
1.  Introduction
The Earth's mantle, as sampled by oceanic basalts, displays substantial chemical and isotopic variabili-
ty restricted by a few identifiable isotopic end-member compositions (e.g., Hofmann,  1997; Zindler & 
Hart, 1986). Entrainment, mixing, and subsequent melting of recycled oceanic and continental components 
have long been recognized as an important process resulting in the arrays of isotopic signatures observed 
in oceanic basalts (e.g., Blichert-Toft et al., 1999; Chauvel et al., 2008; Dixon et al., 2002; Hofmann, 1997; 
Jackson et al., 2007; Kamenetsky et al., 2012; Sobolev et al., 2007; Stracke et al., 2003; Zindler & Hart, 1986). 
However, the origin, source lithology, and location of these mantle domains are still a matter of debate.

The correlations between the presence of extreme enriched mantle (EM) or HIMU (high μ = high U/Pb) 
compositions at hotspots and seismically detected African and Pacific large low-shear velocity provinces 
suggest that these domains may be located in the deep mantle (Jackson et al., 2018). Some geochemical 
signatures, such as high crystallization temperatures (Coogan et al., 2014; Putirka, 2008; Trela et al., 2017), 
high Fe/Mn (Humayun et al., 2004), high 186Os/188Os (Brandon & Walker, 2005), and low 182W/184W (Mundl 
et al., 2017; Rizo et al., 2019) in plume-derived lavas, have been used to infer an origin from recycled mate-
rials and/or from a presumably ancient reservoir in the lower mantle, perhaps in contact with the Earth's 
core. Nevertheless, besides these deep-mantle reservoirs, it is still possible that other shallow boundary 
layers participate in the generation and evolution of mantle components sampled by intraplate volcanoes 
(Anderson, 2001).

The distribution of crustal materials in the mantle, the location of these reservoirs, and the timescales of re-
cycling are important parameters necessary for the understanding of global mantle circulation and possible 
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upwelling mechanisms from different boundary layers (Blichert-Toft et  al.,  1999; Chauvel et  al.,  1992; 
Dale et al., 2009; Konter & Becker, 2012; Mather et al., 2020; Mazza et al., 2019; Qian, Nichols, et al., 2020; 
Sobolev et al., 2011; Stracke et al., 2003). For example, deep and ancient recycling near the core-mantle 
boundary has been conventionally proposed for the generation of extreme isotopic mantle end members 
(e.g., Blichert-Toft et al., 1999; Hofmann, 1997). Alternatively, seismic and experimental studies coupled 
with the discovery of deep diamond inclusions (Pearson et al., 2014; Tschauner et al., 2018) provide evi-
dence of recycled materials also being stored in the mantle's transition zone. Thus, knowledge of the role 
of these different boundary layers in the generation of mantle heterogeneity is critical to understanding 
mantle evolution and dynamics.

The South China Sea (SCS) formed as a result of continental rifting and seafloor spreading (C.-F. Li, Xu, 
et al., 2014). After seafloor spreading ceased (∼16 Ma), small-volume of geochemically enriched post-spread-
ing eruptions occurred across the SCS Basin and surrounding area (An et al.,  2017; Gu et al.,  2019; Ho 
et al., 2003; N. Hoang et al., 1996; T. H. A. Hoang et al., 2018; J. Q. Liu et al., 2015; Nguyen et al., 1996; Tu 
et al., 1992; X. C. Wang et al., 2012; Yan et al., 2008; G.-L. Zhang et al., 2017; Zou & Fan, 2010) (Figure 1). 
The nature of these lavas has been explained by sampling different potential sources: (a) recycled subcon-
tinental lithospheric mantle (SCLM) or delaminated lower crust (e.g., N. Hoang et al., 1996; Qian, Zhou, 
et al., 2020; G.-L. Zhang, Luo, et al., 2018; L. Zhang, Ren, et al., 2018; Zou & Fan, 2010); (b) the Hainan man-
tle plume in the northern SCS with an EM 2 (EM2) type composition (e.g., Gu et al., 2019; Tu et al., 1992; 
X. C. Wang et al., 2013; G.-L. Zhang, Luo, et al., 2018; L. Zhang, Ren, et al., 2018); or (c) an influx of Indian 
mid-ocean ridge basalt (MORB)-mantle as a result of the northern movement of Australian Plate (Hick-
ey-Vargas et al., 1995).

To better understand the origin of mantle heterogeneities sampled by late Cenozoic volcanism in the SCS 
and SE Asia, and the potential location and spatial distribution of isotopically distinct geochemical reser-
voirs, we present new U/Pb ages on zircons and comprehensive geochemical data of volcanic glasses, melt 
inclusions, spinels and olivines, as well as host whole-rock data of SCS seamounts lavas (Figure 1).
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Figure 1.  (a) Geological and bathymetric map of the South China Sea (SCS) and adjacent regions. Bathymetric data from GEBCO_2014 Grid (http://www.
gebco.net). Distribution of late Cenozoic (<17 Ma) intraplate volcanism in the SCS basin and Southeast (SE) Asia (including SE China, Vietnam, and Thailand) 
(X. C. Wang et al., 2013; Yan et al., 2008). (b) Inset map showing location of tomographic profiles. (c) Cross section of P wave velocity tomography along profile 
A1–A2 and B1–B2 in (b) beneath SE Asia (Huang et al., 2015).
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2.  Geological Setting and Samples
The SCS, one of the largest marginal seas in the western Pacific (∼3.5 × 106 km2), is located in the con-
fluence of three major tectonic plates (Pacific-Philippine Sea, Indo-Australian, and Eurasian) (Figure 1). 
Geophysical evidence shows that the Indian (Burma) Plate subducted along the Sumatra and Java trenches 
toward the SCS (Figure 1) to a depth of 570–680 km (Hayes et al., 2018) or 800–1,200 km (C. Li et al., 2008). 
Meanwhile, tomography studies reveal that the Philippine Sea Plate is subducting westward beneath the 
SCS to a depth of at least 600 km (C. Li et al., 2008). As a consequence, the SCS-mantle dynamics are strong-
ly influenced by the surrounding subduction systems of the Pacific-Philippine Sea and Indo-Australian 
plates (Figure 1).

Constrained by the combination of recently acquired magnetic anomalies revealed by deep tow and pale-
omagnetic data from IODP Expedition 349 in the SCS (C.-F. Li, Xu, et al., 2014), seafloor spreading oc-
curred during the early Oligocene to middle Miocene (32–15 Ma). Post-spreading intra-plate volcanoes are 
a prominent feature in Southeast (SE) Asia (Figure 1). These include continental intraplate lavas found in 
the SE China (e.g., Leiqiong area), Vietnam, Thailand, and seamount lavas in the SCS Basin (Figure 1). In 
general, these lavas in SE Asia have similar geochemical characteristics and share common mantle sources 
as traced by radiogenic isotopes (e.g., N. Hoang et al., 1996; Qian, Zhou, et al., 2020; Tu et al., 1992; X. C. 
Wang et al., 2013).

The samples in this study were collected from Jiaolong, Shixingbei, Zhongnan, and Zhenbei seamounts 
located at 1,186–3,493 m below sea level in the SCS (Figure 1). Most lavas from these seamounts display 
columnar jointing (Figure 2a) and pillow structures (not shown). Glass samples were collected from the 
Jiaolong and Shixingbei seamounts (Figure 2b). Typically, mafic lavas are vesicular and porphyritic with 
phenocrysts of olivine, clinopyroxene, and plagioclase (Figures 2c and 2d). Euhedral spinel inclusions and 
melt inclusions are common in the olivine crystals (Figures 2c and 2e). While felsic lavas (trachytes) are 
generally phyric with alkali-feldspar, clinopyroxene, and biotite phenocrysts (Figure 2f).

3.  Analytical Methods
3.1.  Whole-Rock Major and Trace Elements, and Sr-Nd Isotopes

To ensure the best possible analytical quality, the freshest parts of the rocks, identified under a microscope, 
were used for analytical work. Whole-rock major element compositions were determined on fused glass 
discs using a PANalytical Axios X-ray fluorescence spectrometer in the State Key Laboratory of Marine Ge-
ology (SKLMG) at Tongji University. The glass discs for the analyses were made of a mixture consisting of 
0.5 g of sample and 5 g of lithium tetraborate flux (Li2B4O7) fused at 1050°C. The loss on ignition of sample 
powders was determined at a temperature of 1000°C. Analytical procedures are the same as described by 
C.-Y. Lee et al. (1997). The measurements were monitored using reference materials AGV-1 and BHVO-1 
(Table S1).

