the Panxi-Hannan Belt, the Neoproterozoic 
magmatic rocks are distributed in Panzhihua and 
Shayipo in the Yangtze Block (Zhao and Zhou 2007; 
Huang et al. 2009) (Figure 1b,c). These rocks formed 
from ca. 900 Ma to ca. 700 Ma and were proposed to 
have been generated under tectonic settings of subduc-
tion or rifting related to the amalgamation and break-up 
of Rodinia (Ao et al. 2019; Zou et al. 2021). Thus, the 
Neoproterozoic tectonic setting of the Phan Si Pan Zone 
is controversial, which has affected our understanding of 
NW Vietnam as well as the Panxi-Hannan Belt in SW and 
west Yangtze Block.

In order to provide a better understanding of the 
petrogenesis, emplacement and tectonic setting of 

Neoproterozoic magmatic rocks as well as the 
Neoproterozoic crustal evolution in the Phan Si Pan 
Zone, we have investigated geochemistry, U-Pb zir-
con geochronology, and Sr-Nd-Hf isotopic composi-
tions of Lung Thang, Posen and Sin Quyen granitoids 
in the region. By integrating our data with other 
published regional geological records, we can 
enhance our understanding of (1) the timing of the 
emplacement of these granitoids, (2) constrain their 
petrogenesis and tectonic setting and (3) advance our 
understanding of the correlation between 
Neoproterozoic magmatism in northwest Vietnam 
and their linkage with other major continents within 
the Rodinia supercontinent.

2. Geological setting

Northwest Vietnam is bounded by the Song Chay 
fault to the north, and the Song Ma belt to the 
south (Figure 2a). Three major tectonic units exit in 
Northwest Vietnam, namely the Phan Si Pan Zone, 
Song Da rift and Tu Le basin (Figure 2a). The Song 
Da rift is a northwest-southeast oriented, lozenge- 
shaped region and mainly consist of Devonian to 
Middle Triassic sedimentary-volcanic sequences. Well- 
developed Permo-Triassic alkaline basalts (~260 Ma) 
are significant in the Song Da rift, mainly along the 
Da River (Polyakov et al. 1998). These alkaline basalts 
and silicic volcanic rocks overlie early Permian lime-
stone and are overlain unconformably by Triassic 
limestone and shale-containing coal (Anh et al.  
2011; Metcalfe 2012). Some researchers consider the 
Song Da volcanic suite related to the Emeishan 

Figure 2. Geological map of (a) northwestern Vietnam and (b) the phan Si pan zone (modified after DGMVN 1995). The geochrono-
logical data is from Nam et al. (2003); Pham et al. (2009); Wang et al. (2011); Li et al. (2018) and this study.
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plume (Faure et al. 2014, 2016; Minh et al. 2018). The 
Tu Le basin consists dominantly of rhyolite, trachyr-
hyolite and trachydacite. Zircon U-Pb dating show 
that rhyolites in the Tu Le basin are Late Permian 
(262–252 Ma), which is contemporaneous with the 
mafic rocks of the Song Da rift (Usuki et al. 2015; 
Tran et al. 2015).

The Phan Si Pan zone links two large blocks: North 
Vietnam – South China block and the Indochina block 
(Figure 1b), and is located between the Red River Shear 
Zone and the Tu Le basin. The Phan Si Pan zone is com-
posed of the Mesoarchean-early Paleoproterozoic crystal-
line basement rocks, which are mainly of biotite quartzite, 
quartz-biotite-garnet schist, and amphibolite (Minh et al.  
2021; Pham et al. 2022). Palaeo-Mesoproterozoic rocks are 
biotite schist, two mica schist, and amphibolite (Minh et al.  
2021; Pham et al. 2022). Precambrian magmatism in the 
area is characterized by (i) Mesoarchean granitoids (2.9–2.8  
Ga) (Lan et al. 2001; Nam et al. 2003; Pham et al. 2022); (ii) 
Paleoproterozoic granitoids (1.8–2.2 Ga) (Nam et al. 2003; 
Zhao et al. 2019, 2019b; Pham et al. 2022; Zhao et al. 2023); 
(iii) Paleoproterozoic mafic dykes (1.8–2.3 Ga) (Pham et al.  
2022) and (iv) Neoproterozoic granitoids (760–751 Ma) 
(Pham et al. 2009; Wang et al. 2009, 2011, 2016; Minh 
et al. 2021). The Mesoarchean-Paleoproterozoic crystalline 
basement rocks are unconformably overlain by Palaeozoic- 
Mesozoic meta-sedimentary and sedimentary rocks, which 
include quartz-sericite-chlorite schist, quartzite, limestone, 
and dolomite (Figure 2a,b). In addition to the Precambrian 
granitoids, during the Late Permian – Early Triassic, volumi-
nous A-type granites are well developed, which are closely 
related to the Emeishan mantle plume (Pham et al. 2013; 
Tran et al. 2015; Usuki et al. 2015; Minh et al. 2018), and 
Cenozoic plutons are also recognized in the area (Pham 
et al. 2020; Dung et al. 2023). The Neoproterozoic granitoid 
intrusions mainly include the Posen, Phin Ngan, and Lung 
Thang plutons together with several small bodies or lenses 
(Figure 2b) (Li et al. 2018). The Neoproterozoic intrusions in 
the Phan Si Pan zone are well comparable to the equiva-
lents (~860 to ~740 Ma) widely distributed in the west- 
southwestern Yangtze Block (Figure 1) (Zhou et al. Zhou 
et al. 2002; Zhao and Zhou 2008; Cai et al. 2014, 2015; Li 
et al. 2018).; In this study, representative samples are col-
lected from the Neoproterozoic Lung Thang, Posen and Sin 
Quyen mine intrusions in northwestern Vietnam 
(Figure 2b)

3. Sample description

3.1. Lung thang intrusion

The Lung Thang intrusion is located southeast of the Sin 
Quyen mine (Figure 2b). It intrudes the Paleoproterozoic 

meta-sedimentary rocks of the Sin Quyen Formation. The 
Lung Thang intrusion is composed of medium- to coarse- 
grained granodiorite with porphyritic-like texture 
(Figure 3a,b). The dominant minerals are plagioclase (30– 
50%), K-feldspar (20–30%), quartz (20–30%) and biotite (7– 
12%), with magnetite, zircon, apatite and titanite as acces-
sory phases (Figure 3a,b). Generally, plagioclase and 
K-feldspar occur as subhedral to euhedral laths, and some 
of the grains are coarse (4 to 6 mm) phenocrysts, showing 
simple lamellar twinning. Quartz occurs as relatively fine, 
anhedral grains or as interstitial aggregates of small gran-
ular grains (Figure 3b). Biotite is anhedral, and pleochroic 
from yellowish-green to brownish. The weak foliation is 
defined by the orientation of biotite and feldspar in the 
groundmass.

