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A B S T R A C T   

The Neoproterozoic alkaline mafic rocks in the Yangtze Block are critical to investigate the magmatic and tec-
tonic evolution of South China. However, these rocks are rarely exposed. We here present a detailed study of ca. 
830 Ma alkaline mafic dykes newly identified from a drilled borehole at the Nage area in the southern Yangtze 
Block. The dykes have SIMS zircon U-Pb ages of 827 ± 8 Ma. They show coherent variations in major and trace 
elements, characterized by enrichment in LREE and incompatible elements and no significant Nb-Ta and Zr-Hf 
anomalies, suggesting that their parental magmas have experienced varying degrees of fractionation crystalli-
zation with negligible crustal contamination. Modeling calculations based on their εNd(T) values (-0.55–3.23), 
SiO2 contents (48.38–53.61 wt%) and elemental ratios (e.g., La/Ta and Nb/La) suggest that the Nage mafic dykes 
were probably generated from an asthenospheric mantle with previously input of a plume-derived enrich 
component occurred within the source region rather than during ascent. Rocks from the Nage dykes exhibit OIB- 
like trace element and REE patterns as well as trace elemental compositions, which are different from arc-related 
igneous rocks but similar to alkaline basalts and mafic dykes formed in mantle plume related rifting systems 
around the world. In combination with tectonostratigraphic evidences, the Nage dykes in this study are suggested 
to have been generated in an intraplate rift which was probably induced by a mantle plume beneath the Yangtze 
Block.   

1. Introduction 

The Yangtze Block, one of the major Precambrian blocks in China, 
has experienced an unique and complex tectonic history closely asso-
ciated with the supercontinent cycles since Paleoproterozoic time (e.g., 
Li et al., 1995, 2008a,2014; Zhao et al., 2002; Zhao and Cawood, 2012; 
Meert and Santosh, 2017; Yao et al., 2019; Fan et al., 2020; Zhao and 
Wang, 2021). Nevertheless, controversial interpretations (e.g. plume 
model, subduction model, or intraplate rifting-related model) for the 
recurrently orogenic and magmatic events, especially those in Neo-
proterozoic era, have made the evolution history of the Yangtze Block 
hotly debated, which consequently results in a large uncertainty of its 
position in the Neoproterozoic supercontinent Rodinia (e.g., Wang et al., 
2007a, 2019; Zhang et al., 2013a; Li et al., 2014; Zhao et al., 2011, 

2018). 
Neoproterozoic igneous rocks are widespread in the Yangtze Block, 

and are characterized by voluminous granitoids and many 
mafic–ultramafic plutons with sparse intermediate rocks (Fig. 1a and 
Fig. 2.) (Zhou et al., 2002a, 2004; Li et al., 2003, 2014; Zheng et al., 
2007; Zhang and Zheng, 2013; Zhao et al., 2018, 2021). They are 
considered variably to have been formed within plume (Li et al., 1999), 
subduction (Zhou et al., 2002a; Zhao et al., 2011), or intraplate rifting- 
related tectonic settings (Zheng et al., 2007). The plume model suggests 
that these igneous rocks were products of multi-stage plume-induced 
magmatisms (850–830 Ma, 830–795 Ma and 780–745 Ma) (Li et al., 
1999, 2007,2008a; Wang and Li, 2003; Wang et al., 2007a; Yang et al., 
2015; Wu et al., 2018a, b, 2022). In contrast, the subduction model 
suggests that the early to middle Neoproterozoic calc-alkaline igneous 
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rocks resulted from the oceanic slab subduction until ca. 810 Ma (Zhou 
et al., 2002a; Wang et al., 2013a; Yao et al., 2014a, b; Lin et al., 2016; 
Zhao et al., 2018). The subduction model also proposed a back-arc 
extension that occurred after ca. 830 Ma (Wang et al., 2006, 2012b; 
Zhao et al., 2011). The intraplate rifting model suggests an arc-continent 

collision occurred during the early Neoproterozoic, followed by an 
830–800 Ma post-collisional extension and a 780–740 Ma continental 
rifting (Wu et al., 2006; Zheng et al., 2007). Therefore, all these models 
emphasize an important tectonic event occurred at ca. 830 Ma, and thus 
these middle Neoproterozoic igneous rocks are crucial to our 

