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A B S T R A C T   

Mid-Ocean Ridge Basalts (MORBs) from the South China Sea (SCS) have attracted great attention from geologists 
in the past decade, but their petrogenesis still remains controversial. Here, we show that the Mg isotopes of 
MORBs from Integrated Ocean Drilling Program (IODP) Sites U1431, U1433 and U1434 are heterogeneous and 
present the mechanisms causing such heterogeneity. The MORBs from Sites U1431, U1433 and U1434 have 
δ26Mg values ranging from − 0.35‰ to − 0.21‰, from − 0.34‰ to − 0.13‰, and from − 0.30‰ to − 0.20‰, 
respectively. Together with all the published data, we found the MORBs at Site U1431 with high MgO contents 
(> 9 wt%) usually have δ26Mg values that are generally lower than the normal mantle (− 0.25‰ ± 0.04‰), 
whereas some of the Site U1433 MORBs are higher than the normal mantle. Shallow-level geological processes 
like seawater alteration have negligible effects on the Mg isotope fractionation of our samples. Elemental ratio 
indicative of the degree of partial melting (like Sm/Nd) from the same site also shows no relationship with the 
δ26Mg variations. Olivine is proposed to have light Mg isotopes. Considering the high MgO (> 9 wt%) contents of 
low-δ26Mg samples and the petrographic evidence, we propose that their slightly light Mg isotopic compositions 
of U1431 MORBs may result from the enrichment of olivine, rather than reflecting the mantle source. Moreover, 
low Ce/Pb ratios and most variable δ26Mg values of some U1433 MORBs suggest that lower continental crustal 
materials have contributed to their source. As all the previously published MORBs are evolved, we use the Revpet 
to estimate the mantle melting conditions of SCS MORBs, including the Site U1500 samples recovered from the 
northern margin of SCS. Compared with the global MORBs data, there is no thermal anomaly in SCS MORBs. 
Together with our new Mg isotope data, therefore, we propose that the role of the Hainan mantle plume in the 
opening and spreading of the SCS may be insignificant.   

1. Introduction 

It is well known that the geochemical and isotopic compositions of 
the Earth’s mantle are heterogeneous (Hofmann, 1997; le Roux et al., 
2002; Niu et al., 1996). Oceanic basalts, which are produced by partial 
melting of the mantle, carry abundant messages from their source. They 
are of great significance for investigating mantle composition, tectonic 
and dynamic mechanism of the Earth’s interior, and are considered as 
important objects for studying the large-scale heterogeneity of the 
mantle (Sun and McDonough, 1989). 

As a common type of oceanic basalts, mid-ocean ridge basalts 
(MORBs), produced by high degree of partial melting of the mantle, are 
the most abundant igneous rocks on the Earth’s surface (Niu, 2016). 
MORBs can be divided into two main types based on their trace 
elemental and isotopic differences, i.e., incompatible-element-depleted 
normal (N-MORB) and incompatible-element-enriched (E-MORB) ba-
salts. Such compositional differences in MORBs can reflect the crust and 
mantle thermal structure, magma temperature, and the degree of 
magma differentiation and homogenization (Rubin and Sinton, 2007). 
The geochemical characteristics of MORB samples, including their major 
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and trace elemental abundances and ratios, stable and radiogenic iso-
topes, can also help to elucidate the evolution histories of their mantle 
sources (Langmuir and Hanson, 1980; Natland, 1989). 

Magnesium (Mg) is a major constituent of the silicate Earth, hydro-
sphere and biosphere (McDonough and Sun, 1995; Millero, 1974; Teng 
et al., 2010). The cycle of Mg experiences the initial extraction from the 
mantle, storage in igneous rocks in the crust, transportation to the hy-
drosphere due to weathering, and return to the mantle by subduction 
(Guo et al., 2019). Mg isotope is one of the non-traditional stable iso-
topes concerned with the geochemical processes. There are three stable 
isotopes of Mg, 24Mg, 25Mg, and 26Mg, with typical abundances of 
78.99%, 10.00% and 11.01%, respectively (Berglund and Wieser, 2011). 
The relative mass difference between 24Mg and 26Mg reaches to 8%, 
contributing to significant mass fractionation of Mg during many 
geological processes. During low-temperature processes, Mg isotopes 
are fractionated largest and during high-temperature processes, they are 
less fractionated (Teng et al., 2010; Teng, 2017). Hence, the Mg isotopic 
composition can be a potential geochemical tracer, which is commonly 
applied to constrain the mantle source compositions of oceanic basalts 
(Teng, 2017). 

The South China Sea (SCS) has undergone a long period of tectonic 
and magmatic evolution. Based on the Quaternary igneous rocks in the 
SCS and its surrounding areas, previous studies have demonstrated that 
the upper mantle of SCS is highly heterogeneous (Li et al., 2013; Qian 
et al., 2020; Zhang et al., 2020). Not only the radiogenic Sr-Nd-Hf-Pb 
isotopes, but also the stable metal Fe–Mg isotopes exhibit a large 
variation. The International Ocean Discovery Program (IODP) Expedi-
tion 349 drilled into the basement of SCS and recovered MORBs samples 
from Site U1431 in the Eastern subbasin, and Sites U1433 and U1434 in 
the Southwest subbasin (Fig. 1, Li et al., 2014a), providing an excellent 