Trace element concentrations were measured using an inductively coupled plasma-mass spectrometer 
(ICP-MS) (Perkin-Elmer Sciex ELAN 6000 instrument) after acid digestion of samples in high-pressure Tef-
lon bombs in the Guangzhou Institute of Geochemistry, Chinese Academy of Science (GIGCAS) following 
analytical procedures described by X.-H. Li et al. (2006). Teflon beakers were cleaned by boiling in HNO3, 
HCl, HNO3 solution (trace metal grade for all acids) and ultrapure water (18.2 MΩ.cm), alternately, with the 
temperature of 130°C for a 12-h duration in each reagent. For trace element analyses, about 50 mg of sample 
powder was digested on the hot plate in concentrated HF-HNO3 on a hotplate at 130°C in beakers for the 
samples, and then dissolved in concentrated HF-HNO3-HClO4 at 190°C in steel-jacketed high-pressure Tef-
lon bombs. Procedural blanks were measured together with the samples, which were negligible compared 
to the concentrations analyzed in the studied samples. The standards BHVO-2 and W-2a were also analyzed 
along with samples and the analytical precision is generally better than 5% (Table S1).

Sr-Nd isotopic ratios were measured using a Thermo Fisher Scientific Neptune Plus multi-collector (MC)-
ICP-MS in the SKLMG at Tongji University. Prior to digestion in concentrated HF-HNO3 acids, rock powders 
were leached with 6N HCl at 150°C for 3 days and then triple rinsed in deionized water to remove potential 
seawater alteration contamination. Duplicate analyses of Sr isotope were conducted for one sample leached 
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Figure 2.  (a) Zhongnan seamount lavas with columnar jointing. (b) Back-scattered electron photograph of fresh glass (Gl), pits generated by the ion beam 
during analysis of H2O (white circles) are also visible. (c) Back-scattered electron photograph showing olivine (Ol) and plagioclase (Pl) phenocrysts, and spinels 
(Sp) within Ol. (d) Back-scattered electron photograph of a clinopyroxene (Cpx) phenocryst. (e) Back-scattered electron photograph of a melt inclusion (MI) and 
Sp in Ol exposed on the surface. (f) Photomicrograph showing alkali-feldspar (Afs), biotite (Bt), and Cpx phenocrysts in trachyte.
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with 2N HCl to check for seawater alteration. As a result, the measured 87Sr/86Sr ratios of prolonged-leached 
samples (0.703344) are slightly lower compared to the mildly leached rock powders (0.703389). These ob-
servations suggest that prolonged acid leaching of the sample powders in hot 6N HCl likely minimize or 
remove the effects of seawater alteration on Sr isotopes.

The interferences of 86Kr on 86Sr and 87Rb on 87Sr were monitored by measuring 83Kr and 85Rb, and cor-
rected by using 86Kr = 1.50566 × 83Kr, and 87Rb = 0.3857 × 85Rb, respectively (Ma et al., 2013). Isobaric 
interference from 144Sm on 144Nd was corrected with 149Sm intensity and the natural 147Sm/144Sm (0.22332) 
(Isnard et al., 2005). During the course of isotope analysis, the standards NBS-987 and JNdi-1were used 
as the drift monitor for the instrument. The measured 143Nd/144Nd and 87Sr/86Sr ratios were normalized to 
146Nd/144Nd = 0.7219 and 86Sr/88Sr = 0.1194, respectively (Nier, 1938; Tanaka et al., 2000). The mean 87Sr/86Sr 
values of standard NBS987 and 143Nd/144Nd values of standard JNdi-1 were 0.710244 ± 0.000016 (2σ, n = 16) 
and 0.512116 ± 0.000010 (2σ, n = 15), respectively. The recommended value of 0.710250 was used to correct 
for 87Sr/86Sr values of all samples. The 143Nd/144Nd ratios were normalized to JNDi-1 143Nd/144Nd = 0.512115 
(Tanaka et al., 2000) for mass fractionation. The Sr-Nd isotope data of the samples along with the reference 
materials (BHVO-2 and W-2a) are provided in Table S1.

3.2.  Mo and Re-Os Isotope of Whole-Rock Samples

Chemical separation and mass spectrometry measurements of Mo isotope were conducted at the State Key 
Laboratory of Isotope Geochemistry, GIGCAS, following analytical procedures described in J. Li, Liang, 
et al. (2014). Appropriate sample powders were measured to assured 120 ng of Mo and 120 ng of 97Mo-100Mo 
double spike solution. The Mo double-spike was added before digestion of bulk rock samples. The samples 
were digested using 4 mL of HF and 2 mL of HNO3 in closed beakers at 140°C overnight. Mo separation 
and purification was achieved using an extraction chromatographic resin of N-benzoyl-N-phenyl hydrox-
ylamine manufactured in-house following the protocols of J. Li, Liang, et al. (2014) and Fan et al. (2020). 
After the sample matrix and elements with isobaric interferences were removed, Mo isotope measurement 
was performed on a Thermo-Fisher Scientific Neptune-Plus multi-collector inductively coupled plasma 
mass spectrometer (MC-ICP-MS) utilizing double-spike analysis to correct for instrumental mass bias. Iso-
tope measurements are made relative to a NIST SRM 3134 standard solution. The external reproducibility 
of NIST SRM 3134 standard solution is 0.06‰ (2SD, n = 12) for the δ98/95Mo values. USGS rock standard 
BHVO-2 and IAPSO seawater standard were simultaneously processed with each batch of samples to mon-
itor accuracy and gave the δ98/95Mo value of −0.04 ± 0.05‰ and 2.06 ± 0.04‰, respectively. These results 
are consistent with certified values and with the values reported by previous studies (−0.05 ± 0.11‰ for 
BHVO and 2.09 ± 0.04‰ for IAPSO) (Greber et al., 2012; J. Li, Liang, et al., 2014). The total procedural 
blank (TPB) for our analyses was 0.66 ± 0.37 ng (2SD, n = 3) Mo, far less than the total Mo in the samples 
(3.22–6.95 µg/g).

Re-Os separation and analyses were performed using the procedures described in J. Li, Zhao, et al. (2015). 
Bulk powdered samples (∼2.5 g) together with solutions enriched in 190Os and 185Re were digested in inverse 
aqua regia in sealed Carius tubes at 240°C for at least one day. Os was extracted by CCl4 and then extracted 
back into high-purity concentrated HBr. Further purification of Os was accomplished via micro-distillation. 
Re was recovered and purified from the solution in anion exchange columns (AG1 × 8, 200–400 resin).

Os was loaded onto Pt filaments and measured as OsO3
− ions by negative thermal ionization mass spec-

trometry using secondary electron multiplier in single collector peak hopping mode on a Thermo-Finnigan 
Triton at the State Key Laboratory of Isotope Geochemistry, GIGCAS. Repeated analyses of the Os standard 
solution (Merck Chemical AA standard solution) yield a mean 187Os/188Os value of 0.12045 ± 0.00042 (2 SD, 
n = 6) for the period of analysis. These values are in good agreement with a value of 0.12022 ± 0.00020 (2 
SD, n = 14) measured on the same mass spectrometer in Faraday cup mode (J. I. E. Li et al., 2010). Instru-
mental mass fractionation corrections for Os measurements were performed by normalizing the measured 
192Os/188Os to 3.083. Rhenium concentration was analyzed by inductively coupled plasma mass spectrome-
try (Thermo Elemental X2 Series).

TPBs were 0.52 ± 0.24 pg (1σ, n = 2) with an 187Os/188Os ratio of 0.13 ± 0.24 (1σ, n = 2) on average for Os 
and 2.9 ± 0.1 pg (1σ, n = 2) for Re. All data were corrected for the procedural blank for each analytical 
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batch. Blank contributions were generally insignificant. The average values of Re-Os isotope for basaltic 
reference material BIR-1 (187Os/188Os = 0.13340 ± 0.00024, Os = 0.351 ± 0.032 ppb, Re = 0.676 ± 0.016 ppb, 
1σ, n = 2) are in good agreement with published data (187Os/188Os = 0.13369–0.13372, Os = 0.341–0.355, 
Re = 0.675–0.680) (Ishikawa et al., 2014; J. Li, Wang, et al., 2015).