Fig. 1. A) simplified map of south china (revised from Li et al., 2010b, Yin et al., 2013; Wang et al., 2019); b) simplified geological map of the Nage area (after Wu 
et al., 2018b) and c) simplified stratigraphic column according to drill holes. Ca. 830 Ma mafic rocks in the Yangtze Block were reported by Ge et al. (2001), Wang 
et al. (2007a, 2019), Li et al. (2008a, 2016), Zhou et al. (2009), Zhang et al. (2012, 2013b), Zhao and Zhou (2013), Yao et al. (2014a), Zhao and Asimow (2014), and 
Wu et al. (2022). 
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understanding of tectonic evolution of South China. 
Ca. 830 Ma calc-alkaline magmatic rocks in the Yangtze Block have 

long been studied (Fig. 1a and 2) (Li et al., 1999; Ge et al., 2001; Wu 
et al., 2006, 2022; Wang et al.,2007a, 2019; Li et al., 2008a, 2013,2016; 
Zhou et al., 2009; Zhao et al., 2011, 2018; Yin et al., 2013; Zhao and 
Zhou, 2013; Zhang et al., 2013b; Zhao and Asimow, 2014; Yao et al., 
2014a; Chen et al., 2015, 2018; Sun et al., 2018; Wu et al., 2022). 
However, their tectonic setting has been debated regarding the argu-
ments of subduction-related collisional vs post-collisional extension 
environments (Wang et al., 2007a, 2019; Li et al., 2008a, 2016; Zhao 
and Zhou, 2013; Zhang et al., 2012, 2013b; Zhao and Asimow, 2014; 
Yao et al., 2014a; Wu et al., 2022). Previous studies mostly emphasized 
on calc-alkaline felsic rocks which are widely exposed in the Yangtze 
Block. It is well known that alkaline mafic rocks is more sensitive to 
record deep magma source information and crustal-mantle interactions, 
and thus is critical to the investigation of magma petrogenesis and tec-
tonic background (e.g., Li et al.,2015; Zhu et al., 2008). However, syn-
chronous alkaline mafic rocks in the region are extremely sparse (Fig. 1a 
and Fig. 2.). In this contribution, we present a detailed study of ca. 830 
Ma alkaline mafic dykes discovered by drillings at the Nage area in the 
southern Yangtze Block (Fig. 1b-c) to address their petrogenesis and 
tectonic background and to provide new clues to reveal Neoproterozoic 
evolution history of the Yangtze Block. 

2. Geological background 

The South China Craton consists of the Yangtze and the Cathaysia 
blocks (Fig. 1a). In the Yangtze Block, Archean to Mesoproterozoic 
basement rocks has been identified mainly on the northern and south-
western margins of the Block (Fig. 1a) (e.g., Li et al., 2014; Fan et al., 
2020; Cui et al., 2021 and references therein). The oldest supracrustal 
rocks in the studied region are made up of an Early Tonian stratum and a 
Late Tonian sequence with a regional angular unconformity between 
them (Wang et al., 2007a, 2019; Zheng et al., 2008; Zhang et al., 2012, 
2019; Li et al., 2014 and references therein). The regional angular un-
conformity is interpreted to reflect a rapid continental uplift attributed 
to a mantle plume (Li et al., 1999; Wang et al., 2007a; Li et al., 2014 and 
references therein) or a Neoproterozoic orogeny named the Jiannan 
orogeny that amalgamated the Yangtze and the Cathaysia blocks (Wang 

et al., 2007b; Zhao et al., 2011; Zhang et al., 2019 and references 
therein). The Early Tonian stratum, represented by the Sibao, Fanjing-
shan and Lengjiaxi groups, is composed of a unit of greenschist-facies 
metamorphosed siltstone, slate, sandstone and phyllite with small 
amounts of volcaniclastic, tufaceous and volcanic interlayers. Studies on 
detrital zircon and stratigraphic correlation indicated that the Sibao 
Group and its equivalents were probably deposited between 871 and 
825 Ma (e.g., Wang et al., 2007b, 2012a,2014; Zhao et al., 2011; Li et al., 
2014; Zhang et al., 2019 and references therein). The Late Tonian 
sequence, represented by the Danzhou, Xiajiang and Banxi groups, is 
mainly composed of metamorphosed sandstone and conglomerate, with 
small amounts of carbonate rock and igneous rocks, has been suggested 
to be deposited at ~820–715 Ma (e.g., Wang and Li, 2003; Wang et al., 
2007a, 2019; Zheng et al., 2008; Li et al., 2014; Zhang et al., 2019 and 
references therein). Neoproterozoic magmatic rocks are widespread in 
the studied area (Fig. 1b). Among them, the exposed mafic–ultramafic 
rocks have ages ranging from 855 to 812 Ma (Li, 1999; Wang et al., 
2006, 2012c; Zhou et al., 2017). Several alkaline mafic dykes were 
identified in this study from a borehole drilled for mineral exploration at 
the Nage area (Figs. 1 and 3a). They intruded siliceous rock and meta-
sandstone of the Sibao Group (Fig. 1c and 3a). The dykes are fine- to 
medium-grained dolerites with width of 100–150 cm (Fig. 3a). Most 
samples from these dykes have suffered variable degrees of alteration 
(Fig. 3b-3c). However, they still show primary igneous texture and 
contain mainly plagioclase (mostly albitized) and clinopyroxene 
(Fig. 3b-3c). 