opportunity to investigate the nature of the sub-ridge mantle. A hy-
pothesis of the mantle plume has been raised to explain the geochemical 
and petrologic natures of the SCS (Flower et al., 1998; Xu et al., 2012; 
Zhang et al., 2018a, 2018b). It was proposed that a thermal anomaly 
existed in Site U1431 (Yang et al., 2019), which may result from the 
Hainan mantle plume. Carbonates are enriched in lighter Mg isotopes 
than the mantle (Higgins and Schrag, 2010; Teng et al., 2010), and 
therefore, recycled carbonates in the mantle source can lead to 
extremely light Mg isotopes of basalts (Li et al., 2021). The typical 
Hainan plume-derived Cenozoic basalts are reported to have lower 
δ26Mg values than the normal mantle, which may be caused by sedi-
mentary carbonates recycled into the upper mantle during subduction 
(Li et al., 2017). However, previous studies have shown that the U1431 
basalts exhibit mantle-like Mg isotopic compositions (Liao et al., 2022a; 
Zhong et al., 2021) and suggested that such normal values may be 
generated by mixing of two-endmember mantle source, in which the 
Hainan mantle plume may contribute to a light-δ26Mg endmember 
(Zhong et al., 2021). However, the role of the Hainan mantle plume in 
the generation of the SCS MORBs is still not fully understood. Further-
more, the heavier δ26Mg signatures of U1433 basalts have been re-
ported, which are accounted for the contribution of either recycled sub- 
arc lithosphere (Zhong et al., 2021) or high-δ26Mg fluids released during 
subduction (Liao et al., 2022a). However, as the mantle source of U1433 
basalts was considered to have been contaminated by lower continental 
crust (LCC) (Wu et al., 2023; Zhang et al., 2018a), whether the LCC can 
exert an influence on the Mg isotopic compositions of U1433 basalts is 
still unclear. 

In this study, we present eighteen new Mg isotopic data of MORBs 
from Sites U1431, U1433 and U1434, SCS. Together with all the pub-
lished major, trace element and Mg isotopic data of MORBs from the 

Fig. 1. Topographic map showing the South China Sea (SCS) and surrounding area. Locations of drilling sites (U1431, U1433 and U1434) are marked with circles in 
different colors, they are all from IODP Expedition 349. The base map was downloaded from http://www.geomapapp.org/. 
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SCS, we aim to (1) decipher the behaviors of Mg isotopes during mag-
matism and their implications for magmatic evolution; and (2) re- 
evaluate the role of lower continental crust and the Hainan mantle 
plume in the generation of the SCS MORBs. 

2. Geological setting and sampling 

The SCS is located at the junction of the Eurasian, Indo-Australian, 
and Philippine plates. IODP Expedition 349 conducted in 2014 first re-
ported that the opening age of the SCS is ~33 Ma through high- 
resolution deep-tow magnetic anomalies (Li et al., 2014b). And for the 
first time, the IODP Expedition 349 scientists cored into the oceanic 
basement of the SCS and obtained basalt samples from three Sites 
(U1431, U1433 and U1434, Fig. 1). 

Although the evolution history is relatively short, the SCS has 
experienced continental rifting during the latest Cretaceous to Paleo-
gene, and subsequent seafloor spreading in the Oligocene to middle 
Miocene, then to subduction in early Middle Miocene (Cullen et al., 
2010; Franke et al., 2014), along with extensive intraplate volcanism 
(Yan et al., 2006). With the above basic elements, the SCS is supposed to 
have undergone a nearly complete Wilson Cycle (Ding et al., 2018), 
making it an ideal area for studying complicated tectonic and magmatic 
activities. 

The deep-water basin of the SCS can be divided into three subbasins, 
the East, the Northwest, and the Southwest subbasins (Fig. 1). Among 
these three subbasins, the East subbasin is the largest and was formed by 
North-South extension (Zhang et al., 2018a). The Southwest subbasin is 
a V-shaped propagating rift and has a deeper average water depth than 
the East subbasin (Ding et al., 2016). The MORBs of the East and the 
Southwest subbasins show great geochemical variation in the temporal 
and spatial distribution. Their Sr-Nd-Hf-Pb isotopic compositions exhibit 
Indian-type MORBs. Based on the trace element compositions, the East 

subbasin is composed of both N- and E-MORBs with a radiogenic 
isotopically depleted MORB mantle (DMM) source, whereas those in the 
Southwest subbasin are mainly E-MORBs (Zhang et al., 2018a). 

A total of 18 basalt samples from the IODP Expedition 349 (6 samples 
from Site U1431, 7 samples from U1433 and 5 samples from U1434) are 
selected for our study (Figs. 1 and 2). The Site U1431 was drilled 118.01 
m beneath the top of the igneous basement in the East subbasin, two 
basalt layers at 890.0–962.5 and 972.0–1007.9 mbsf (meters below 
seafloor) were recovered there (Li et al., 2014b). Sites U1433 and U1434 
were both located at the Southwest subbasin, and U1434 was closer to 
the fossil spreading ridge (Fig. 1). Basalts at Site U1433 were identified 
between 786.3 and 858.5 mbsf, and basalts at Site U1434 were recov-
ered at 278.3–308.7 mbsf (Zhang et al., 2018a). According to our pre-
vious studies (Sun, 2020; Sun et al., 2020), the basalt samples from Site 
U1431 are N-MORB-like, and the basalt samples from Site U1433 and 
U1434 are E-MORB type. 

Under the microscope (Fig. 3a, b and c), the samples from Site U1431 
present a porphyritic texture with olivine and plagioclase phenocrysts in 
a groundmass of plagioclase and clinopyroxene. Most of the olivine 
phenocrysts have grain sizes of 0.1–0.5 mm, from euhedral to subhedral, 
whereas some of them are anhedral and > 1 mm in size. Specifically, 
large amounts of olivine phenocrysts were observed in U1431 samples, 
which have high MgO contents (e.g., 349-U1431E-37R-1-W, 58/60 in 
Fig. 3a and 349-U1431E-40R-2-W,45.5/48 in Fig. 3b). Samples from Site 
U1433 have plagioclase and olivine phenocrysts with assemblages of 
clinopyroxene and plagioclase in their groundmass (Fig. 3d, e and f). The 
grain sizes are relatively smaller than that of U1431. Site U1434 samples 
mainly consist of acicular plagioclase, glassy and cryptocrystalline 
groundmass. Some of them have olivine as the only phenocryst (Fig. 3g, 
h and i). 