3.3.  In Situ U-Pb Dating Analyses of Zircon

Three lavas samples (one trachyandesite 2059-R12 from the Zhenbei seamount and two evolved trachytes 
2056-R10 and 2056-R14 from the Zhongnan seamount) were used for U-Pb zircon dating. Cathodolumi-
nescence (CL) images were taken for all zircons at the SKLMG in Tongji University, China. Zircon U-Pb 
dating was carried out by LA-ICP-MS (a RESOlution M-50 laser ablation system coupled to a Thermo El-
ement 2 instrument) at GIGCAS, China. For details of operating conditions for the laser ablation system 
and the ICP-MS instrument and data reduction, refer to G.-L. Zhang, Luo, et al. (2018) and L. Zhang, Ren, 
et al. (2018). Each analysis spot was about 33 μm in diameter and the repetition rate was 5 Hz. Each analysis 
incorporated a background acquisition of 30 s (gas blank) followed by 40 s data acquisition from the sample. 
In order to monitor the external uncertainties of U-Pb zircon measurements, the zircon standards 91500 
and Plešovice were analyzed as calibration standard and monitor standard, respectively. Common Pb was 
corrected using the Excel program ComPbCorr#_151 (Andersen, 2002). Off-line isotopic ratio calculations 
were performed using software GLITTER. During our measurement, 20 analyses of Plešovice yield an av-
eraged 206Pb/238U age of 338.4 ± 3.5 Ma, agreeing with the reference value within analytical error (Sláma 
et al., 2008). Meanwhile, the standard zircon 91500 yielded a weighted 206Pb/238U age of 1061.5 ± 3.8 Ma 
(2σ, n = 10), which is identical within error with the recommended value of 1062.4 ± 0.4 Ma (Wiedenbeck 
et al., 1995).

3.4.  He Isotope Analyses of Glasses

He isotopes ratios were measured on glasses separated from six volcanic rocks at the Helium Isotope Lab-
oratory, NOAA Pacific Marine Environmental Laboratory, Newport, Oregon (Table S2). For He analysis, 
small chips of glass from the chilled margin of lavas were selected to minimize the occurrence of phe-
nocrysts and optimize their purity. Then, the glass chips (weighing 0.1–0.6 g) were cleaned in distilled water 
and acetone, and loaded into stainless steel “crusher” tubes (Lupton et al., 2015). The detailed operating 
conditions, and analytical procedures are provided in Lupton et al. (2015). Blanks were run on each of the 
loaded tubes before proceeding with mass spectrometry, with blanks averaging at 1.2 × 10−10 cc STP He. The 
precision for the He isotope analysis on glass samples averaged about 0.15 Ra.

3.5.  H2O Abundance Analyses of Glasses

H2O abundances of volcanic glasses were analyzed by the CAMECA IMS 1280-HR ion microprobe at GIG-
CAS. Detailed analytical procedures specifically for hydrogen measurements with this instrument were 
developed by X.-P. Xia et al. (2019) and W.-F. Zhang et al. (2020). The glass samples were sputtered with a 
10 kV 133Cs+ primary beam (1.5–3.2 nA) and ɸ ∼15 μm, with an impact energy of 10 kV to sputter secondary 
ions from the samples. The size of the analytical area was 30 × 30 μm (15 μm spot size + 15 μm rastering). 
To minimize H2O backgrounds, the instrument was baked for at least 24 h and an automatic liquid nitrogen 
refilling system was used to yield ultra-high vacuum conditions. Samples were mounted on tin-based alloy 
mount and stored under vacuum for at least 6 h prior to analysis (W.-F. Zhang et al., 2020). A normal-inci-
dence electron gun was used for sample charge compensation during the course of analysis and the nuclear 
magnetic resonance controller was used to stabilize the magnetic field. After pre-sputtering (170 s), the 
intensities of 16O−, 18O−, and 16O1H− secondary ions were simultaneously measured. Two Faraday cup detec-
tors with 1010 Ω and 1011 Ω amplifiers, and a single electron multiplier were used for static measurement of 
16O−, 18O−, and 16O1H−, respectively. The relative signal intensity of 16O1H to 16O with a calibration curve of 
three well-characterized hydrous glass standards was used to yield estimates of water content for each spot 
analysis. The hydrogen background during the analyses was on the order of 10 ppm (X.-P. Xia et al., 2019; 
W.-F. Zhang et  al.,  2020). To monitor accuracy and repeatability of H2O content analysis, BCR-2G and 
MORB glass were repeatedly analyzed during the analytical session (Table S7).
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3.6.  In Situ Major and Trace Element Analyses of Minerals and Glasses

Major element analyses of olivine, spinel, melt inclusion, and glass were performed on a JEOL JXA-8230 
electron probe micro-analyzer (EPMA) at the SKLMG, Tongji University. The operating conditions for oli-
vine were a 20 kV accelerating voltage and a 100 nA beam current, and a 15 kV accelerating voltage and a 
20 nA beam current for spinel, melt inclusions and glasses. A variable peak counting time of 10–120 s was 
designed for the intensity of the characteristic X-ray lines and desired precision. A range of metal, oxide 
and silicate (e.g., jadeite, wollastonite) standards (e.g., jadeite for Na, periclase for Mg, wollastonite for Ca, 
Si, rutile for Ti, fayalite for Fe, K-feldspar for K, corundum for Al, apatite for P, manganotantalite (Mn) and 
pure metals for Cr, and Ni) were used to calibrate the spectrometers and for matrix reduction of the data. 
During the measurement of olivine, the San Carlos olivine standard was used to monitor the accuracy of 
the measurements (Table S7).

In situ trace element analyses of olivines and volcanic glasses were carried out by LA-ICP-MS using an exci-
mer 193 nm laser ablation system (GeoLas 2005) in combination with an Agilent 7500 ICP-MS instrument 
at the GIGCAS. The carrier and make-up gas flows were optimized by ablating NIST SRM 610 to acquire 
maximum signal intensity for 208Pb, while maintaining low ThO/Th (<0.3%) and Ca2+/Ca+ ratios (<0.5%) to 
reduce interferences of oxides, argides and doubly charged ions as much as possible (L. Zhang et al., 2019). 
The laser parameters were set as following: spot size, 45 μm; repetition rate, 6 Hz; energy density, ∼4 J cm2. 
Each spot analysis consisted of 30 s gas blank collection with laser off and 50 sample signal collection with 
laser on. A previous study (Y. Liu, Hu, et al., 2008) show insignificant matrix effect between olivine and ba-
saltic glass. In addition, the trace elements we concerned in olivine have similar levels of concentrations in 
both the standard BHVO-2G and BCR-2G. Therefore, the USGS standard glass GSD-1G was used as the ex-
ternal calibrator. Si content, measured by EPMA, was used for internal standardization. The detailed oper-
ating conditions for the laser ablation system and ICP-MS instrument are provided in L. Zhang et al. (2019). 
The analytical precision generally was better than 10% for the standards BCR-2G and BHVO-2G (Table S7).

4.  Results
4.1.  Whole-Rock Compositions

The lavas analyzed in this study from the SCS seamounts have SiO2 values between 45.49 and 63.10 wt.% 
(Figure 3). Zhongnan and Zhenbei lavas belong to the alkaline series and are primarily basanite and tra-
chybasalt with one trachyandesite and several evolved trachytes, while Jiaolong and Shixingbei lavas plot 
in the tholeiitic basalt field (Figure  3a). The Zhongnan and Zhenbei alkaline lavas have higher alkalis 
(Na2O + K2O) (4.79–12.35 wt.%), Al2O3 (14.66–18.42 wt.%) and TiO2 (0.54–3.68 wt.%), and lower CaO (1.28–
10.42 wt.%) than Jiaolong and Shixingbei subalkaline lavas at a given MgO (Figure 3).

When normalized to primitive mantle (Figure 4a), the SCS seamount lavas show enrichments in incom-
patible elements, and positive anomalies of Nb and Ta. Some seamount lavas are characterized by pro-
nounced troughs in Sr and Ti (Figure 4a). In general, the Jiaolong and Shixingbei tholeiitic basalts have 
much lower incompatible trace element concentrations than the Zhongnan and Zhenbei lavas (Figure 4a). 
Notably, Jiaolong tholeiitic basalts have significantly lower concentrations of incompatible trace element 
than the other seamount lavas, similar to MORBs erupted during the SCS spreading stage (Figure 4a). The 
SCS seamount lavas show a large variation in La/Sm (2.31–10.0), Sm/Yb (0.93–3.89), and Nb/U (26.6–57.2) 
(Figures 4b–4d).