3. Sampling and analytical methods 

Eighteen dolerite samples were collected from a drilled borehole at 
the Nage area (Fig. 1b). The samples have been trimmed to remove their 
surfaces and expose the freshest parts which were then used for the 
preparation of thin sections and powders. These collected samples were 
all used for the following analysis. 

Zircons were separated from a big sample made up of four samples 
(NG-19, NG-45, NG-46 and NG47) with each about 0.5–1 kg. Zircon 
grains were obtained with conventional heavy liquid plus magnetic 
methods and subsequent handpicking under binocular microscopes. The 
collected grains were then installed in an epoxy resin discs. Zircon grains 

Fig. 2. Diagram of Zircon U-Pb and 40Ar-39Ar ages for magmatic rocks emplaced during 1100 Ma to 700 Ma in the Yangtze Block. Ages and errors are from Li et al. 
(1999, 2002, 2003, 2008a,b,c, 2009, 2010a,b,c, 2013, 2021); Ge et al. (2001); Zhou et al. (2002a,b, 2006, 2007, 2017, 2018); Mou et al. (2003); Zhu et al. (2006, 
2007, 2008, 2016); Wang et al. (2006, 2007a, 2008, 2010, 2012b,c, 2016, 2019), Greentree et al. (2006); Wu et al. (2006); Zhao and Zhou (2007, 2008, 2009, 2013); 
Geng et al. (2007); Ye et al. (2007); Lin et al. (2007); Zhang et al. (2007, 2012, 2013b,c, 2017); Huang et al. (2008, 2009); Zhao et al. (2008); Chen et al. (2009, 2014, 
2015, 2018)); Du et al. (2014); Ye et al. (2014b); Yang et al. (2017); Lyu et al. (2017); Sun et al. (2018); Lu et al. (2022). 
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used for dating were selected based on their external and internal 
structures reveal by cathodoluminescence images and backscattered 
electron photos. Zircon U-Th-Pb isotopic compositions were analyzed on 
the Cameca IMS 1280 large-radius SIMS at the Institute of Geology and 
Geophysics, Chinese Academy of Sciences. Analytical and data pro-
cessing procedure has been reported detailedly by Li et al. (2009). 
Detailed SIMS U-Pb dating results are given in Supplementary Table S1. 

Whole-rock major oxide contents were analyzed on the X-ray fluo-
rescence spectrometers at the State Key Lab of Ore Deposit Geochemistry 
(SKLODG), Institute of Geochemistry, Chinese Academy of Sciences. The 
relative standard derivation was less than 5 %. Whole-rock trace ele-
ments were determined using the PlasmaQuant MS Elite ICP-MS at 
SKLODG. Detailed analytical procedures can be found in Qi et al. (2000). 
The relative standard derivation was less than 10 %. Analysis results are 
shown in Supplementary Table S2. 

During the Neodymium isotopic analysis, powder samples were 
dissolved with HF + HNO3 acid in high-pressure Teflon bombs at the 
super–clean laboratory of SKLODG. Nd fractions were then separated by 
cation and HDEHP columns. Nd isotope was determined using a TIMS - 
Triton at SKLODG. The 143Nd/144Nd ratios of the BCR-2 standard were 
used for analytical quality control. Its 143Nd/144 Nd values was 
measured at 0.512635 ± 0.000006 (2σ) during this study, which is 
within its recommended values (e.g., 0.512629 ± 0.000008 (2σ), Rac-
zek et al., 2003). Detailed analysis results are list in Supplementary 
Table S3. 

4. Results 

4.1. U-Pb zircon geochronology 

Zircon grains separated for this study are prismatic crystals without 
obvious zoning (Fig. 4). They are 90–180 µm long with length to width 
ratios of 1:1–2:1 (Fig. 4). Fourteen analyses were carried out during the 
analytical session. The analysis results give variable Th (18–335 ppm) 
and U (168–729 ppm) contents with Th/U ratios ranging from 0.07 to 
0.62 (Supplementary Table S1). All the fourteen analysis results are 
concordant with an age of 833 ± 3 Ma (95 % confidence interval, 
MSWD = 2.4). All 14 measurements give relatively consistent 
207Pb/206Pb ages ranging from 790 ± 20 to 858 ± 17 with a weighted 
average age of 827 ± 8 Ma (2sigma; MSWD = 0.81) (Fig. 4). 