3.2. Posen intrusion

The Posen intrusion is characterized by coarse- to med-
ium-grained granodiorite with gneissic structure. The 
main rock-forming minerals are plagioclase (30–45%), 
quartz (20–25%), K-feldspar (15–26%), biotite (5–10%) 
and hornblende (5–15%) (Figure 3c,d). Accessory miner-
als are titanite, zircon, apatite, magnetite, and epidote. 
Plagioclase and K-feldspar occur generally as anhedral 
laths and grains (0.5 to 4 mm). Quartz occurs as 
deformed, anhedral grains or as interstitial aggregates 
of small granular grains with weak orientation 
(Figure 3c). Biotite is anhedral and pleochroic from yel-
lowish-green to brownish. The weak foliation is defined 
by orientation of biotite, quartz and feldspar (Figure 3d).

3.3. Intrusions in the Sin Quyen mining district

Numerous granitic stocks or dykes intrude Palaeo- 
Proterozoic meta-sedimentary rocks, which show dif-
ferent sizes (5–200 m) and shapes, and have undergone 
through intensive deformation (Li et al. 2018). These 
intrusions are composed of coarse-grained, weakly 
foliated monzodiorite (Figure 3e,f). The dominant 
minerals are plagioclase (~48%), biotite (~20%), 
K-feldspar (~15%), quartz (~8%), and minor amount of 
hornblende (~9%). Accessory phases are magnetite, 
zircon and apatite. Plagioclase and K-feldspar occur 
generally as subhedral to anhedral laths. At places, 
plagioclase is altered to sericite and/or epidote. 
Quartz occurs as anhedral grains generally interstitial 
to feldspar and plagioclase (Figure 3f). Biotite is subhe-
dral to anhedral and flaky with weak orientation 
(Figure 3e,f). Where present hornblende occurs as sub-
hedral to euhedral prismatic with pleochroism from 
yellowish-green to deep blue-green.
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4. Analytical methods

4.1. LA-ICP-MS zircon U-Pb dating

Magnetic and conventional heavy liquid techniques were 
used in zircon separation. This process was followed by 
handpicking under a binocular microscope to separate 
the zircon grains from fresh granitoids samples. The 
selected zircons were examined under transmitted and 
reflected light with an optical microscope, and cathodo-
luminescence (CL) images were collected on a CAMECA 
S×51under conditions of 50 kV and 15nA at Wuhan 
Sample Solution Analytical Technology Co. Ltd. Wuhan, 
China. The CL images were used to examine the internal 
textures and to choose potential targets for U – Pb dating 
and Lu-Hf isotope analysis. U-Pb dating and trace element 
analyses of separated zircons were conducted in the State 
Key Laboratory of Geological Processes and Mineral 
Resources (GPMR), China University of Geosciences 

(CUG) Wuhan, China. Experiments were performed on 
an inductively coupled plasma mass spectrometry 
(ICPMS; Agilent 7500a Technology, Tokyo, Japan) in com-
bination with an ArF excimer laser (λ = 193 nm) (GeoLas 
2005, MicroLas, Göttingen, Germany). The operating con-
ditions for the LA-ICP-MS instrument were similar to Liu 
et al (2008, 2010). All analyses were performed with a laser 
spot size of 32 μm, a repetition rate of 5 Hz, and a fluent of 
8 J/cm2. Helium was used as a carrier gas in the ablation 
cell and merged with argon (makeup gas) behind the 
ablation cell (Günther and Hattendorf 2005; Luo et al.  
2018). A signal-smoothing and mercury removing device 
was used in this laser ablation system to obtain smooth 
signals and reduce the mercury signal (Hu et al. 2015). 
A small amount of water vapour (4.1 mg min−1) was 
added before the ablation cell to improve the analy-
tical accuracy and precision (Luo et al. 2018). Each 
single-spot analysis consisted of 20 s of background 

Figure 3. Photomicrographs showing mineral assemble and texture of (a-b) lung thang, (c-d) Posen and (e-f) sin quyen granitoid. Bi: 
biotite; Hbl: Hornblend; kf: K-feldspar; plg: plagioclase; and Qtz: quartz.
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signal acquisition, followed by 50 s of ablation. Zircon 
91,500 (Wiedenbeck et al. 1995) was used as an 
external standard to correct the Pb/U fractionation 
and instrumental mass discrimination, and zircon GJ- 
1 was analysed as an unknown. The obtained 
weighted average206Pb/238U ages in 15 analyses of 
GJ-1 is 598.1 ± 4.1 Ma in this study, which are consis-
tent with the reference age of 599.8 ± 1.7 Ma (Jackson 
et al. 2004). The trace element compositions of zir-
cons were calibrated against NIST 610 glass as an 
external calibration and combined with29Si as an 
internal standardization (Liu et al. 2010). Off-line 
selection and integration of background and analyses 
signals, and time-drift correction and quantitative 
calibration for trace element analyses and U-Pb dat-
ing were performed by ICPMS Data Cal (Liu et al.  
2010). Concordia diagrams and weighted mean calcu-
lations were made using Isoplot/Ex_ver3 (Ludwig  
2003).

