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Geochemical heterogeneities observed in the mantle are usually attributed to recycling of oceanic lithosphere through subduction. However, it remains hotly debated where recycled material stagnates, and how quickly it can be liberated back to surface. This knowledge gap hinders our understanding of mantle circulation and the chemical evolution of the Earth. Here we address these questions using a combination of geochronology and geochemistry from South China Sea (SCS) seamounts. The Shixingbei seamount lavas formed during active seafloor spreading at c. 19.1 Ma show limited geochemical variability, whereas the Zhenbei-Huangyan seamount chain formed during the post-spreading stage at c. 7.8 Ma and displays a wide range of compositions. However, melt inclusions in olivine and plagioclase from the Zhenbei-Huangyan basalts show considerably greater isotopic variability than seen in the whole rock compositions of both the SCS syn-and post-spreading lavas. A previously unidentified third mantle source component (FOZO) revealed by olivine-hosted melt inclusions along with both depleted (DMM) and enriched (EMII) mantle components is required in the source region to explain the observed isotopic and chemical variability. On the basis of our results, the age of the recycled ocean crust and sediments in this region are estimated to be c. 120 -350 Ma. We infer that these enriched components in the SCS lavas come from the mantle transition zone.

Variations in mantle source heterogeneity coupled with melting process control spatial-temporal (spreading vs. post-spreading stage) geochemical variations of lavas from the SCS and surrounding areas. Together with the results from published studies, we propose that marginal basins are one of the major locations on Earth where oceanic and/or continental lithosphere are transferred into the upper mantle and transition zone, representing an important source of upper mantle heterogeneity. We provide a simple conceptual model linking plate subduction and upper mantle heterogeneity and the volcanism in the SCS and surrounding areas.

Introduction

In general, mid-ocean ridge basalts (MORBs) have relatively uniform and overall depleted compositions, while oceanic island basalts (OIBs) display considerable chemical heterogeneity (e.g., [START_REF] Gale | The mean composition of ocean ridge basalts[END_REF][START_REF] Hoernle | Origin of Indian Ocean Seamount Province by shallow recycling of continental lithosphere[END_REF][START_REF] Hofmann | Mantle geochemistry: The message from oceanic volcanism[END_REF][START_REF] Jackson | Strontium isotopes in melt inclusions from Samoan basalts: Implications for heterogeneity in the Samoan plume[END_REF][START_REF] Salters | Composition of the depleted mantle[END_REF][START_REF] Stracke | FOZO, HIMU, and the rest of the mantle zoo[END_REF]. Five endmembers are commonly proposed to explain the isotopic heterogeneity observed in oceanic rocks: depleted MORB-source mantle (DMM), enriched mantle one (EMI) and two (EMII), high time-integrated  ( 238 U/ 204 Pb) mantle (HIMU), and a focal zone (FOZO) component (e.g., [START_REF] Hanan | Lead and Helium Isotope Evidence from Oceanic Basalts for a Common Deep Source of Mantle Plumes[END_REF][START_REF] Hickey-Vargas | A refractory HIMU component in the sources of island arc magma[END_REF][START_REF] Stracke | FOZO, HIMU, and the rest of the mantle zoo[END_REF][START_REF] Workman | Major and trace element composition of the depleted MORB mantle (DMM)[END_REF][START_REF] Zindler | Chemical Geodynamics[END_REF]. The cause of the geochemical differences between MORBs and OIBs and the chemical heterogeneity of Earth's mantle is mainly attributed to mantle convection, but the understanding of where recycled material stagnates and how it is mingled and arrives back at the surface, is still debated.