87Sr/86Sr and 143Nd/144Nd of lavas from the SCS seamounts are variable (Figure 5). The Jiaolong and Shixingbei 
tholeiitic basalts have lower 87Sr/86Sr (0.703121–0.703344) and higher 143Nd/144Nd (0.512916–0.513082) than 
the Zhongnan and Zhenbei lavas (0.703387–0.704732 for 87Sr/86Sr and 0.512686–0.512977 for 143Nd/144Nd) 
(Figure 5). The Jiaolong tholeiitic basalts are similar to the MORBs erupted during the SCS spreading stage 
in their Sr-Nd isotope compositions; whereas Sr-Nd isotope compositions of some Zhongnan and Zhenbei 
lavas tend toward an EM component (Figure 5). These data combined with published Sr-Nd-Pb data for the 
lavas in the SCS and surrounding area primarily plot between the depleted MORB mantle (DMM) and EM2 
mantle end-members (Figures 5 and S9).
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The SCS seamount lavas have much higher Mo contents (3.22–6.95 ppm) (Table S1) than those of MORB 
(average 0.48  ±  0.13  ppm) (Liang et  al.,  2017); the δ98/95Mo vary between −0.15 and −0.49 (Figures  5b 
and 5c), which is significantly lower than that of MORB (Figures 5b and 5c). The δ98/95Mo of SCS seamount 
lavas decrease with increasing 87Sr/86Sr and decreasing 143Nd/144Nd (Figures 5b and 5c). The SCS seamount 
lavas have a large range of 187Os/188Os from 0.1303 to 0.1490 (Figure 5d). Os concentrations range from 0.06 
to 0.20 ppb and Re concentrations vary from 0.046 to 0.15 ppb (Table S1). 187Re/188Os range from 0.62 to 12.1 
(Table S1). The Os isotope ratios are similar to those of previous results (0.1227–0.1829) for southern China 
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Figure 3.  Variation of major and minor element for whole rock, melt inclusion and glass from the South China Sea (SCS) seamounts Zhongnan, Zhenbei, 
Jiaolong, and Shixingbei. (a) Total alkali content (Na2O + K2O) versus SiO2, (b–f) FeO, Al2O3, CaO, TiO2, V/Sc versus MgO. Data for late Cenozoic lavas in the 
SCS and Southeast (SE) Asia (including SE China, Vietnam, and Thailand) are from the GEOROC database (http://georoc.mpchmainz.gwdg.de/georoc). Major 
element contents are normalized to 100% on a volatile-free basis. The V/Sc range of mid-ocean ridge basalt is from C.-T. A. Lee et al. (2005). Cpx, clinopyroxene; 
Ol, olivine; Pl, plagioclase.
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(e.g., Hainan) basalts in the northern SCS and are higher than most SCLM peridotites and MORBs (C.-Z. 
Liu, Snow, et al., 2008; Meisel et al., 2001) (Figure 5d).

4.2.  Glasses and Melt Inclusions

Volcanic glasses from the Jiaolong and Shixingbei seamounts are similar in composition to lavas from the 
same seamounts collected in this study, plotting in the tholeiitic basalt field (Figure 3a). The volcanic glasses 
have moderate MgO (5.76–8.49 wt.%), FeOt (9.37–11.54 wt.%) and Al2O3 (14.33–15.02 wt.%), relatively high 
CaO (10.72–12.98 wt.%), and low total alkalies (2.58–3.52 wt.%), and TiO2 (1.10–2.40 wt.%) (Figure 3). Major 
element oxides, such as Al2O3 and CaO, show positive correlations with MgO, while TiO2 and FeOt yield 
negative correlations (Figure 3).

Melt inclusions in olivines from the SCS seamount lavas after corrections for post-entrapment modifications 
(see supplementary materials for details) have moderate MgO (5.76–8.49 wt.%), FeOt (9.37–11.54 wt.%) and 
Al2O3 (14.33–15.02 wt.%), relatively high CaO (10.72–12.98 wt.%), and low total alkalies (2.58–3.52 wt.%), 
and TiO2 (1.10–2.40 wt.%). Al2O3 and total alkalies of the SCS seamount melt inclusions largely show nega-
tive correlations with MgO (Figure 3). Therefore, melt inclusion compositions record liquid lines of descent 
that are controlled by olivine fractionation and are consistent with the whole-rock compositions (Figure 3).
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Figure 4.  (a) Primitive mantle-normalized multi-element diagram for whole rock and glass from the South China Sea (SCS) seamounts Zhongnan, Zhenbei, 
Jiaolong, and Shixingbei. (b) La/Sm versus Sm/Yb. (c) 143Nd/143Nd versus La/Sm. (d) Ba/Th versus Nb/U. Variations in Nb/U and Ba/Th ratios during 
dehydration of recycled crustal materials are calculated following Pietruszka et al. (2013). Primitive mantle, N-mid-ocean ridge basalt (MORB), and E-MORB 
(Sun & McDonough, 1989), the SCS spreading stage MORB (G.-L. Zhang, Luo, et al., 2018; L. Zhang, Ren, et al., 2018), late Cenozoic lavas in the SCS and 
Southeast Asia from the GEOROC database (http://georoc.mpchmainz.gwdg.de/georoc), the trace-element ratios and Sr-Nd isotopes for Pacific and Indian 
MORBs (Stracke, 2012), fresh or altered oceanic crust (Pietruszka et al., 2013; Sun & McDonough, 1989), and sediments (Plank & Langmuir, 1998) are shown 
for comparison. DMM, depleted MORB mantle; EM2, enriched mantle 2.
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The volcanic glasses from the SCS seamounts have H2O contents of 0.22–0.79 wt.%, and H2O/Ce of 242–282 
(Figures 6a, 6b and S1). The measured H2O contents and H2O/Ce of the SCS seamount volcanic glasses are 
largely similar to those for the primary melts of the Hainan basalts (0.28–1.24wt.% for H2O contents and 
50–319 for H2O/Ce; Gu et al., 2019) in southern China, to the north of the SCS (Figures 6a and 6b).

The 3He/4He isotopic ratios of volcanic glasses in SCS seamounts range from 7.36 to 8.03 R/RA (Figures 6c 
and 6d). The most striking feature of these results is that the 3He/4He of the SCS glasses all fall within a 
relatively narrow range of ambient mantle MORBs (Figures 6c and 6d).
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Figure 5.  Isotopic compositions of the South China Sea (SCS) seamounts lavas. (a) Variation of 87Sr/86Sr versus 143Nd/143Nd, (b) δ98/95Mo versus 87Sr/86Sr, (c) 
δ98/95Mo versus 143Nd/143Nd, and (d) 187Os/188Os versus 143Nd/143Nd. The modeling results (those presented here are not unique) show mixing trends between 
depleted end-component (depleted MORB mantle [DMM]) and recycled oceanic crust and sediments. Data used for mixing calculation are as follows: 
DMM (87Sr/86Sr = 0.7031, 143Nd/143Nd = 0.51304, δ98/95Mo = −0.05, 187Os/188Os = 0.125, Sr = 9.8 ppm, Nd = 0.83 ppm, Mo = 0.03 ppm, Os = 3 ppb) (Bezard 
et al., 2016; Gannoun et al., 2007; Workman & Hart, 2005; G.-L. Zhang, Luo, et al., 2018; L. Zhang, Ren, et al., 2018), recycled oceanic crust (87Sr/86Sr = 0.70429, 
143Nd/143Nd = 0.51305, δ98/95Mo = −0.8, 187Os/188Os = 0.5, Sr = 98.5 ppm, Nd = 8.3 ppm, Mo = 0.31 ppm, Os = 0.05 ppb) (Freymuth et al., 2015; Hauff 
et al., 2003; Hofmann, 1988; Peucker-Ehrenbrink et al., 2012), sediment (87Sr/86Sr = 0.71236, 143Nd/143Nd = 0.51221, δ98/95Mo = −0.45, 187Os/188Os = 0.6, 
Sr = 222 ppm, Nd = 24.8 ppm, Mo = 5 ppm, Os = 0.1 ppb) (Gaschnig et al., 2017; Peucker-Ehrenbrink et al., 1995; Plank & Langmuir, 1998); dashed line 
showing mixing between depleted peridotite-derived melts (Os = 0.5 ppb, Nd = 8.0 ppm), and partial melts of recycled oceanic crust (Os = 0.05 ppb, 
Nd = 8.3 ppm) and recycled sediment (Os = 0.1 ppm, Nd = 24.8 ppm). Sources of data: Sr and Nd isotopes of the SCS spreading stage mid-ocean ridge basalt 
(MORB)-type lavas from G.-L. Zhang, Luo, et al. (2018) and L. Zhang, Ren, et al. (2018), Pacific MORBs from Stracke (2012), and Jurassic Pacific crust from 
Hauff et al. (2003), subcontinental lithospheric mantle (SCLM) represented by the lithospheric mantle xenoliths beneath Southeast (SE) China from C.-Z. 
Liu, Snow, et al. (2008), Tatsumoto et al. (1992), and Xu et al. (2003); Mo isotope of typical MORB from Bezard et al. (2016) and Liang et al. (2017), typical 
continental intraplate basalts (Cameroon Line basalts) and Trinidade basalts from Liang et al. (2017), the lithospheric mantle xenoliths from Liang et al. (2017); 
Os isotope of Hainan basalts in South China from X. C. Wang et al. (2013), Philippine Sea Plate (PSP) basalts from Dale et al. (2008), the lithospheric mantle 
xenoliths beneath SE China from C.-Z. Liu et al. (2017), MORB from Gannoun et al. (2007). The detailed references for the published data of lavas from the 
SCS and SE Asia are provided in the Supporting Information. Data sources for EM1-type (Pitcairn islands) and EM2-type oceanic island basalts (Samoa islands) 
have been compiled by Stracke et al. (2003). The error bars correspond to 2 standard error (2 SE).
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4.3.  Olivine and Spinel