4.2. Whole-rock major and trace element analysis

Whole-rock samples were crushed and powdered to 
200- mesh in an agate mill. Major element abun-
dances of these samples were obtained by X-ray 
fluorescence (XRF-1800) at the GPMR, CUG, Wuhan. 
The accuracy and precision of the XRF data were 
assessed using Chinese national standards, and dupli-
cate runs on selected samples of the XRF analyses, 
which are estimated to be ~ 1% for elements with 
concentrations >10 wt.% and 5% for the other major 
elements. More details about the XRF analytical pro-
cedure are given by Ma et al. (2012) and Wang et al. 
(2013). Whole-rock trace element compositions were 
determined by an Agilent 7500a ICP-MS, using the 
techniques described by Liu et al. (2008, 2010). and 
Qi et al. (2000). Pure Rb standard solution was used 
for internal calibration, and GSR-1, BHVO-2, and OU-6 
were used as reference materials. The relative errors 
of the ICP-MS analyses are estimated to be better 
than ±5–10% for most elements.

4.3. In situ Lu-hf isotope analysis

In situ Lu-Hf isotope analyses of the dated zircon grains 
were performed by using Neptune plus multi-collector 
(MC)-ICPMS system, in combination with a Geolas 2005 
system in the GPMR, CUG, Wuhan. The zircons were 
ablated by a 193 nm ArF Laser system. The spot size of 
50 μm was used for analysis, with a laser repetition rate of 
10 Hz at 100 mJ/pulse. 179Hf/177Hf = 0.7325 (Chu et al. 2002) 
was used to correct the instrument quality discrimination 
of Hf isotopes. The instrument quality discrimination factor 

for Yb isotopes was calculated using the relationship βYb =  
0.8725 × βHf (Xu et al. 2004). The correction of176Hf hetero-
geneous interference by176Lu and176Yb was corrected 
using176Yb/172Yb = 0.5886 and176Lu/175Lu = 0.02655 (Chu 
et al. 2002). The test result of the international standard 
zircon 91,500 is 0.282301 ± 0.000017 (2σ, n = 15), which is 
consistent with the published value of 0.282307 ± 0.000031 
(Wu et al. 2006), and of Penglai zircon is 0.282915 ±  
0.000014 (2σ, n = 18), which is consistent with the pub-
lished value of 0.282906 ± 0.000010 (Li et al. 2010). 
Additionally, the test result of Plešovice zircon is 0.282477  
± 11 (2σ, n = 18), which is consistent with the international 
recommended value of 0.282482 ± 0.000013 (Sláma et al.  
2008), and of zircon in Qinghu granite is 0.283002 ±  
0.000012 (2σ, n = 15), which is consistent with the reported 
value of 0.283002 ± 0.000004 (Li et al. 2013). Calculation 
methods for εHf(t), TDM1, and TDM2 values are similar to 
those of Wu et al. (2008). The detailed analytical procedure 
followed that described by Yuan et al. (2008).

4.4. Whole-rock Sr-nd isotope analysis

Whole-rock Sr-Nd isotopic compositions were deter-
mined using a Finnigan Triton Ti thermal ionization 
mass spectrometer (TIMS) at GPMR. For details of the 
analytical procedures, see Wang et al. (2013). Powder 
samples (~100 mg) were dissolved in a Teflon bomb 
with a mixture of concentrated HNO3 and HF. The sam-
ples were dried in an oven at 190°C for 48 h and then 
converted into chlorides by adding 1 ml of 6 N HCl and 
dissolved again in 1 ml of 2.5 N HCl. Nd was separated 
and purified from the final solution using the conven-
tional cation-exchange technique. Mass fractionation for 
measured Nd isotopic ratios was normalized using 
a147Sm/144Nd ratio of 0.7219. Analyses of standard BCR- 
2 yielded a mean147Sm/144Nd ratio of 0.512655 ± 4. 
A47Sm decay constant (λ) of 6.54 × 10–11 year−1 was 
adopted for the calculations. We have used the depleted 
mantle models of Goldstein et al. (1984) in our calcula-
tions. Fix εNd(t) values were calculated relative to the 
chondritic uniform reservoir for a present-day147 

Sm/144Nd ratio of 0.512638 and147Sm/144Nd ratio of 
0.1967. Single-stage (TDM1) Nd model age calculations 
utilized147Sm/144Nd and147Sm/144Nd ratios of 0.51315 
and 0.2137, respectively, for the present-day depleted 
mantle.

5. Results

5.1. Zircon morphology and U-Pb ages

Zircon U-Pb data of the studied samples from Lung 
Thang, Posen and Sin Quyen intrusions are listed in 

6 N. XUAN DAC ET AL.



Supplementary Table S1. Their concordia diagrams and 
the representative CL images are presented in Figure 4 
and Supplementary Figure S1. The CL images show that 
the majority of zircon grains from Lung Thang, Posen 
and Sin Quyen have clear oscillatory zoning textures 
(Supplementary Figure S1) indicating a magmatic origin 
(Wu and Zheng 2004). Nineteen U-Pb analyses spots on 
19 zircon grains from Lung Thang granodiorite have 
U and Th contents of 106–428 ppm and 57.9–431 ppm 
with Th/U values of 0.4‒1.1, and yield concordant U-Pb 
ages with a weighted mean206Pb/238U age of 803 ± 3 Ma 
(MSWD = 0.43, 95% confidence interval; Figure 4a). 
Eighteen U-Pb analyses spots on 18 zircon grains from 
Posen granodiorite display U contents of 134 to 802 ppm 
and Th contents of 50 to 538 ppm with Th/U value of 
0.08‒0.74, suggesting magmatic origin. They have 
yielded concordant U-Pb ages with a weighted 
mean206Pb/238U age of 777 ± 3 Ma (MSWD = 1.2, 95% 
confidence interval; Figure 4b). Seventeen U-Pb analyses 
spots on 17 zircon grains from Sin Quyen monzodiorite 
have U and Th contents of 99–791 ppm and 37‒279 ppm 
with Th/U value of 0.19‒0.93, and yield a concordant 
U-Pb age with a weighted mean206Pb/238U age of 742 ±  
3 Ma (MSWD = 1.2, 95% confidence interval; Figure 4c).