MORBs originate from a large-scale homogeneous, incompatible element-poor shallow and degassed mantle, whereas OIBs are related to mantle plumes sampling both ancient undegassed domains and recycled crustal reservoirs (e.g., [START_REF] Castillo | Petrogenesis of Davidson Seamount lavas and its implications for fossil spreading center and intraplate magmatism in the eastern Pacific[END_REF][START_REF] Hofmann | Mantle geochemistry: The message from oceanic volcanism[END_REF][START_REF] Jackson | Strontium isotopes in melt inclusions from Samoan basalts: Implications for heterogeneity in the Samoan plume[END_REF][START_REF] Mccoy-West | Rapid Cenozoic ingrowth of isotopic signatures simulating "HIMU" in ancient lithospheric mantle: Distinguishing source from process[END_REF][START_REF] Salters | Composition of the depleted mantle[END_REF][START_REF] Stracke | FOZO, HIMU, and the rest of the mantle zoo[END_REF][START_REF] Workman | Major and trace element composition of the depleted MORB mantle (DMM)[END_REF][START_REF] Zindler | Chemical Geodynamics[END_REF]. Nevertheless, the two-layer mantle convection regime proposed based on geochemical data (e.g., [START_REF] Hofmann | Mantle geochemistry: The message from oceanic volcanism[END_REF] is hard to reconcile with geophysical observations for whole-mantle convection [START_REF] Van Der Hilst | Evidence for deep mantle circulation from global tomography[END_REF]. Alternatively, a ubiquitous distribution of small-to moderate-scale heterogeneity in the upper mantle is considered to be responsible for geochemical variability of MORBs and OIBs [START_REF] Castillo | Petrogenesis of Davidson Seamount lavas and its implications for fossil spreading center and intraplate magmatism in the eastern Pacific[END_REF][START_REF] Meibom | The statistical upper mantle assemblage[END_REF].

The South China Sea (SCS), one of the marginal basins in the western Pacific, formed by seafloor spreading between 33 -15 Ma [START_REF] Li | Ages and magnetic structures of the South China Sea constrained by deep tow magnetic surveys and IODP Expedition 349[END_REF]. During the period of SCS seafloor spreading, magmatic activities primarily occurred in the SCS basin and southeast China, then, after cessation of SCS seafloor spreading, intraplate volcanism was widely distributed in the SCS basin and adjacent areas (such as southeast (SE) China, the Pearl River basin, and Indochina; Fig. 1) [START_REF] Wang | Identification of an ancient mantle reservoir and young recycled materials in the source region of a young mantle plume: Implications for potential linkages between plume and plate tectonics[END_REF][START_REF] Zou | U-Th isotopes in Hainan basalts: Implications for sub-asthenospheric origin of EM2 mantle endmember and the dynamics of melting beneath Hainan Island[END_REF]. Previous studies show remarkable differences between the geochemical compositions of the spreading stage MORBs and post-spreading seamount lavas [START_REF] Qian | The origin of late Cenozoic magmatism in the South China Sea and Southeast Asia[END_REF]. However, the causes of these remain unclear. In addition, it remains unclear why volcanism after cessation of spreading is widespread in the SCS and surrounding areas.

