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Abstract The “°’Ar—"°Ar dating reveals three episodes of
basaltic volcanism in eastern Guangdong of SE China since
the late Eocene (i.e., 35.5, ~20 and 6.6 Ma). The Miocene
alkali olivine basalts (~20 and 6.6 Ma) have OIB-like
trace element characteristics, which is coupled with low
(87Sr/868r)i, high &nqg(t), and high eye(t). In contrast, the late
Eocene basalts (35.5 Ma) have overall characteristics of
“Island Arc” basalts with strong negative Ta—-Nb-Ti
anomalies in the primitive mantle-normalized multi-ele-
ment diagram with high (87Sr/86Sr)i, negative é&nq(t), and
relatively low eyg(t). All basalts have unexpectedly high
207pp/2%Pb and 2°*Pb/***Pb, delineating a DUPAL signa-
ture in the sources. The late Eocene Arc-like basalts may
reflect contributions of relict ancient metasomatized mantle
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lithosphere that melted as the result of extension-induced
asthenospheric upwelling and heating, whereas the Mio-
cene OIB-like basalts may represent partial melting of the
asthenospheric mantle beneath the thickened lithosphere.
We propose that the Cenozoic basaltic volcanism in eastern
Guangdong records an overall lithospheric thickening
process beneath SE China, that is, a continental rift system
from its maximum extension in the late Eocene to its
waning in the Miocene. This interpretation is consistent
with the evolution of the South China Sea, whose origin is
most consistent with the development of a passive conti-
nental margin. The seafloor spreading of the South China
Sea during ~ 32-16 Ma may not result from the effect of
the “Hainan” mantle plume, but rather played a positive
role in allowing the mantle plume to express on the surface.

Keywords Lithospheric mantle - Asthenospheric mantle -
Passive continental margin - Basalt - South China Sea

Introduction

Basaltic volcanism on land is commonly thought to be
associated with zones of continental rifting (Wilson 1989;
Windley 1995). The controversy exists as to whether such
rifting is developed along pre-existing zones of lithosphere
weakness facilitated by dynamic mantle upwelling or
simply results from lithospheric extension (Spohn and
Schubert 1982).

The Cenozoic basaltic rocks of SE China, as part of the
eastern China volcanic belts, are associated closely with
major regional faults (Fig. 1) (e.g., Chung et al. 1994,
1997; Liu et al. 1994; Qi et al. 1994; Zou et al. 2000; Ho
et al. 2003), which have been interpreted as genetically
related to the opening of the South China Sea (SCS)
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(Chung et al. 1994, 1997; Xu et al. 2002). However, the
Cenozoic volcanism in South China was documented to
show two distinct episodes (before 40 and after 16 Ma)
with rare volcanism in between (Zhu and Wang 1989; Zhu
et al. 2004; Ho et al. 2003). For this reason, the petro-
genesis of these Cenozoic basalts would be unrelated to the
opening of the SCS, which began at ~32 Ma with seafloor
spreading ended at ~ 16 Ma (Briais et al. 1993). As a
result, it remains unknown on the origin of the fault sys-
tems and related basaltic volcanism in South China. Sev-
eral models have been proposed to explain the Cenozoic
tectonomagmatic history in South China, including mantle
plume origin (Deng et al. 2004; Xiao et al. 2004; Zhou
et al. 2009), effects of Indian Ocean spreading (Zhu et al.
2004) and lithosphere extension (Chung et al. 1994, 1997).
In addition, Ho et al. (2003) suggested that much of the late
Cenozoic intraplate magmatism surrounding the SCS
margins may be related to the migration of the SCS sea-
floor spreading center since the mid-Miocene. As almost all
the late Cenozoic basaltic volcanism occurred following
the cessation of the SCS seafloor spreading (<16 Ma),
however, it is unclear how the magmatism in the region
could have suddenly migrated from the SCS seafloor
spreading center to the surrounding margins of the SCS.

We present here a new set of geochemical data on
basalts from eastern Guangdong of SE China (also northern
margin of the SCS) (Fig. la), including “°Ar—*°Ar geo-
chronology and Sr—-Nd-Pb-Hf isotopes, to elucidate the
magma source compositional evolution before the seafloor
spreading of the SCS, during its active spreading
(~32-16 Ma) (Briais et al. 1993) and after the cessation of
the spreading. The study shows an overall lithospheric
thickening process beneath SE China from the late Eocene
to late Miocene, recording the tectonic evolution of con-
tinental rifting at a passive continental margin.

Geological setting and sample description

It is generally accepted that the Cenozoic volcanism in
southeastern China can be divided into three NE-SW
trending volcanic belts from east to west, that is, outer,
middle, and inner belts (Chung et al. 1994; Qi et al. 1994;
Zou et al. 2000) associated, respectively, with three litho-
spheric faults (Fig. 1). The Early Tertiary (38-64 Ma)
volcanic rocks were restricted at the basins in the Central
and Western Guangdong province, which were controlled
by the NE-SW trending faults (Zhu et al. 2004). The
Miocene to Pliocene (after 16 Ma, dominantly after 6 Ma)
basalts were throughout the SE China (Zhu et al. 2004; Ho
et al. 2003). Only a few basalt pipes have been found in
eastern Guangdong province, Zhejiang Inner volcanic belt,
and the northern part of the Hainan Island, likely formed
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during 34.3-16.3 Ma (Ho et al. 2003). The Cenozoic vol-
canism of eastern Guangdong (EGD) is at the southwestern
end of the middle belt of Zhejiang-Fujian Cenozoic vol-
canic belts on land (Fig. 1a) and is dominated by alkali
olivine basalts.

The basaltic samples were collected from Jilongshan
(116°35'24"E, 23°27'04"N), Jiucaidi (116°04'05"E,
23°37'22"N), Puzhai (Puzhaill6°09'56"E, 23°39'16"N),
and Qilin (116°16’06”E, 23°22'40"N, location of borehole)
(Fig. 1b). The Qilin pipe is a basaltic dyke with abundant
mafic to ultramafic xenoliths dominated by spinel lherzolite
with minor spinel harzburgite, spinel-garnet pyroxenite and
granulite. The Qilin basalts, collected from a borehole, are
porphyric (phenocrysts < 5 vol. %) with the groundmass
composed of fine-grained plagioclase, clinopyroxene, and
Fe—Ti oxide minerals. The Qilin samples are all partially
alteration. All phenocrysts, as pseudomorphs of euhedral
pyroxene, are completely replaced by talc. Microlitic
clinopyroxenes in the groundmass are partially altered into
actinolite. However, microlitic plagioclase resists to alter-
ation and shows clear twins. Other three volcanic pipes
(Jilongshan, Jiucaidi and Puzhai) are mostly basaltic rocks
with few small spinel lherzolite xenoliths. The basaltic
samples from Jilongshan, Jiucaidi, and Puzhai are all por-
phyritic with 10-15 vol. % phenocrysts dominated by
olivine and clinopyroxene with minor orthopyroxene. The
groundmass is mainly composed of fine-grained plagio-
clase, clinopyroxene, olivine, and Fe-Ti oxide minerals.
The basalts from Puzhai and Jiucaidi are similar in
petrography. The relatively larger (0.5-1 mm in size)
olivine phenocrysts are all anhedral and always disinte-
grated along the rims or cracks. The relatively smaller
(0.1-0.5 mm) olivine phenocrysts are both euhedral and
anhedral. Orthopyroxene occurs as anhedral phenocrysts
(0.1-0.3 mm) rimmed with reaction zones characterized
by radially arranged fine-grained olivine and clinopyrox-
ene. Clinopyroxene appears as euhedral or sub-euhe-
dral phenocrysts (0.1-0.4 mm) and micro-phenocrysts
(0.05-0.1 mm). In some samples, anhedral olivine, clino-
pyroxene, and orthopyroxene form crystal aggregates. The
kink bands in olivine and the reaction zones in orthopy-
roxene of the aggregates are the same as those of isolated
anhedral phenocrysts, suggesting their lithospheric mantle
origin.