5.2. Whole-rock major and trace elements

The Lung Thang and Posen intrusions are granodiorite in 
composition (Figure 5a,d), characterized by moderate 
SiO2 (64.43–65.70 wt.%), with K2O ranging from 4.05 to 
4.89 wt.%, Na2O varying from 1.68–2.71 wt.%, and CaO 
varying between 3.99 and 4.72 wt.% (Supplementary 
Table S2). The Al2O3 contents vary from 15.29 to 17.02  
wt. %, and A/NK and A/CNK ratios range from 1.72 to 
2.11 and 0.94 to 1.03, respectively, suggesting metalu-
minous to peraluminous compositions (Figure 5b). The 
Mg# ranges from 45.84 to 46.49. The Na2O+K2O vs. SiO2 

(Figure 5a), and the K2O vs. SiO2 (Figure 5c) plots further 
show all samples belong to subalkaline and high-K calc- 
alkaline (Arculus 2003), and Cordilleran granitic affinity 
(Frost et al. 2001).

The chondrite-normalized rare-earth element 
(REE) patterns (Figure 6a) indicate that the Lung 
Thang and Posen granodiorite show more promi-
nent LREE/HREE fractionation (LREE/HREE = 8.23– 
15.71; and (La/Sm)N = 3.08–6.02) with weakly nega-
tive Eu anomalies (Eu/Eu* = 0.87–0.98). In the 
N-MORB-normalized spider diagram (Figure 6g), the 
rocks are characterized by strong enrichment of 
large ion lithophile elements (LILE), such as Th, U, 
K, Rb, La and Ce, and significantly negative anoma-
lies of Nb, Ta, P and Ti.

Figure 4. LA-ICP-MS U-Pb concordia diagrams of zircons from (a) 
lung thang, (b) Posen and (c) Sin Quyen intrusions.
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The Sin Quyen intrusion belongs to monzodiorite in 
composition (Figure 5a), characterized by medium SiO2 

(53.84–54.20 wt.%), with K2O ranging from 1.15 to 1.21  
wt.%, Na2O varying from 6.21 to 6.32 wt.%, and CaO 
varying between 9.35 to 9.41 wt.%, and the Al2O3 con-
tents vary from 19.12 to 19.37 wt.% (Supplementary 
Table S2). The A/NK and A/CNK ratios are 1.64 to 1.68 
and 0.67 to 0.68 respectively, suggesting metaluminous 
composition (Figure 5b). They have low MgO (1.22–1.31  
wt.%) with Mg# of 31.32–33.25. On the Na2O+K2O vs. 
SiO2 (Figure 5a), and the K2O vs. SiO2 (Figure 5c) plots, 
the Sin Quyen monzodiorites show characteristics of 
alkaline and medium-K calc-alkaline series (Arculus  
2003), and Cordilleran granitic affinity (Frost et al.  
2001). The chondrite-normalized rare-earth element pat-
terns (Figure 6a) indicate that the Sin Quyen monzodior-
ite show more prominent LREE/HREE fractionation 
(LREE/HREE ratios = 4.73–4.76 and (La/Sm)N = 2.69– 
2.73). They show obvious negative Eu anomalies (Eu/ 
Eu* = 0.63–0.64). In the N-MORB-normalized spider dia-
gram (Figure 6g), the Sin Quyen monzodiorites are char-
acterized by enrichment of LILE, such as Th, U, K and Rb, 
and LREE, including La and Ce, and significantly negative 
anomalies of Nb, Ta and Ti.

5.3. Zircon Lu-hf isotope compositions

Zircon grains collected from the Lung Thang, Posen and 
Sin Quyen intrusions that have been used for U-Pb dat-
ing were also selected for Lu-Hf isotope analysis. The 
results are listed in Supplementary Table S3. Ten dated 
zircon grains from Lung Thang yield176Hf/177Hf ratios 
varying from 0.282061 to 0.282108. Their corresponding 
εHf(t) values range from −7.9 to −6.1, yielding a weighted 
mean value of −6.8. Single-stage Hf model ages vary 
from 1.59 to 1.66 Ga, and two-stage Hf model ages 
range from 2.07 to 2.18 Ga, with a mean TDM2 age of 
2.12 Ga (Supplementary Table S3). Ten dated zircon 
grains from Posen intrusion have176Hf/177Hf ratios vary-
ing from 0.282103 to 0.282174 with εHf(t) values of −4.1 
to −6.8, yielding a weighted mean value of −5.9. The 

single-stage Hf model ages vary from 1.49 to 1.60 Ga, 
and the two-stage Hf model ages from 1.93 to 2.10 Ga, 
with a mean TDM2 age of 2.03 Ga (Supplementary Table 
S3). Ten dated zircon grains from the Sin Quyen sample 
yield176Hf/177Hf ratios ranging from 0.28216353 to 
0.28253651. Their corresponding εHf(t) values range 
from −5.8 to + 8.0, yielding a weighted mean value of  
+ 0.8. Single-stage Hf model ages range from 0.99 to 
1.56 Ga and two-stage Hf model ages range from 1.14 
to 2.0 Ga, with a mean TDM2 age of 1.60 Ga 
(Supplementary Table S3).

5.4. Whole-rock Sr-nd isotope compositions

Whole-rock Sr-Nd isotopic compositions of the Lung 
Thang and Posen granodiorite display143Nd/144Nd ratios 
of 0.511827 to 0.511888 and 0.511927 to 0.511934, cor-
responding to εNd(t) values of −5.93 to −6.16 and − 3.73 
to −3.84 at t = 803 Ma and 777 Ma, respectively. One- 
stage depleted-mantle model ages (TDM1) and two- 
stage depleted-mantle model ages (TDM2) of these 
samples are 1.9 Ga to 1.6 Ga and 1.8 Ga to 1.6 Ga, 
respectively (Supplementary Table S4). The Sin Quyen 
monzodiorite displays143Nd/144Nd ratios of 0.512002 to 
0.512025, corresponding to εNd(t) values of −5.92 to 
−6.15 at t = 742 Ma (Supplementary Table S4). They 
yielded one-stage depleted-mantle model ages (TDM1) 
of 2.12–2.10 Ga and two-stage depleted-mantle model 
ages (TDM2) of 1.75–1.73 Ga, respectively.