Fig. 2. Lithologies of three drilling sites and the exact sampling locations (modified from Li et al. (2014b)). The yellow five-pointed stars represent samples 
determined for Mg isotopes in this study. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3. Analytical methods 

The Mg isotopic analysis was performed by using a ThermoFisher 
Neptune Plus Multi-Collector Inductively Coupled Plasma Mass Spec-
trometer (MC-ICP-MS) at the Ore Deposit and Exploration Centre, Hefei 
University of Technology. The following procedures were carried out 
using the description of Huang et al. (2021). Every 10–20 mg sample 
powder was dissolved in a 2:1 mixture of concentrated HF: HNO3, and 
then heated continuously and evaporated until dry. After adding a 
concentrated aqua regia (HCl: HNO3 = 3:1), the mixture was reheated to 
dryness. 0.5 N HNO3 was finally added when the solution became 
completely dried. 

The separation of Mg isotopes in solution was completed with an 
AG50W-X8 resin (200–400 meshes, about 2.7 ml). The analytical quality 
was monitored by the international rock standards (BCR-2 and BHVO- 
2), blank samples and replicate samples. The results were reported in 
the form of δ-DSM3: 

δXMg =
[( XMg

/24Mg
)

sample–
( XMg

/24Mg
)

DSM3–1
]
× 1000 (1) 

where X = 25 or 26. The long-term external reproducibility (2SD) 
was better than 0.06‰ for δ26Mg based on repeated analysis of synthetic 
solutions and rock standards (Huang et al., 2021). 

4. Results 

Analytical results of those 18 basalt samples are presented in Table 1 
and shown graphically in Fig. 4. Two rock standards (BHVO-2 and BCR- 
2) yield δ26Mg values of − 0.24 ± 0.04‰ (2SD, n = 2) and − 0.19 ±
0.01‰ (2SD, n = 2), respectively, which agree with the reference values 
within the error (An et al., 2014; Huang et al., 2021). The δ26Mg values 
of basalts at Site U1431 vary from − 0.35 ± 0.06‰ to − 0.21 ± 0.01‰ 
with an average of − 0.29 ± 0.04‰ (2SD, n = 6), are similar or slightly 
lower than the normal mantle (− 0.25 ± 0.04‰, Teng et al., 2010). 
Additionally, the δ26Mg values of basalts at Site U1433 varies from 
− 0.34 ± 0.08‰ to − 0.13 ± 0.02‰ with an average of − 0.24 ± 0.03‰ 
(2SD, n = 7), and the Site U1434 basalts have δ26Mg values ranging from 
− 0.30 ± 0.02‰ to − 0.20 ± 0.07‰ with an average of − 0.27 ± 0.05‰ 
(2SD, n = 5). Site U1434 has average δ26Mg values that are similar to the 
normal mantle, whereas some of the U1433 samples present distinct 
higher δ26Mg values (Fig. 4). The major and trace element compositions 
of those basalts are from Sun (2020). In general, they are classified as 
sub-alkaline series based on the TAS diagram, and show tholeiitic 
characteristics on the diagram of K2O-SiO2. Site U1431 basalts show 
trace element patterns similar to the N-MORB, whereas U1433 and 
U1434 basalts show E-MORB-like trace element patterns. 

Fig. 3. Microscopic images of the Cenozoic basalt samples from Site U1431, U1433 and U1434. (a) 349-U1431E-37R-1-W, 58/60; (b) 349-U1431E-40R-2-W,45.5/ 
48; (c) 349-U1431E-50R-5-W, 45.5/47.5; Plagioclase and olivine phenocrysts can be seen in the U1431 samples; (d) 349-U1433B-65R-2-W,96.0/98.0; (e) 349- 
U1433B-66R-1-W,117/119.6; (f) 349-U1433B-74R-1-W,66.5/68.5; The grain sizes of olivine phenocrysts of U1433 samples are smaller than the U1431; (g) 349- 
U1434A-11R-1-W,93.5/95.5; (h) 349-U1434A-14R-1-W,47/49; (i) 349-U1434A-13R-1-W,58.5/64.5; The U1434 samples have olivine as the only phenocryst. Ab-
breviations: Ol- olivine; Pl- plagioclase. 
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5. Discussion 

5.1. Effects of shallow-level geological processes 

Seawater alteration is a major shallow geological process that may 
lead to the Mg isotopic variation of the oceanic basalts. Seawater can be 
considered homogeneous with a δ26Mg value of − 0.82 ± 0.01‰ (Foster 
et al., 2010). When the seawater interacts with the basalts, δ26Mg values 
and most trace element concentrations and ratios are considerably 
modified (Verma, 1992). 

Seawater alteration can exert influences on the element fluxes in the 
ocean, especially on fluid-mobile elements like Th and Cs (Verma, 1981, 
1992). Meanwhile, the lithophile refractory element like Nb is fluid- 

immobile (Jochum and Verma, 1996) and acts as a highly incompat-
ible element in all oceanic basalts (Hofmann et al., 1986). These ele-
ments are suitable indicators for seawater alteration. Besides, Cs is 
mobile while Ti is relatively fluid-immobile during seafloor alteration, 
Cs/TiO2 can be used to assess the alteration-induced changes (Zhang and 
Smith-Duque, 2014). In this study, the fluid-mobile elements (e.g., Th) 
and fluid-immobile elements (e.g., Nb and Zr) present favorable positive 
correlations (Fig. 5), suggesting that the alteration, which may interfere 
with the correlations, is insignificant. This is also confirmed by the 
observation of thin sections under the microscope, which has shown that 
all the studied basalts are fresh (Fig. 3). Furthermore, the δ26Mg values 
of SCS MORBs do not show any correlation with the loss-on-ignition 
(LOI) or Cs/TiO2 values (Fig. 5). The possibility of seawater alteration 
causing the Mg isotopic variation can thus be ruled out. 