Analytical methods

Samples were sawed into slabs and the central parts were
used for bulk rock analyses. The rocks were crushed into
small size (<0.5 cm in diameter) before further cleaned
with deionized water in an ultrasonic bath and powdered in
a corundum mill. The samples were prepared as glass discs
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using a Rigaku desktop fusion machine. Bulk rock major
element oxides were analyzed using a Rigaku RIX 2000
X-ray fluorescence spectrometer (XRF) at the State Key
Laboratory of Isotope Geochemistry, Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences (GIG-
CAS). Calibration lines used in quantification were pro-
duced by bivariate regression of data from 36 reference
materials encompassing a wide range of silicate composi-
tions (Li et al. 2005). Calibrations incorporated matrix
corrections based on the empirical Traill-Lachance proce-
dure, and analytical uncertainties are better than 5 %
(Supplemental Table 1).

Trace elements were analyzed using inductively coupled
plasma mass spectrometry (ICP-MS) after acid digestion of
samples in high-pressure Teflon vessels at the State Key
Laboratory of Isotope Geochemistry, GIG-CAS. The US
Geological Survey and Chinese National standards GSR-1,
GSR-2, GSR-3, G-2, W-2, BT142, AGV-2, MRG-1, and
ROA-1 were chosen for calibrating element concentrations
of measured samples. Analytical precision of REE and
other incompatible elements is typically 1-5 % (Supple-
mental Table 2).

Sr—Nd isotopic ratios were measured on a subset of whole
rock samples using a Micromass Isoprobe Multi-Collector
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Inductively Coupled Plasma Mass Spectrometry (MC-IC-
PMS) at the State Key Laboratory of Isotope Geochemistry,
GIG-CAS following the procedure of Wei et al. (2002).
Reference standards were analyzed along with samples and
give ¥'Sr/%Sr = 0.710243 + 14 (20, the last 2 digits) for
NBS987 and **Nd/'"**Nd = 0.512124 + 11 (20) for Shin
Etsu JNdi-1 (0.512115 £ 7; Tannaka et al. 2000).

For Pb isotope measurements, 100 mg of rock powder
was weighed into a Teflon cup and dissolved in a
HNO;3; + HF mixture at 140 °C for 72 h. The solution was
evaporated to dryness, then added with 2 mL concentrated
HNOs;, and kept on a hot plate at 140 °C for 24 h. It was
evaporated to dryness again, subsequently added with
2mL 6 M HCI, and kept on a hot plate at 140 °C for
another 24 h. It was finally dissolved in 0.8 M HBr solu-
tion in preparation for Pb purification. Pb was separated
and purified by conventional anion exchange techniques
(AGI1X8, 200400 resin) with dilute HBr as eluant. The
total procedural blank is less than 0.4 ng. Pb isotopic ratios
were measured with a Nu Plasma high resolution multi-
collector mass spectrometer (HR MC-ICPMS) at Xiamen
University, China, using an exponential correction relative
to 2>T1/*°*T1 = 2.3871. The detail analytical procedures
are similar to those described by Baker and Waight (2002).
During the period of analysis, repeated analyses of inter-
national standard NIST SRM981 yielded *°°Pb/***Pb =
16.9317 £ 2 (20), *”’Pb/**Pb = 15.4805 £ 6 (20), and
*9%pb/%*Pb = 36.6632 £ 4 (20).

For Hf isotope analysis, the mixture of about 100 mg
rock powder and 200 mg Li,B40O; was fused in a Pt-Au
alloy crucible at 1,200 °C for 15 min in a high-frequency
furnace. The quenched piece of alkali glass was dissolved
in 2 mol/L. HCl. Hf fraction was separated by using a
modified single-column Ln extraction chromatography
method. Hf isotopes were determined using HR MC-
ICPMS at Xiamen University, China. The measured
°Hf/""THf ratios were normalized to '"°Hf/'’’Hf =
0.7325, and the reported '"°Hf/'’’Hf ratios were further
adjusted relative to the standard JMC-475 of 0.282160.
During the course of this study, basalt standards BHVO-2
and JB-3 yield '"SHf/'”Hf ratios of 0.283090 + 4
(20, n = 6) and 0.283234 + 2 (20, n = 6), respectively.

For “°Ar/*°Ar dating, the rock was sawed into slabs and
the central part was used. After crushed into 40-60 mesh
size in a steel mortar with all phenocrysts removed under a
binocular, the sample was cleaned with acetone followed
by further cleaning with deionized water in an ultrasonic
bath. The cleaned sample was then dried at ~ 100 °C. Each
sample was wrapped in aluminum foil and sealed in a
quartz ampoule that was evacuated afterward before being
irradiated for 90 h in the Mianyang reactor (Sichuan,
China). The J-values for the samples were determined by
ZBH-2506 Biotite (132 Ma) flux monitors. In order to
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obtain J-values for the samples, the monitor ZBH-2506
was packed between every four samples in quartz tubes,
each tube containing 4 packets of ZBH-2506. Based on the
J-values and the positions of ZBH-2506 in the sample tube,
a regression line was obtained for each sample tube, and
then the J-values of the samples were calculated by inter-
polation from the regression line. The J-value uncertainty
of 0.15 % (1o) was considered in the reported ages. The
“OAr/*°Ar dating was carried out at the GIG-CAS using a
GV5400 mass spectrometer. Argon gas was extracted from
the sample by step-heating (50 s per step) using a MIR10
CO, continuing laser. The background of the sample hold
is lower than 2 mV pre-experiment and 4-6 mV during
experiment (after 5 min vacuumize), while the signal of
the sample is mostly controlled within the range of
40-200 mV. The ArArCALC program (v.2.2; Koppers
2002) was used for data reduction and age calculation.

Results
FAr/*Ar dating

Samples from the four locations of eastern Guangdong
were dated with the *°Ar/*’Ar method (Table 1). The age
spectrums of all “’Ar/°Ar dating results are shown in
Fig. 2. The plateau age of Qilin basalt is 35.5 £ 0.4 Ma
(cumulative *°Ar released >70 %; Fig. 2a) and that of
Jilongshan basalt is 6.64 & 0.07 Ma (cumulative °Ar
released >80 %; Fig. 2b). Puzhai and Jiucaidi basalts have
very close plateau ages of 20.2 & 0.1 Ma (cumulative *°Ar
released >90 %; Fig. 2c) and 20.8 & 0.1 Ma (cumulative
3 Ar released >90 %; Fig. 2d), respectively.