Olivines from the SCS seamount lava show a relatively large range of Fo contents (80.3–86.8) (Figure 7). 
Their Fo contents correlate positively with Ni (1,014–2,871 ppm) and Cr (21–366), and negatively with Mn 
(1,442–2,335 ppm) (Figure 7). No correlation is seen with Ca (893–2,150 ppm), Fe/Mn (53–70), or Ni/(Mg/
Fe)/1,000 (0.49–1.02) (Figure 7). As a whole, the SCS seamount olivines have lower Ni, Fe/Mn, Ni/(Mg/
Fe)/1,000, and NiO/MnO, and higher Mn than the olivines in SE Asia (e.g., Hainan and Indochina) basalts 
(Figures 7 and 8).

Spinel inclusions hosted by the olivines are characterized by high Al2O3, moderate TiO2 (0.36–1.82 wt%), 
and relatively low Cr# (25–45) (Figure S2 and Table S5). Overall, spinel inclusions plot in the composi-
tional range of spinel from volcanic rocks, with higher TiO2 contents than those from mantle peridotites 
(Figure S2).
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Figure 6.  Compositions of volcanic glasses from the South China Sea (SCS) seamounts. (a) Comparison of water contents in the SCS seamount volcanic 
glasses with those from different geological settings. The water contents of the Hainan basalts (Gu et al., 2019), Zhejiang basalt (S.-C. Liu et al., 2016), North 
and Northeast China basalts (Q. K. Xia et al., 2017), Bermuda lavas (Mazza et al., 2019), oceanic island basalt (OIB), normal mid-ocean ridge basalt (MORB), 
back-arc basin basalt (BABB), and island arc basalt (IAB) (Dixon et al., 2004) are included for comparison. (b) H2O/Ce versus Ba/Th. Rectangles show the 
possible mantle source end members. H2O/Ce for lower continental crust (LCC) (<50), and recycled altered and dehydrated oceanic crust and sediments are 
from Dixon et al. (2002), X. Z. Yang et al. (2008), and references therein. Ba/Th for depleted MORB mantle, LCC, and recycled dehydrated and altered oceanic 
and sediments are from Workman and Hart (2005), Rudnick and Gao (2003), and Plank and Langmuir (1998). H2O/Ce and Ba/Th of Bermuda lavas and global 
MORB are from Mazza et al. (2019) and Le Voyer et al. (2019), respectively. (c) 3He/4He verus Th, (d) 3He/4He verus 4He of glasses from the SCS seamounts. The 
data for OIB, MORB, and continental lithosphere mantle xenoliths are shown for comparison (Class & Goldstein, 2005; Day et al., 2005).
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Figure 7.  Plots of Mg# versus (a) Ni, (b) Ca, (c) Mn, (d) Cr, (e) Fe/Mn, and (f) Ni/(Mg/Fe)/1,000 in olivines from basalts in the Zhenbei and Zhongnan 
seamounts. Also shown are data for olivines in lavas from Southeast Asia (An et al., 2017; Gu et al., 2019; T. H. A. Hoang et al., 2018; J. Q. Liu et al., 2015; X. C. 
Wang et al., 2012), mid-ocean ridge basalt (MORB), Koolau basalts in Hawaii and komatiites (Sobolev et al., 2007), and HIMU basalts (Weiss et al., 2016) for 
comparison. The black bold curve is the calculated Ni content in olivine crystallized from all primary melts generated from a peridotite source with 1,960 ppm. 
Ni with the gray field representing ±1σ uncertainty (Herzberg et al., 2014); the black hatched area and black curves denote the calculated Ni content of olivine 
from olivine fractionated derivative melts from primary magmas (Herzberg et al., 2014). The red solid and dashed lines are for olivine that crystallized from 
primary magmas (red crosses) generated from Ni-rich fertile peridotite with 2,360 ppm Ni that subsequently fractionated olivine, and olivine and clinopyroxene 
(30% and 70%) (Herzberg et al., 2014).
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4.4.  Zircon U-Pb Ages

Zircons are mostly euhedral and prismatic, devoid of discernible inherit-
ed cores, and display igneous oscillatory zoning under cathodolumines-
cence (CL) (Figure S3). Zircon grains from the Zhongnan trachyte 2056-
R10 and 2056-R14 give a weighted mean 206Pb/238U age of 8.91 ± 0.08 Ma 
(n = 65, MSWD = 1.5; Figure S3a), and a concordia age of 9.0 ± 0.08 Ma 
(n = 29, MSWD = 1.3; Figure S3b). U-Pb dating of zircon grains from the 
Zhenbei trachyte yields a weighted mean 206Pb/238U age of 7.80 ± 0.13 Ma 
and a concordia age of 8.0 ± 0.23 Ma (n = 21, MSWD = 3.4; Figure S3c).

5.  Discussion
5.1.  Fractional Crystallization and Redox Condition of the SCS 
Magmas

The major element compositions of the SCS seamount lavas vary widely 
(Figure 3). The fractionation of olivine leads to decreasing MgO, whereas 
clinopyroxene fractionation leads to decreasing CaO at MgO contents of 
<8 wt % (Figure 3d). The slight increase in V/Sc ratios with decreasing 
MgO below 8 wt % MgO (Figure 3f) also indicates that minor clinopy-
roxene fractionation likely took place, because clinopyroxene partitions 
V over Sc, while V is compatible in ilmenite and magnetite (C.-T. A. Lee 
et al., 2005). The decreasing FeOT and TiO2 contents in lavas with less 
than 4.5 wt % MgO is consistent with the crystallization of Fe-Ti oxides 
(e.g., ilmenite and magnetite) (Figures 3b and 3e).

Crystallization temperatures for basaltic melts were calculated using 
different geothermometers based on Al partitioning between coexist-
ing olivine and Cr-spinel, and Fe/Mg partitioning between olivine and 
melt (Coogan et al., 2014; Danyushevsky & Plechov, 2011; Putirka, 2008). 
The calculated temperatures are plotted against Fo content in Figures 9a 
and S4b. The reported possible uncertainty, involving errors in the analy-
sis of Al in olivine, are ±30°C for the olivine-spinel thermometry (Coogan 
et al., 2014), and ±20°C for the olivine-melt thermometry (Danyushevsky 
& Plechov,  2011). In general, the crystallization temperatures calculat-
ed using different thermometers for the same olivine agree within those 
uncertainties (Figures 9a and S4b). As expected, the data show progres-
sively decreasing crystallization temperatures with decreasing olivine Fo 
content (Figures 9a and S4b). The calculated crystallization temperatures 
of the olivine phenocrysts in the SCS seamount lavas range from 1140 
to 1303°C, which overlap with the range of temperatures recorded for 
MORB (1125–1270°C) (Coogan et al., 2014), and are considerably low-
er than those of mantle-plume related large-igneous providences and 
komatiites (Figure 9a).