As the indicator of basaltic crystallization differentiation, the Mg# 

values (molar 100 * MgO / (MgO + TFeO)) of SCS basalts range from 
32.8 to 75.2, with most of them being lower than the value of primary 
magma (Mg# > 70). Some of the U1431 basalts with high Mg# values 
were observed to contain large amounts of olivine (e.g., U1431E-43R-2 
W 6/10 and U1431E-42R-1 W 25/30 from Liao (2020)). Together with 
all the published data, the basalts show broad scatter in SiO2, TiO2, 
Al2O3, and TFeO versus Mg# diagrams (Fig. S1). The Ni and Cr contents 
show positive correlations with Mg#, indicating that those basalts have 
undergone mineral fractional crystallization. 

We used the ReversePetrogen (Revpet: a computing method for 
evolved basalts, Krein et al., 2021) to investigate the fractional crys-
tallization conditions and to determine which minerals were involved in 
the fractional crystallization. Revpet provides an algorithm for dry, 
tholeiitic and alkaline basalts, and acts as a multiphase dry reverse 
fractional crystallization and mantle melting thermobarometer (Krein 
et al., 2021). Based on the saturation sequence of mineral phases during 
tholeiitic differentiation, that is, olivine (O) is the first mineral that 
crystallized and fractionated, then the olivine and plagioclase (OP), 
finally the olivine, plagioclase and augite/clinopyroxene (OPA). Mean-
while, the primary melts will evolve from a higher Mg# value that 
equilibrated with the mantle to a comparatively lower Mg# value. Revpet 
therefore uses variables Mg#

OP and Mg#
OPA to measure the above transi-

tion process and deduce the melt composition. The Mg# value of primary 
mantle melts, Mg#

pri acts as the ending point of the calculation. The 
reversed fractionation crystallization paths and corresponding erupted 
basalt can thus be simulated by setting Mg#

OP, Mg#
OPA and Mg#

pri values. 
The simulated results in Fig. 6 showed that the primary magma of SCS 
basalts may have undergone the fractional crystallization of olivine, 
clinopyroxene and plagioclase, some of the basalts in Site U1431 have 
only undergone the olivine fractional crystallization. However, no 
obvious fractional crystallization path of plagioclase can be found in 
Fig. 6, suggesting the crystallization of plagioclase may be insignificant, 
which is also confirmed by the no negative Eu anomaly in the incom-
patible trace element distribution pattern of the SCS basalts (Fig. S2). 
Previous study has illustrated that no detectable Mg isotopic fraction-
ation can be caused by fractional crystallization of olivine and pyroxene 
(Teng et al., 2007). There is also no correlation between δ26Mg values 
and MgO, TFeO and CaO/Al2O3 (Fig. S3). Therefore, the mineral frac-
tional crystallization may have insignificant effect on Mg isotopes. 

5.2. The Mg isotope heterogeneity in SCS MORBs: Causes and 
implications 

Since the seawater alteration and mineral fractional crystallization 
have limited effect, the Mg isotopic heterogeneity of SCS basalts may be 
inherited from the source composition. Previous study on the Cenozoic 
basalts from the South China Block suggests that the degree of partial 
melting can also affect their δ26Mg isotopes (Huang et al., 2015). If two 
elements have similar compatibility during partial melting, their 
elemental ratios in the melt are largely controlled by the source 
composition. Otherwise, the degree of partial melting can dominate 

Table 1 
Magnesium isotopic compositions of the Cenozoic basalts from the SCS.  

Sample δ25Mg 
(‰) 

2SD δ26Mg 
(‰) 

2SD N 

349-U1431E-37R-1-W,58/60 − 0.17 0.06 − 0.35 0.06 2 
349-U1431E-40R-2-W,45.5/48 − 0.16 0.03 − 0.31 0.01 2 
349-U1431E-41R-2-W,133/136 − 0.12 0.03 − 0.31 0.03 2 
349-U1431E-47R-3-W,60/62 − 0.13 0.01 − 0.27 0.03 2 
349-U1431E-49R-2-W,66.5/68.5 − 0.18 0.05 − 0.28 0.10 2 
349-U1431E-50R-5-W,45.5/47.5 − 0.10 0.01 − 0.21 0.01 2 
349-U1433B-65R-2-W,96.0/98.0 − 0.17 0.01 − 0.28 0.03 2 
349-U1433B-66R-1-W,117/ 

119.6 
− 0.16 0.03 − 0.33 0.07 2 

349-U1433B-68R-3-W,74/76 − 0.06 0.05 − 0.19 0.01 2 
349-U1433B-70R-2-W,29/32 − 0.06 0.01 − 0.13 0.02 2 
349-U1433B-72R-1-W,81/84 − 0.12 0.02 − 0.24 0.01 2 
349-U1433B-74R-1-W,66.5/68.5 − 0.16 0.05 − 0.34 0.08 2 
349-U1433B-75R-3-W,28.5/30.5 − 0.08 0.01 − 0.16 0.01 2 
349-U1434A-10R-CC-W,20/22 − 0.15 0.14 − 0.28 0.05 2 
349-U1434A-11R-1-W,93.5/95.5 − 0.11 0.05 − 0.30 0.02 2 
349-U1434A-12R-1-W,10/15 − 0.12 0.01 − 0.20 0.07 2 
349-U1434A-13R-1-W,58.5/64.5 − 0.13 0.04 − 0.28 0.07 2 
349-U1434A-14R-1-W,47/49 − 0.14 0.08 − 0.28 0.02 2 
349-U1434A-14R-1-W,47/49- 

repeat 
− 0.15 0.05 − 0.26 0.03 2 

Standards      
BHVO-2 

BCR-2 
− 0.09 
− 0.10 

0.02 
0.02 

− 0.24 
− 0.19 

0.04 
0.01 

2 
2 

δXMg = [(XMg/24Mg) sample – (XMg/24Mg) DSM3–1] × 1000, where X = 25 or 26. 