Major and trace elements

All the analyzed samples show a narrow compositional
range with 44.4 wt % to 48.7 wt % SiO, (Supplemental
Table 3). The total alkalis (Na,O + K,O) vary in the range
of 4.6-6.5 wt % (Supplemental Table 3). The Na,O/K,0
ratios of the Jilongshan, Jiucadai, and Puzhai basalts are
more than unity, indicating their alkali-rich and high-
sodium nature, while the Qilin basalts have relatively high
K,0 (2.76-3.29 wt %), low Na,O (1.74-2.06 wt %), and
low Na,O/K,O ratios of 0.53-0.75. Following Le Maitre
(1989), the Jiucaidi, Puzhai, and Jilongshan samples are
trachybasalt, alkali basalts, or basanite, while the Qilin
samples are trachybasalt or basaltic trachyandesite
(Fig. 3a). The Qilin samples have relatively higher Mg*
(> 0.70), SiO, (47.7-48.7 wt %), Al,05 (16.2-16.8 wt %),
but lower Fe,03 (8.9-10.0 wt %), TiO, (1.34-1.37 wt %),
Cr (124-142 ppm) and Ni (80-96 ppm) than samples from
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Table 1 “°Ar/*°Ar dating of the eastern Guangdong Cenozoic basalts

Incremental heating

Steps

Laser (%)

QILIN-1 (Whole Rock)

05M2114B 3.0
05M2114C 4.0
05M2114D 4.5
05M2114E 5.0
05M2114G 5.5
05M2114H 6.2
05M21141 7.0
05M2114 ] 8.0
05M2114L 9.0
05M2114 M 10.5
05M2114 N 12.5
05M21140 15.0
05M2114Q 20.0
05M2114R 50.0
05M2114S 100.0
JCD-9 (Whole Rock)
05M2116B 3.0
05M2116C 4.0
05M2116D 4.5
05M2116E 5.0
05M2116G 6.0
05M2116H 7.0
05M21161 8.5
05M2116 K 10.5
05M2116L 16.0
05M2116 M 25.0
05M2116 N 35.0
05M2116P 45.0
05M2116Q 60.0
PUZ-9 (Whole Rock)
05M2115B 3.0
05 M2115C 4.0
05M2115D 5.0
05M2115E 6.0
05M2115G 7.0
05M2115H 8.0
05M21151 9.5
05M2115J 12.0
05 M2115L 15.0
05M2115M 19.0
JLS-4 (Whole Rock)

05M2117A 2.5
05M2117B 3.0
05M2117D 35
05M2117E 4.2
05M2117F 4.7

3 Ar(a) 3BAr(cl) ¥ Ar(k) 4OAr(r) Age + 20 (Ma) “OAr(r) ¥ Ar(k)
(%) (%)

T1 = 35.51 & 0.36 Ma; T2 = 34.67 + 0.18 Ma; T3 = 36.04 + 0.69 Ma; T4 = 35.78 + 0.78 Ma
0.007 0.004 4787 7.023 28.88 4 0.80 77.99 291
0.018 0.002 14.828 23.163 30.74 £ 0.51 81.26 9.00
0.007 0.000 15.680 25.964 32.57 + 0.53 91.96 9.52
0.007 0.000 13.251 23.502 34.86 + 0.61 91.59 8.04
0.000 0.000 11.399 20.249 34.92 + 0.36 99.67 6.92
0.002 0.000 13.022 23.481 35.44 + 0.51 97.01 7.90
0.006 0.000 14.144 25.195 35.01 £ 0.42 92.92 8.59
0.005 0.005 16.763 30.168 35.37 + 0.41 94.75 10.18
0.002 0.009 13.590 24.857 35.94 + 0.48 97.83 8.25
0.002 0.009 13.276 24.367 36.07 £ 0.51 97.90 8.06
0.004 0.010 13.143 24.028 35.93 + 0.53 95.17 7.98
0.003 0.005 9.547 17.656 36.34 £ 0.69 94.89 5.80
0.001 0.002 6.045 10.953 35.61 £ 0.76 96.96 3.67
0.002 0.003 4779 8.965 36.86 + 0.71 92.41 2.90
0.002 0.000 0.482 0.979 39.86 + 6.81 58.61 0.29
T1 = 20.77 & 0.14 Ma; T2 = 20.79 + 0.16 Ma; T3 = 20.50 &+ 0.38 Ma; T4 = 20.50 + 0.38 Ma
0.010 0.053 5.592 5.668 19.70 £ 0.64 66.32 4.63
0.015 0.136 16.661 17.851 20.82 + 0.30 79.34 13.80
0.009 0.082 12.686 13.574 20.80 & 0.40 83.70 10.51
0.005 0.051 9.336 9.999 20.82 £ 0.38 85.94 7.73
0.006 0.046 11.848 12.714 20.86 + 0.33 86.54 9.81
0.004 0.021 10.123 10.680 20.51 & 0.36 88.82 8.38
0.006 0.016 10.334 10.963 20.62 + 0.38 85.79 8.56
0.003 0.006 3.617 3.839 20.63 £ 0.59 81.22 3.00
0.005 0.011 6.506 6.946 20.75 + 0.62 81.50 5.39
0.017 0.021 12.129 12.787 20.49 + 0.63 71.78 10.05
0.015 0.019 11.714 12.821 21.27 + 0.66 73.84 9.70
0.011 0.011 7.204 7.875 21.25 +0.75 69.93 5.97
0.008 0.006 2.980 3.416 22.28 4+ 1.29 57.85 247
T1 = 20.24 4 0.13 Ma; T2 = 20.25 + 0.14 Ma; T3 = 20.35 + 0.87 Ma; T4 = 20.36 + 0.86 Ma
0.004 0.042 3.840 3.944 20.13 + 0.98 78.24 3.44
0.008 0.161 16.128 16.796 20.41 + 0.28 86.62 14.43
0.009 0.168 18.471 19.106 20.27 + 0.30 86.97 16.52
0.010 0.166 17.292 17.760 20.13 + 0.23 85.81 15.47
0.007 0.133 14.430 14.959 20.31 & 0.31 87.71 12.91
0.007 0.110 12.809 13.168 20.15 + 0.34 85.94 11.46
0.006 0.063 9.012 9.295 20.21 £ 0.50 84.48 8.06
0.005 0.046 7.012 7.271 20.32 + 0.67 83.26 6.27
0.005 0.052 8.222 8.494 20.25 + 0.55 84.78 7.35
0.004 0.020 4.576 4.736 20.28 + 0.86 81.59 4.09
T1 = 6.64 + 0.07 Ma; T2 = 7.04 £ 0.10 Ma; T3 = 6.62 & 0.15 Ma; T4 = 6.61 & 0.15 Ma
0.003 0.004 0.537 0.213 7.69 £ 3.06 18.80 0.32
0.003 0.027 2.459 0.870 6.87 + 0.80 46.32 1.44
0.003 0.051 5.564 1.847 6.45 + 0.48 66.40 3.26
0.006 0.078 12.714 4.359 6.66 + 0.23 69.12 7.45
0.005 0.060 13.342 4.454 6.48 + 0.36 74.95 7.82
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Table 1 continued

