
1 Introduction 
 
The Wuling Mountain gravity lineament (WMGL) is 

one of the most important NNE-trending tectonic zones in 
China (Zhou and Liu, 1979; Ma, 1987; Yang, 1988; Liu et 
al., 2003; Cai et al., 2004; Ma et al., 2006), delineating a 
continental  margin  and  zone  of  deep  crustal  folding 
(Khan, 1976; Cochran and Talwani, 1977; Zeng, 1984; Ma 
and Sun, 1987; Ren et al., 1992; Liu, 1994), this lineament 
is some 3,700 km long and 8–200 km wide, encompassing 
an area of ~21,000 km2. Previous studies have shown that 
the WMGL plays host to a large number of Mesozoic 
extensional and faulted basins (Du et al., 1999; Shao, 
2001; Deng et al., 2003; Bai et al., 2007; Zhang et al., 
2012; Luo et al., 2014), detachment fault and metamorphic 

core complexes (Shen et al., 2008; Zhang et al., 2012; Ji, 
2014), graben horst (Li and Yang, 1988; Chen, 2013), rift 
(Wu et al., 1985; Deng et al., 2003; Bai et al., 2007; Zhang 
et al., 2013), basin ridge structures (Shu et al., 2004; Bai et 
al., 2005; Shu, 2012), and normal faulting (Zhang et al., 
2012). Further, that igneous activity within this zone of 
tectonism  includes:  A-type  and  high-potassium I-type 
granites (Li, 2000; Zhou, 2003; Wang, 2004; Wang et al., 
2005a;  Bai  et  al.,  2007),  adakite  and  bi-modal  suite 
volcanic rocks (Li, 2000; Zhou, 2003; Bai et al., 2007), 
and a widely distributed mafic dyke swarms (Li, 2000; Jia 
et al., 2002a, b, c; Jia, 2003; Zhou, 2003; Fan et al., 2003; 
Wang et al., 2008); the lineament also is a region rich 
economic mineral deposits (Tu et al., 1998, 2000; Mao et 
al., 2004, 2009; Chen et al., 2014; Hu et al., 2015). These 
geological phenomena and studies have demonstrated that 
an important period of lithospheric extension affected the 
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Abstract: In view of the importance of mafic dyke swarms and their contribution to current scientific problems relating to 

South China, herein, we present the findings of studies on twenty–five representative mafic dykes cropping out in Hunan 

Province and Guangxi Zhuang Autonomous Region, within the southern Wuling Mountain gravity lineament, China. These 

results include new zircon LA-ICP-MS U-Pb age, whole rock geochemical, Sr-Nd-Pb isotopic, and zircon Hf isotopic data 

for these dykes. The dykes formed between 131.5 ± 1.2 and 121.6 ± 1.1 Ma, and have typical doleritic textures. They fall 

into the alkaline and shoshonitic series, are enriched in light rare earth elements (LREE), some large ion lithophile elements 

(LILE; e.g., Rb, Ba, and Sr), Th, U, and Pb, and are depleted in Nb, Ta, Hf, and Ti. Moreover, the dolerites have high initial 
87Sr/86Sr ratios (0.7055–0.7057), negative εNd(t) and zircon εHf(t) values (−14.8 to −11.9, −30.4 to −14.9), and relatively 

constant  initial  Pb  isotopic ratios  (that  are  EM1-like,  16.77–16.94,  15.43–15.47,  and  36.84–36.92 for  206Pb/204Pb, 
207Pb/204Pb, and 208Pb/204Pb, respectively). These results indicate that the dykes were likely derived from magma generated 

through low-degree partial melting (1.0%–10%) of an EM1-like garnet–lherzolite mantle source. The parental magmas 

fractionated olivine, clinopyroxene, plagioclase, and Ti-bearing phases with negligible crustal contamination, during ascent 

and dyke emplacement. Several possible models have been proposed to explain the origin of Mesozoic magmatism along 

the Wuling Mountain gravity lineament. Herein we propose a reasonable model for the origin of these mafic dykes, 

involving the collision between the paleo-Pacific Plate and South China, which led to subsequent lithospheric extension and 

asthenosphere upwelling, resulting in partial melting the underlying mantle lithosphere in the Early Cretaceous, to form the 

parental magmas to the WMGL mafic dykes, as studied.    
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WMGL during the Mesozoic (Li, 2000; Wu et al., 2008). 
Nevertheless,  the  temporal  and  spatial  distribution  of 
lithospheric extension is still at present unclear. Moreover, 
the investigation of Mesozoic magmatism in the WMGL is 
limited to some intermediate–felsic igneous rocks (e.g., 
granite, volcanic rock and adakite; Yan and Ye, 1982; 
Zhang, 1986, 2010; Mao et al., 2014; Huang et al., 2014), 
the mantle properties and the genetic model for these 
extensional-related igneous activities are poorly. 

In addition to the above-mentioned scientific problems, 
since the assembly of the Indosinian plate,  the South 
China block has resided in the interior of a continent, and 
its evolution has been influenced by the interaction of 
adjacent  plates,  that  provide  for  a  complex  tectonic 
framework to this part of Asia. Earlier studies have shown 
that, as a representative geological tectonic belt of South 
China Block, the Mesozoic lithospheric extension of the 
WMGL occurred intensively; however, the temporal and 
spatial distribution law, dynamic mechanism and tectonic 
setting resulting in this stretching is as yet unresolved 
(Molnar and Tapponnier, 1975; Tapponnier and Molnar, 
1976; Hilde et al., 1977; Huang and Fu, 1982; Wang et al., 
1990; Wan, 1993; Wang et al., 1996; Yang et al., 1996; 
Yang and Liu, 2000; Niu, 2005; Xu, 2006; Huang et al., 
2008; Ge et al., 2014). Therefore, in order to help resolve 
these  uncertainties,  it  is  necessary  to  select  suitable 
research areas to focus upon in further research on the 
WMGL.  As  representatives  of  magmatism  that  may 
accompany episodes of lithospheric extension, mafic dyke 
swarms are a series of linear, hypabyssal intrusions of 
mafic  igneous  rock (e.g.,  dolerite/gabbro,  diorite  and, 
more rarely, lamprophyre) (Halls, 1982; Zhou et al., 1987; 
Gilder et al., 1991; Ernst et al., 1995; Li et al., 1997, 2001; 
Shao and Zhang, 2002; Jia, 2003; Xie, 2003; Liu, 2004; Li 
et al., 2005; Liu et al., 2008a, b, 2009, 2017, 2018; Zhao, 
2004, Zhao et al., 2004; Peng et al., 2005, 2007, 2008, 
2010, 2011a, b; Hou et al., 2006, 2016; Zhang, 2006; Feng 
et al., 2012; Yang, 2012; Qi et al., 2016). Mafic dyke 
swarms mainly distribute in North America, Brazil, Baltic 
Sea, Australia, Siberia, South Africa, Zimbabwe, India, 
Greenland, Scotland, Qinghai Province, Xinjiang Uygur 
Autonomous Region,  Tarim Basin,  Tibet  Autonomous 
Region, Eastern China and the North China Craton (NCC) 
(Zhou, 1987; Wang and Rao, 1989; Hou and Mu, 1994; Li 
et al., 1997; Zhou et al., 1997; Li, 2000; Li et al., 2001; Jia 
et al., 2002a, b, c; Xie et al., 2002; Shao and Zhang, 2002; 
Jia, 2003; Xie, 2003; Zhai and Liu, 2003; Hai and Liu, 
2003; Liu, 2004; Liu et al., 2008a, b, 2009, 2017, 2018; 
Zhao, 2004; Zhao et al., 2004; Yang et al., 2004; Shao et 
al., 2005; Peng et al., 2005, 2007, 2008, 2010, 2011a, b; 
Feng et al., 2012; Qi et al., 2012, 2016; Yang, 2012; Hou, 
2012; Yang et al., 2013; Hou et al., 2006; Feng et al., 
2012; Yang et al., 2013; Zhang et al., 2019a, b; Feng et al., 
2020). The presently accepted age range for this style of 
magmatism is mainly between 2.4 Ga and 2.1 Ga; more 
recent mafic dyke swarms emplaced in the Phanerozoic 
are chiefly concentrated in the period 230–40 Ma (Li et 
al., 1997; Zhai and Liu, 2003; Shao et al., 2005). 

Our present understanding of mafic dyke swarm and 
their  significance  is  that  these  provide  an  important 
window in to the deep lithosphere and mantle source 

regions for the magmas; this mafic magma also can inform 
about the dynamic conditions attending melting in the 
lower crustal/upper mantle in response to stretching (Liu 
et al., 2010a; Lin et al., 2014). As such, studies of swarms 
of mafic dykes may give key scientific insight into the 
evolution of major crustal blocks, including processes of 
accretion and  reconstruction,  the  temporal  and  spatial 
controls on lithospheric extension, as well as to mantle 
properties and the genetic model for magmatism under an 
extensional background, and any role this has in large-
scale mineralization (Halls, 1982; Halls and Fahrig, 1987; 
Zhou, 1987; Ernst et al., 1995; Li et al., 1997; Zhou et al., 
1997, 2001; Li, 2000; Shao and Zhang, 2002; Liu, 2004; 
Mao et al., 2004; Zhao et al., 2004; Hou et al., 2005; Liu 
et al., 2008a, b, 2009, 2017, 2018; Hou, 2012; Hu et al., 
2007,  2015;  Gao  et  al.,  2019).  At  present,  Chinese 
researchers have mainly focused on Mesozoic intraplate 
mafic dyke swarms in eastern China and those within the 
NCC (Zhou et al., 1987; Hou and Mu, 1994; Li et al., 
1997; Shao and Zhang, 2002; Xie et al., 2003; Jia, 2003; 
Xie, 2003; Hai and Liu, 2003; Liu, 2004; Zhao, 2004; 
Yang et al., 2004; Shao et al., 2005; Liu et al., 2008a, b, 
2009, 2017, 2018; Peng et al., 2005, 2007, 2008, 2010, 
2011a, b; Hou et al., 2006, 2016; Feng et al., 2012; Yang, 
2012;  Yang  et  al.,  2013).  By contrast,  the  study of 
Mesozoic mafic dyke swarms in other geological tectonic 
belts within China (e.g., the WMGL) is poor. To address 
these  deficiencies  and  the  above–mentioned  scientific 
problems,  we  herein  have  chosen  to  directly  study 
examples of Mesozoic, magmatism as recorded in mafic 
dyke  swarms from the  Hunan Province  and  Guangxi 
Zhuang Autonomous Region within the southern WMGL. 
Our studies of the dykes include U-Pb geochronology, 
whole-rock geochemistry and Sr-Nd-Pb-Hf isotopes. 
 