Precise constraints on the variability of Earth's upper mantle redox state are critical because of their ef-
fect on our interpretation of evolution of mantle (Foley et al., 2013; Kelley & Cottrell, 2009; C.-T. A. Lee 
et al., 2010), and the temperature of mantle melting (Putirka et al., 2007). Because the partitioning of V 
between olivine and melt (DV

Ol/melt) at different redox conditions are well-studied experimentally, DV
Ol/melt 

provides a reliable record of fO2 conditions of magmas and potentially of their mantle sources (Mallmann 
& O'Neill, 2013).

Here we use the DV
Ol/melt oxybarometer (Mallmann & O'Neill, 2013) to calculate the oxygen fugacity fO2 of 

the SCS seamount magmas. The DV
Ol/melt oxybarometer yields log fO2 values ranging from ΔFMQ −0.06 to 

ΔFMQ +0.38 (mean 0.21) (oxygen fugacity expressed in log unit deviations from the FMQ buffer) for the 
Zhongnan basalts and from ΔFMQ −0.06 to ΔFMQ +0.35 (mean 0.17) for the Zhenbei basalts (Figure 9b). 
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Figure 8.  (a) Fo (%) versus NiO/MnO in olivines from the Zhongnan 
and Zhenbei seamounts. Olivine data for mid-ocean ridge basalt (MORB), 
Hawaii, and Siberian data are from Sobolev et al. (2007), data source for 
olivine in late Cenozoic lavas from Southeast Asia are same as Figure 7. (b) 
NiO/MnOFo89 (NiO/MnO at olivine Fo contents of 89) for olivines from the 
South China Sea seamounts, Zhongnan and Zhenbei, versus lithosphere-
asthenosphere boundary depth (km) compared to other settings and the 1, 
3, and 4 GPa experiments of Matzen, Baker, et al. (2017). The lithosphere-
asthenosphere depths for Etendeka and Karoo are compiled from Howarth 
and Harris (2017), and the MORB, Iceland and Hawaii data were compiled 
from Sobolev et al. (2007).
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These values are similar to those of MORB (ΔFMQ ± 0.25; [Cottrell & 
Kelley, 2011]), but much more reduced compared to those typically re-
ported for some island arc basalts (IAB; ΔFMQ +0.2–+1.8) (Kelley & 
Cottrell,  2009) (Figure  9b). Additionally, the spinel-olivine pair oxyba-
rometer (Ballhaus et al., 1991) gives log fO2 values ranging from ΔFMQ 
+0.10 to ΔFMQ +0.68 (mean 0.33) for the Zhongnan basalts, and from 
ΔFMQ +0.02 to ΔFMQ +0.62 (mean 0.34) for the Zhenbei basalts (Fig-
ure 9b), which agree with the estimates from the DV

Ol/melt oxybarometer. 
Overall, the closely comparable redox conditions inferred from different 
oxybarometers (Figure 9b) gives us confidence that the calculated values 
are reliable.

5.2.  Origin of Mantle Source Components in the Late Cenozoic 
Lavas

The SCS seamount and SE Asia lavas have a large range in isotopic com-
positions (Figure 5). It is critical to determine if this isotopic variability 
reflects a heterogeneous source, or whether processes such as altera-
tion or crustal contamination during magma ascent and emplacement 
has modified the isotopic signal. Seawater alteration might alter Sr and 
Mo isotopes, but do not affect Nd isotopes of oceanic lavas (Freymuth 
et  al.,  2015; Menuge et  al.,  1989) (Figure  5). Given the strong correla-
tions between Sr and Mo isotope, and Nd isotope (Figure 5), the effect 
of seawater alteration on the Sr and Mo isotopes in our samples is most 
probably minimal, if any. Moreover, seawater alteration would introduce 
isotopically heavy, seawater-derived Mo into the uppermost oceanic crust 
(Freymuth et al., 2015). Thus, the relatively light Mo isotopes of the SCS 
lava samples are not consistent with seawater alteration and the Sr-Nd-
Mo isotope compositions of the lavas are primary features.

It is noteworthy that the isotopes of most lavas do not appear to be sig-
nificantly affected by crustal assimilation, as suggested by 143Nd/144Nd, 
206Pb/204Pb, 187Os/188Os, and δ98/95Mo in the basalts being mostly inde-
pendent of the MgO, SiO2, Os, or Mo content in these lavas (Figure S5). 
Additionally, coring and seismic data have revealed the lithosphere 
beneath the SCS to be typical oceanic nature, and MORB-like isotopic 
compositions are common (low 87Sr/86Sr and high 143Nd/144Nd) (G.-L. 
Zhang, Luo, et al., 2018; L. Zhang, Ren, et al., 2018) (Figures 5 and S5). 
Thus, contamination of mantle-derived melts with high MgO by oceanic 
lithospheric materials during magma ascent cannot account for the rela-
tively low 143Nd/144Nd ratios of some SCS seamount lavas with low MgO 
(Figure S5). However, four lavas (two lavas from Hainan island and two 
relatively evolved trachyte 2056-R14 and R22 from Zhongnan seamount) 

with much more radiogenic Os isotope but low Os and MgO contents makes it likely that its Os-isotope 
composition reflects minor assimilation of radiogenic crust or sediments (Day, 2013) (Figure S5).

The late Cenozoic lavas from the SCS seamounts and SE Asia have overlapping isotopic compositions, 
which suggests that they may share common mantle sources (Figure 5a). The isotope systematics broadly 
define linear arrays in multi-isotope plots, consistent with mixing between a (DMM, and an EM2-like com-
ponent (An et al., 2017; N. Hoang et al., 1996; T. H. A. Hoang et al., 2018; Yan et al., 2018; Zou & Fan, 2010) 
(Figure  5). The covariations of δ98/95Mo with Sr-Nd isotopes also trace the mixing process of these two 
main components in the mantle. As shown in Figure 5, the SCS seamount lavas with high 87Sr/86Sr and 
low 143Nd/144Nd typically show low δ98/95Mo, indicating that at least an enriched component in the man-
tle source has low δ98/95Mo value, while the depleted end-member shows a normal ambient mantle-like 
δ98/95Mo value (Bezard et al., 2016; Liang et al., 2017).
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Figure 9.  (a) Al-in-olivine crystallization temperatures for the South 
China Sea (SCS) seamount lavas in comparison to LIPs, komatiites, 
and other normal mid-ocean ridge basalt (MORB). Al-in-olivine 
crystallization temperatures for Iceland, Abitibi, Karoo, Emeishan, North 
Atlantic igneous province, Curacao, Gorgona, and the Tortugal terrane 
from Trela et al. (2017), and SCS spreading stage MORB from F. Yang 
et al. (2019). Al-in-olivine thermometer (Coogan et al., 2014) uses the 
composition of the spinel inclusions and their host olivines. Al-in-olivine 
thermometer is advantageous due to the slow diffusion of Al and Cr and 
its independence from crystallization pressure, oxygen fugacity and source 
lithology (Coogan et al., 2014). (b) Redox conditions (expressed as ΔFMQ) 
estimated for the SCS seamount magmas compared to those inferred for 
the SCS spreading stage MORB (F. Yang et al., 2019), MORB, BABB, and 
IAB (Kelley & Cottrell, 2009). Log fO2 ΔFMQ for basalts from the SCS 
seamounts, Zhongnan and Zhenbei, using two different methods: DV

Ol/melt 

oxybarometer based on experimental V partitioning between olivine 
and melt (melt inclusion) with an uncertainty of ±0.25 log10 units fO2 
(Mallmann & O'Neil, 2013) and the spinel-olivine pairs oxybarometer 
(Ballhaus et al., 1991).
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Among the SCS seamount lavas, the Jiaolong seamount basalts have the most depleted Sr-Nd isotopic com-
positions (Figures 4 and 5a) and have the lowest trace element concentrations with typical MORB-like trace 
element signatures (Figure 4). The trace element (low La/Sm and Sm/Yb) and Sr-Nd isotopes (depleted 
Sr-Nd isotopes) of the Jiaolong seamount basalts are similar to those of the SCS spreading stage MORBs 
(G.-L. Zhang, Luo, et al., 2018; L. Zhang, Ren, et al., 2018), also supporting the need for a mantle endmem-
ber found in the lavas likely sampled from the asthenospheric mantle (Figures 4 and 5). Thus, the Jiaolong 
seamount basalts can be regarded as representing the depleted end-member, likely to be produced by partial 
melting of the SCS asthenosphere under a relatively thin lithosphere.