Incremental heating 36Ar(a) 3 8Ar(cl) 39Ar(k) 40Ar(r) Age £ 20 (Ma) 4OAr(r) 39Ar(k)
Steps Laser (%) (%) (%)
05M2117G 5.5 0.004 0.063 18.231 6.183 6.58 + 0.22 81.46 10.69
05M21171 6.5 0.003 0.062 19.144 6.535 6.63 + 0.23 86.35 11.22
05M2117 ] 8.5 0.004 0.067 28.907 9.880 6.63 + 0.20 88.58 16.95
05M2117 K 10.5 0.003 0.040 23.770 8.160 6.66 + 0.20 89.32 13.94
05M2117L 13.5 0.000 0.007 5.141 1.767 6.67 = 0.13 98.29 3.01
05M2117 N 16.0 0.002 0.007 4.679 1.570 6.51 & 0.45 75.43 2.74
05M21170 21.0 0.002 0.012 8.171 2.810 6.68 + 0.42 80.31 4.79
05M2117P 31.0 0.008 0.033 18.099 8.600 9.22 £ 0.44 78.02 10.61
05M2117Q 45.0 0.006 0.020 9.799 4.572 9.05 £ 0.68 72.27 5.75

The argon isotopes are listed in volt: 36 Ar(a), air argon; 3Ar(cl), Cl-derived nucleogenic BAr; *°Ar(k), K-derived nucleogenic ¥ Ar; Ar(),
nucleogenic YOAr

T1, weighted plateau age; T2, total fusion age; T3, normal isochron age; T4, inverse isochron age
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Fig. 2 Whole-rock “°Ar/*’Ar plateau ages spectra for four representative samples

Jiucaidi, Puzhai, and Jilongshan (Mg# = 0.59-0.67; Fe,05 In chondrite-normalized rare earth element (REE) pat-
= 13.0-13.7 wt %; TiO, = 2.09-2.81 wt %) (Fig.3; terns (Fig. 4a), all samples are highly enriched in light
Supplemental Table 3). Taken all samples together, TiO, REEs relative to heavy REEs ([La/Yb]y = 6.2-30.1). The
decrease with increasing Mg* (Fig. 3b). Jiucaidi, Puzhai, and Jilongshan basalts show decreasing
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Fig. 4 a Chondrite-normalized REE patterns and b primitive mantle-
normalized multi-element patterns of the eastern Guangdong Ceno-
zoic basalts. Chondrite normalization values are from Taylor and
McLennan (1985), PM normalization values are from Sun and

heavy REE patterns without an obvious negative Eu
anomaly (Euw/Eu* = 0.94-1.00), while the Qilin basalts
show flat heavy REE pattern with a moderate negative Eu
anomaly (Euw/Eu* = 0.73-0.79) (Fig. 4a). These features
are consistent with the petrography that the Jiucaidi, Puz-
hai, and Jilongshan basalts have liquidus phases (pheno-
crysts) of olivine 4 clinopyroxene without plagioclase,
while plagioclase is the dominant liquidus phase (pheno-
cryst) in the Qilin samples.

The alkali basalts from Jiucaidi, Puzhai, and Jilongshan
are all enriched in incompatible trace elements with posi-
tive Nb-Ta anomalies ([Nb/La]y = 1.40-1.68; Supple-
mental Table 3) and obvious negative Pb and Ti anomalies
(Fig. 4b) in the primitive mantle-normalized multi-element
diagram, resembling present-day ocean island basalts
(OIB). However, the Qilin basalts exhibit strong negative
Ta—Nb-Ti anomalies ([Nb/La]y = 0.28-0.31) and a posi-
tive Pb anomaly (Fig. 4b). This pattern resembles that of
the present-day “Island Arc” basalts, though at a high
concentration level (Fig. 4b).

Sr—Nd-Hf-Pb isotopes

The Jiucaidi and Puzhai basalts show a very limited range
in "Nd/'"*Nd and ¥’St/®0Sr ratios, uniform exg(t) (+4.94
to +5.95; Table 2), low initial ¥’Sr/*°Sr (0.7037-0.7038),
and high initial '*Nd/'**Nd (0.51287-0.51292). The
Jilongshan basalts have slightly lower eng(t) (+4.44 to
+4.63) and higher initial ®’Sr/%°Sr ratios (~0.7039) than
the Jiucaidi and Puzhai basalts (Table 2; Fig. 5a). The
Qilin basalts have the lowest enq(t) (—3.64 to —2.77) and
highest initial *’Sr/*®Sr (0.7075-0.7077) in the Cenozoic
basalts of eastern Guangdong.
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McDonough (1989). The Hainan OIBs are from Wang et al. (2012),
and ARC is average of Aleutian island arc basalt (Kelemen et al.
2003)

The Jiucaidi and Puzhai (~20 Ma) and Jilongshan
(~6.5 Ma) samples have high eydt) values clustered
around +8.1 to +9.6, whereas the Qilin (~35.5 Ma)
samples have low ey(t) values between +0.06 and +0.74
(Table 2). The Nd-Hf isotopic compositions for Jiucaidi,
Puzhai, and Jilongshan samples are correlated and plot on
the OIB array line (Chauvel et al. 2008), while the Qilin
samples plot slightly above the array line (Fig. 5b). Fol-
lowing Chauvel et al. (2008), we calculate the Aeyy values
(the difference in &yy relative to the eng—éxr mantle array,
defined as Agyr = ey — 1.59eng — 1.28) to evaluate the
degree of Nd-Hf decoupling of the EGD basalts (Table 2).
The Aeyp values of the Jilongshan samples range from
—0.67 to —0.04, those of the Jiucaidi and Puzhai samples
are —1.60 to —0.09, all of which are within analytical
errors. However, the Qilin samples have relatively high
Aeyr values of 3.87-4.56 (Table 2), which is consistent
with the Qilin basalts having elevated HREEs (i.e., higher
Lu/Hf than the other basalt suites; Fig. 4b).

The samples all display unexpectedly high 2°’Pb/***Pb
(15.579-15.656) and *°*Pb/***Pb (38.893-38.949) in
comparison with MORB-like 2*°Pb/***Pb (18.656—18.774)
(Table 3). The Qilin samples have slightly higher
207pp/2%Pb but lower 2°®Pb/***Pb than the other samples
(Fig. 5d, e). The initial radiogenic Pb isotope ratios of all
the Cenozoic basalts of eastern Guangdong plot above the
Northern Hemisphere reference line (NHRL; Hart 1984)
(Fig. 5d, e). Similar Pb isotopic characteristics have been
observed in the post-spreading seamount basalts from the
SCS and other late Cenozoic basalts from Southeast China
(Fig. 5d, e) and described as DUPAL anomaly (Tu et al.
1991, 1992; Flower et al. 1992; Zhang et al. 1996; Zou
et al. 2000).
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Table 3 Pb isotope data of the eastern Guangdong Cenozoic basalts