2 Geological Setting and Dyke Petrology 

 
As  the  southern  segment  of  the  Greater  Hinggan 

Mountains–Taihang  Mountains–Wuling  Mountains 
gravity lineament (Cochran and Talwani, 1977; Zhou and 
Liu, 1979; Zeng, 1984; Ma and Dun, 1987; Ma, 1987; 
Yang, 1988; Ren et al., 1992; Liu et al., 1994, 2003; Cai et 
al., 2004; Yang et al., 2005; Ma et al., 2006), the WMGL 
extends northwards to the Russian Far East,  south to 
Vietnam and Laos, and spans the Henan, Hubei, Hunan, 
Guizhou provinces and the Guangxi Autonomous Region 
of China. The spatial distribution of Mesozoic magmatism 
in South China encompasses not only granitoids and mafic 
dykes, but also sequences of volcanic–intrusive rocks; 
principal lithologies include intermediate–felsic intrusive 
rocks  and  their  volcanic  equivalents  (Zhang,  1986). 
Geochronological constraints for the Triassic and middle 
Jurassic granitoids find that in the area of Qin–Hangzhou 
Mid–Jurassic  to  Early  Cretaceous  volcanic–intrusive 
suites predominate (175–123 Ma), whereas in the middle 
and lower reaches of the Yangtze River, Late Jurassic to 
Early Cretaceous volcanic–intrusive units occur (145–123 
Ma).  Late  Jurassic  to  Late  Cretaceous  (145–85  Ma) 
volcanic–intrusive suites also occur along the southeastern 
coast and Early Jurassic volcanic–intrusive rock zone (200
–180  Ma).  Moreover,  the  magmatic  activity  is 
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characterized by multi-stage, SW–NW facing and/or zonal 
patterns (Mao et al., 2014). As a good representative of 
Mesozoic  magmatism  in  South  China,  the  spatial 
distribution of magmatic activity within the WMGL spans 
from 110°8′ to 112°15′ in the East (longitude) and 23°55′ 
to 34°33′ in the North (latitude). The timing of igneous 
activity along the WMGL is chiefly concentrated in the 
Jurassic and Cretaceous, with the magma types including 
examples of various granite(s), granodiorite, monzonite, 
diorite, gabbro/dolerite and lamprophyre.  

Our present study includes 25 representative samples 
collected from mafic dyke swarm across from five areas 
(i.e., the Guzhang, Jishou, Yuanling, Donglan, Baise, and 
Yixian) within the Hunan Province and Guangxi Zhuang 
Autonomous Region, southern WMGL, China (Fig. 1). 
Individual mafic dykes studied were observed as near 
vertical, striking ~NE–SW, with widths in excess of 10 m 
and lengths of the order 0.8–15 km (Fig. 1); each have 
typical doleritic textures. The study area encompasses a 
Proterozoic  complex,  and  sequences  of  Sinian/
Neoproterozoic,  Ordovician,  Silurian,  Devonian, 
Carboniferous, Permian, Triassic, Jurassic, and Cretaceous 
sedimentary rock, and local granite and monzonite that are 
all intruded by the mafic dykes during the Mesozoic (Fig. 
1;  BGMRGZAR,  1985;  BGMRHP,  1988).  The  mafic 
dykes studied are typical dolerites, having a combined 
phenocryst  content  of ~30%–35%, chiefly comprising 
clinopyroxene,  plagioclase,  and  minor  biotite  (0.5–1.3 
mm). The groundmass (60%–65%) plays host also to 
pyroxene, plagioclase, and magnetite (+/– chlorite). 
 
3 Analytical Procedures 
 
3.1 U-Pb dating by LA-ICP-MS methods 

Zircon grains from five of the investigated mafic dyke 
samples from the southern segment of the WMGL, in the 
areas  of  Hunan  Province  and  Guangxi  Zhuang 

Autonomous Region, were separated using conventional 
heavy  liquid  and  magnetic  techniques.  Representative 
zircon  were  then  handpicked  under  a  binocular 
microscope before being mounted in an epoxy resin disc, 
polished, and then coated with gold prior to analysis. 
These zircon crystals were imaged using both transmitted 
and  reflected  light  microscopy,  and  by  means  of 
cathodoluminescence  (CL)  to  help  in  their 
characterization, and to reveal their internal structure. The 
CL imaging and U-Pb analysis were undertaken at the 
State Key Laboratory of Continental Dynamics, Northwest 
University, China. The analytical procedures used were 
those described in detail in Harris et al. (2004); a spot 
diameter of 29 mm was used. U-Th-Pb ratios and absolute 
abundances  were  determined  by reference  to  multiple 
measurements of a standard TEMORA zircon and the 
NIST 610 glass standard. 

 
3.2 Major elemental and trace elemental analyses 

Major element compositions were determined using an 
analytical  Axioms-advanced  X-ray  fluorescence 
spectrometer at the State Key Laboratory of Ore Deposit 
Geochemistry  (LODG),  Institute  of  Geochemistry, 
Chinese  Academy  of  Sciences,  Guiyang,  using  fused 
lithium tetra borate glass pellets. This analysis has an 
analytical  precision of better  than 5%. Trace element 
compositions  were  determined  by  Inductively-coupled 
plasma mass-spectrometry (ICP-MS) and a Perkin-Elmer 
ELAN DRC-e instrument at the LODG, Guiyang. Prior to 
analysis, powdered samples (50 mg) were dissolved in 
high–pressure Teflon bombs, using an HF + HNO3 attack 
for 48 hours at about 190°C (Qi et al., 2000). Signal drift 
during analysis was monitored using Rh as an internal 
standard,  and  GBPG-1,  OU-6,  GSR-1,  and  GSR-3 
standards  were  used  for  analytical  quality  control, 
indicating an analytical precision that is generally better 
than 5% for all trace elements. 

 

Fig. 1. Schematic illustration showing the distribution of the mafic dykes in the WMGL.  
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3.3 Sr-Nd-Pb isotopic analyses 
For Rb-Sr and Sm-Nd isotope analyses, sample powders 

were  spiked  with  mixed  isotope  tracers,  dissolved  in 
Teflon capsules with HF + HNO3 acids, and separated by 
conventional cation-exchange techniques (Zhang et al., 
2001). Isotopic measurements were performed using a 
Finnigan Triton Ti thermal ionization mass spectrometer at 
the  LODG,  Guiyang.  Procedural  blanks  yielded 
concentrations of < 200 pg for Sm and Nd and < 500 pg 
for Rb and Sr, whilst mass fractionation corrections for Sr 
and Nd isotopic ratios were based on 86Sr/88Sr = 0.1194 
and 146Nd/144Nd = 0.7219, respectively. Analysis of the 
NBS987 and La Jolla standards yielded values of 87Sr/86Sr 
= 0.710246 ± 16 (2σ), and 143Nd/144Nd = 0.511863 ± 8 
(2σ), respectively. Prior to Pb isotopic analysis, Pb was 
separated and purified by conventional cation–exchange 
techniques using diluted HBr as an eluent. Analysis of the 
NBS981 standard yielded a mean 204Pb/206Pb value of 
0.0895 ± 15, a mean 207Pb/206Pb value of 0.9146 ± 8, and a 
mean 208Pb/206Pb value of 2.163 ± 2. 

 
3.4 In situ zircon Hf isotopic analysis 

In situ, zircon Hf isotopic analyses were undertaken 
using a multi-collector-inductively coupled plasma-mass 
spectrometer (MC-ICP-MS) instrument equipped with a 
Geolas-193 laser, at the Key Laboratory of Continental 
Dynamics, Northwest University, China. These analyses 
used a laser repetition rate of 10 Hz at 100 mJ and a beam 
diameter of either 32 or 63 mm. The isobaric interference 
of 176Lu on 176Hf was corrected by measuring the intensity 
of  the  interference-free  175Lu  isotope  and  using  a 
recommended 176Lu/175Lu ratio of 0.02655 (Machado and 
Simonetti, 2001). A 176Yb/172Yb value of 0.5887 (Chu et 
al., 2002) and mean bYb values obtained during Hf analysis 
were used to correct for the interference of 176Yb on 176Hf 
(Iizuka and Hirata, 2005). Details of the analytical and 
data correction procedures are given in Wu et al. (2006). 
Our analyses included measurements of standard 91500 
and FM0411 zircons, yielding mean 176Hf/177Hf ratios of 
0.282312 ± 36 (2 standard deviations (2 SD), n = 35) and 
0.282995 ± 31 (2 SD, n = 9), respectively, which agree 
with the reported 176Hf/177Hf composition of the 91500 
zircon (0.282305 ± 8, 2 SD, n = 30) as determined by 
solution analysis (Wood head et al., 2004) and 0.282983 ± 
17 (2 SD, n = 9) for the FM0411 zircon by in situ 
analytical methods (Wu et al., 2006). 

 
4 Results 

 
4.1 Zircon U-Pb geochronology 

Euhedral zircon grains in samples GZ01, JS02, YL01, 
DL02, and BS01 were observed to be clean and prismatic, 
with evident oscillatory zoning, suggestive that these were 
the products of magmatic crystallization. A total of 11 
zircon grains provided a weighted mean 206Pb/238U age of 
128 ± 1.2 Ma (1σ) (95% confidence interval, MSWD = 
0.104) for GZ01; 11 zircon grains gave a weighted mean 
206Pb/238U age of 127.6 ± 1.1 Ma (1σ) (95% confidence 
interval,  MSWD = 0.27) for  JS02; 11 grains gave a 
weighted mean 206Pb/238U age of 131.5 ± 1.2 Ma (1σ) 
(95% confidence interval, MSWD = 0.14) for YL01; 12 

grains have a weighted mean 206Pb/238U age of 121.6 ± 1.1 
Ma (1σ) (95% confidence interval, MSWD = 0.54) for 
DL02, and 12 grains provided a weighted mean 206Pb/238U 
age of 121.8 ± 1.4 Ma (1σ) (95% confidence interval, 
MSWD  =  0.27)  for  BS01  (Table  1;  Fig.  2).  These 
determinations are the best estimates of the crystallization 
age of the mafic/dolerite dykes studied. And there were no 
inherited characteristics observed in the studied WMGL 
zircon.  