Fig. 4. Variations in δ26Mg values versus MgO contents for the basalts from the 
SCS. The horizontal grey bar stands for the δ26Mg values of the normal mantle 
(− 0.25 ± 0.04‰, 2SD, Teng et al., 2010), and the pink dotted line is the 
average δ26Mg values of Hawaii basalt olivine (− 0.336 ± 0.026‰, 2SE, Young 
et al., 2009). The vertical black lines represent 2SD uncertainties. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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their composition in the melt if two elements have obviously different 
compatibility. Therefore, plots of such elemental ratios vs. δ26Mg values 
can be used to investigate the role of partial melting in Mg isotopic 
variations of our samples (Zhong et al., 2017). The correlations between 
δ26Mg values and selected trace elemental ratios of our samples are 
shown in Fig. 7. Incompatible elements in Fig. S2 show that the U1431 
has the highest degree of partial melting and the U1434 has the lowest. 
However, in each site, the elemental ratio concerning the degree of 
partial melting (like Sm/Nd) shows no appreciable correlation with Mg 
isotopic compositions of the samples (Fig. 7a). The model of Mg isotopic 
fractionation in the partial melting of spinel peridotite illustrates that 
the δ26Mg values of melts have positive correlations with the degree of 
melting, low-degree of melting can contribute to slightly lower δ26Mg 
values (Zhong et al., 2017, 2021). However, the reduction caused by 
low-degree of melting in the peridotite is not enough to account for 
U1431 samples with δ26Mg values < − 0.3‰, the La/Yb ratios of U1431 
basalts (referring to the degree of partial melting) in Fig. 7b also show 
insignificant with δ26Mg values. Therefore, the degree of partial melting 
(or partial melting) has negligible effect on the Mg isotopes of SCS 
MORBs. Additionally, the mantle source of U1433 basalts was suggested 
to have been contaminated by low continental crust (Wu et al., 2023; 
Zhang et al., 2018a), which may result in the enrichment of LREE. 
Therefore, the melting degree will be underestimated by using the 
elemental ratios like above and cannot be directly used. We will discuss 
the origin of Mg isotopes of this site basalts in the following section. 

5.2.1. Origin of the light Mg isotopic compositions of U1431 basalts 
Previous studies found that the ilmenites have low δ26Mg values (<

− 0.61 ± 0.03‰) and the accumulation of ilmenite in the mantle source 
may result in light Mg isotopic compositions of basalts (Huang et al., 
2015; Sedaghatpour et al., 2013; Tian et al., 2016). Since some of the 
MORBs in Site U1431 have lower δ26Mg values than the normal mantle, 
the possibility of isotopically light ilmenite accumulation in the mantle 
source should be considered. However, the δ26Mg values of our samples 
in all three sites present no correlations with TiO2 contents (Fig. 7c). The 
Nb and Ta are compatible elements in ilmenite and they have a partition 
coefficient DTa/DNb of about 1.3 between ilmenite and mafic melts 
(Dygert et al., 2013), thus, the Nb/Ta ratios and TiO2 contents will show 
negative correlation due to the accumulation of ilmenite in the mantle 
source, however the opposite trend is observed (Fig. 7d). Therefore, the 
light Mg isotopic compositions of the U1431 basalts are unlikely to come 
from the ilmenite accumulation in the mantle source. 

Sedimentary carbonates can be transported into the mantle by sub-
ducted slabs, and recycled carbonates in the mantle source will cause 
light Mg isotopes in basalts (Huang et al., 2015; Li et al., 2017; Yang 
et al., 2012). Marine carbonates have distinctive lower δ26Mg values 
(− 5.57‰ to − 0.38‰, Teng, 2017) than the mantle (− 0.25 ± 0.04‰, 
Teng et al., 2010), and, thus, basalts generated by mantle source 
involving recycled carbonates can show extremely light δ26Mg from 
− 0.66‰ to − 0.48‰ (Li et al., 2021). However, most of the U1431 ba-
salts have mantle-like δ26Mg values, as we discuss later, the slightly 

Fig. 5. (a) and (b) are fluid-mobile element Th versus fluid-immobile elements Zr and Nb. The good correlations suggest that the studied SCS samples were not 
affected by seawater alteration; (c) and (d) are Cs/TiO2 and LOI versus δ26Mg values of the SCS basalts, no correlation between them indicates seawater alteration has 
limited effect on Mg isotopes of the SCS basalts. Circles in larger sizes represent data in this study. Hollow circles in smaller sizes are data from other literature (Liao 
et al., 2022a; Zhong et al., 2021). 
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lower values of some high MgO samples are most likely due to their high 
abundance of olivine. Basalts metasomatized by carbonates have typical 
characteristics like high CaO/Al2O3 and Ba/Rb ratios, however, those of 
U1431 basalts are significantly lower than the reference value (Tian 
et al., 2016). Neither carbonate metasomatism was observed in the SCS 
basalts (Li et al., 2014b; Liao et al., 2022a; this study). Therefore, the 
contribution of recycled carbonates may be insignificant. 