Samples  2°Pb/>**Pb 207pp/204pp 208pp204pp u k (°Pb/*Pb);  PU7Pb/”¥Pb);  (COPb2™Pb),  AT/4  A8/4
JCD-1 187408 £ 20 155845 4+ 12 38.8928 + 34 323 148  18.640 15.580 38.746 68 583
JCD-2 187737 £20 155791 13 389137 £ 41 336 150  18.669 15.574 38.765 6.0 567
JLS-1 18.6880 + 19  15.6068 & 12 389339 +£35 37.0 177  18.654 15.605 38.881 92 702
JLS-9 18.6561 + 16  15.6063 & 10 38.8961 +22 330 161  18.625 15.605 38.848 95 703
PUZ-2 187367 +7 156034 +7 389269 +£17 31.7 143  18.638 15.599 38.785 87 624
PUZ-5 187652 £ 16 1560129 389490 +£27 313 135  18.668 15.597 38.815 82 619
QILIN-1 18.6680 £ 6 156559 £ 6  38.8036 £ 15 1.3 58 18.661 15.656 38.793 142 605
QILIN-3  18.6640 £4 156521 £4 387911 £11 1.3 52 18.657 15.652 38.782 138 599
QLO7-1  18.6660 =7 156515 +8 387880 £ 18 1.5 6.6 18.658 15.651 38.776 138 592
MXG 17.9941 +£8  15.6075+9 386299 +£20 1.6 2.6 17.985 15.607 38.625 167 1254

MXG: felsic granulite xenolith in the Mingxi Cenozoic basalt
A7/4 = [CO7PbP*Pb); — (CO7Pb/”%*Pb)nure] x 100;

A8/4 = [C%®Pb/™Pb);, — (P®*Pb/”**Pb)nmre] x 100;

(P"Pb/***Po)nmrr, = 0.1084 x (2°°Pb/?*Pb); 4+ 13.491; (*°*Pb/***Pb)nmrr, = 1.209 x (P%°Pb/?*Pb); + 15.627 (Hart 1984)

Initial Pb isotope ratios are calculated using whole-rock U, Th, and Pb contents in Supplemental Table 3. t = 36 Ma (Qilin basalt and Mingxi
granulite xenolith), 20 Ma (Puzhai and Jiucaidi basalts), 6.6 Ma (Jilongshan basalt)

Discussion
Mantle sources constraints from basalt geochemistry

Cenozoic basaltic rocks of SE China are traditionally
regarded as relating to the seafloor spreading of the SCS
(Chung et al. 1994, 1997; Xu et al. 2002), which began at
~32 Ma and ended at ~ 16 Ma (Briais et al. 1993). The
Early Tertiary volcanic rocks, including the early andesite-
rhyolite  (64-56 Ma) and the later basalt-trachyte
(38-56 Ma), were restricted at the basins (Chung et al.
1997; Zhu et al. 2004; Zhou et al. 2009). The Miocene to
Pliocene (after 16 Ma, dominantly after 6 Ma) basalts were
throughout the SE China (Zhu et al. 2004; Ho et al. 2003),
but only several basalt pipes likely formed during
34.3-16.3 Ma (Ho et al. 2003). So, it is a rare opportunity
to reveal the possible mantle source evolution in the region
in terms of the SCS seafloor spreading history. The three
episodes of basaltic volcanism (35.5, ~20 and 6.6 Ma)
revealed by “’Ar/*’Ar dating in the eastern Guangdong
area indicate that the Cenozoic volcanism actually took
place prior to, during and after the seafloor spreading of the
SCS (32-16 Ma; Briais et al. 1993) in the same region.
Thus, the Sr—Nd-Hf-Pb isotopes and trace element sys-
tematics of these basalts can be used in combination to
discuss the nature of the basaltic magmatism and associ-
ated mantle sources beneath the continental margin of SE
China in the context of the SCS evolution.

Miocene OIB-type basalts (~20 and 6.6 Ma)

Crustal contamination is inevitable for mantle-derived
melts during their ascent through, and evolution within,

@ Springer

magma chambers under the continental environment.
Nevertheless, the Miocene alkali basalts from Jiucaidi,
Puzhai, and Jilongshan all display OIB-like patterns on the
primitive mantle-normalized multi-element diagram
(Fig. 4b), which indicates rather insignificant crustal con-
tamination in their petrogenesis. Any significant crustal
assimilation can also be ruled out because of the very
different Sr—Nd—Pb isotopes between the basalts and the
lower crustal xenoliths (e.g., MXG) (Fig. 5). According to
the correlations of CaO/Al,O3;, Cr and Ni vs Mg#, the
compositional variations of EGD Miocene basalts must be
attributed to fractional crystallization of dominant olivine
(Fig. 3f, g, h). Thus, the characteristics of isotopes and
incompatible trace elements of the EGD Miocene basalts
may reflect those of the magma source.

All the EGD Miocene OIB-type basalts have radiogenic
207pb/29*Pb and 2°®Pb/2**Pb isotope ratios that plot above
the Northern Hemisphere Pb reference line (NHRL; Hart
1984) (Fig. 5d, e). Similar Pb isotopic features had been
observed in the post-spreading seamount basalts of SCS
and other late Cenozoic basalts from southeast China
(Fig. 5d, e) (Tu et al. 1991, 1992; Flower et al. 1992;
Zhang et al. 1996; Zou et al. 2000), which were described
as DUPAL anomaly (Hart 1984). However, the Dupal
reservoir is characterized by relatively high time-integrated
values of Rb/Sr, U/Pb, and Th/U (Hart 1984), which is
inconsistent with the relatively low ’Sr/*Sr of the EGD
Miocene basalts. One possibility is reinjection of small
amount of continental crustal material with “Dupal
anomaly” features into the mantle source region before
eruption. Because the continental crust has much higher Pb
concentration than the OIB with comparable Sr, Nd, and Hf
concentrations (Hofmann 1997; White 2010), it would
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impart the mantle source with crustal Pb isotopes over Sr—
Nd-Hf isotopes. However, the crustal material would also
impart the characteristic Pb enrichment and Nb-Ta-Ti
depletion, which is not observed in the EGD Miocene OIB-
type basalts. Another possibility is that small amount of
Dupal-like materials may be present in the lithospheric
mantle that had been assimilated prior to the eruption of the
EGD Miocene basalts. This is reasonable as the existence
of old lithospheric relicts in the uppermost mantle beneath
South China had been recognized previously through
studies of mantle xenoliths carried out in the Cenozoic
basalts in this region (Fan et al. 2000; Xu et al. 2000,
2002).

OIB are much more enriched in incompatible elements
than MORB, which had been considered as resulting from
the recycled ocean crust (Hofmann and White 1982;
Hofmann 1997) or subcontinental lithosphere (McKenzie
and O’Nions 1983, 1995). Such fertile mantle source
material from depth (asthenospheric source) is composi-
tionally peridotitic and volumetrically dominant (Hofmann
1997; Niu and O’Hara 2003; Niu 2008, 2009; White 2010),
but not fully satisfactory in all respects of the geochemical
signature of OIB (White 2010). In addition to fertile mantle
source material from depth, OIB melts may have the
components of the melt layer at top of the seismic low
velocity zone (LVZ) and the metasomatic veins formed
earlier in the lithosphere (Niu and O’Hara 2003; Niu 2008,
2009). The EGD Miocene OIB basalts have high incom-
patible trace element abundances (such as Rb, Ba, Th, U,
Nb-Ta, and LREE) (Fig. 4b), which indicates an enriched
asthenospheric source. However, the EGD Miocene OIB
basalts mostly plot in between DMM and EMs (both EM1
and EM2) in Sr-Nd-Hf-Pb isotope spaces (Fig. 5), indi-
cating probably a mixture with the depleted component
originally thought to be the depleted mantle.