6. Discussion

6.1. Petrogenesis of the intrusions

6.1.1. Lung thang and Posen intrusions
The Lung Thang and Posen intrusions have similar for-
mation time, element geochemical characteristics and 
Hf-Nd isotope compositions, and therefore they have 
similar origin. These granitoids show high-K calc- 
alkaline features. Magmatic rocks of medium- to high-K 
calc-alkaline composition can be commonly produced 

Figure 5. Plots of (a) SiO2 vs. (K2O+Na2O), (b) A/NK vs. A/CNK, (c) K2O vs. SiO2, and (d) QAPF of the studied granitoids. Plots a, b and 
c are after Middlemost (1994); Frost et al. (2001) and Peccerillo and Taylor (1976); respectively.
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Figure 6. Chondrite-normalized REE and N-MORB-normalized trace element patterns of the Neoproterozoic granitoids. The chondrite 
and N-MORB values are from Sun and McDonough (1989). Geochemical data of other Neoproterozoic granitoids are for comparison.
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by: (1) differentiation of mantle-derived mafic melt 
(Grove et al. 1982; Ewart and Hawkesworth 1987; Be’eri- 
Shlevin et al. 2010; Weissman et al. 2013; Khan et al.  
2021), (2) partial melting of mafic middle-lower crustal 
rocks due to under-plating of mantle-derived mafic melt 
(White and Chappell 1983; Beard and Lofgren 1991; 
Roberts and Clemens 1993; Wolf and Wyllie 1994; 
Chappell et al. 2012; Weissman et al. 2013), and (3) 
mixing of mafic and felsic magmas (DePaolo 1981; 
Bergantz 1989; Castro et al. 1991; Droop et al. 2003; 
Kemp et al. 2007; Karsli et al. 2010).

In this study, the LA-ICP-MS U-Pb zircon ages of the 
three representative Neoproterozoic intrusions range 
from 742 Ma to 803 Ma. These ages are interpreted as 
the emplacement ages of the Neoproterozoic intrusions 
in Northwest Vietnam (Supplementary Table S1; 
Figure 4). Some ~ 803–814 Ma mafic intrusions have 
been reported from the Ailaoshan belt (Cai et al. 2014), 
which are the only mantle-derived rocks that could pos-
sibly represent the parental magmas of the Lung Thang 
and Posen intrusions. However, the Lung Thang and 
Posen intrusions have εNd(t) values (−6.16 to −3.73) 
clearly lower than those of mafic rocks (−3.5 to + 4.4), 
suggesting that they did not derive from this mafic 
magma (Figure 7). In addition, the Lung Thang and 
Posen intrusions display εHf(t) values ranging from −7.9 
to −4.1 with TDM2 of 2180–1930 Ma (Supplementary 
Table S3; Figure 8). Thus, these intrusions should have 
been mainly derived from partial melting of ancient 
crustal rocks. Granitoids produced through the mixing 
of mafic and felsic magmas are normally characterized 
by the presence of mafic enclaves and a wide range of 
geochemical compositions. However, no mafic enclaves 
can be observed in the Lung Thang and Posen intru-
sions. They also show relatively uniform geochemical 
composition (Figure 6a,g). These evidences rule out the 
possibility that the Lung Thang and Posen intrusions 
were produced by magma mixing.

High and fairly uniform SiO2 and K2O, along with 
low MgO and Fe2O3 contents, demonstrate that the 
Lung Thang and Posen intrusions may have been 
produced by partial melting of crustal materials at 
depth, which is further supported their Sr-Nd isotope 
compositions (Figure 7a). Experimental studies sug-
gest that the content of K2O in a melt source has 
a significant influence on the composition of derived 
melt. For example, meta-tholeiitic rocks have low 
contents of K2O, and cannot yield high-K calc- 
alkaline melts (Roberts and Clemens 1993). In con-
trast, partial melting of medium- to high-K rocks, such 
as high-K basalt, can generate a melt with a high 
K content (Sisson et al. 2005). Experimental and geo-
chemical evidence suggests that dehydration melting 

of hydrous mineral-bearing mafic rocks under water- 
undersaturated conditions can generate metalumi-
nous to mildly peraluminous granodioritic melts 
(Beard and Lofgren 1991; Wolf and Wyllie 1994; Qi 
et al. 2023), whereas water-saturated melting of these 
rocks commonly generated strong peraluminous 
melts (Beard and Lofgren 1991; Qi et al. 2023). The 
Lung Thang and Posen intrusions have high K2 

O contents and moderate A/CNK values, resembling 
those of the I-type granitic rocks. Thus, they were 
probably generated by the dehydration melting of 
high-K meta-igneous rock at depth. Moreover, the 
Lung Thang and Posen intrusions have high contents 
of CaO (3.99–4.72 wt.%), and positive Sr anomalies 
with little Eu anomalies in the N-MORB-normalized 
trace element diagram and the chondrite-normalized 
REE patterns (Figure 6a,g), implying that partial melt-
ing occurred at higher pressure (deep level), where 
minor or no plagioclase was residual in their source; 
and the produced magma did not undergo marked 
fractional crystallization of plagioclase. To summarize, 
the Lung Thang and Posen intrusions were produced 
by the dehydration melting of ancient, high-K meta- 
igneous rock at a higher depth.

6.1.2. Sin Quyen intrusion
The Sin Quyen intrusion has high total alkali (K2O+Na2 

O = 7.36–7.53 wt.%), and low MgO (<1.33 wt.%) and Ni 
(6.55–6.93 ppm), suggesting that its parental magma 
were mainly from crustal sources. In addition, the 
δ18O values of the intrusion from Sin Quyen mine 
(7.3–12.4‰; Li et al. 2018) are obviously higher than 
those of typical mantle-derived magmas (5.3 ± 0.6‰; 
Valley et al. 2005), suggesting the Sin Quyen intrusion 
was not produced by differentiation of mantle-derived 
magma.