Carbonated peridotite can also produce melts with low δ26Mg values 
(Li et al., 2017). The lithospheric mantle of the SCS is considered to have 
experienced the evolution of carbonated silicate melts to alkali basalts 
(Zhang et al., 2017). Experiments showed that during partial melting of 
carbonated peridotite, carbonated silicate melts evolve from carbo-
natitic melts due to increasing temperature and degree of melting 
(Dasgupta et al., 2007). The interaction of carbonatitic melts and silicate 
melts can fractionate the δ26Mg features of basalts; basalts generated by 
low degrees of melting usually exhibit light Mg isotopic compositions as 
they are largely contributed by isotopically light carbonatitic melts 
(Huang et al., 2015). Based on previous studies, carbonated peridotite- 
derived melts are geochemically characterized by low Fe/Mn ratios, 
but high CaO/Al2O3 and La/Yb ratios (Huang et al., 2015; Li et al., 2017; 
Zeng et al., 2010), but these features are not observed in our U1431 
samples with low δ26Mg values. Therefore, the δ26Mg variations of the 
SCS basalts may be neither related to carbonated peridotite. 

Basaltic magmas can be generated by partial melting of either peri-
dotite or pyroxenite. The relative proportions of pyroxenite-derived and 
peridotite-derived magma are mainly controlled by the degree of partial 
melting, because of the relatively lower melting point of pyroxenite 
compared to the peridotite. Generally, a lower degree of partial melting 
gives rise to a higher proportion of magma produced by pyroxenite. 
Previous study also suggested that mantle lithologies can lead to sig-
nificant Mg isotopic fractionation between residue and melt (Zhong 
et al., 2017). The FC3MS value (FeO / CaO – 3 * MgO / SiO2, all in wt%) 
has been proposed as a powerful discriminant parameter to identify 
most pyroxenite-derived basalts (Yang and Zhou, 2013), which is mainly 
affected by the source composition rather than the melting temperature 
and pressure. In addition, the Fe/Mn ratios in basalts can also be applied 
to investigate their source lithology (Liu et al., 2008). Olivine in 

peridotite has Kd for Fe greater than Kd for Mn, the bulk Kd changes can 
lower the Fe/Mn ratio of peridotite-derived melt compared with 
pyroxenite-derive melt (Sobolev et al., 2007). To better constrain the 
source lithology of our samples, we used the primary melt composition 
to calculate the FC3MS and Fe/Mn. As shown in Fig. 8, most of the 
U1431 samples plot in the peridotite field with only two of them in the 
pyroxenite field, indicating that U1431 basalts may be generated mainly 
by partial melting of a peridotite source, although a few of them may 
have pyroxenite in their mantle source. This is supported by the olivine 
geochemistry, which indicated that an eclogite− /pyroxenite-rich 
component may exist in the mantle source of some U1431 basalts (Zhang 
et al., 2018b). Furthermore, no correlation can be found between δ26Mg 
values and elemental ratio that diagnosed of pyroxenite melts (Fig. S3d). 
Therefore, the light Mg isotopic compositions of U1431 basalts may not 
originate from the pyroxenite mantle source. 

Some U1431 samples contain large amounts of olivine (Fig. 3), and 
we observed the phenomenon of olivine accumulation in a thin section 
under the microscope (349-U1431E-42R-1-W,66/68, Fig. 9). This sam-
ple (349-U1431E-42R-1-W,66/68) has particularly high MgO and Ni 
concentrations, which means that the olivine accumulation in the upper 
section basalts may occur. According to previous studies, the average 
δ26Mg values of high-MgO (> 10 wt%) U1431 basalts are − 0.29‰ to 
− 0.28‰ (Liao et al., 2022a; Zhong et al., 2021), which are lower than 
the normal mantle. In olivine, the coordination number of Mg is 6 and 
the Mg sites are eightfold and six-coordinated (Wilding et al., 2004). 
Olivine has light Mg isotopic compositions due to the high Mg coordi-
nation and low Mg–O bonds (Bigeleisen and Mayer, 1947; Young et al., 
2009). As shown in Fig. 4 and Fig. 9, the global basalt olivine can have a 
δ26Mg value low as − 0.336 (Hawaii green sand, Kilauea, Young et al., 
2009). In Fig. 9, one of our samples with MgO > 10 wt% (349-U1431E- 
40R-2-W, 45.5/48) has an obviously low δ26Mg value of − 0.31 ± 0.01‰ 
and shows Ni concentration significantly higher than other samples, 
suggesting the high abundance of olivine. The other two samples (349- 
U1431E-37R-1-W,58/60 and 349-U1431E-41R-2-W,133/136) with 
relatively higher MgO and Ni concentrations also show lower δ26Mg 
values than that of the normal mantle, but close to the olivine. There-
fore, the low δ26Mg values of our high-MgO samples are likely to reflect 

Fig. 6. The inversion fractional crystallization processes of the SCS basalts by the Revpet. Circles in different colour are from published data (Chen et al., 2022; Liao, 
2020; Zhang et al., 2018a). Those grey points are mid-ocean ridge basalts from Gale et al. (2013). The simulated primary melts are represented by those triangles. 
Those straight lines indicate that they only experienced the fractional crystallization of olivine. Besides, there are many samples with a higher root mean square 
deviation (RMSD) error than the set value (1.5%) and expressed by little circles which were called “NoGoodSoln” in the legend. The RMSD means the error measured 
by the compositional distance between basalt and the Revpet predicted phase boundaries (Krein et al., 2021), 1.5% is the optimal threshold error of RMSD. 
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the Mg isotopic compositions of olivine, instead of melts. This is also 
supported by a recent study that the Mg isotopic compositions of high- 
MgO basalts were affected by olivine accumulation and show similar 
δ26Mg values to olivine separates, thus cannot represent primary magma 
compositions (Wang et al., 2021). On the other hand, the Mg isotopic 
compositions of low-MgO samples are unaffected, as they contain a 
small amount of olivine. Thus, in view of the light Mg isotopic 

composition of olivine and petrographic evidence of olivine accumula-
tion, we attribute the slightly low δ26Mg values of our U1431 basalts to 
the enrichment of olivine, rather than reflect their source composition. 