4.2. Geochemical characteristics 

Rocks from the mafic dykes in this study have low SiO2 
(48.38–53.61 wt%, recalculated to 100 % volatile and water free, the 
same below), high MgO (5.82–10.69 wt%), FeOT (7.56–9.19 wt%), TiO2 
(1.35–1.89 wt%) and (Na2O + K2O) (5.10–7.10 wt%), as well as high Cr 
(167–622 ppm) and Ni (62–375 ppm). Major oxides such as TiO2 and 
(Na2O + K2O), and trace elements such as Cr and Ni in the Nage samples 
from each dyke correlate well with their MgO (Fig. 5). The samples are 
generally plotted in the field of alkaline basalt in the TAS classification 
diagram (Fig. 6). 

The samples exhibit OIB-like trace elemental patterns in the spider 
diagrams (Fig. 7a). They are rich in incompatible elements, and do not 
show significant Eu, Nb-Ta or Zr-Hf anomalies (Fig. 7a). Their chondrite- 

Fig. 3. A) photo of drill core samples showing that the nage mafic dyke 
intruded siliceous rock and metasandstone of the sibao group. microscopic 
photographs of representative samples collected from the nage mafic dykes. b) 
sample that have suffered significant alteration and c) relatively fresh sample. 
pl = plagioclase, Cpx = clinopyroxene, Ab = albite. 

Fig. 4. Zircon U–Pb Concordia diagram with transmitted CL images of repre-
sentative zircon grains from the Nage mafic dykes. Mean represent weighted 
mean 207Pb/206Pb age with 95 % confidence intervals (2σ). Red circles on 
zircon grain indicate the SIMS U–Pb dating positions. Age is presented as 
207Pb/206Pb age (2σ). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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normalized REE patterns show LREE enrichment with (La/Yb)N ratios 
ranging from 2.76 to 4.97 with an exception of 7.58 (Fig. 7b). The above 
trace elements and REE compositions are similar to those of typical 
intraplate alkaline basaltic rocks identified in the world (Fig. 7) (Sun and 
McDonough, 1989). 

Samples from the Nage dykes show slightly negative to positive 
εNd(T) values (-0.55 and 3.23) with 143Nd/144Ndi values ranging from 
0.511560 to 0.512374, and thus close to the field of asthenospheric 
mantle (Fig. 8). 

5. Discussion 

5.1. Effects of alteration 

The long history of post-magmatic metamorphism and deformation 
has, more or less, modified the chemical composites of Neoproterozoic 
magmatic rocks exposed in the Yangtze Block. The samples collected 
from the Nage mafic dykes did not experience any metamorphism but 
have suffered various degrees of alteration/carbonatization regarding to 

their variable whole-rock LOI values (Supplementary Table S2) as well 
as the extensive albitization observed under microscope (Fig. 3). How-
ever, effects of alteration on major elements were insignificant regarding 
well correlations between some major oxides with MgO in the Nage 
samples (Fig. 5).In the following discussions, we will use the data of 
major oxides by corrected them to a dry magmatic system without 
volatiles and water. Elements including rare earth elements (REE), high- 
field strength elements (HFSE), and Zr in mafic magmatic rocks are 

Fig. 5. Plots of a) P2O5 vs MgO, b) TiO2 vs MgO, c) Cr vs MgO, and d) Ni vs MgO for the Nage mafic dykes. Ap = apatite, Cpx = clinopyroxene, Mt = magnetite.  

Fig. 6. Plots of (Na2O + K2O) vs SiO2, modified after Cox et al. (1979), for 
classification of the Nage mafic dykes. Ca. 830 Ma mafic rocks in the Yangtze 
Block are from Ge et al. (2001), Wang et al. (2007a, 2019), Li et al. (2008a, 
2016), Zhang et al. (2012, 2013b), Zhao and Zhou (2013), Yao et al. (2014a), 
Zhao and Asimow (2014), and Wu et al. (2022). 

Fig. 7. A) primitive mantle-normalized incompatible trace element spider di-
agram for the nage mafic dykes with normalizing values fromSun and McDo-
nough (1989), and b) chondrite-normalized REE patterns for the Nage mafic 
dykes with normalizing values from Boynton (1984). OIB and E-MORB data are 
from Sun and McDonough (1989); subduction-zone basalt is from Kelemen 
et al. (2003); island arc calc-alkaline basalt is from Tatsumi and Eggins (1995). 

H.-P. Fan et al.                                                                                                                                                                                                                                  



Precambrian Research 389 (2023) 107032

6

generally immobile during alteration (e.g., Wood et al., 1979), which is 
confirmed by the parallel multi-elemental and REE patterns of the Nage 
dykes (Fig. 7) as well as the strongly correlations of HFSE (such as Nb 
and Th) and REE (such as Yb and Lu) with Zr (Supplementary Fig. S1). 
Therefore, they were not substantially modified by secondary alteration. 
In the following sections, only these immobile elements of relatively 
fresh samples are used for discussion. 