Lithospheric peridotite xenoliths entrapped by Cenozoic basalts from SE China differ significantly from 
the mixing line between the enriched and depleted mantle end-member in the asthenosphere (Tatsumoto 
et al., 1992; Xu et al., 2003) and do not support late Cenozoic lavas being directly generated from the lith-
ospheric mantle. Additionally, the wide ranges in Os content and 187Os/188Os in late Cenozoic lavas in the 
SCS and surrounding area are attributed mainly to mantle source heterogeneity (Figure 5). The correlation 
between 187Os/188Os and 143Nd/144Nd of late Cenozoic lavas in the SCS and surrounding area indicate a high 
187Os/188Os signature in the EM component (Figure 5). The SCLM beneath SE China represented by mantle 
peridotite xenoliths largely has relatively low 187Os/188Os (C.-Z. Liu et al., 2017), and thus makes it unlikely 
that the SCLM is the origin of the EM signature (Figure 5), although small degrees of melting of metaso-
matic veins in the SCLM observed in some locations may produce radiogenic Os signatures (as well as the 
enriched Sr and Nd isotope signatures).

Alternatively, the origin of the enriched composition of the late Cenozoic volcanism could be derived from 
an influx of Indian MORB-mantle as a result of the northern movement of the Australian Plate (Hickey-Var-
gas et al., 1995). Most MORBs have a slightly sub-chondritic Mo isotope composition (δ98/95Mo ranging from 
−0.24 to 0.16‰) (Bezard et al., 2016; Liang et al., 2017). Thus, the influx of Indian MORB into mantle source 
cannot explain the significantly light Mo isotope of some SCS seamount lavas (Figure 5). As shown in Fig-
ure S7, the array for late Cenozoic lavas is different from the Indian MORB, requiring a distinct end-member 
with “high 206Pb/204Pb and 87Sr/86Sr, and low 143Nd/144Nd,” suggesting that an influx of Indian MORB mantle 
domain cannot account for the origin of mantle source heterogeneity of SCS marginal basin lavas.

Previous studies (Jackson et al., 2007; Willbold & Stracke, 2010; Workman et al., 2008) suggest that recy-
cled continent-derived sediment or upper continental crust are required to explain enriched 87Sr/86Sr and 
143Nd/144Nd in EM2 lavas. The correlations of δ98/95Mo with 87Sr/86Sr and 143Nd/144Nd in Figure 5 indicate 
that the enriched component with a very light Mo isotope signature is required to explain the variation 
in δ98/95Mo observed in these lavas. Subduction-modified (dehydrated) recycled oceanic crust and sedi-
ment may have a very light Mo isotope composition (Freymuth et al., 2015; Gaschnig et al., 2017; König 
et  al.,  2016). It is reasonable that subduction-modified recycled oceanic crust and sediment explain the 
low δ98/95Mo signature of some SCS seamount lavas (Figure 5). Additionally, recycled oceanic crust and 
sediments involved in the mantle source can explain the large variation in Ba/Th and Nb/U (Figure 4d), 
and relatively radiogenic 187Os/188Os observed in late Cenozoic lavas (Figure 5d). Furthermore, our isotope 
modeling results (Figures 5 and S7) show that the source of the late Cenozoic lavas is a mixture of predom-
inantly ambient DMM with some dehydrated recycled Mesozoic Pacific oceanic crust and sediments.

While degassing is partly responsible for these variations, there are high water concentrations that translate 
into high H2O/Ce (e.g., 242–282 for the SCS volcanic glasses, this study) observed in the late Cenozoic lavas 
in SE China (Figure S1). H2O/Ce (242–282) in the SCS seamount volcanic glasses (Figure 6b) are much 
higher than those of the lower continental crust granulites in SE China (15–28) (X. Z. Yang et al., 2008). Al-
teration by seawater and during subduction would modify volatile and fluid-mobile element contents (e.g., 
H2O and Ba) of recycled crustal materials (Dixon et al., 2002; Kelley et al., 2005; S.-C. Liu et al., 2016). The 
dehydrated recycled oceanic basalts generally have low H2O/Ce and Ba/Th ratios, while recycled altered 
oceanic crust and sediments can carry more water into the mantle, and have high H2O/Ce (up to 1,200) and 
Ba/Th (Dixon et al., 2002; Plank & Langmuir, 1998). Thus, contamination of the upper mantle by recycled 
oceanic crust and sediments can explain the volatile and isotopic signature of the SCS seamount lavas. Sim-
ilarly, late Cenozoic lavas in SCS surrounding areas (e.g., Zhenjiang and Hainan basalts in South China) are 
characterized by a large variation in H2O/Ce (50–319 for the Hainan basalts and 100–430 for the Zhengjiang 
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basalts; Gu et al., 2019; S.-C. Liu et al., 2016) (Figure 6), which is also consistent with incorporation of recy-
cled oceanic materials with heterogeneous volatile contents.

5.3.  Record of the Mineralogy of the Mantle Sources

Olivine is commonly the earliest silicate mineral to crystallize from mantle-derived melts. Minor and trace 
elements (e.g., Ca, Cr, Mn, Ni, Co, Al, and Zn) in olivine in mafic rocks have the potential to record informa-
tion about the mineralogy of the mantle source that melted to produce those magmas (De Hoog et al., 2010; 
Foley et al., 2013; Gazel et al., 2018; Herzberg, 2011; Kamenetsky et al., 2012; Matzen, Wood, et al., 2017; 
Sobolev et al., 2007; Trela et al., 2017).

Olivines from the SCS seamount lavas have Ni contents that are comparable to those derived from peridotite 
melts (e.g., MORBs) at a given Fo value, and significantly lower than those from the Koolau basalts, Hawaii, 
for which large volumes of pyroxenite have been proposed in the source (Sobolev et al., 2007) (Figure 7). 
In addition, it has been suggested that liquids with low Mn and Ca contents observed result from partial 
melting of a dominantly pyroxenite source due to Mn and Ca being more compatible in pyroxene relative to 
olivine (Herzberg, 2011; Sobolev et al., 2007). The high Ca and Mn values of the SCS seamount olivines are 
similar to those for olivine in equilibrium with dominantly peridotite-derived melts (Sobolev et al., 2007) 
(Figures 7b and 7c). The SCS seamount olivines are more consistent with a dominantly peridotite source, 
with lower Fe/Mn, as well as Ni/(Mg/Fe)/100, overlapping with MORB olivines (Figures  7e and  7f). A 
dominantly peridotite source for the SCS seamount basalts is also supported by other first-row transition 
element ratios (e.g., relatively constant Zn/Fe and Zn/Mn) in the olivine phenocrysts (Le Roux et al., 2011) 
(Figures S6e and S6f). Therefore, the olivine phenocrysts indicate that peridotite was the main source lithol-
ogy sampled by the SCS seamount lavas.

In contrast, the olivine phenocrysts in basalts from SE Asia have higher Ni contents, with an apparent gap 
occurring between these olivines and those from the SCS seamount basalts and MORBs (Figure 7a). Two 
main processes may result in the clear difference in Ni contents of olivine phenocrysts from the SCS sea-
mount basalts, and those in basalts from SE Asia: (a) a different mantle source mineralogy (Herzberg, 2011; 
Sobolev et al., 2007; X. C. Wang et al., 2012), and (b) differences in the pressure at which partial melts segre-
gate from the mantle source (Howarth & Harris, 2017; Matzen, Baker, et al., 2017; Niu et al., 2011).