 
4.2 Major and trace elements 

Whole-rock geochemical data for the mafic dykes of the 
study areas are presented in Tables 2 and 3; the samples 
include representatives of dolerite. The dolerite samples 
exhibit a fairly narrow range of compositions, SiO2 (50.14 
wt%–51.86 wt%), TiO2 (0.96 wt%–1.33 wt%), Al2O3 
(15.82 wt%–16.54 wt%), Fe2O3 (7.37 wt %–9.66 wt%), 
MnO (0.13 wt%–0.18 wt%), MgO (5.06 wt%–6.63 wt%), 
CaO (6.88 wt%–7.94 wt%), Na2O (2.83 wt%–3.15 wt%), 
K2O (2.66 wt %–3.68 wt%), P2O5 (0.45 wt%–1.26 wt%), 
and a relatively small loss of ignition (LOI, 0.78–2.36) 
(Table 2). All samples fall into the alkaline field in terms 
of the total alkali–silica (TAS) diagram (Fig. 3a), and the 
shoshonitic field for the Na2O vs. K2O plot (Fig. 3b). The 
mafic dykes studied display regular trends of decreasing 
CaO, Al2O3, and MgO (Fig. 4b, e), however, irregular 
correlation between SiO2, TiO2, Na2O, K2O, Fe2O3, P2O5, 
and MgO (Fig. 4a, c–h) was observed. The samples are also 
characterized by LREE enrichment and HREE depletion, 
with a wide range in ratios (20–37.8) and Eu/Eu* (0.62–
0.95)  (Table  3  and Fig.  5a,  b).  On primitive  mantle–
normalized trace element diagrams, the dolerite rocks show 
enrichment in LILEs (i.e., Rb, Ba, Th, U, Pb, and Sr) and 
depletion in HFSEs (i.e., Nb, Ta, Hf, and Ti) (Fig. 5b). 
 
4.3 Sr-Nd-Pb isotopes 

Sr, Nd, and Pb isotopic data for 25 representative mafic 
dyke samples are presented in Table 4, 5 and; Figs. 6, 7a, 
b. The investigated dolerites show very similar (87Sr/86Sr)i 

values, ranging from 0.7055 to 0.7057, and wide variation 
in εNd(t) values, from −11.9 to −14.8, which suggest an 
enriched source region. In addition, the dolerites have 
relatively constant Pb isotopic ratios that are Em1–like 
((206Pb/204Pb)i = 16.77–16.94, (207Pb/204Pb)i = 15.43–15.47, 
and (208Pb/204Pb)i = 36.84–36.92).  

 
4.4 Zircon Hf isotopes 

Five samples of the zircon dated by U-Pb methods were 
further analyzed for their Lu-Hf isotopic compositions, 
with results presented in Table 6. Sixteen spot analyses 
were  determined  for  the  zircon within sample  GZ01, 
yielding variable εHf(t) values of between −16.6 and −18.4 
(Table 6; Figs. 8, 9a, b). These provide for a one-stage 
model age (TDM1) between 1,444 and 1523 Ma (Table 6), 
and give initial 176Hf/177Hf ratios ranging from 0.2812176 
to 0.282225. Nineteen spot analyses were obtained for the 
zircon  within  JS02,  yielding  variable  εHf(t)  values  of 
between −15.2 and −18.0 (Table 6; Fig. 8c, d), one–stage 
model ages (TDM1) between 1,380 and 1,542 Ma (Table 6; 
Fig. 8c, d), and initial 176Hf/177Hf ratios of 0.282183 to 
0.282265.  Seventeen  spot  analyses  were  obtained  for 
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Table 1 LA-ICP-MS U-Pb isotopic data of zircon separated from the mafic dykes studied of the Wuling Mountain gravity 

lineament 

GZ01    Isotopic ratios    Age (Ma)     

Spot 
Pb 

(ppm) 

Th 

(ppm) 

U 

 (ppm) 
Th/U 

207
Pb/ 

206
Pb 

1σ 
207

Pb/ 
235

U 
1σ 

206
Pb 

/
238

U 
1σ 

207
Pb/ 

206
Pb 

1σ 
207

Pb/ 
235

U 
1σ 

206
Pb/ 

238
U 

1σ 

1.1 15.4  196  153  1.3  0.0493  0.0043  0.1359  0.0118  0.0200  0.0004  159 196 128 10.5  128 2.78 

2.1 12.8  172  125  1.4  0.0494  0.0027  0.1362  0.0068  0.0201  0.0003  165 122 129 6.18 128 1.86 

3.1 13.6  195  141  1.4  0.0535  0.0034  0.1495  0.0091  0.0203  0.0004  352 136 142 7.93 128 2.22 

4.1 14.4  188  144  1.3  0.0468  0.0033  0.1286  0.0086  0.0198  0.0003  48 161 122 7.85 127 2.21 

5.1 13.3  204  153  1.3  0.0502  0.0026  0.1398  0.0070  0.0202  0.0003  208 122 132 6.22 129 1.86 

6.1 12.8  165  138  1.2  0.0526  0.0028  0.1457  0.0072  0.0201  0.0003  313 116 137 6.45 128 1.92 

7.1 17.5  282  196  1.4  0.0459  0.0025  0.1272  0.0062  0.0202  0.0003  0 113 122 5.55 128 1.83 

8.1 13.9  147  127  1.2  0.0498  0.0031  0.1391  0.0081  0.0202  0.0003  186 141 131 7.22 129 2.06 

9.1 13.2  175  133  1.3  0.0516  0.0035  0.1430  0.0091  0.0201  0.0004  266 146 136 8.05 128 2.24 

10.1 19.4  262  198  1.3  0.0465  0.0028  0.1279  0.0072  0.0199  0.0004  29 138 121 6.45 127 1.93 

11.1 13.7  196  155  1.3  0.0516  0.0036  0.1428  0.0092  0.0201  0.0004  343 176 166 10.8  128 2.36 

JS02                 

Spot 
Pb 

(ppm) 

Th 

 (ppm) 

U 

 (ppm) 
Th/U 

207
Pb/ 

206
Pb 

1σ 
207

Pb/ 
235

U 
1σ 

206
Pb/ 

238
U 

1σ 
207

Pb/ 
206

Pb 
1σ 

207
Pb/ 

235
U 

1σ 
206

Pb/ 
238

U 
1σ 

1.1 43.2  665  468  1.4  0.0532  0.0038  0.1292  0.0035  0.0198  0.0002  343 159  136 9.08 128 2.53 
2.1 46.4  754  489  1.5  0.0483  0.0021  0.1332  0.0050  0.0201  0.0003  115 96.6  128 4.53 127 1.68 
3.1 21.6  375  253  1.5  0.0482  0.0022  0.1345  0.0055  0.0203  0.0003  106 103  128 4.86 129 1.72 
4.1 38.4  702  485  1.4  0.0496  0.0021  0.1378  0.0049  0.0202  0.0003  181 91.5  131 4.38 128 1.65 
5.1 34.3  646  438  1.5  0.0488  0.0022  0.1335  0.0055  0.0198  0.0003  142 103  128 4.92 127 1.71 
6.1 38.1  705  482  1.5  0.0473  0.0015  0.1292  0.0038  0.0198  0.0002  61.2 80.3  123 3.41 128 1.52 
7.1 34.5  358  312  1.1  0.0472  0.0016  0.1292  0.0036  0.0198  0.0003  861 115  195 9.65 127 2.55 
8.1 28.4  526  345  1.5  0.0465  0.0021  0.1378  0.0053  0.0198  0.0003  94.8 166  127 8.55 127 2.45 
9.1 51.4  826  614  1.3  0.0465  0.0022  0.1375  0.0052  0.0198  0.0003  25.5 105  122 4.74 127 1.73 
10.1 73.3  1084  853  1.3  0.0498  0.0018  0.1378  0.0032  0.0202  0.0003  165 64.8  132 2.76 128 1.45 
11.1 32.3  552  384  1.4  0.0476  0.0015  0.1292  0.0036  0.0196  0.0002  0.2 44.5 122 5.92 127 1.98 

YL01                 

Spot 
Pb 

(ppm) 

Th 

 (ppm) 

U 

(ppm) 
Th/U 

207
Pb/ 

206
Pb 

1σ 
207

Pb/ 
235

U 
1σ 

206
Pb/ 

238
U 

1σ 
207

Pb/ 
206

Pb 
1σ 

207
Pb/ 

235
U 

1σ 
206

Pb/ 
238

U 
1σ 

1.1 19.5  246  195  1.3  0.0495  0.0026  0.1419  0.0065  0.0206  0.0004  182 112 136 5.72 132 1.82 
2.1 18.4  185  152  1.2  0.0487  0.0025  0.1378  0.0055  0.0206  0.0004  651 193 168 14.5 131 3.43 
3.1 16.3  228  163  1.4  0.0485  0.0023  0.1376  0.0056  0.0204  0.0003  755 105 182 7.58 132 2.08 
4.1 13.7  186  144  1.3  0.0518  0.0026  0.1416  0.0068  0.0205  0.0003  278 115 141 6.16 132 1.86 
5.1 12.5  144  113  1.3  0.0496  0.0024  0.1418  0.0065  0.0206  0.0003  255 123 143 6.71 131 2.02 
6.1 13.3  145  122  1.2  0.0475  0.0025  0.1338  0.0068  0.0205  0.0003  68 125 128 6.06 130 1.91 
7.1 14.6  186  147  1.3  0.0488  0.0027  0.1371  0.0072  0.0205  0.0003  135 125 132 6.38 131 1.88 
8.1 22.4  338  242  1.4  0.0484  0.0021  0.1378  0.0055  0.0208  0.0003  112 102 130 486 132 1.73 
9.1 11.4  136  108  1.3  0.0452  0.0028  0.1378  0.0055  0.0206  0.0003  11.00 98 125 6.96 131 2.08 
10.1 16.5  252  183  1.4  0.0502  0.0025  0.1422  0.0065  0.0206  0.0004  505 186 155 12.3  132 3.03 
11.1 19.8  275  234  1.2  0.0486  0.0022  0.1378  0.0056  0.0205  0.0003  136 105 131 5.03 132 1.73 