The depleted mantle would not melt without thermal
perturbation or metasomatism. The Paleopacific subduction
had a great effect on subcontinental lithosphere mantle
beneath South China during the Late Mesozoic (e.g., Zhou
et al. 2006), which may produce the enriched veins in the
lithosphere. But partial melting of such enriched veins
would impart the characteristic Nb—Ta—Ti depletion if the
metasomatism took place in mantle wedge environment
(Donnelly et al. 2004), which contradicts with the geo-
chemical signature of the EGD Miocene OIB-type basalts.
The metasomatic veins in the lithosphere would also be
result of prior incipient melt within the LVZ (Niu 2008,
2009), which is consistent with the genesis of DUPAL
anomaly in the EGD Miocene basalts. This interpretation is
also consistent with the process of the late Mesozoic to
Cenozoic melting and subsequent metasomatic enrichment
of lithospheric mantle beneath southeastern China (Xu
et al. 2002, 2003, 2008).
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The near chondritic Nb/Ta ratios (17.1-19.2; Fig. 6a;
Supplemental Table 3) of the EGD Miocene OIB-type
basalts are apparently decoupled from Zr/Hf ratios
(Fig. 6a) in contrast to the correlated variations between
these two ratios in some seafloor basalts (Niu and Batiza
1997; Niu et al. 2002) and abyssal peridotites (Niu 2004),
while it is possible that partial melting in mantle source
regions could cause Nb-Ta and Zr—Hf fractionation,
especially if the extent of melting is low (i.e., Low-F sce-
nario) (Weyer et al. 2003; Niu 2004; Pfinder et al. 2007).
The model calculations show that low-degree partial
melting of dominant garnet peridotite assemblages can
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Fig. 6 Nb/Ta and Lu/Hf vs. Zr/Hf of the eastern Guangdong
Cenozoic basalts. The silicate differentiation line indicates a first-
order coupling of Nb/Ta and Zr/Hf fractionation in terrestrial
reservoirs (Miinker et al. 2003). The assumed source of non-modal
batch melting curves is “99 % primitive mantle + 1 % crust”, except
for Hf, for which the concentration in the primitive mantle was
elevated from 0.3 to 0.38 ppm to fit the requirement of a lower Zr/Hf
ratio (Pfinder et al. 2007). Both the primitive mantle and crust values
are from Palme and O’Neill (2003). The numbers of the curves denote
degree of melting in percent, using the partition coefficients of
McDade et al. (2003) (Ol, Opx, Cpx), Westrenen et al. (1999) (Gt)
and Elkins et al. (2008) (Sp). HIMU and MORB from Pfinder et al.
(2007), BSE value from Miinker et al. (2003)
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produce the observed range in Zr/Hf and Nb/Ta ratios of
the EGD Miocene basalts (Fig. 6).

Eocene Arc-like basalts

The Qilin basalts have high LOI values (Supplemental
Table 3) and abundant secondary minerals such as talc and
actinolite due to the breakdown of dominant pyroxenes.
This secondary alteration results in CaO depletion, MgO
enrichment, and varying mobility of LILs (such as Rb, Cs,
and Ba) and transition metals (such as Sc, Cr, Co, and Ni)
(Wang et al. 2010). Thus, the Qilin samples have relatively
high Mg”, but low CaO, Cr, and Ni (Fig. 3; Supplemental
Table 3). In contrast, Sm-Nd isotopic systems and
incompatible elements such as REE, high field strength
elements (HFSEs) Nb-Ta-Ti, and Y are essentially
immobile during such alteration (Wang et al. 2010). As
plagioclase resists against the alteration, Sr and Pb would
be mostly preserved in the rocks, consistent with the
extremely similar primitive mantle-normalized multi-ele-
ment diagrams of the Qilin samples (Fig. 4b).

The Qilin basalts exhibit strong relative depletion of Nb,
Ta, and Ti (Fig. 4b) and have enriched Sr—Nd-Hf-Pb
isotopic compositions (Fig. 5). Crustal contamination
might be a possibility for the negative Ta—Nb-Ti anomalies
and enriched Sr—Nd-Hf-Pb isotopes in the Qilin basalts.
However, the Qilin pipe is a basaltic dyke with abundant
mafic to ultramafic breccias; thus, the basalts ascended
rapidly and avoided significant interaction with crust. The
crustal contamination, if any, is rather limited and inade-
quate to explain the large negative Ta—Nb-Ti anomalies in
the Qilin basalts.

Fractional crystallization of Ti-bearing minerals such as
rutile, ilmenite, or amphibole has notable effect on Ta—Nb—
Ti depletion (Tiepolo et al. 2001; Xiong et al. 2005;
Klemme et al. 2006). However, the processes of partial
melting of unmodified upper mantle peridotite and sub-
sequent crystal fractionation cannot account for the
strongly negative Nb—Ta-Ti anomalies and pronounced
enrichment of incompatible elements seen in Fig. 4b.

The origin of strong depletion of Ta—Nb-Ti and enri-
ched Sr—-Nd-Pb isotopic compositions could also be due to
recycled terrigenous sediments in the mantle source region
(Peccerillo 1985; Conticelli and Peccerillo 1992;
Hawkesworth et al. 1993; Zhao et al. 2009) or supra-sub-
duction zone fluid metasomatism (Tatsumi 1986; Donnelly
et al. 2004). However, synchronous slab subduction is
unlikely because EGD was far away from the west Pacific
subduction zone during Middle Eocene to Miocene (Fig. 1;
Lee and Lawver 1995; Zhou et al. 1995). Thus, recycled
terrigenous sediments by previous subduction processes
(i.e., Paleopacific subduction) might have been responsible
for the metasomatism of the mantle source for the Qilin

basalts, which might also explain why the Qilin samples
have relatively high concentration of K and Pb (Fig. 4b).
On the other hand, Sr-Nd-Pb-Hf isotopes of the Qilin
basalts show a trend of hybrid mantle source between EM1
and EM2 (Fig.5), indicating that recurrent upward
migration of intraplate melts may overprint the ancient
subduction-related enrichment. Overall, the Qilin basalts
are likely low-degree partial melting of dominant spinel
phase mantle source for their relatively low Zr/Hf ratios but
high Lu/Hf ratios (Fig. 6).

Genesis of distinct mantle sources

The distinct geochemical characters between the Eocene
Arc-like basalts (~35.5 Ma) and Miocene OIB-type basalts
(~20and ~6.6 Ma) in eastern Guangdong suggest that the
mantle sources of the basalts changed from principally
ancient subduction metasomatized mantle source to domi-
nantly depleted mantle source. Such a mantle source change
has been interpreted as reflecting source shift from enriched
lithospheric mantle to OIB-type asthenospheric mantle by a
process of replacing Archean-Proterozoic lithosphere with
asthenosphere during late Mesozoic to Cenozoic (Fan et al.
2000; Xu et al. 2000, 2002, 2003; Zhu et al. 2004). This is in
essence a lithosphere-thinning event as inferred to have
taken place beneath the North China Craton in the Meso-
zoic. However, it is not straightforward to invoke litho-
sphere thinning to explain the source change for the EGD
Cenozoic basalts as this process would be accompanied by
widespread magmatism (e.g., Xu 2001; Xu et al. 2004). So
the lithosphere-thinning-associated magmatism would have
taken place before the eruption of Qilin basalts.