The magma sources for crustal-derived granitoids 
include partial melts of igneous or sedimentary rocks in 
the crust or mixing with mantle-derived melts (Miller 1985; 
Le Fort et al. 1987; Patiño Douce 1999; Zhu et al. 2009; 
Villaseca et al. 2012; Maurice et al. 2013; Castro 2014). 
Zircon Hf isotope ratios are not significantly altered by 
processes of partial melting or fractional crystallization, 
and therefore indicate open system processes involving 
more radiogenic (i.e. mantle-derived) and less radiogenic 
(crustal) end-members (Bolhar et al. 2008). The Lu-Hf iso-
topes act as important geochemical tracers to the melt 
source (Kemp et al. 2006) with distinct characteristics. 
Melts originating from the residual and depleted mantle 
or juvenile crust are characterized by high Lu/Hf (i.e. higher 
than chondritic values) and positive εHf(t) values, whereas 
melts derived from the ancient crust are characterized by 
low Lu/Hf (i.e. lower than chondritic values) and negative 
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εHf(t) values. In addition, a mixed source between the 
depleted mantle- and ancient crust-derived melts will be 
characterized by both positive and negative with variable 
εHf(t) values (Kinny and Maas 2003; Ji et al. 2009; Yang et al.  
2014). The Sin Quyen intrusion show εHf(t) values ranging 
from −5.8 to + 8 with TDM of 2013–1143 Ma 
(Supplementary Table S3; Figure 8), which suggests that 
the melt for Sin Quyen intrusion might have derived from 
ancient crustal source mingled with mantle-derived com-
ponents (Peytcheva et al. 2008; Jiang et al. 2009; Zhu et al.  
2009). The Sin Quyen intrusion show sodium-rich with high 
Na2O/K2O ratios of 5.1–5.5, similar to the normal-arc series 
rocks (Zhu et al. 2017). Experiments have revealed that 
partial melting of both oceanic and basaltic lower crust 

can produce the Na-rich granitic melts (Qian and Hermann  
2010, 2013). However, we propose that the mantle-derived 
endmember is limited due to the consistent values of SiO2 

and Nd(t) observed in the Sin Quyen intrusion. Therefore, it 
is suggested that the Sin Quyen intrusion originated mainly 
from the partial melting of the Mesoproterozoic basaltic 
lower crust, and mingled with limited mantle-derived 
magma.

6.2. Tectonic setting

The Lung Thang, Posen and Sin Quyen intrusions are 
medium- to high-K calc-alkaline in nature, which can 

Figure 7. Plot of (a) initial87Sr/86Sr vs. εNd(t) and (b) Sm/Nd vs. εNd(t) for the studied granitoids. The data for Phin Ngan, Sin Quyen, 
meta-sedimentary basement rocks and regional mantle-derived mafic intrusions (from Cai et al. 2014; Li et al. 2018) are shown for 
comparison.
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be produced in two main tectonic environments. (1) 
A continental-arc setting (Cordilleran or Andean-type; 
e.g. Hildreth and Moorbath 1988; Sreejith and Kumar  
2013), and (2) syn- to post-collisional settings 
(Caledonian-type; e.g. Roberts and Clemens 1993). 
Geochemical data of the Lung Thang, Posen and Sin 
Quyen intrusions show enrichment of LILE (e.g. Rb, Th 
and U) and LREE, but depletion of HFSE (e.g. Nb, Ta 
and Ti). These chemical signatures are typical of calc- 
alkaline magmatism in active continental margins 
generated in a subduction-related continental-arc tec-
tonic setting (Sun and McDonough 1989; 
Hawkesworth et al. 1991; Castillo et al. 2007). This is 
well portrayed in the tectonic discrimination dia-
grams, where the Lung Thang, Posen and Sin Quyen 
intrusions plot within the field of volcanic arc grani-
toids (Figure 9). In addition, the Lung Thang and 
Posen intrusions have geochemical features of adaki-
tic rocks and fall into the adakite and high Si fields 
(Figure 10), which can compare to adakitic character-
istics in west-southwest Yangtze (Zhou et al. 2006; 
Zhao and Zhou 2007; Pham et al. 2009; Huang et al.  

2009). The K-rich adakitic rocks are thought to be 
formed from magma derived through the partial 
melting of a thickened region in the lower continen-
tal crust, likely linked to orogenesis (Xiao and 
Clemens 2007; Sheldrick et al. 2020). Thus, the 
Neoproterozoic intrusions of Lung Thang, Posen and 
Sin Quyen in the Phan Si Pan zone have been pro-
posed to be generated in a subduction-related con-
tinental arc setting.

6.3. Tectonic affinity with Yangtze Block and 
implication for position in rodinia supercontinent

The tectonic affinity of Northwest Vietnam remains 
debated. Tectonically, northwestern Vietnam has been 
linked to either the Indochina (e.g. Qi et al. 2012, 2014) or 
Yangtze blocks (Chung et al. 1997; Żelaźniewicz et al.  
2013). The Neoproterozoic intrusions in Phan Si Pan 
Zone, northwestern Vietnam (Lung Thang, Posen and 
Sin Quyen) and Neoproterozoic magmatism in the west- 
southwestern margin of the South China block (the 
Panxi-Hannan belt and the Ailaoshan-Red River Shear 