5.2.2. Mg isotopes of SCS basalts mirror the source heterogeneity 
The Site U1433 and U1434 are both located in the Southwest sub-

basin. All of the U1433 basalts and most of the U1434 basalts plot in the 

Fig. 7. (a) Sm/Nd, (b) La/Yb, (c) TiO2, (e) Zr/Nb and (f) Ce/Pb versus δ26Mg values of the studied SCS basalts. (d) Nb/Ta versus TiO2 (wt%). Circles in larger sizes 
represent data in this study. Hollow circles in smaller sizes are data from other literature (Liao et al., 2022a; Zhong et al., 2021). The horizontal grey bar stands for the 
δ26Mg values of the normal mantle (− 0.25 ± 0.04‰, Teng et al., 2010), and the vertical pink bar represents the Ce/Pb values of mantle oceanic basalts (25 ± 5, 
Fedorov et al., 2022). The vertical black lines represent 2SD uncertainties. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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peridotite field, suggesting that the role of pyroxenite in their mantle 
source is insignificant (Fig. 8). The trace elemental ratios Zr/Nb and Ce/ 
Pb have been previously used to distinguish different mantle sources 
(Fedorov et al., 2022). As shown in Fig. 7e and f, most of U1433 and 
U1434 basalts have lower Zr/Nb and Ce/Pb ratios than the U1431 ba-
salts. Meanwhile, some of the U1433 samples have δ26Mg values higher 
than the normal mantle, and the different Zr/Nb and Ce/Pb ratios be-
tween the U1433 and U1434 basalts may also suggest different magma 
sources. 

Previous studies proposed that the high-δ26Mg features of U1433 
basalts resulted from the contribution of either sub-arc peridotitic 
mantle (Zhong et al., 2021) or metasomatism of subduction-released 
fluids (Liao et al., 2022a). The mantle source of U1433 basalts is 
considered to be contaminated by the lower continental crust with 

evidence of low Pb isotopic ratios but high εHf values (Wu et al., 2023; 
Zhang et al., 2018a). Previous modelling results showed that a mixing of 
5% LCC with the average Pacific N-MORB can produce the isotopic 
composition of the U1433 basalts (Zhang et al., 2018a). The LCC shows 
heterogeneous Mg isotopic composition ranging widely from − 0.72 to 
+0.19‰ (Teng et al., 2013; Yang et al., 2016). Therefore, LCC 
contamination may also play a role in generating the Mg isotopic com-
positions of U1433 basalts. Because of the similar compatibility in 
oceanic basalts, the Ce/Pb ratios can be used to decipher their mantle 
source. The Ce/Pb ratios of mantle and crustal melts are quite different, 
i.e., 25 ± 5 for oceanic basalts and 3–5 for continental rocks (Fedorov 
et al., 2022). In this study, most of the U1433 basalts have relatively 
lower Ce/Pb ratios than the oceanic basalts, and show a greater varia-
tion of δ26Mg values (Fig. 7f), which may suggest the LCC 
contamination. 

The δ26Mg values and Ce/Pb ratios of U1434 basalts are similar to 
the normal mantle, suggesting that they may not be contaminated by 
LCC. Both of sites U1434 and U1431 are near the fossil spreading ridge. 
A previous study proposed that the source region of U1431 basalts may 
be influenced by the Hainan mantle plume (Zhang et al., 2018a). Li et al. 
(2017) confirmed a large-scale mantle δ26Mg anomaly in eastern China, 
the Cenozoic basalts originating from the Hainan plume exhibit low 
δ26Mg features. However, all the published Mg isotopic data of U1431 
basalts have similar δ26Mg values to the normal mantle. Previous studies 
proposed that such Mg isotopic composition can be generated by mixing 
of heavy-Mg isotopic source (sub-arc peridotitic mantle) and light-Mg 
isotopic source (pyroxenitic carbonated materials generated in the 
Hainan hotspot) (Liao et al., 2022a; Zhong et al., 2021). Therefore, we 
need to further constrain the role of the Hainan mantle plume in the 
evolution of SCS. 

5.3. The role of the Hainan mantle plume in the opening and spreading of 
the SCS 

As we discussed above, the Mg isotope alone is insufficient for us to 
fully understand the role of Hainan mantle plume in generating the SCS 
MORBs. The mantle plume model suggests that hot spots are driven by 
active thermal upwelling (Putirka et al., 2007), and the mantle potential 
temperature is a thermal parameter to identify the existence of a mantle 
plume, which refers to a hypothetic temperature that the mantle would 
have when magma reaches the surface through adiabatic upwelling 
(McKenzie and Bickle, 1988). 