5.2. Petrogenesis of the Nage mafic dykes 

5.2.1. Differentiation processes and crustal contamination 
Mafic dykes commonly inherited geochemical characters of their 

parental magma due to rapid cooling (Li et al., 2015). The Nage mafic 
dykes have variable SiO2 (48.38–53.61 wt%) and MgO (5.82–10.69 wt 
%) contents as well as εNd(T) values (-0.55–3.23) (Supplementary 
Table S2-S3), suggesting the primary magma underwent varying degrees 
of fractional crystallization to produce their parental magmas with 
coherent variations. The variations of MgO and other major elements 
can be explained by various degrees of fractional crystallization in a 
deep magma chamber (Fig. 5), whereas the variable εNd(T) values may 
have inherited from a heterogeneous primary magma or resulted from 
crustal contamination. Therefore, influence of shallow-level magmatic 
processes on geochemical compositions of the mafic dykes must be 
evaluated before investigating characteristics of their mantle source. 

Samples collected from the Nage mafic dykes show negative corre-
lations for P2O5 against MgO (Fig. 5a), suggesting fractional crystalli-
zation of apatite, whereas their positive correlations for TiO2, Cr and Ni 
against MgO may have resulted from fractionation of clinopyroxene and 
magnetite (Fig. 5b-d). The Nage mafic dykes were subjected to plagio-
clase fractionation and accumulation as indicated by the clear correla-
tions between (Na2O + K2O) and SiO2 (Fig. 6). Moreover, the Nage dyke 

samples show tightly linear regression lines in the plots of Si/K vs (2Na 
+ Al)/K and Al/K vs (2Ca + Na)/K (Supplementary Fig. S2), suggesting 
that these major elements were mainly controlled by fractional crys-
tallization of clinopyroxene and plagioclase (Russell and Nicholls, 
1988). The above magma fractional crystallization is also supported by 
their large variable Nb/La ratio and Sm contents, but relatively constant 
La/Ta and Sm/Yb ratios (Figs. 9-10). 

Fig. 8. A) plot of εNd(T) vs La/Ta. The fields of the asthenospheric and litho-
spheric melts are from Lawton and McMillan (1999); (b) Plot of La/Yb versus 
Nb/La (after Watson, 1993). Symbols as in Fig. 6. 

Fig. 9. Plots of a) La/Ta vs Nb/La, b) εNd(T) vs Nb/La, and c) εNd(T) vs SiO2 for 
the Nage mafic dykes and published ca. 830 Ma mafic rocks in the Yangtze 
Block. OIB, Yangtze LCC, sediments of Yangtze UCC, and Suxiong OIB-like 
basalts data is from Sun and McDonough (1989), Gao et al. (1998, 1999), Li 
et al. (2002), Wang et al. (2013b) and reference therein. Partition coefficients 
used for the modeling are from GERM Partition Coefficients Database (htt 
ps://earthref.org/). Cpx = clinopyroxene, Pl = plagioclase, Mt = magnetite, 
Ap = apatite. εNd(T) values of the Suxiong basalts were calculated using the age 
of 830 Ma. Symbols as in Fig. 6. 
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Samples from the Nage mafic dykes do not show strong Nb-Ta or Zr- 
Hf anomalies in the spider diagram (Fig. 7a), suggesting insignificant 
crustal contamination. Additionally, their εNd(T) values are not corre-
lated with Nb/La ratios or SiO2 contents (Fig. 9b-c), further supporting 
that fractional crystallization rather than crustal contamination 
controlled chemical compositions. Therefore, parental magmas of the 
Nage mafic dykes are likely the product of a heterogeneous primary 
magma which subsequently experienced variable fractional crystalliza-
tion with negligible crustal contamination. 

5.2.2. An OIB-like mantle source for the Nage dykes 
The mafic dike samples in this study have slightly negative to posi-