Figure 8. Plot of εHf(t) values versus U-Pb ages of the zircons from the studied granitoids. Zircon Hf isotopic data of Neoproterozoic 
Ailaoshan granitic and migmatite rocks in the southwestern Yangtze Block are from Wang et al. (2016); Zhu et al. (2019) and Xu et al. 
(2022). Reference lines representing chondritic uniform reservoir (CHUR) are from Blichert-Toft and Albarede (1997).
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zone) (Figure 1) may provide constraints on this issue 
(Zhou et al. 2006; Zhao and Zhou 2007; Pham et al. 2009; 
Huang et al. 2009; Cai et al. 2014; Qi et al. 2014, 2016; 
Cawood et al. 2018; Li et al. 2018). Minh et al. (2021) 
reported Neoproterozoic granitoids in the Phan Si Pan 
Zone (762–758 Ma). Our data identify new 
Neoproterozoic granitoids in the Phan Si Pan Zone 
(803–777 Ma and 742 Ma), which are slightly older and 
younger than their data. Our new geochronological 
results, along with published data for the Phan Si Pan 
Zone, have revealed the extensive occurrence of the 
Neoproterozoic granitic rocks with formation ages ran-
ging from 803 Ma to 742 Ma. These suggest a long-lived 
Neoproterozoic (803–742 Ma) subduction setting along 
the Phan Si Pan Zone tectonic zone, which is similar to 
Neoproterozoic magmatism in the Ailaoshan belt. U-Pb 
zircon ages (742–803 Ma) of the Neoproterozoic grani-
toid in Phan Si Pan Zone, northwestern Vietnam in this 
study are similar to the Neoproterozoic magmatic activ-
ities (~740 to ~840 Ma) in the Ailao Shan- Panxi-Hannan 
belt west-southwestern Yangtze Block (Figure 1b). These 
age data falls within a prolonged magmatic activity (710 
to 870 Ma) along the western-southwestern margin of 
the Yangtze Block (Zhao and Cawood 2012 and refer-
ences therein). Some of the Neoproterozoic granitoids in 
the southwestern Yangtze Block, which are contempora-
neous to those of the Phan Si Pan granitoids, such as 
Jinzhoulin monzogranite (756 ± 9 Ma; Qi et al. 2014), 
Leidashu quartz monzonite (754 ± 4 Ma; Qi et al. 2014), 
Chaojiagou monzogranite (768 ± 11 Ma; Qi et al. 2014); 
Zhetai granite (758 ± 15 Ma; Qi et al. 2014), Shayipo 
granodiorite (765 ± 4 Ma; Qi et al. 2016), Datian adakite 

(760 ± 4 Ma; Zhao and Zhou 2007) and Gneiss Miyi gran-
itoid (764 ± 9 Ma; Zhou et al. 2002). Moreover, isotopic 
data from the Neoproterozoic rocks in the Phan Si Pan 
zone are similar in age and characteristics to those in the 
western-southwestern Yangtze, showing signatures of 
the volcanic arc setting (Figures 9 and 11). Zircon ɛHf(t) 
values (−7.9 to + 8.0), εNd(t) values (−6.2 to −3.7) and 
two-stage Hf model ages (TDM2 = 1.14–2.18 Ma) of the 
Neoproterozoic rocks in northwestern Vietnam are also 
consistent with those of the Neoproterozoic rocks in the 
western-southwestern Yangtze Block (Figure 8; Qi et al.  
2014, 2016), suggesting similarity of the contempora-
neous rocks of the two regions. Recently, Zhao et al. 
(2019, Zhao et al. 2019, 2020; Qi et al. 2023) proposed 
that the Phan Si Pan Zone and southwestern Yangtze 
region experienced similar multi-stage tectono-thermal 
events during the Archean-Paleoproterozoic period. This 
finding provides substantial evidence supporting the 
notion that these two areas share a close tectonic affinity 
in Precambrian. Additionally, the late Paleoproterozoic 
sedimentary rocks of both the Phan Si Pan Zone and 
southwestern Yangtze exhibit similar detrital zircon age 
patterns. These patterns are marked by prominent age 
peaks during the Siderian period (2.4–2.2 Ga) and the 
late Paleoproterozoic era (1.9–1.7 Ga), with minor con-
tributions from the Archean (Zhao et al. 2023). 
Consequently, the magmatic-tectonic record implies 
that northwest Vietnam is a dismembered part of the 
western-southwestern Yangtze Block which had been 
displaced southeastward as a result of the left-lateral 
Cenozoic movement of the Ailaoshan-Red River fault 
system (Tapponnier et al. 1990).

Figure 9. Plot of (a) Y vs. Nb and (b) (Y+nb) vs. Rb for the intrusions in the Ailao Shan-Phan Si Pan belt. The intrusions include Posen 
granite (Lan et al. 2000; Pham et al. 2009); Daping granodiorite (Qi et al. 2012); Jinzhoulin, Leidashu, Chaojiagou and Zhetai granitoids 
(Qi et al. 2014); Adebo quartz diorite (Cai et al. 2015); and lung Thang; Posen; and sin quyen intrusions (this study). Geochemical data 
of other Neoproterozoic granitoids from Yangtze, Seychelles, Indochina and Madagaskar blocks are for comparison. The tectonic 
classification is from Pearce et al. (1984). Syn-COLG = syn-collisional granite; WPG = within plate granite; ORG = orogenic granites; and 
VAG = volcanic arc granite.
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Neoproterozoic magmatism is widely observed in 
various continental fragments, such as Australia, 
Laurentia, South China, India, and Tarim. The occurrence 
of global Neoproterozoic magmatism is often associated 
with mantle plumes or a mantle super-plume, which led 
to the rifting and eventual break-up of the 
Neoproterozoic Rodinia supercontinent (Li et al. 2002; 
Wang et al. 2009; Ernst et al. 2016; Likhanov and Santosh  
2017). However, some studies suggest that the 
Neoproterozoic magmatism found in the Seychelles, 
Madagascar, and Greater India was formed within 
a giant continuous continental arc, indicating the pre-
sence of an active Andean-type orogeny along the 
northwestern periphery of the Rodinia supercontinent 
(Gregory et al. 2009; Ding and Zhang 2016). The position 
of the South China Block has been suggested to be 
either between Australia and Laurentia (Li et al. 2002) 

or connected to India within the Rodinia supercontinent 
(Yu et al. 2008).