An olivine-poor, pyroxenitic mantle source would partition more Ni into the liquid phase than peridotite 
source during partial melting owing to the lower bulk partition coefficient for Ni (Herzberg, 2011; Sobolev 
et al., 2007). Ni and Mn contents in olivines from late Cenozoic basalts from SE Asia and SCS seamount 
correlate with their lithospheric thickness (Figure 8). At a fixed mantle temperature, pyroxenite commonly 
begins to melt at higher pressures than peridotite (Herzberg, 2011; Sobolev et al., 2007); thus, in the SE Asia, 
where the lithosphere is thick, the mean partial melting depth is higher, and the final melts produced would 
be expected to include a larger proportion of pyroxenite-derived liquids. A similar feature is also observed 
for the natural data set: olivines that erupt on thin lithosphere tend to have low Ni and high Mn contents, 
while olivines erupted on thicker lithosphere largely have higher Ni and lower Mn contents (e.g., MORBs) 
(Matzen, Wood, et al., 2017; Sobolev et al., 2007) (Figure 8). Alternatively, the observed variations in Ni and 
Mn is attributed to pressure-related variations of the partition coefficient of nickel in olivine (Matzen, Bak-
er, et al., 2017; Niu et al., 2011). The range of (NiO/MnO)Fo89 ratios for the SCS seamount olivines analyzed 
in this study are similar to the results from experiments by Matzen, Baker, et al. (2017) at 1 GPa (10 kbar), 
as well as those for olivine where the lithosphere is thin, such as Iceland and MORB, compiled by Matzen, 
Wood, et al. (2017) (Figures 8a and 8b). This suggests that the Ni and Mn contents of the SCS seamount 
olivines are consistent with partial melts of peridotites segregating at various pressures corresponding to 
the lithosphere-asthenosphere boundary (LAB). The higher Ni contents in the SE Asia olivines relative 
to the olivines from the SCS seamounts can be largely explained by differences in mantle melting depth 
(Figure  8b), with the SE Asia olivines coming from deeper. Furthermore, the depths of mantle melting 
(Figure 8b) independently predicted by the correlation between Mn-Ni contents of olivine phenocrysts ob-
served and the model results of Matzen, Baker, et al. (2017) agree, within uncertainty, with well constrained 
geophysical data that indicate that the LAB beneath the SCS and SE Asia is at a depth of 40 and 60–75 km, 
respectively (Wu et al., 2004; T. Yang et al., 2015). Similar lithological characteristics for the source of these 
basalts is also supported by the similarity in whole-rock chemical and isotopic compositions between the 
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SE and the SCS seamount basalts (Figures 3, 4 and 5a). Thus, although a 
recycled pyroxenitic component cannot be ruled out in the mantle source 
regions of basalts from the SCS seamount and SE Asia, major and minor 
elements (including the observed Ni and Mn contents of olivines) can be 
simply explained by partial melting of a dominantly peridotitic source.

5.4.  A Model for the Generation of Late Cenozoic Magmatism

The lack of age progression and discrete erupted volumes of late Cenozo-
ic magmatism in SE Asia argue against a deeply rooted mantle plume as 
the source of these intraplate volcanoes. The low crystallization temper-
atures of the SCS seamount lavas (Figure 9) are also inconsistent with a 
hot-plume anchored in the deep mantle. Finally, the 3He/4He of the SCS 
seamount basalts are among the range reported for MORB away from 
hotspot influence (Figures 6c and 6d). Therefore, it is necessary to pro-
pose an alternative model to explain the origin of late Cenozoic magma-
tism along SE Asia.

Geophysical studies have identified stagnant oceanic slabs in the man-
tle transition zone (MTZ) beneath SE Asia (Huang et  al.,  2015; C. Li 
et al., 2008). Numerical modeling suggests that slab stagnation and re-
treat have the potential to trigger mantle upwelling around the MTZ (J. 
Yang & Faccenda,  2020). Here, we propose that the stagnant slab trig-
gered instabilities in the MTZ that resulted in discrete but widespread up-
wellings, consistent with the small-scale footprint of intraplate volcanoes 
in the SCS and SE Asia (Figure 10). In this case, according to Thomson 
et al. (2016), the thermal gradient of the subducted slab, whether hot or 
cold, would intersect the solidi of carbonated peridotite/eclogite in the 
MTZ. Carbonated fluids/melts from subducted ocean crust and marine 
sediments stored in the transition zone could have metasomatized the 
overlying mantle. Carbonated silicate melts found in the post-spreading 
stage provide direct evidence for CO2 in the mantle beneath the SCS (G.-
L. Zhang et al., 2017). Models that suggest upwelling induced by stagnant 
slabs have also been proposed to explain other intraplate volcanic regions 

in the Tethyan tectonic belt (e.g., Mediterranean and Turkish-Iranian Plateau) characterized by subduction 
of the Tethys Ocean (Lustrino & Wilson, 2007; Soltanmohammadi et al., 2018), the extreme HIMU lavas 
from Bermuda (Mazza et al., 2019), Australia's east coast volcanoes (Mather et al., 2020), and Eastern Chi-
na associated with the long-term subduction of the Pacific slab (J. Yang & Faccenda, 2020). Notably, the 
lavas erupted in different volcanic regions sample distinct mantle reservoirs from the MTZ. For example, 
Cenozoic lavas in northeast China sampled a dominantly EM1 component (X.-J. Wang et al., 2017), while 
the volcanic fields of east Australia-Zealandia have sampled two distinct mantle reservoirs from the MTZ: 
HIMU in the south and EM1/EM2 in the north (Mather et al., 2020).

An important question is how the recycled oceanic crust and sediment signature is transferred to the mantle 
source of late Cenozoic lavas. As mentioned above, the geochemical compositions of late Cenozoic lavas 
are readily interpreted by mixing a depleted mantle source with small amounts of recycled Mesozoic Pa-
cific oceanic and sediment, reflecting a more recent influx of oceanic lithosphere into the MTZ. Thus, it is 
possible that the late Cenozoic lavas sample an EM reservoir near the MTZ consistent with past subduction 
(possibly related to Paleo-Pacific plate subduction), and the magmas acquired the enriched signature from 
recycled materials at relatively shallow levels in the upper mantle.

We note that the compositions (e.g., low trace element contents, La/Sm and Sm/Yb, and depleted Sr and Nd 
isotope) of the Jiaolong seamount tholeiites resemble the SCS spreading-stage MORBs (Figures 4 and 5a). 
The lavas from other seamounts (Shixingbei, Zhongnan, and Zhenbei) show trace element patterns that are 
more enriched than the SCS spreading basalts (high trace element contents, La/Sm and Sm/Yb, Figure 4), 
and have higher 87Sr/86Sr, and lower 143Nd/144Nd than the SCS spreading-stage MORBs (Figures 4 and 5a). 
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Figure 10.  (a) Map of the South China Sea (SCS) and adjacent regions. (b) 
Schematic cross section (line A1–A2 in (a)) illustrating magmatism caused 
by decompression-induced partial melting of mantle upwelling from the 
mantle transition zone to the shallow asthenosphere during the Cenozoic 
in Southeast Asia.
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Shallow processes such as variations in lithospheric thickness that together with mantle source hetero-
geneity (a mixture of different components with different solidus temperatures), lead to compositionally 
distinct melting trends observed in this study. A large degree of partial melting under a thin lithosphere 
produces normal MORB-like melts represented by some Jiaolong seamount and spreading ridge lavas. In 
contrast, under thick lithosphere, chemically enriched and more fusible mantle components melt preferen-
tially at deeper depths, thereby lowering the degree of melting of surrounding refractory mantle peridotite 
(Sleep, 1984). In that case, these melts record geochemically enriched and more fusible mantle components 
with higher alkalies and volatile contents. Consequently, the higher degrees of melting and magma mixing 
during the spreading stage have erased much of the heterogeneity in the upper mantle beneath the SCS.

6.  Conclusions
This study presents zircon U-Pb ages, olivine, spinel and melt inclusion compositions, as well as whole-rock 
chemical and Sr-Nd-Mo-Os isotopic compositions of lavas from the SCS Zhongnan and Zhenbei seamounts, 
and glass compositions and whole-rock chemical and Sr-Nd isotopic compositions of lavas from the SCS 
Jiaolong and Shixibei seamounts.

1.	 �Zircon dating results show that Zhongnan and Zhenbei seamounts formed at 9.0 and 7.80 Ma, respectively.
2.	 �Isotope data, together with previously published results of late Cenozoic lavas from SE Asia, can be ex-

plained by mixing between an EM2 mantle and a DMM component. The EM2 signature was inherited 
from recycled young oceanic crust and sediments.

3.	 �Olivine phenocryst compositions indicate that late Cenozoic melts were derived from an olivine-domi-
nated (peridotitic) mantle source.

4.	 �Combined with geophysical data and tectonic evolution, late Cenozoic magmatism is not related to a 
deep mantle plume but is more consistent with widespread upwelling from the MTZ triggered by a ther-
mal/physical instability due to the occurrence of a stagnant slab.

5.	 �Our study provides new insights into the role of deep recycling of subducted oceanic crust stagnant 
within the MTZ in generating mantle heterogeneities.

Data Availability Statement
The data in this paper are available in Zenodo Data (http://doi.org/10.5281/zenodo.5089069) or Supporting 
Information.
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