DL02                 

Spot 
Pb 
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Th 
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U 

1σ 
206

Pb/ 
238

U 
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1.1 9.26 138  105  1.3  0.0496  0.0037  0.1303  0.0096  0.0191  0.0004  188 166  125 8.6 121 2.18 
2.1 12.6  168  135  1.2  0.0498  0.0028  0.1322  0.0076  0.0195  0.0003  191 131  128 6.5 123 1.88 
3.1 18.4  336  232  1.4  0.0535  0.0025  0.1335  0.0076  0.0188  0.0003  345 103  131 5.26 121 1.68 
4.1 22.5 355  268  1.3  0.0495  0.0026  0.1298  0.0066  0.0191  0.0003  175 121  125 5.92 120 1.83 
5.1 14.5  164  132  1.2  0.0515  0.0031  0.1335  0.0075  0.0188  0.0003  261 135  128 6.76 121 1.95 
6.1 15.4  195  156  1.3  0.0496  0.0032  0.1319  0.0078  0.0194  0.0003  222 155  130 8.05 123 2.24 
7.1 23.8  355  262  1.4  0.0483  0.0032  0.1285  0.0085  0.0193  0.0003  115 155  124 7.56 123 2.15 
8.1 13.8  158  135  1.2  0.1312  0.0048  0.1296  0.0065  0.0192  0.0003  2115 64  305 8.03 120 1.81 
9.1 21.3  366  264  1.4  0.0503  0.0032  0.1322  0.0075  0.0194  0.0003  206 138  128 6.95 123 2.02 
10.1 16.5 257  198  1.3  0.0496  0.0031  0.1321  0.0075  0.0194  0.0003  311 135  135 7.21 122 2.05 
11.1 19.5  255  206  1.2  0.0512  0.0042  0.1318  0.0102  0.0186  0.0004  255 178  126 9.15 119 2.42 
12.1 9.53  139.0  107  1.3  0.0495 0.0031  0.1321  0.0075  0.0193  0.0003  173 135  125 6.76 123 1.83 
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Pb 
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U 

1σ 
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Pb/ 
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U 
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1.1 16.5  196  145  1.4  0.0502  0.0045  0.1326  0.0096  0.0192  0.0003  205 202 130 10.6  123  2.75  
2.1 15.5  243  174  1.4  0.0505  0.0045  0.1326  0.0098  0.0192  0.0003  216 155 129 8.13  122  2.25  
3.1 25.8  248  221  1.1  0.0503  0.0043  0.1325  0.0098  0.0191  0.0004  86 163 125 8.05  122  2.28  
4.1 13.5  152  124  1.2  0.0495  0.0044  0.1325  0.0095  0.0188  0.0003  195 138 126 7.02  122  2.05  
5.1 12.4  143  116  1.2  0.0493  0.0045  0.1316  0.0085  0.0186  0.0003  283 155 135 8.61  119  2.28  
6.1 14.4  135  103  1.3  0.0491  0.0046  0.1315  0.0082  0.0185  0.0003  145 205 126 10.6  121  2.73  
7.1 11.3  142  105  1.4  0.0649  0.0063  0.1313  0.0082  0.0185  0.0004  368 182 162 13.8  120  3.15  
8.1 17.6  234  191  1.2  0.0603  0.0056  0.1315  0.0086  0.0186  0.0004  615 186 152 12.5  121  2.95  
9.1 9.45  116.0  95.6  1.2  0.0606  0.0055  0.1355  0.0082  0.0192  0.0003  342 222 138 13.2  123  3.18  
10.1 23.2  246  206  1.2  0.0605  0.0055  0.1356  0.0082  0.0192  0.0003  515 155 148 9.58  122  2.45  
11.1 20.0  253  214  1.2  0.0508  0.0036  0.1356  0.0081  0.0191  0.0003  231 163 128 8.52  123  2.32  
12.1 15.3  182  145  1.3  0.0705  0.0043  0.1354  0.0082  0.0192  0.0003  195 118 175 9.05  123  2.21  
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YL01 zircon, yielding variable εHf(t) values between −14.9 
and −17.7 (Table 6; Fig. 8e, f), twostage model ages 
(TDM1) of 1,402 to 1,500 Ma (Table 6; Fig. 8e, f), and 
giving initial 176Hf/177Hf ratios of 0.282194 to 0.282272. 
Sixteen spot  analyses were  obtained for  DL02 zircon 

samples, yielding variable εHf (t) values  between −28.4 
and −30.4 (Table 6; Fig. 8g, h), one-stage model ages 
(TDM1) of 1,905 to 1,988Ma (Table 6; Fig. 8g, h), and 
initial  176Hf/177Hf  ratios  of  0.281838  to  0.281895. 
Seventeen spot analyses were obtained for the zircon from 

 

Fig. 2. LA-ICP-MS U-Pb concordia diagrams for the southern WMGL mafic dykes.  
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BS01, that yield variable εHf(t) values between −27.6 and 
−30.3 (Table 6; Fig. 8i, j), one-stage model ages from 
1,917  to  2,007  Ma  (Table  6;  Fig.  8i,  j),  and  initial 
176Hf/177Hf ratios from 0.281843 to 0.281921.  
 
5 Discussions 
 
5.1 Fractional crystallization 

The observed Mg# (52–60), for the mafic dykes from 

the WMGL study areas is inconsistent with significant 
crystal  fractionation.  However,  these  dolerites  contain 
lower Cr (almost all less than 250 ppm except DL3 and 
DL5) and Ni (6.7–167 ppm; Table 3), implying that they 
were derived by fractional crystallization. Further support 
for this are given in the MgO vs. (87Sr/86Sr)i, εNd(t) and 
(206Pb/204)i correlative plots (Fig. 9), and the correlation 
between MgO content and SiO2, CaO, TiO2, Na2O, Al2O3, 
K2O, Fe2O3, P2O5 (Fig. 4), Sr and Zr (not shown) favors 

 

Fig. 3. Plots of total alkali vs. silica (TAS). 
(a) Na2O vs. K2O for the mafic dykes studied; (b) plots for the mafic dykes within the WMGL study areas. All major element data have been re–

calculated to 100% on an anhydrous basis (Middlemost, 1994; Le Maitre, 2002).  

Table 2 Whole rock major element (wt%) composition results for the mafic dykes studied 

Sample No. GZ1 GZ2 GZ4 GZ6 GZ8 JS1 JS3 JS4 JS6 JS9 YL1 YL2 YL4 YL6 

Rock type Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite 

Region Guzhang     Jishou     Yuanling    

SiO2 51.65 51.43 51.54 51.65 51.55 51.28 51.76 51.66 51.65 50.88 51.66 51.55 51.67 51.36 

TiO2 1.12 1.23 1.03 1.15 1.14 1.26 1..07 1.13 1.28 1.28 1.28 1.33 1.25 1.25 

Al2O3 15.85 16.18 16.34 15.82 15.96 16.35 15.93 15.85 16.37 16.54 16.24 16.15 16.19 16.09 

Fe2O3 8.85 7.82 7.42 8.96 8.75 7.87 8.81 8.95 8.05 8.97 9.07 9.15 9.66 9.04 

MnO 0.15 0.16 0.16 0.15 0.18 0.18 0.16 0.16 0.16 0.15 0.16 0.15 0.16 0.15 

MgO 5.86 5.78 5.61 6.63 6.15 5.85 6.41 6.55 5.22 5.19 5.15 5.35 5.25 5.18 

CaO 7.85 7.76 7.63 7.65 7.43 7.83 7.43 7.62 6.94 7.02 7.06 7.18 7.09 7.06 

Na2O 2.95 2.86 3.05 2.86 3.06 2.86 2.98 2.83 3.15 3.15 3.15 3.05 3.06 3.05 

K2O 2.74 3.16 3.16 2.62 3.12 3.14 2.81 2.66 3.64 3.68 3.65 3.43 3.43 3.35 

P2O5 0.52 1.24 0.93 0.51 0.46 1.26 0.44 0.45 0.73 0.72 0.67 0.71 0.66 0.67 

LOI 1.68 1.73 2.42 1.33 1.66 1.35 1.58 1.46 2.36 1.85 1.38 1.43 1.21 2.25 

Total 99.22 99.35 99.29 99.33 99.46 99.23 98.31 99.32 99.55 99.43 99.47 99.48 99.63 99.45 

Mg
#
 57  59  60  59  58  60  59  59  56  53  53  54  52  53  

T (°C) 821  811  812  817  810  805  823  821  808  803  801  799  804  801  

 
YL7 DL2 DL3 DL5 DL6 DL10 BS1 BS3 BS5 BS7 BS8 

Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite 

 Donglan     Baise  Yixian   

51.68 51.86 51.65 50.14 51.48 51.26 51.52 51.38 51.66 51.76 51.66 

1.26 1.28 1.26 1.29 0.95 1.27 0.96 1.25 1.08 1.08 1.07 

16.06 16.06 15.95 15.46 16.35 16.35 16.36 16.24 15.83 15.95 15.85 

8.95 8.93 9.46 9.64 7.34 7.85 7.41 7.83 8.83 8.83 8.86 

0.16 0.15 0.15 0.13 0.16 0.18 0.15 0.16 0.16 0.15 0.16 

5.06 5.43 5.56 6.15 5.58 5.83 5.56 5.76 5.95 6.45 5.97 

6.88 7.05 7.25 7.94 7.65 7.76 7.63 7.76 7.83 7.43 7.84 

3.07 3.04 3.19 2.85 3.04 2.85 3.05 2.87 2.93 2.96 2.94 

3.26 3.27 3.46 3.67 3.15 3.15 3.17 3.18 2.72 2.78 2.66 

0.69 0.72 0.69 0.66 0.95 1.25 0.95 1.23 0.49 0.54 0.55 

2.32 1.58 0.78 1.45 1.56 1.58 2.45 1.66 1.76 1.55 1.69 

99.39 99.37 99.40 99.38 98.21 99.33 99.21 99.32 99.24 99.48 99.25 

53  55  54  56  60  60  60  59  57  59  57  

803  801  796  787  813  804  813  806  818  825  816   
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fractionation of olivine, clinopyroxene, plagioclase, Ti-
bearing phases (rutile, ilmenite, titanite, etc.) in the genesis 
of  the  WMGL  mafic  magmas.  The  separation  of 
plagioclase,  Ti-bearing  oxides  and  apatite  is  also 
supported  by the  negative  Eu,  Nb,  Ta,  Ti  anomalies 
observed in the chondrite-normalized REE pattern and 
primitive mantle–normalized spider diagrams (Fig. 5a, b), 
and in plots of Sr vs. Ba and Rb (not shown). Clearly, the 
WMGL mafic dykes as studied exhibit decreasing Zr with 

increasing SiO2 (not shown) indicating that zircon was 
saturated in the magma and is also controlled by fractional 
crystallization (Li et al., 2007).  