The Site U1500 was drilled by IODP Expedition 367/368 in the 
northern margin of the east subbasin of SCS, and MORB samples 
recovered there can reveal the condition of the mantle source during 
initial seafloor spreading (Yu and Liu, 2020; Zhang et al., 2021). As we 
discussed, nearly all the published MORBs in the SCS have experienced 
mineral fractional crystallization (not only olivine). So here we using the 
Revpet, which is designed for the evolved basalts (Krein et al., 2021), to 
calculate the melting pressure and temperature of the MORBs from Sites 
U1431, U1433, U1434 and U1500. We collected all the published 
whole-rock data of SCS MORBs for calculation (Chen et al., 2022; Liao, 
2020; Liao et al., 2022b; Zhang et al., 2018a). Through determining 
variable potential reverse fractional crystallization paths (RFPs) and 
corresponding combinations of Mg#

OP and Mg#
OPA, Revpet calculates the 

RMSD to different phase boundaries and tests whether the error exceeds 
the threshold value (see Fig. 6 for detailed interpretation). The algo-
rithm will finally match a best-fit primary melt and its melting tem-
perature (TM), pressure (PM), and mantle potential temperature (TP). 

Based on the major and trace element data collected from Gale et al. 
(2013), the melting conditions of global MORB are also calculated for 
comparison. The results show that there are normal MORBs with rela-
tively constant TP values of 1250 ◦C - 1350 ◦C, while the TP of MORBs 
influenced by nearby hot spots (associated with mantle plume) can 
reach as high as 1600 ◦C. The detailed melting temperature and pressure 
values are listed in Supplementary Table 1. Samples from Sites U1433 

Fig. 8. (a) (b) Diagrams showing the FC3MS value as functions of MgO and 
Na2O + K2O. (c) Fe/Mn ratios of SCS basalts versus MnO values. The black 
dotted line in (a) and (b) represents a FC3MS value of 0.65, which means the 
upper limit for peridotite melts. The pink dotted lines in (a) and (b) are the 
upper boundary for peridotite melts (Yang and Zhou, 2013). Circles in different 
colourare from published data (Chen et al., 2022; Liao, 2020; Zhang et al., 
2018a). The data used here were all calculated by the Revpet algorithm and 
represent the state of primary magma. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 9. (a) The δ26Mg variations along with the depth of U1431 basalts; (b) The MgO variations along with the depth of U1431 basalts; (c) The Ni variations along 
with the depth of U1431 basalts; (d) and (e) Microscope images of the sample 349-U1431E-42R-1-W, 66/68, olivine accumulation was observed in this thin section. 
The rhombus in red dotted lines shows the MgO and Ni content of the sample 349-U1431E-42R-1-W, 66/68. Circles and diamonds in larger sizes represent data in this 
study, while those in smaller sizes and colored in white are data from other literature (Liao et al., 2022a; Zhong et al., 2021), and the red dotted line is the average 
δ26Mg value of Hawaii basalt olivine (− 0.336 ± 0.026‰, 2SE, Young et al., 2009). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 10. The Revpet simulated melting temperature and pressure of SCS MORBs from different sites and global MORBs. The data of SCS MORBs in Site U1431, U1433 
and U1434 are from Chen et al. (2022); Liao (2020); Zhang et al. (2018a). The data of MORBs in Site U1500 are cited from other published literature about IODP 
Expedition 367/368 (Chen et al., 2022; Liao et al., 2022b; Yu and Liu, 2020). The data of global MORBs are from Gale et al. (2013). 
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and U1434 have small variations of melting temperature and mantle 
potential temperature with the TP values ranging from 1317 ◦C to 
1357 ◦C, and 1257 ◦C to 1321 ◦C, respectively. These TP values suggest 
that they are unlikely to be affected by mantle plume. The TP values of 
basalts samples from Site U1500 are from 1231 ◦C to 1364 ◦C with an 
average value of 1316 ◦C, which is approximate to the normal global 
MORB with an average TP of 1321 ◦C. Fig. 10 shows the melting tem-
perature and pressure of SCS MORBs from different sites and global 
MORBs. No high temperature value was found in Site U1500, which 
means that during the early spreading stage of the SCS, there was no 
thermal anomaly existed. 

However, samples from Site U1431 have TP values ranging from 
1294 ◦C to 1597 ◦C. There are two samples with TP values higher than 
1500 ◦C (U1431E-43R-2 W, 6/10 from Liao (2020) and 43R-2 from Chen 
et al. (2022)). They belong to the upper section basalts at Site U1431, 
and have high MgO contents up to 16.7 wt% and 17.2 wt%, indicating 
olivine accumulation. Those olivine phenocrysts most likely crystallized 
early in the magma chamber and their compositions were not in equi-
librium with the bulk-rock, which is consistent with the petrogenesis of 
the U1431 upper section basalts with high MgO contents (Zhang et al., 
2018b). This notion is also highly consistent with the low δ26Mg values 
of such high MgO Site U1431 basalts. In summary, the Revpet predicts 
mantle melting conditions from olivine melt composition (Krein et al., 
2021), but it depends on the input whole-rock data. The disequilibrium 
of whole-rock and olivine composition may cause an overestimation of 
the TP. In the Site U1431 case, the high-T signatures of the two high- 
MgO basalts are meaningless. Therefore, the whole-rock major ele-
ments do not support the scenario that the mantle plume affected the 
source of U1431 MORBs. 

Overall, all the published whole-rock major elements may not sup-
port the role of mantle plume in the evolution history of SCS. 

6. Conclusion 

The Mg isotopic compositions of the SCS basalts show heterogeneity 
on three sites. The δ26Mg values of some Site U1431 basalts are slightly 
lower than that of the normal mantle, and this may due to the enrich-
ment of olivine. The basalts in Site U1433 have been contaminated by 
the lower continental crust on the basis of trace elemental ratios and 
most variable δ26Mg values. According to the Revpet calculation, the SCS 
basalts have normal mantle potential temperatures. Therefore, the role 
of mantle plume in the opening and spreading of the SCS may be 
insignificant. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.margeo.2023.107164. 
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