tive εNd(T) values (-0.55 and 3.23) and are close to the field of 
asthenospheric mantle, suggesting that their primary magmas were 
derived from a depleted mantle source (Figs. 8-9). This is consistent with 
their relatively low La/Yb (4.10–7.38), La/Ta (9.71–19.22) and high 
Nb/La ratios (0.77–1.47) which are similar to those of basalts derived 
from depleted asthenospheric mantle but different from those produced 
by typical lithospheric mantle (Figs. 8 and 9). Their REE and trace 
element patterns are comparable with those of the alkaline basalts from 
the Suxiong Formation (810 Ma) at the western margin of the Yangtze 
Block, the latter is suggested to have been derived from an OIB-like, 
asthenospheric mantle (Fig. 7) (e.g., Li et al., 2002). Moreover, the 
Nage samples are all enriched in incompatible elements and LREE with 
negligible anomalies of Nb-Ta and Zr-Hf, which is obviously different 
from typical arc-related igneous rocks but comparable to intraplate OIB- 
like basaltic rocks (Fig. 7a) (e.g., Sun and McDonough, 1989). Therefore, 
the Nage mafic dykes show a much stronger affinity to OIB-like rocks 
derived from an asthenospheric mantle source than arc-related rocks, 
which are comparable to those of the 810 Ma alkaline Suxiong basalts in 
the Kangdian Rift, southwestern Yangtze Block (Li et al., 2002). 

5.2.3. Involvement of plume-derived enriched components in their genesis 
Variations in Nd isotopic compositions of the Nage mafic dykes were 

most likely inherited from their primary magma regarding negligible 
crustal contamination as discussed above. Modeling calculation based 
on Sm/Yb vs Sm for the Nage mafic dykes as presented in Fig. 10 

suggests that primary magma for the Nage mafic dykes were probably 
generated from less than 5 degrees of partial melting of an depleted 
asthenospheric mantle (Fig. 10). The variations in εNd(T) values of the 
Nage mafic dykes were probably generated by the modifications of the 
enriched component to varying degrees (Fig. 8a and 9b-c). Small-degree 
partial melting of the depleted mantle with an enriched component has 
also been used to explain the genesis of other alkaline mafic rocks with 
OIB-like characters just like what we see in the Nage sample (e.g., Rogers 
et al., 1998). Therefore, an enriched component within their source 
region is required for the genesis of the Nage mafic dykes, which has 
produced the heterogeneous Nd isotopic signatures of their primary 
magma. 

Such an enriched component is commonly suggested to be crustal- 
derived materials. A two-component mixing model is proposed to 
evaluate the possible involvement of crustal-derived materials into the 
genesis of the Nage mafic dykes. During this modeling calculation, the 
mantle source component is modeled using the 810 Ma alkaline Suxiong 
basalts (Li et al., 2002). The ranges for the Yangtze LCC and sediments of 
the Yangtze UC are from Gao et al. (1998, 1999), Wang et al. (2013b) 
and reference therein. Our two-component mixing modeling reveal that 
~ 10–30 wt% crustal-derived materials from the Yangtze upper/lower 
continental crust are required to explain isotopic and elemental com-
positions of the Nage dykes, and ~ 20–90 wt% for other ca. 830 Ma 
mafic rocks in the Yangtze Block (Fig. 9), which is obviously impossible 
to achieve their geochemical feature regarding such a high proportion of 
crustal assimilation. Therefore, crustal material is not a reasonable 
candidate for the enriched component within their source region of 
those mafic rocks. Modeling in Fig. 9 also tells that depletions of Nb and 
Ta relative to La of the ca. 830 Ma mafic rocks in the Yangtze Block are 
due to the involvement of another enriched component rather than 
crustal materials. Enriched heterogeneities within melts produced by a 
depleted upper mantle have also been attributed to veins and dikes with 
enriched compositions (e.g., Niu et al., 2002). However, enriched 
compositions input by veins and dikes are unlikely to generate enriched 
signatures for such large volume of ca. 830 Ma mafic rocks widespread 
in central of South China (Fig. 1a and 9). Enriched features similar to 
that of the Nage dykes have been observed in many continental and 
oceanic intraplate alkaline rocks which were proposed to be genetically 
related to plume-derived enriched components from lower mantle even 
the core/mantle boundary that produce enriched heterogeneities within 
the asthenospheric mantle and then generate mafic rocks with an OIB- 
like enriched signature as we have noticed in the Nage mafic dykes 
(Hart, 1988). For example, an OIB-like magmatism with the involve-
ment of a plume-derived enriched component in their genesis has been 
used to explain the origin of the alkaline basalts and mafic dykes iden-
tified in the modern East African Rift and Rio Grande Rift as well as the 
260 Ma Panxi Rift and the 1720–1700 Ma Kangdian Rift (Pik et al., 
1999; Xu et al., 2004; Chen et al., 2013; Burov and Gerya, 2014; Fan 
et al., 2020). Parental magmas of the Nage dykes have experienced 
varying degrees of fractional crystallization(Figs. 3-4 and 9-10), indi-
cating that they are not suitable for the estimation of mantle potential 
temperature (Tp) to check if there exists a mantle plume or not (Herz-
berg and Asimow, 2008; Yang and Zhou, 2013). However, estimates 
based on the 823 ± 6 Ma Yiyang komatiitic basalts exposed nearby give 
Tp values much higher than that of ambient MORB but are closed to 
those of modern mantle plumes (Wang et al., 2007a; Putirka, 2008; Wu 
et al., 2018a). Therefore, a plume-derived enriched component is the 
best candidate for the enriched source required for the genesis of the 
Nage mafic dykes and other Ca.830 Ma mafic rocks in the Yangtze Block. 