 

5.2 Crustal assimilation 
Crustal  contamination  might  cause  a  significant 

depletion in Nb-Ta and enriched Sr–Nd isotopic signatures 
in basaltic rocks. The WMGL dolerites as studied are 
characterized by negative Nb-Ta anomalies (Table 3; Fig. 

 

Fig. 4. SiO2, CaO, TiO2, Na2O, Al2O3, K2O, F2O3, and P2O5 vs. MgO plots for the WMGL mafic dykes.  
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5b), high Sr isotopic compositions (0.7055–0.7057) and 
negative εNd(t) (−11.9 to −14.8) (Table 4; Fig. 5); these 
data  might imply a crustal  component in the magma 
genesis of the dolerites. Further support for this is given in 
their determined low Nb/U (5.4–19; Table 3) (cf. Nb/U = 
9.0–21 for crust, and Nb/U = 47 for primitive mantle), and 
Ta/La ratios (0.01–0.02; Table 3) (cf. Ta/La = 0.06 for 
primitive  mantle).  Nevertheless,  crustal  assimilation 

would result in a positive correlation between MgO and 
εNd(t) values, and negative correlation between MgO and 
initial 87Sr/86Sr ratios; features that are not observed in 
these rocks (Table 4; Fig. 9a, b). Moreover, the dykes 
studied are characterized by relatively lower Nb (7.65–
17.5 ppm), Th (2.43–10.2 ppm), and U (0.53–1.64 ppm) 
(Table 3) compared to upper crust (e.g., Nb = 25 ppm, Th 
= 10.5 ppm, U = 2.7 ppm, Rudnick and Fountain, 1995), 
suggesting that crustal contamination was likely negligible 
in  the  WMGL  dolerites.  This  conclusion  is  further 
supported in the lack of inherited zircon component within 
the studied mafic dyke samples. 

 
5.3 Source and partial melting 

The  high  initial  87Sr/86Sr  ratios  (0.7055–0.7057), 
negative εNd(t) (−11.9 to −14.8), and negative zircon εHf(t) 
values (−14.9 to −30.4) for the studied dolerite samples 
(Tables 4, 6) are all consistent with their derivation from 
an enriched lithospheric mantle source, rather than from 
an asthenospheric mantle source, with a depleted Sr–Nd–
Hf isotopic composition, such as mid–ocean ridge basalt. 
Such an enriched mantle source is found beneath the study 
area (Liu et al., 2008a, b, 2009). This hypothesis is further 
supported  in  the  EM1–like  Pb  isotopic  compositions 
(206Pb/204Pb)i = 16.77–16.94, (207Pb/204Pb)i = 15.43–15.47, 

 

Fig. 5. Chondrite-normalized REE diagrams and primitive 

mantle-normalized element distribution spider-diagrams for 

the mafic dykes studied. The normalization values are from 

Sun and McDonough (1989).  

Fig. 6. Initial 87Sr/86Sr vs. εNd (t) diagram for the mafic 

dykes studied.  

 

Fig. 7. 208Pb/204Pb and 207Pb/204Pb vs. 206Pb/204Pb diagrams 

for the mafic dykes studied. 
Field for I-MORB (Indian MORB) and P & N-MORB (Pacific and 

North Atlantic MORB), OIB, NHRL and 4.55 Ga geochron are after 

Barry and Kent (1998), Zou et al. (2000), and Hart (1984), respec-

tively.  
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Fig. 8. Histograms of TDM2 for the zircons from the mafic dykes studied.  
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Table 3 Trace element analysis results (ppm) of the mafic dykes 

Sample No. GZ1 GZ2 GZ4 GZ6 GZ8 JS1 JS3 JS4 JS6 JS9 YL1 YL2 YL4 YL6 YL7 

Rock type Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite 

Region Guzhang     Jishou     Yuanling     

V 227 158 173 188 195 143 218 196 138 136 142 147 146 143 141 

Cr 236 65.4 66.2 227 9.65 63.4 243 234 142 136 148 154 156 162 145 

Co 39.3 24.2 24.7 36.2 2.57 23.4 36.5 35.7 22.2 21.3 22.8 23.8 23.5 23.2 22.8 

Ni 80.6 50.5 48.8 78.8 6.65 48.5 78.6 76.4 43.6 43.2 48.8 50.4 50.9 61.5 48.4 

Ga 24.3 23.2 21.5 21.8 21.6 22.2 23.1 22.7 17.5 17.3 16.5 16.8 17.2 16.5 17.4 

Rb 175 71.5 73.4 146 159 85.6 166 157 84.3 84.5 86.8 81.2 80.5 76.6 76.4 

Sr 1332 1694 1742 1132 1275 1648 1228 1156 1043 1015 1154 1215 1168 1106 1084 

Y 25.2 23.5 23.6 25.5 19.8 22.4 25.6 25.8 22.8 21.8 21.6 22.5 22.4 21.6 22.6 

Zr 285 254 254 264 248 236 278 274 232 225 221 216 225 218 216 

Nb 8.78 9.82 9.75 8.86 17.5 9.76 8.76 8.95 17.5 16.5 16.3 16.3 16.2 15.6 15.6 

Ba 3618 1482 1526 2984 3256 1443 3422 3234 2416 2376 2546 2648 2483 2915 2438 

Hf 5.66 4.95 5.04 5.25 2.51 4.69 5.53 5.44 4.93 4.95 4.81 4.76 4.83 4.81 4.84 

Ta 0.67 0.75 0.75 0.66 1.33 0.75 0.67 0.69 0.94 1.01 0.93 0.95 0.94 0.94 0.94 

Pb 23.6 24.3 25.3 21.4 21.3 22.5 22.2 21.8 13.2 17.5 15.1 14.6 13.4 15.9 12.4 

Th 6.13 2.53 2.58 5.11 5.56 2.44 5.86 5.53 9.79 9.96 9.81 9.91 10.1 10.1 10.2 

U 1.34 0.55 0.55 1.08 1.19 0.51 1.25 1.18 1.53 1.56 1.53 1.52 1.56 1.64 1.63 

La 62.5 95.4 86.7 61.5 74.2 85.4 62.5 61.8 63.2 62.7 60.5 60.3 60.6 60.8 60.5 

Ce 128 196 178 126 134 172 126 127 125 124 116 118 120 123 123 

Pr 13.9 20.3 18.3 13.9 14.3 19.1 14.1 14.1 13.6 14.1 12.9 13.3 13.4 13.6 13.6 

Nd 54.3 77.2 71.1 54.3 43.4 75.6 54.4 54.6 51.2 51.4 48.5 50.1 50.1 50.2 50.2 

Sm 9.43 12.6 11.3 9.41 8.81 11.6 9.39 9.43 8.34 8.33 8.01 8.15 8.14 8.16 8.04 

Eu 2.53 2.84 2.60 2.51 1.51 2.74 2.49 2.51 1.88 1.82 1.37 1.41 1.42 1.43 1.45 

Gd 6.03 6.76 6.20 6.11 3.91 5.63 5.93 5.83 5.94 5.88 4.84 4.63 4.72 4.71 4.62 

Tb 0.96 1.03 0.92 0.95 0.65 0.96 0.94 0.94 0.76 0.74 0.71 0.75 0.74 0.75 0.74 

Dy 4.05 4.02 3.93 4.03 3.62 4.84 4.83 4.81 4.31 4.31 4.33 4.27 4.23 3.84 4.03 

Ho 0.96 0.85 0.75 0.94 0.68 0.76 0.84 0.95 0.83 0.81 0.77 0.79 0.81 0.82 0.82 

Er 2.73 2.35 2.10 2.71 2.15 2.22 2.71 2.72 2.33 2.35 2.23 2.29 2.21 2.31 2.28 

Tm 0.32 0.32 0.28 0.31 0.31 0.26 0.31 0.32 0.32 0.31 0.26 0.31 0.29 0.30 0.29 

Yb 2.22 1.85 1.69 2.21 2.12 1.74 2.19 2.21 1.98 2.04 1.93 1.94 2.03 1.96 2.01 

Lu 0.32 0.28 0.24 0.31 0.31 0.23 0.31 0.32 0.29 0.31 0.26 0.26 0.26 0.31 0.29 

Eu/Eu* 0.96  0.85  0.86  0.95  0.68  0.88  0.94  0.95  0.64  0.66  0.62  0.64  0.64  0.65  0.67  

(La/Yb)N 20.2 37.0 36.8 20.0 25.1 35.2 20.5 20.1 22.9 22.1 22.5 22.3 21.4 22.3 21.6 