On the other hand, mantle xenoliths in Qilin basalts
show a stratified mantle lithosphere. The upper portion
contains features of strong metasomatism of melt/fluid of
highly variable composition, while the deep portion is
moderately depleted peridotites with trace element signa-
tures of incipient metasomatism (Xu et al. 2002). Thus, the
Eocene Arc-like basalts (35.5 &= 0.4 Ma) were likely gen-
erated from the lithospheric mantle that had been mostly
affected by metasomatism of ancient melt/fluid (Xu et al.
2000, 2002). The preferential melting of metasomatism
components of the deep portion of the lithosphere can also
be responsible for the stratified mantle lithosphere. Addi-
tionally, the high and flat heavy REE patterns in Qilin
basalts (Fig. 4a) may indicate a relatively shallow source
corresponding to the lithosphere-thinning taking place
during late Mesozoic to early Cenozoic (Zhu et al. 2004).
The anomalously high geotherm at shallow depths estab-
lished by mantle xenoliths in Qilin basalts (Huang and Xu
2010) may reflect the possibility of partial melting at
shallow lithospheric mantle in response to the early phase
of the lithosphere rifting.
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In contrast, the EGD Miocene OIB basalts resulted
from partial melting of the asthenospheric mantle. Such
melt may have assimilated metasomatic veins formed
earlier in the lithosphere (Xu et al. 2002). The low and
steep heavy REE patterns in the Miocene OIB basalts
(Fig. 4a) are all consistent with derivation dominantly
from greater depths in the garnet peridotite facies (Fig. 6, 7).
Specifically, the youngest Jilongshan basalts (6.64 +
0.07 Ma) have lower and steeper HREE patterns than the
Puzhai and Jiucaidi basalts (Fig. 4a). Because containing
higher Ni, but lower Cr, SiO,, and Al,O5 than the Jiucaidi
(20.8 &+ 0.1 Ma), Puzhai (20.2 £ 0.1 Ma), and Hainan bas-
alts (~ 13 Ma; Wang et al. 2012) at a given Mg” (such as
Mg" = 0.60; Fig. 3), the Jilongshan basalts would be
derived from a more peridotitic source. Thus, the
increased garnet-residual signature in the Jilongshan basalts
reflects a larger proportion of melts derived from the garnet
peridotite facies (Fig. 7), indicating the deeper magma
source.
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Fig. 7 Plots of Dy/Yb, Yb vs. La/Yb for the eastern Guangdong
Cenozoic basalts. Non-modal batch melting curves were calculated
using partition coefficients from McKenzie and O’Nions (1991). The
source and melt mineral modes are as Fig. 6
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Evolution of the Cenozoic lithospheric mantle beneath
SE China

During Late Cretaceous—Eocene, the southeastern margin
of South China was in an extension regime (Ren et al.
2002). Many authors also link the early seafloor spreading
stage of the SCS to lithospheric extension of South China
(Fig. 1), and the Paleogene volcanic activities for the
lithospheric extension migrated southwards and eventu-
ally led to the seafloor spreading of the SCS dur-
ing ~32-16 Ma (Ru and Pigott 1986; Hayes et al. 1995;
Chung et al. 1997; Xu et al. 2002). For this reason,
Cenozoic basaltic rocks of SE China associated closely
with major regional faults (Fig. 1) are interpreted as
relating to continental extension (e.g., Chung et al. 1994,
1997; Liu et al. 1994; Qi et al. 1994; Zou et al. 2000; Ho
et al. 2003). However, some studies also suggested that the
widespread basaltic volcanism in SE China and the
inception of Cenozoic basins such as Shanshui and SCS
basins resulted from upwelling of a mantle plume (Deng
et al. 2004; Xiao et al. 2004; Zhou et al. 2009). Thus, the
geodynamic mechanism and lithospheric evolution of SE
China during the late Cenozoic remain debatable. Geo-
chemical variation in the EGD basalts pre-, during, and
post-opening of SCS may offer some perspectives on the
evolution of the Cenozoic lithospheric mantle beneath SE
China.

Cretaceous mafic dikes from Northern Guangdong of SE
China, interpreted as the results of the episodes of exten-
sional activities (~ 140, ~124, ~105 and ~90 Ma) in SE
China, show arc signatures or OIB features in their trace
elements with variable enq(t) from —5.9 to +5.2 (Fig. 8)
(Li et al. 1997). Cretaceous extension in SE China
was followed by the generation of pull-apart basins with
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Fig. 8 Temporal variation in the Nd isotopic composition of the
basaltic rocks at SE China margin from the late Mesozoic to
Cenozoic. Mafic dikes from Li et al. (1997), bimodal volcanic rocks
in extensional basins from Chung et al. (1997), Zhu et al. (2004) and
Zhou et al. (2009), Leizhou Penisula basalts from Zhu et al. (2004)
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large-scale bimodal volcanism consisting of intraplate
tholeiitic basalt and trachyte/rhyolite associations during
the Late Cretaceous and early Eocene (Chung et al. 1997,
Zhu et al. 2004; Zhou et al. 2009). These bimodal volcanic
rocks of the basins changed in geochemical features
(especially in initial Nd isotopes) at 56 + 2 Ma (Fig. 8)
(Zhu et al. 2004). The earlier volcanic rocks have enriched
Nd isotopes with negative eng(t) of —11.5 to —6.5, while
the younger volcanic rocks show depleted features with
positive enqg(t) of +3.1 to +6.4 (Fig. 8) (Chung et al. 1997,
Zhu et al. 2004; Zhou et al. 2009). Thus, Cretaceous to
early Eocene mafic rocks of SE China might be derived
from the hybrid mantle sources including asthenosphere
and metasomatic lithosphere (Fig. 9a). But there is an
obvious trend of sources from dominantly metasomatic
lithosphere at an early stage to asthenosphere at the main
stage of the extension (Fig. 8). The basement heat flow
increased during crustal extension (He et al. 2001), indi-
cating that the evolution of these basins was accompanied
by the thinning of lithospheric mantle, upwelling of the
asthenosphere and a large-scale bimodal volcanism
(Fig. 9a).
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During the late Eocene, the EGD lithosphere might have
been largely thinned by basal convective removal as sug-
gested by the shallow mantle source of Qilin Arc-type
basalts (~35.5 Ma) and anomalously high geotherm indi-
cated by Qilin mantle xenoliths (Xu et al. 1996; Huang and
Xu 2010). At this stage, partial melting of the astheno-
sphere may be limited because of the prior depletion of
volatile-rich component generating widespread basaltic
volcanism in SE China during Late Cretaceous to Early
Eocene (Chung et al. 1997, Zhu et al. 2004; Zhou et al.
2009). However, low-degree partial melting of metaso-
matic relicts in the deep portion of the lithosphere occurred
because of the relatively high conductive heat transfer
(Fig. 9b) as manifested by the high geotherm (Xu et al.
1996; Huang and Xu 2010), the stratified mantle lithosphere
(Xu et al. 2002), and the extremely enriched Sr—Nd—Pb-Hf
isotopes of the Qilin basalts (Fig. 5). This interpretation is
consistent with the model calculation results that the Qilin
basalts would be the low-degree partial melting of a dom-
inant spinel peridotite facies conditions (Figs. 6, 7). With
the elimination of metasomatic relicts in the lithospheric
mantle, the wet solidus would shift toward the dry solidus
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Fig. 9 Schematic diagram illustrating the evolution of lithospheric mantle beneath SE China during late Mesozoic to Cenozoic
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and the partial melting would stop finally without additional
heat source. With the conductive heat loss to the surface
since the extension stopped (He et al. 2001; Huang et al.
2007), the lithosphere will thicken with time by accreting
the subjacent volatile (e.g. H,O, CO,, etc.) and incompati-
ble element enriched LVZ material at its base (Niu 2008;
Niu and O’Hara 2008, 2009; Huang et al. 2010), a process
that leads to the formation of metasomatized veins within
the mantle lithosphere which do not melt without future
thermal perturbation (Niu 2008). But the refertilized
(metasomatized) mantle lithosphere would begin partial
melting when the geotherm intersects the new wet solidus
as the asthenosphere ascends in response to temporary
lithosphere extension during the seafloor spreading of South
China Sea (Fig. 9c). Attributed to low-degree partial melt-
ing of a recently metasomatized mantle source, the Jiucaidi
and Puzhai basalts (~20 Ma) at this stage are all enriched
in incompatible trace elements, but have relatively depleted
Sr—Nd-Hf isotopes. The low-degree partial melting and
scattered magmatism at this stage (Ho et al. 2003 and this
current paper) would not induce thinning of lithosphere
beneath the continental margin of SE China. On the con-
trary, the lithosphere would continue thickening through
basal accretion of the LVZ material. Similarly, the refer-
tilized mantle lithosphere may melt when the asthenosphere
(Fig. 9d) was influenced by the Hainan mantle plume (Lei
et al. 2009; Wang et al. 2012). Consequently, the Jilongshan
OIB-type basalts (~6.6 Ma) at this stage have deeper
magma source than the Puzhai and Jiucaidi basalts
(~20 Ma) with similar Sr—Nd-Pb-Hf isotopes. Volumet-
rically insignificant magmatism with OIB-type signature
had taken place since the late Miocene in SE China and
the broad region, including the Hainan Island, Leizhou
Peninsula, and Taiwan Strait, all associated with pre-
existing zones of lithosphere weakness (Fig. 1a).