5.3. Tectonic implications 

Origins and tectonic settings of the ca. 830 Ma mafic rocks in the 
Yangtze Block still remain controversial (Li et al., 1999; Ge et al., 2001; 
Wu et al., 2006, 2022; Wang et al., 2007a, 2019; Li et al., 2008b, 
2013,2016; Zhao et al., 2011; Yin et al., 2013; Zhang et al., 2013b; Yao 

Fig. 10. Plots of Sm/Yb vs Sm for the Nage mafic dykes. OIB and LCC data is 
from Sun and McDonough (1989) and Gao et al. (1998), respectively. Melting 
curves are obtained using the non-modal batch melting equations of Shaw 
(1970). The assumed proportions of partial melting are 10–50 % Ol + 30–50 % 
Opx + 0–40 % Cpx + 0–20 % Gt for the garnet peridotite (Walter, 1998) and 
20–35 % Ol + 20 % Opx + 20 % Cpx + 5–20 % Sp for the spinel peridotite 
(Kinzler, 1997). Depleted MORB mantle (DMM) is from Salters and Stracke 
(2004). The partition coefficients used for the modeling are from the GERM 
Partition Coefficients Database (https://earthref.org/). Cpx = clinopyroxene, 
Pl = plagioclase, Mt = magnetite, Ap = apatite, gt = garnet, sp = spinel. 
Symbols as in Fig. 6. 
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et al., 2014a; Chen et al., 2015; Sun et al., 2018). They are suggested to 
have been produced in an intraplate (e.g., Wang et al., 2007a; Wu et al., 
2018a) or an arc setting (Zhou et al., 2002a; Zhao et al., 2011, 2018; 
Zhao and Zhou, 2013; Zhao and Asimow, 2014). The Nage mafic dykes 
in this study show geochemical affinities of OIB-like basaltic rocks rather 
than arc-related rocks, and were more likely to have been derived from 
an asthenospheric mantle source in an extension environment that could 
be induced by back-arc extension, post-orogenic extension, or conti-
nental rifting (Mazzarini et al., 2004; Greentree et al., 2006). 

Ca. 860–840 Ma bimodal volcanism has been identified along the 
southeastern margin of the Yangtze Block, which was closely followed 
by a quick lithospheric doming prior to 830 Ma (Li et al., 1991, 2008d; 
Zhao et al., 2011; Gao et al., 2011; Zhang and Zheng, 2013; Lyu et al., 
2017; Zhang et al., 2019). A subsequent tectonic extension is suggested 
in the southeastern Yangtze Block (Zhang et al., 2008; Zheng et al., 
2008; Zhao et al., 2011; Zhang and Zheng, 2013; Yao et al., 2014a, b; 
Chen et al., 2015). The bimodal magmatism followed by rapid litho-
spheric doming and the subsequent tectonic extension, are generally 
considered to represent a typical rift setting around the world (Pik et al., 
1999; Xu et al., 2004; Burov and Gerya, 2014; Wang and Zhou, 2014; 
Fan et al., 2020). In addition, the 820–725 Ma Danzhou Group and its 
equivalents distributed from southwestern to southeastern of the 
Yangtze Block consists of slate, schist and greywacke interbedded with 
bimodal igneous rocks, has been suggested to be formed in a Neo-
proterozoic rift setting (Wang and Li, 2003; Wang et al., 2007a; Huang 
et al., 2009; Zhang et al., 2015; Zhao et al., 2018). 