 
DL2 DL3 DL5 DL6 DL10 BS1 BS3 BS5 BS7 BS8 

Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite 

Donglan     Baise  Yixian   

143 152 151 168 144 176 167 221 225  223  

148 465 479 66.8 63.5 65.8 65.6 243 245  244 

23.1 33.2 32.8 25.4 23.2 24.6 24.3 38.4 36.8  38.3  

49.6 165 167 49.3 48.5 48.8 48.9 78.6 78.8  78.5 

17.2 14.8 14.4 21.6 21.8 21.6 22.8 23.6 23.4 23.7 

73.8 106 107 73.4 70.6 73.8 71.4 172 178  174  

1114 798 826 1725 1664 1708 1682 1312 1238  1294  

22.2 16.8 16.4 23.5 22.6 23.6 23.5 25.4 26.4  25.3  

215 217 225 256 231 256 238 277 283  269  

15.5 7.75 7.65 9.72 9.75 9.75 9.74 8.81 8.82  8.82  

2445 3418 3343 1526 1395 1544 1512 3491 3428  3474  

4.76 3.39 3.53 5.03 4.72 5.04 5.01 5.63 5.46  5.62  

0.95 0.43 0.46 0.75 0.74 0.74 0.76 0.66 0.67  0.65  

12.6 13.4 16.1 25.3 21.7 25.2 24.4 22.4 23.3  22.8  

9.82 9.02 9.15 2.61 2.43 2.63 2.46 6.11 5.92  6.12  

1.52 1.34 1.41 0.61 0.53 0.59 0.51 1.28 1.24  1.31  

60.9 56.3 56.4 86.2 86.6 86.4 95.4 62.8 62.7  62.2  

122 108 108 166 174 171 196 126 125  124  

13.5 11.5 11.4 18.1 19.3 18.3 20.6 14.1 13.8  14.1 

50.3 42.3 42.1 71.1 76.2 71.2 76.3 53.6 53.6  53.3 

8.41 6.91 7.02 11.1 11.8 11.0 12.3 9.41 9.34  9.43 

1.51 1.36 1.39 2.61 2.74 2.61 2.83 2.51 2.49  2.51 

4.83 4.61 4.23 6.21 6.62 6.21 6.74 6.13 6.08  6.09 

0.74 0.56 0.54 0.89 0.94 0.91 1.01 0.93 0.92  0.93  

4.01 3.41 3.41 4.43 4.36 4.44 4.43 5.21 5.18  5.21 

0.81 0.61 0.59 0.73 0.74 0.74 0.84 0.93 0.94  0.93 

2.31 1.74 1.73 2.11 2.23 2.11 2.34 2.72 2.71  2.66 

0.31 0.23 0.21 0.26 0.26 0.24 0.29 0.31 0.31  0.31  

2.03 1.51 1.49 1.71 1.76 1.64 1.82 2.21 2.19  2.21 

0.28 0.21 0.21 0.21 0.22 0.19 0.25 0.29 0.30  0.31 

0.66  0.69  0.72  0.88  0.87  0.88  0.86  0.95  0.95  0.95  

21.5 26.8 27.2 36.2 35.3 37.8 37.6 20.4 20.5 20.2  
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and (208Pb/204Pb)i = 36.84–36.92) (Table 5; Fig. 7a, b) of 
the mafic rocks. Also, the investigated dolerites have La/
Sm and Sm/Yb (Table 3; Fig. 10a, b) that are consistent 
with magmas generated by relatively low to moderate 
degree partial melting (1.0%–10%) of a garnet lherzolite 
source, which is also supported by their high Ti/Y (192–
726; Table 2, 3; Johnson, 1998). 

 
5.4 Origin of the studied WMGL mafic dykes  

South China is situated on the eastern margin of Eurasia 

and borders the western Pacific Ocean. Tectonically, this 
block comprises the Cathaysian and the Yangtze terrenes, 
having been formed through their collision and collage in 
Early Neoproterozoic (Fan et al., 2003; Mao et al., 2014; 
Zhang and Zhang, 2013). Mesozoic igneous rocks are 
widely developed across South China. Although some 
studies  have  focused  on  these  rocks,  it  remains 
controversial about their origins (i.e., subduction of the 
Mesozoic Paleo–Pacific Plate, deep mantle heat sources in 
the Asian continent, orogeny due to the collision between 

 

Table 5 Pb isotopic ratios for representative mafic dykes 

Sample 
Age  

(Ma) 

206
Pb/ 

204
Pb 

207
Pb/ 

204
Pb 

208
Pb/ 

204
Pb 

U  

(ppm) 

Pb  

(ppm) 

Th 

 (ppm) 

238
U/ 

204
Pb 

235
U/ 

204
Pb 

232
Th/ 

204
Pb 

(
206

Pb/ 
204

Pb)i 

(
207

Pb/ 
204

Pb)i 

(
208

Pb/ 
204

Pb)i 

GZ1 128 16.815 15.464 36.984 1.65 48.2 8.24 2.1  0.0151  10.7  16.773 15.462 36.916 

GZ2 128 16.869 15.469 36.968 1.66 21.8  4.65 4.6  0.0336  13.4  16.776 15.464 36.883 

GZ4 128 16.865 15.468 36.973 1.58 21.4 4.64 4.5  0.0325  13.6  16.775 15.464 36.887 

GZ6 128 16.816 15.467 36.932 1.24 37.5 4.16 2.0  0.0146  7.0  16.776 15.465 36.888 

GZ8 128 16.818 15.471 36.933 1.32 36.4 4.07 2.2  0.0160  7.0  16.774 15.469 36.889 

JS1 128 16.822 15.468 36.938 1.26 33.5 4.13 2.3  0.0166  7.7  16.776 15.466 36.889 

JS3 128 16.852 15.469 37.139 1.17 19.1 12.2 3.7  0.0271  40.2  16.777 15.465 36.884 

JS4 128 16.857 15.468 37.135 1.28 18.7 11.6 4.2  0.0302  39.0  16.774 15.464 36.888 

JS6 128 16.931 15.468 37.122 2.05 16.4 9.84 7.6  0.0552  37.8  16.779 15.461 36.883 

JS9 128 16.836 15.469 37.026 2.17 44.3 15.6 3.0  0.0216  22.1  16.775 15.466 36.882 

YL1 131.5 16.838 15.471 37.028 2.26 45.7 15.8 3.0  0.0218  21.7  16.776 15.468 36.886 

YL2 131.5 16.835 15.469 37.021 2.18 44.5 13.4 3.0  0.0216  18.9  16.774 15.466 36.898 

YL4 131.5 16.818 15.467 36.968 1.54 45.7 8.35 2.0  0.0148  11.5  16.776 15.465 36.893 

YL6 131.5 16.883 15.458 36.988 1.65 19.3 4.64 5.2  0.0377  15.1  16.776 15.453 36.889 

YL7 131.5 16.814 15.456 36.956 1.48 44.3 8.16 2.0  0.0147  11.6  16.775 15.454 36.886 

DL2 121.6 16.997 15.438 36.956 2.32 44.5 13.2 3.2  0.0233  18.9  16.936 15.435 36.842 

DL3 121.6 17.013 15.439 36.958 2.54 38.3 11.2 4.1  0.0297  18.6  16.935 15.435 36.845 

DL5 121.6 17.031 15.442 37.003 2.34 29.3 12.3 4.9  0.0358  26.8  16.937 15.437 36.841 

DL6 121.6 16.904 15.435 36.976 0.95 16.2 5.46 3.6  0.0262  21.5  16.835 15.432 36.846 

DL10 121.6 16.987 15.437 37.113 0.78 20.3 13.1 2.4  0.0172  41.2  16.938 15.435 36.844 

BS1 121.8 16.996 15.438 36.921 1.21 26.2 4.78 2.8  0.0207  11.6  16.937 15.435 36.845 

BS3 121.8 17.006 15.436 36.997 3.45 57.8 23.3 3.7  0.0267  25.7  16.936 15.433 36.842 

BS5 121.8 16.911 15.437 36.986 3.38 55.4 20.5 3.8  0.0277  23.9  16.838 15.433 36.842 

BS7 121.8 16.903 15.437 36.008 3.66 64.6 27.2 3.5  0.0253  26.8  16.836 15.434 36.846 

BS8 121.8 16.905 15.439 36.026 3.56 66.3 28.5 3.3  0.0240  27.4  16.837 15.436 36.847  

Table 4 Sr–Nd isotopic ratios for representative mafic dykes 

Sample 
Age  

(Ma) 

Rb  

(ppm) 

Sr  

(ppm) 
87

Rb/
86

Sr 
87

Sr/
86

Sr ±2δ 
Sm   

(ppm) 

Nd  

(ppm) 

147
Sm/ 

144
Nd 

143
Nd/ 

144
Nd 

±2δ 
(
87

Sr/ 
86

Sr)i 

(
143

Nd/ 
144

Nd)i 
εNd (t) 