The widespread Neoproterozoic magmatism along 
the western and southwestern margin of the Yangtze 
Block has been attributed to subduction of oceanic litho-
sphere underneath the Yangtze Block (Zhou et al. 2006; 
Qi et al. 2014, 2016; Cawood et al. 2018). Geochemical 
features of the Lung Thang, Posen and Sin Quyen intru-
sions are enrichment of LILE (e.g. Rb, Th and U) and LREE, 
depletion of HFSE (e.g. Nb, Ta and Ti), and plot in the 
field of volcanic arc granitoids (Figure 9). They also have 
geochemical features of adakitic rocks and fall into the 
adakite and high Si fields (Figure 10), which can compare 
to adakitic characteristics in west-southwest Yangtze 
(Zhou et al. 2006; Zhao and Zhou 2007; Pham et al.  
2009; Huang et al. 2009). The Neoproterozoic granitoids 
in the Ailao Shan-Phan Si Pan belt also show similar 
geochemical features in a subduction-related setting 
(Qi et al. 2012, 2014; Cai et al. 2014, 2015; Wang et al.  
2016; Li et al. 2018). Contemporary Nb-enriched and arc- 
like metabasite (750–800 Ma) were also reported in the 
the Ailaoshan area (Cai et al. 2014, 2015). Moreover, the 
Neoproterozoic granitoids in the Phan Si Pan Zone show 
similar zircon Hf isotopes to Neoproterozoic granitoids 
from the Ailao Shan belt (Wang et al. 2016), suggesting 
they have a similar origin. However, Neoproterozoic 
granitoids in the Phan Si Pan Zone show different zircon 
Hf isotopes from those in the western Yangtze (Panxi- 
Hannan arc system) (Figure 8), indicating different ori-
gins. Wang et al. (2016) suggest the presence of 
a Neoproterozoic convergent environment around the 
Yangtze Block, from Ailaoshan to Panxi, and then to 
Hannan. Thus, the different zircon Hf isotopes between 
the Hannan-Panxi belt and Ailaoshan-Phan Si Pan belt 
may suggest that the basement of these two regions is 
distinct. The Neoproterozoic intrusions of Lung Thang, 
Posen and Sin Quyen in the Phan Si Pan zone have been 
proposed to be generated in a subduction-related set-
ting. The development of such long-lived 
Neoproterozoic magmatism is much later than the glo-
bal Grenvillian (ca. 1.0–1.3 Ga) orogeny along Laurentia, 
Australia and East Antarctica (Cawood et al. 2010; 2013), 
suggesting the Yangtze Block located on the periphery 
rather than in the intracraton of Rodinia. Therefore, we 
propose South China Block (including Northwest 
Vietnam) on the periphery of the Neoproterozoic 
Rodinia supercontinent.

The extensive magmatic rocks from the northwestern 
margin of the Greater India, the northeastern margin of 
Indochina Block and SW Yangtze Block, Lhasa and the 
Phan Si Pan zone in northwest Vietnam (Hill and Walter  
2000; Li et al. 2006; Piper 2007; Thomas et al. 2009; Van 
Lente et al. 2009; Santosh et al. 2012; Ashwal et al. 2013; 

Figure 10. Adakitic diagrams of the studied granitoids (Zhou 
et al. 2006). Geochemical data of other intrusions are from Qi 
et al (2014, 2016). for comparison.
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Dharma Rao et al. 2013; Santosh et al. 2015; Cawood 
et al. 2018; Qi et al. 2014, 2016; Cai et al. 2014; Zhu 
et al. 2019 and references therein) exhibit similar geo-
chemical characteristics, such as fractionated rare earth 
element (REE) patterns with negative anomalies for Nb, 
Ta, and Ti (Figure 6), further supporting their affinity to 
arc-related magmatism. Based on a comprehensive ana-
lysis of the geochemical and geochronological data from 
previous research, as well as data presented in this work 
(Figures 6 and 7), we propose that the Greater India, 
Lhasa, Indochina, Seychelles, Madagascar, Yangtze 
were situated along the western and northern margins 
of the Rodinia supercontinent (Figure 11). These blocks 

experienced a shared Neoproterozoic magmatic event 
on the northwestern margin of the Rodinia superconti-
nent. This Neoproterozoic magmatic event affected the 
aforementioned regions and was a result of the tectonic 
processes associated with the Andean-type orogeny. 
These processes typically involve the subduction of 
oceanic crust beneath a continental plate, leading to 
the formation of arc-related magmatism. It is worth 
noting that the concept of the Rodinia superconti-
nent and its exact configuration during the 
Neoproterozoic is still a subject of scientific investiga-
tion and ongoing research. However, based on cur-
rent understanding, the proposed link between the 

Figure 11. Paleogeographic reconstruction depicting juxtaposition of South China and Indochina blocks with greater India, the 
Seychelles and Madagascar defining a Neoproterozoic (~750 ma) giant magmatic belt against an eastward subducting ocean (Zhou 
et al. 2006; Cawood et al. 2018).
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mentioned regions and the Neoproterozoic magmatic 
event associated with the Andean-type orogeny on 
the northwestern margin of Rodinia provides 
a plausible explanation for the geological history of 
these areas.

6. Conclusions

The Lung Thang, Posen and Sin Quyen intrusions in the 
Phan Si Pan zone, northwest Vietnam show medium- 
to high-K calc-alkaline affinity. The LA-ICP-MS U-Pb 
dating of zircons from intrusions of the Phan Si Pan 
zone, northwest Vietnam yields Neoproterozoic empla-
cement ages of 803 Ma for Lung Thang, 777 Ma for 
Posen and 742 Ma for Sin Quyen. The Lung Thang, 
Posen and Sin Quyen intrusions show medium- to 
high-K calc-alkaline affinity. These intrusions are char-
acterized by the enrichment of LILE (Th, U, K, Rb) and 
LREE, and strong negative anomalies of Nb, Ta, and Ti, 
suggesting their formation in a subduction-related tec-
tonic environment. Whole-rock εNd(t) (−6.16 to −3.73) 
and zircon εHf(t) values (−7.9 to −4.1 with TDM2 of 
2180–1930 Ma), and high-K character of the Lung 
Thang and Posen intrusions suggest that these intru-
sions were generated by partial melting of ancient, 
high-K meta-igneous rock at a higher depth. 
However, whole-rock εNd(t) (−6.15 to −5.92) and zircon 
εHf(t) (−5.8 to + 8 with TDM of 2013–1143 Ma) values of 
the Sin Quyen intrusion suggest its generation from 
a melt produced by partial melting of Mesoproterozoic 
basaltic lower crust mingled with limited mantle- 
derived components. The ages, geochemical character-
istics, and tectonic settings of these intrusions are 
similar to those occurring in the Ailaoshan belt along 
the southwestern margin of the Yangtze block in South 
China, northeast of Indochina block and northwestern 
margin of Greater India as well as those in Seychelles 
and northern Madagascar, suggesting a similar history 
and synchronous episode of crustal growth/recycling 
in an Andean-type arc system along the western mar-
gin of the Rodinia supercontinent during the 
Neoproterozoic and juxtaposition of these blocks.
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