As described above, the ca.830 Ma Nage mafic dykes are alkaline in 
compositions, and do not show obvious negative Nb–Ta anomalies in the 
spider diagram which are commonly observed in calc-alkaline basaltic 
rocks in back-arc settings or post-orogenic basalts derived from 
previously-metasomatized lithospheric mantles (Saunders and Tarney, 
1984). In addition, they were probably derived from a depleted 
asthenospheric mantle with an enriched component carried by a plume 
from lower mantle even the core/mantle boundary, genetically similar 
to the alkaline basalts and mafic dykes identified in plume-related rifts 
around the word, such as the modern East African Rift and Rio Grande 
Rift, the 260 Ma basalts and the 1720–1700 Ma from the Panxi-Kangdian 
Rift (Hart, 1988; Pik et al., 1999; Xu et al., 2004; Burov and Gerya, 2014; 
Fan et al., 2020). Some ca. 830 mafic rocks in southeastern margin of the 
Yangtze Block are emphasized to have “arc /boninite-like” geochemical 
signatures (e.g. Li et al. 2008b; Zhao and Asmow, 2014). However, “arc- 
like” geochemical signatures, such as Nb-Ta negative anomalies in the 
spider diagram, have also been identified in basaltic rock formed within 
intraplate rifting settings, probably formed by partial melting of slab 
melt-metasomatized SCLM (e.g. Li et al. 2008b). Moreover, Ca. 830–825 
Ma high-MgO basalts with “boninite-like” geochemical signatures in the 
southern Yangtze Block have been recently suggested to be geochemi-
cally different from typical boninites but comparable to komatiitic ba-
salts (Wu et al., 2018a). Furthermore, the above discussions on the 
characteristics of the source nature have demonstrated that a plume- 
derived component, rather than a crustal-derived material, was 
responsible for the depletions of Nb and Ta relative to La of the ca. 
830–825 mafic rocks distributed from southern to southeastern of the 
Yangtze Block (Fig. 9a). Thus, these ca. 830–825 mafic rocks are likely 
generated in a plume related rifting system. 

The ca. 830–825 Ma rift-related mafic rocks were closely followed by 
the ca. 820 Ma Tongde complex and associate picritic dykes (Li et al., 
2010a), the ca. 820–810 Ma Bikou-Tiechuanshan continental flood ba-
salts (e.g., Ling et al., 2003; Wang et al., 2008) and the ca. 810 Ma syn- 
rift Suxiong bimodal volcanic rocks (Li et al., 2002). This pattern of 
broadly concurrent intraplate mafic–ultramafic magmatisms in the 
Yangtze Block is comparable to those observed in plume-related large 
igneous provinces (Srivastava et al., 2022). Therefore, they were 
genetically linked to a mid-Neoproterozoic mantle plume which trig-
gered partial melting of the asthenospheric and lithospheric mantles (Li 
et al., 2002, 2010b). In this scenario, the parental magmas of the ca. 830 

Ma mafic rocks, including the Nage mafic dykes, were probably derived 
from upwelling of the mantle plume head, whereas the subsequent ca. 
820–810 Ma mafic magmatism maybe the product of the plume tail. 
Most ca. 830 Ma mafic rocks experienced variable degrees of crustal 
contamination en route to their final emplacement (Wang et al., 2007a; 
Zhang et al., 2013b; Zhao and Zhou, 2013; Zhao and Asimow, 2014; Wu 
et al., 2022), whereas the younger mafic magmatism such as the ca. 
820–810 Ma basalt from the Tiechuanshan and Suxiong Formations 
underwent negligible crustal contamination, which are consistent with 
experimental and numerical modeling results that plume tails 
commonly contaminate much less crustal components than plume heads 
(Hauri et al., 1994). In addition, the ca. 830–820 Ma mafic rocks, such as 
the Nage mafic dykes, Yiyang basalts and Bikou-Tiechuanshan conti-
nental flood basalts followed by that of ca. 810 Ma Suxiong basalt is 
consistent with the pattern that an OIB-like magma comes after a more 
enrich magma, which has been observed in many plume related 
magmatic actives, such as those in the Xiong’er Volcanic Province and 
the kangdian Rift and on the Hawaiian Islands (e.g., Wyllie, 1988; Peng 
et al., 2007; Fan et al., 2020). Therefore, both the tectonostratigraphic 
and geochemical evidence suggest that the ca. 830 Ma mafic rocks 
identified from southeastern to southeastern of the Yangtze Block were 
likely generated in a Neoproterozoic rift setting that was probably 
induced by a Neoproterozoic mantle plume beneath the Yangtze Block. 

6. Conclusions 

We report results of detailed geochronological and geochemical an-
alyses on newly discovered alkaline mafic dykes at the Nage area in the 
southern Yangtze Block. SIMS zircon U-Pb age shows Nage dykes crys-
tallized at 827 ± 8 Ma. Chemical compositions and isotopic character-
istics of Nage alkaline mafic dykes are comparable to intraplate basaltic 
rocks but different from typical arc related volcanic rocks. They also 
show a close affinity to the alkaline basalts and mafic dykes identified in 
plume related rifting systems around the world. Our modeling shows 
that the primary magma for the Nage dykes was probable derived from 
an asthenospheric mantle with previously input of a plume-derived 
enriched component occurred within the source region, which subse-
quently experienced variable fractional crystallization with negligible 
crustal contamination to produce parental magmas of the Nage mafic 
dykes. Combined with preciously reported ca. 830 Ma mafic rocks in the 
Yangtze Block, our data suggest that they are likely generated in a 
plume-induced intraplate rift setting. 
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