GZ1 128 33.6 348 0.2796  0.706203 12 7.45 31.8 0.1416 0.511969 9 0.511945 0.511850 −12.2  

GZ2 128 25.2 265 0.2754  0.706182 13 7.56 34.2 0.1336 0.511965 10 0.511940 0.511853 −12.1  

GZ4 128 36.4 418 0.2522  0.706108 14 7.95 35.9 0.1339 0.511964 10 0.511937 0.511852 −12.1  

GZ6 128 35.5 386 0.2663  0.706133 13 7.83 35.3 0.1341 0.511963 9 0.511938 0.511851 −12.1  

GZ8 128 46.6 561 0.2405  0.706115  14 8.42 38.7 0.1315 0.511955 8 0.511929 0.511845 −12.3  

JS1 128 81.6 643 0.3675  0.706172  11 8.53 39.1 0.1319 0.511975  12 0.511955 0.511865 −11.9  

JS3 128 79.3 615 0.3734  0.706192  12 7.89 35.4 0.1347 0.511945  10 0.511922 0.511833 −12.5  

JS4 128 79.4 609 0.3775  0.706198  13 7.87 35.2 0.1352 0.511954  10 0.511929 0.511841 −12.3  

JS6 128 69.4 567 0.3544  0.706224  12 7.17 32.4 0.1338 0.511969  10 0.511946 0.511857 −12.0  

JS9 128 72.5 584 0.3595  0.706235  13 7.25 32.6 0.1344 0.511945  9 0.511920 0.511829 −12.5  

YL1 131.5 66.2 528 0.3630  0.706172  12 7.75 34.9 0.1342 0.511951  9 0.511928 0.511836 −12.4  

YL2 131.5 67.6 549 0.3565  0.706165 14 7.87 35.3 0.1348 0.511949  9 0.511922 0.511833 −12.4  

YL4 131.5 69.1 563 0.3554  0.706161 13 7.69 33.7 0.1379 0.511951  8 0.511926 0.511832 −12.4  

YL6 131.5 74.5 594 0.3632  0.706164 12 8.16 36.4 0.1355 0.511945  10 0.511922 0.511828 −12.5  

YL7 131.5 82.3 654 0.3644  0.706166 14 9.75 41.6 0.1417 0.511936  9 0.511908 0.511823 −12.8  

DL2 121.6 27.3 268 0.2950  0.706105 12 4.53 18.2 0.1505 0.511845  9 0.511819 0.511725 −14.8  

DL3 121.6 32.4 316 0.2969  0.706106 10  4.56 18.2 0.1515 0.511847  9 0.511825 0.511727 −14.7  

DL5 121.6 35.3 338 0.3024  0.706114 14  6.05 23.6 0.1550 0.511851  7 0.511820 0.511728 −14.7  

DL6 121.6 38.2 373 0.2965  0.706108 13  8.21 32.6 0.1522 0.511845  10 0.511817 0.511724 −14.8  

DL10 121.6 41.6 398 0.3027  0.706117 12 9.64 38.5 0.1514 0.511849  6 0.511823 0.511728 −14.7  

BS1 121.8 23.5 232 0.2933  0.706105 11 22.3 88.4 0.1525 0.511851  10 0.511827 0.511729 −14.7  

BS3 121.8 24.6 243 0.2931  0.706103 14 23.5 93.2 0.1524 0.511846  8 0.511816 0.511725 −14.8  

BS5 121.8 26.2 257 0.2952  0.706105 13 24.6 96.4 0.1543 0.511849  9 0.511821 0.511726 −14.7  

BS7 121.8 34.3 336 0.2956  0.706108 12 32.4 126 0.1554 0.511846  10 0.511820 0.511722 −14.8  

BS8 121.8 35.4 345 0.2971  0.706112 12 29.2 113 0.1562 0.511854  9 0.511827 0.511724 −14.6   
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Yangtze  Block  and  Cathaysian  Block)  (Uyeda  and 
Miyashiro, 1974; Zhang, 1986; Charvet et al., 1996; Chen 
and Jahn, 1998; Fan et al., 2003; Wang et al., 2005; Zhou 
et al., 2006; Li et al., 2007, Li and Li, 2007; Zhang et al., 
2012).  Mesozoic  was  a  period  of  strong  tectonic 
movement  and  transition  in  South  China  (e.g.,  EW–
trending  Tethys  tectonic  domain  in  the  Indosinian, 
followed by the littoral Pacific tectonic domain during the 
Early Yanshanian; Ren, 1990; Zhao et al., 2004; Dong et 
al.,  2008; Dong et al.,  2010; Zhang et al.,  2012). In 

general, the genetic model for the Mesozoic mafic dykes 
with EM1-like source may come from partial melting of 
the assimilation and fractional crystallization in the lower 
crust (Liu, 2004; Liu et al., 2008a, b, 2009, 2017, 2018; Li 
et al., 2004; Long, 2017). Based on the above discussion, 
though  minor  fractionation  of  olivine,  clinopyroxene, 
plagioclase,  and  Ti-bearing  phases  occurred  during 
magma ascent, negligible crustal contamination precluded 
this model. Furthermore, as the mantle portion between 
410 km and 660 km discontinuities, mantle transition zone 

 Table 6 In−situ Hf isotopic results for the mafic dykes 

GZ01         

Spot 
176

Yb/
177

Hf 
176

Lu/
177

Hf 
176

Hf/
177

Hf 2σ εHf (t) TDM1 (Ma) TDM2 (Ma) fLu/Hf 

1 0.053867  0.000894  0.282187  0.000016  −18.0 1499 2315 −0.97 

2 0.050965  0.000857  0.282225  0.000015  −16.6 1444 2231 −0.97 

3 0.054884  0.000885  0.282176  0.000015  −18.4 1513 2340 −0.97 

4 0.097237  0.001785  0.282195  0.000016  −17.8 1523 2302 −0.95 

5 0.078921  0.001339  0.282195  0.000016  −17.7 1505 2300 −0.96 

6 0.062114  0.001092  0.282196  0.000015  −17.7 1494 2296 −0.97 

7 0.078105  0.001243  0.282195  0.000014  −17.7 1501 2299 −0.96 

8 0.096913  0.001515  0.282207  0.000015  −17.3 1495 2274 −0.95 

9 0.043238  0.001144  0.282196  0.000016  −17.7 1496 2296 −0.97 

10 0.050658  0.000793  0.282195  0.000015  −17.7 1483 2297 −0.98 

11 0.036065  0.008073  0.282198  0.000015  −18.2 1828 2324 −0.96 

12 0.052413  0.001386  0.282205  0.000014  −17.4 1493 2278 −0.96 

13 0.038515  0.000645  0.282191  0.000015  −17.8 1483 2305 −0.98 

14 0.055417 0.000896 0.282198 0.000016 −17.6 1483 2291 −0.97 

15 0.065084 0.001054 0.282196 0.000016 −17.7 1492 2296 −0.97 

16 0.011106 0.001912 0.282226 0.000014 −16.7 1484 2234 −0.94  
JS02         

Spot 
176

Yb/
177

Hf 
176

Lu/
177

Hf 
176

Hf/
177

Hf 2σ εHf (t) TDM1 (Ma) TDM2 (Ma) fLu/Hf 

1 0.024488 0.000815 0.282186 0.000015 −18.0 1497 2317 −0.98 

2 0.022708 0.000748 0.282194 0.000016 −17.7 1483 2299 −0.98 

3 0.019306 0.000625 0.282183 0.000015 −18.1 1494 2323 −0.98 

4 0.022119 0.000725 0.282194 0.000015 −17.7 1482 2299 −0.98 

5 0.018676 0.000617 0.282192 0.000016 −17.8 1481 2303 −0.98 

6 0.022156 0.000748 0.282196 0.000015 −17.6 1480 2295 −0.98 

7 0.025185 0.000845 0.282207 0.000015 −17.3 1469 2271 −0.97 

8 0.024258 0.000826 0.282217 0.000015 −16.9 1454 2248 −0.98 

9 0.026046 0.000894 0.282265 0.000014 −15.2 1390 2142 −0.97 

10 0.022046 0.000754 0.282256 0.000015 −15.5 1397 2161 −0.98 

11 0.017582 0.000621 0.282248 0.000015 −15.8 1404 2178 −0.98 

12 0.023758 0.000826 0.282245 0.000016 −15.9 1415 2186 −0.98 

13 0.017026 0.000596 0.282254 0.000015 −15.6 1394 2165 −0.98 

14 0.020711 0.000736 0.282195 0.000014 −17.7 1481 2297 −0.98 

15 0.022485 0.000785 0.282195 0.000015 −17.7 1483 2297 −0.98 

16 0.014609 0.000554 0.282263 0.000015 −15.2 1380 2145 −0.98 

17 0.029584 0.000963 0.282195 0.000016 −17.7 1490 2298 −0.97 

18 0.052725 0.002627 0.282206 0.000015 −17.4 1542 2281 −0.92 

19 0.059824 0.001916 0.282253 0.000015 −15.7 1446 2174 −0.94  
YL01         

Spot 
176

Yb/
177

Hf 
176

Lu/
177

Hf 
176

Hf/
177

Hf 2σ εHf (t) TDM1 (Ma) TDM2 (Ma) fLu/Hf 

1 0.063336  0.001975  0.282228  0.000016  −16.5 1484 2227 −0.94 

2 0.046178  0.001494  0.282232  0.000015  −16.3 1459 2216 −0.96 

3 0.038845  0.001336  0.282223  0.000015  −16.7 1466 2235 −0.96 

4 0.050535  0.001685  0.282236  0.000015  −16.2 1461 2208 −0.95 

5 0.064353  0.002145  0.282225  0.000014  −16.7 1495 2235 −0.94 

6 0.032743  0.001256  0.282266  0.000015  −15.1 1402 2139 −0.96 

7 0.045335  0.001538  0.282272  0.000016  −14.9 1404 2128 −0.95 

8 0.063873  0.002203  0.282256  0.000015  −15.6 1453 2166 −0.93 

9 0.021986  0.000793  0.282195  0.000016  −17.6 1483 2295 −0.98 

10 0.023385  0.000847  0.282195  0.000016  −17.6 1486 2295 −0.97 

11 0.025835  0.000933  0.282197  0.000016  −17.5 1486 2291 −0.97 

12 0.031725  0.001143  0.282195  0.000150  −17.6 1497 2297 −0.97 

13 0.032527  0.001185  0.282194  0.000015  −17.7 1500 2299 −0.96 

14 0.023337  0.000845  0.282196  0.000015  −17.6 1484 2293 −0.97 

15 0.031122 0.001025 0.282195 0.000018 −17.6 1493 2296 −0.97 

16 0.050063 0.001625 0.282216 0.000016 −16.9 1487 2252 −0.95 

17 0.037018 0.001206 0.282217 0.000018 −16.9 1469 2248 −0.96  
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is  of  great  significance  in  the  study of  composition, 
structure and dynamics of the earth (Zhou et al., 2010), it 
thus  is  closely related  to  the  origin  of  mafic  dykes. 
Nevertheless,  the structure and composition of mantle 
transition zone is complex, which is restricted by seismic 
wave  velocity  and  density  and  a  small  amount  of 
geochemical  data.  Therefore,  it  is  still  difficult  to 
determine the composition of mantle transition zone, and 
thus brings restriction to the investigation on the origin of 
the mafic dykes studied. At present, Mesozoic tectonic 
activity in South China can be divided into two periods 
(Ma and Sun, 1987; Li et al., 1997; Li, 2000; Zhang et al., 
2012),  and  which  strongly  restrict  the  large-scale 
magmatic activities and mineralization in South China to 
during the Mesozoic: 1. The Triassic was characterized by 
intercontinental  compression  folds,  associated  with  a 
collisional orogeny affecting the Tethyan tectonic domain, 
followed  by  subsequent  extensional  deformation  and 
magmatism (230–210 Ma). 2. During both the Middle 
Jurassic (175–170 Ma) and Early Cretaceous (140 Ma, 
124–120 Ma, 105 Ma, and 90 Ma), strong lithospheric 
extension took place, which resulted in the emergence of 
the large number of rift basins, as well the occurrence of 
extensive magmatism (e.g.,  the emplacement of mafic 
dykes and A–type granite, the eruption of basalt, adakite, 
bimodal volcanic rock, and the development of complex, 
metamorphic core complexes); large-scale mineralization 

in  extensional  setting is  also  a  key product  of  these 
activities found across South China (Guo et al., 2001; 
Deng et al., 2003; Dai et al., 2005; Yan et al., 2005; Dai, 
2007; Shen et al., 2008; Wang et al., 2008; Xu et al., 2009; 
Duan et al., 2011; Li et al., 2012; Qi et al., 2012; Zhang et 
al., 2012; Qi et al., 2012, 2016; Liu et al., 2012d, 2013; 
Xia et al., 2015; Cen et al., 2016; Zeng et al., 2016; Wang 
et al., 2005b, 2016; Pan et al., 2018).  