Implication for the continental rift
during the lithospheric extension

Studies of the evolution of continental rift systems and
rifted continental margins have led to the development of
many hypotheses for the driving forces which create them
(McKenzie 1978; Keen 1985; Bache et al. 2010). Rifting
could be classified into active and passive (Sengdr and
Burke 1978). Active or passive continental rifting is all
associated with thinning of the lithosphere, ascent of the
asthenosphere, and decompression melting. The contro-
versy exists as to whether rift zones are produced by
upwelling mantle splitting the continent along pre-existing
zones of weakness (active models) or whether the mantle
rises passively in response to lithospheric extension
(passive models) (Spohn and Schubert 1982). Therefore,
active rifting would be associated with dynamic mantle
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upwelling, large-scale topographic uplift, and melt gener-
ation prior to the actual rifting, whereas passive rifting is
accompanied by lithosphere thinning and magmatism as a
result of extension-induced asthenospheric upwelling and
decompression melting without topographic swells prior to
rifting (Ruppel 1995; Schmeling 2010).

The basalts at EGD revealed a process of lithospheric
thickening beneath SE China since late Eocene accompa-
nied by temporary low-degree partial melting of astheno-
sphere by decompression. As results, there are only
scattered volcanic pipes surfaced (vs. larger scale flows) at
the continental margin of SE China pre- and during the
seafloor spreading of South China Sea. These observations
are apparently inconsistent with the standard mantle plume
model which is expected to be associated with high heat
flow, broad zones of regional uplift, and widespread
magmatism (e.g., Campbell 2001). Thus, the limited
basaltic magmatism manifested by very few scattered
volcanic pipes without extensive magmatism at the conti-
nental margin of SE China during late Eocene—early
Miocene indicates that the seafloor spreading of the South
China Sea during 32-16 Ma may not be caused by a mantle
plume, but probably resulted from lithosphere extension-
induced rifting, accompanied lithosphere thinning,
asthenosphere passive upwelling, and basaltic magmatism.
This is consistent with the southward ridge jump and the
SCS ridge orientation parallel to the coastline of South
China but perpendicular the Pacific and Philippine sub-
duction zone (Fig. 1a).

Therefore, the evolution of lithospheric mantle at the
continental margin of SE China, indicated by the geo-
chemical features of the EGD basalts during the late
Eocene—early Miocene, records the development of a typ-
ical passive continental margin through rifting and evolu-
tion to an oceanic basin. Furthermore, the potential
“Hainan mantle plume” (Wang et al. 2012), if it existed,
may have surfaced through basaltic magmatism as a result
of lithosphere extension and thinning, as manifested by
OIB-type magmatism on the Hainan Island, Leizhou Pen-
insula, in the Taiwan Strait as well as the continental
margin in the SE China since the late Miocene. That is, it is
the lithospheric extension and thinning in the broad SE
China-South China Sea Region that resulted in the devel-
opment of the marginal seas, including the South China
Sea, and allowed the “Hainan” mantle plume to express.
The SCS seafloor spreading during ~32-16 Ma would
have drained mantle melts of plume origin as well as
lithosphere extension-induced melt, which explains why
basaltic magmatism is rare in this period of time in the
peripheral region except for the leakage in a few places as
Qilin, Puzhai, and Jiucaidi we study here. This is wholly
consistent with the more widespread magmatism around
the SCS before and after SCS seafloor spreading (Ho et al.
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2003; Zhu et al. 2004). The late Miocene basalts in the
Hainan Island, Leizhou Peninsula, and Taiwan Strait are
dominated by tholeiitic phases (Zou et al. 2000; Ho et al.
2003; Wang et al. 2012), which would be attributed to
large-scale lithosphere extension and thinning in the pre-
existing lithosphere weakness zones of the SE China.

Conclusion

The “°Ar—Ar chronology, whole rock trace elements, and
Sr—Nd-Pb-Hf isotopes of Cenozoic basalts from eastern
Guangdong facilitate our understanding of the mantle
evolution at the continental margin of SE China from the
late Eocene to late Miocene, which corresponds to the
period of active seafloor spreading of the South China Sea.

There are three episodes of Cenozoic basaltic magma-
tism (35.5, ~20 and 6.6 Ma) with distinctive trace element
and Sr—Nd-Hf-Pb isotope characteristics in eastern
Guangdong. The Qilin arc-like basalts at 35.5 Ma are
partial melting of relict ancient metasomatized mantle
lithosphere. Both the early and late Miocene OIB-type
basalts (~20) are low-degree partial melting of the dom-
inant asthenospheric mantle at different depths.

There is an overall lithospheric thickening process
beneath SE China from the late Eocene to late Miocene,
recording a passive continental margin that formed the
marginal basin with seafloor spreading.
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