Previous  studies  have  shown  that  subsequent  plate 
convergence  during  the  Indosinian,  South  China  was 
affected by oblique subduction–dominated tectonics at 
about 175 Ma, relating to the paleo-Pacific Plate (Deng et 
al., 2003). Due to the continuous subduction of the Pacific 
oceanic plate, the lithosphere beneath South China became 
thickened.  Subsequently,  with a  change of subduction 
angle from low to high angled for the descending oceanic 
crust, there resulted the retreat of trenches, and further 
extension of the thickened continental lithosphere, leading 
to its collapse. Thus, the continental tectonic system of 
South  China  changed  from  dominantly  one  of 
compressional  tectonics  throughout  the  Middle–Late 
Jurassic  to  one  of  extensional  tectonics  in  the  Early 
Cretaceous  (i.e.,  one  that  encompassed  lithospheric 
extension,  lithospheric  subduction and  underplating of 
mafic magmas, as well as back–arc rifting). Based upon 
the above discussion and the evidence provided from this 
study, we propose that the WMGL mafic dykes studied 

Continued Table 6  
DL02         

Spot 
176

Yb/
177

Hf 
176

Lu/
177

Hf 
176

Hf/
177

Hf 2σ εHf (t) TDM1 (Ma) TDM2 (Ma) fLu/Hf 

1 0.025803  0.000655  0.281856  0.000016  −29.8 1945 3049 −0.98 

2 0.025512  0.000615  0.281863  0.000015  −29.5 1933 3034 −0.98 

3 0.038622  0.000945  0.281895  0.000015  −28.4 1906 2965 −0.97 

4 0.017508  0.000425  0.281845  0.000015  −30.2 1948 3073 −0.99 

5 0.014914  0.000372  0.281838  0.000014  −30.4 1955 3088 −0.99 

6 0.017906  0.000431  0.281885  0.000016  −28.7 1894 2985 −0.99 

7 0.025411  0.000653  0.281875  0.000016  −29.1 1918 3008 −0.98 

8 0.032305  0.000776  0.281875  0.000015  −29.1 1925 3008 −0.98 

9 0.018508  0.000442  0.281868  0.000016  −29.3 1918 3022 −0.99 

10 0.031914  0.000763  0.281856  0.000015  −29.8 1950 3050 −0.98 

11 0.038503  0.000902  0.281845  0.000013  −30.2 1972 3074 −0.97 

12 0.035912  0.000873  0.281843  0.000015  −30.3 1974 3079 −0.97 

13 0.012521  0.000315  0.281865  0.000015  −29.4 1915 3028 −0.99 

14 0.029604  0.000765  0.281843  0.000016  −30.3 1968 3078 −0.98 

15 0.030813  0.000724  0.281886  0.000018  −28.7 1907 2984 −0.98 

16 0.061502 0.001945 0.281873 0.000011 −29.3 1988 3017 −0.94  
BS01         

Spot 
176

Yb/
177

Hf 
176

Lu/
177

Hf 
176

Hf/
177

Hf 2σ εHf (t) TDM1 (Ma) TDM2 (Ma) fLu/Hf 

1 0.060314  0.001665  0.281886  0.000015  −28.8 1955 2987 −0.95 

2 0.057706  0.001504  0.281873  0.000013  −29.3 1965 3015 −0.95 

3 0.021505  0.000584  0.281893  0.000010  −28.5 1890 2968 −0.98 

4 0.051703  0.001378  0.281873  0.000013  −29.2 1958 3015 −0.96 

5 0.024015  0.000635  0.281865  0.000011  −29.5 1931 3029 −0.98 

6 0.035801  0.000975  0.281885  0.000012  −28.8 1921 2987 −0.97 

7 0.048904  0.001225  0.281882  0.000016  −28.9 1938 2994 −0.96 

8 0.040413  0.001112  0.281892  0.000014  −28.6 1918 2972 −0.97 

9 0.045802  0.001173  0.281895  0.000014  −28.5 1917 2966 −0.96 

10 0.040915  0.001095  0.281888  0.000014  −28.7 1923 2981 −0.97 

11 0.037506  0.001035  0.281885  0.000013  −28.8 1924 2987 −0.97 

12 0.043214  0.001141  0.281875  0.000016  −29.2 1943 3009 −0.97 

13 0.074122  0.002023  0.281896  0.000013  −28.5 1960 2967 −0.94 

14 0.061305  0.001465  0.281903  0.000014  −28.2 1921 2949 −0.96 

15 0.076513  0.001925  0.281921  0.000013  −27.6 1919 2911 −0.94 

16 0.057708  0.001504  0.281843  0.000012  −30.3 2007 3081 −0.95 

17 0.043203 0.001036 0.281863 0.000014 −29.6  1954  3035  −0.97   
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were most likely derived through the partial melting of an 
enriched mantle source. A model to explain the origin of 
these mafic dykes, however, is still needed. We envisage 
the following scenario to account for the genetic model of 
the mafic dykes as studied from the southern WMGL. At 
about  175  Ma,  low-angle  subduction  and  collision 
between paleo-Pacific Plate and South China resulted in 
crustal  and  lithospheric  thickening  (Fig.  11a); 
subsequently, break-off of the subducting oceanic plate 
occurred, which induced asthenospheric upwelling, and 
further lithospheric extension (Fig. 12b). The elevated heat 
flow from this asthenospheric mantle triggered low-degree 
melting  (1.0% –10% )  of  the  pre-existing  enriched 
lithospheric mantle in this area, resulting in the production 
of parental basaltic magmas. Minor fractionation during 
ascent and emplacement of the parental magmas (i.e., 
fractional  crystallization  of  phases  including  olivine, 
clinopyroxene, plagioclase, Ti–bearing phases) resulted in 
the widespread intrusion of dykes of mafic rock/dolerite 
across the WMGL, around 132–121 Ma (Fig. 11c). This 
genetic model is further supported by the enrichment of 
LILEs (i.e., Rb, Ba, Th, U, Pb, and Sr) and depletion in 
Nb and Ta (Fig. 5b; Dai et al., 2005; Dai, 2007) in these 
rocks.  Nevertheless,  there  is  no  obvious  crustal 
contamination in the process of rock formation.  

 
6 Conclusions 
 

Integrated  zircon  U-Pb  age-dating,  whole-rock 
elemental and Sr-Nd-Pb-Hf isotopic studies of suites of 
Mesozoic mafic dykes from the southern region of the 

Fig. 11. The genetic model of the mafic dykes as studied 

from the southern WMGL 
(a) low–angle subduction and collision between paleo–Pacific Plate and 

South China resulted in crustal and lithospheric thickening; (b) break-off 

of the subducting ocean plate occurred, which induced asthenospheric 

upwelling, and further lithospheric extension; and (c) the genetic process 

for the mafic dykes studied.  

 

Fig. 9. εNd(t) (a) and (87Sr/86Sr)i (b) vs. MgO for the mafic 

dykes.  

 

Fig. 10. La vs. La/Sm (a) and Sm vs. Sm/Yb diagrams for the 

mafic dykes.  
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WMGL allow us to draw the following conclusions. 
(1)  The mafic/dolerite dykes from the WMGL area 

were intruded during the Early Cretaceous as evidenced in 
the newly determined zircon U-Pb geochronological ages, 
of between 131.5 ± 1.2 and 121.6 ± 1.1 Ma. 

(2)  All of the sampled dolerite dykes have an affinity to 
alkaline and shoshonitic igneous suites. These are enriched 
in LREE, and select LILE (e.g., Rb, Ba, and Sr), Th, U, 
and, and Pb, and depleted in Nb, Ta, Hf, and Ti relative to 
primitive mantle. They have high initial 87Sr/86Sr ratios 
(0.7055–0.7057), negative εNd(t) values (−14.8 to −11.9), 
relatively constant Pb isotopic ratios (that are EM1-like, 
(206Pb/204Pb)i = 16.77–16.94, (207Pb/204Pb)i = 15.43–15.47, 
(208Pb/204Pb)i = 36.84–36.92), and negative εHf(t) values of 
between −30.4 and −14.9. These data suggest that the 
magmas parental to dolerite were generated as low degree 
partial melts (1.0%–10%) of an EM1-like garnet Iherzolite 
mantle  source.  Minor  fractionation  of  olivine, 
clinopyroxene,  plagioclase,  and  Ti-bearing  phases 
occurred during magma ascent,  with negligible crustal 
contamination. 

(3)  Based upon this study, we propose that the swarm 
of mafic dyke swarm (132–121 Ma) associated with the 
southern region of the WMGL formed in response to 
asthenospheric  upwelling,  lithospheric  extension  and 
partial  melting  of  lithosphere,  due  to  subduction  and 
subsequent  slab  break-off  of  the  paleo-Pacific  Ocean 
Plate. 
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