Although bulk-rock geochemistry of mafic volcanic rocks is commonly used to evaluate the geochemical heterogeneity of the mantle, most magmas that reach the surface represent complex mixtures of melts, which through their homogenization and re-equilibration with the surrounding mantle at shallower depths effectively erase much of their original source heterogeneity [START_REF] Kamenetsky | Phenocryst and melt inclusion chemistry of near-axis seamounts, Valu Fa Ridge, Lau Basin: insight into mantle wedge melting and the addition of subduction components[END_REF][START_REF] Kent | Melt Inclusions in Basaltic and Related Volcanic Rocks[END_REF][START_REF] Peate | Petrogenesis of High-MgO Lavas of the Lower Mull Plateau Group, Scotland: Insights from Melt Inclusions[END_REF]. Detailed studies of individual rock samples, especially of the isotopic composition of their various constituents, including crystal cargo and melt inclusions trapped in the crystals, can be used to assess the heterogeneity of the underlying mantle source (e.g., [START_REF] Hanyu | Tiny droplets of ocean island basalts unveil Earth's deep chlorine cycle[END_REF][START_REF] Jackson | Strontium isotopes in melt inclusions from Samoan basalts: Implications for heterogeneity in the Samoan plume[END_REF][START_REF] Kamenetsky | Phenocryst and melt inclusion chemistry of near-axis seamounts, Valu Fa Ridge, Lau Basin: insight into mantle wedge melting and the addition of subduction components[END_REF][START_REF] Kent | Melt Inclusions in Basaltic and Related Volcanic Rocks[END_REF][START_REF] Qian | Petrogenesis of Early Cretaceous basaltic lavas from the North China Craton: Implications for cratonic destruction[END_REF][START_REF] Ramos | Inter-and Intracrystalline Isotopic Disequilibria: Techniques and Applications[END_REF][START_REF] Rose-Koga | Geochemical systematics of Pb isotopes, fluorine, and sulfur in melt inclusions from São Miguel, Azores[END_REF][START_REF] Sobolev | A young source for the Hawaiian plume[END_REF]. In this study we examine the age and geochemistry (whole rock; matrix glass; olivine (ol), clinopyroxene (cpx) and plagioclase (plag) crystal; and ol and plag-hosted melt inclusion compositions) of the lavas from the syn-spreading Shixingbei seamount, and post-spreading Zhenbei-Huangyan seamount chain in the SCS (Fig. 1). Our results display considerably larger isotopic variability than observed previously from whole rocks analyses, pointing to mantle source heterogeneity beneath the SCS resulting from recycling of oceanic crust and sediments. The enriched mantle reservoirs are most likely introduced from the mantle transition zone (MTZ) into the upper mantle. Based on the temporal-spatial evolution of volcanism and our new geochemical and geophysical evidence, we propose that the Cenozoic magmatism in SE Asia is generated by active upwelling of mantle material linked to curved subduction systems.

Geological setting and samples

The SCS is one of the largest marginal seas in the western Pacific (∼3,500,000 km 2 ), with the Eurasian plate to the north, the Philippine Sea plate to the east, the Australian plate to the south, and the Indian plate (or Indochina block) to the west (Fig. 1). The SCS developed as a result of multiple episodes of continental rifting and seafloor spreading during the Cenozoic [START_REF] Briais | Updated interpretation of magnetic anomalies and seafloor spreading stages in South China Sea: implications for the Tertiary tectonics of Southeast Asia[END_REF][START_REF] Li | Ages and magnetic structures of the South China Sea constrained by deep tow magnetic surveys and IODP Expedition 349[END_REF][START_REF] Sibuet | Geodynamics of the South China Sea[END_REF]. The deep-water basin of the SCS comprises three parts, the East Sub-basin (ESB), Southwest Sub-basin (SWSB) and Northwest Sub-basin (NWSB) (Fig. 1).

Constrained by mapping magnetic anomalies and cores recovered from the International Ocean Discovery Program (IODP) Expedition 349 (microfossil age constraints), seafloor spreading started 33 Ma near the northern continental margin of the SCS (corresponding to the oldest seafloor spreading magnetic anomaly C12), and ceased at c. 15 Ma in the ESB and c.16 Ma in the SWSB [START_REF] Li | Ages and magnetic structures of the South China Sea constrained by deep tow magnetic surveys and IODP Expedition 349[END_REF]. Late Cenozoic volcanism is widespread and a prominent feature in SE Asia (including SCS, SE China, and Indochina Peninsula), with the majority of magmatism younger than sea-floor spreading in the SCS (between c. 33 and 16 Ma) (e.g., [START_REF] Hoang | Petrogenesis of Cenozoic basalts fromVietnam: impli-cation for origins of a 'Diffuse Igneous Province[END_REF][START_REF] Wang | Identification of an ancient mantle reservoir and young recycled materials in the source region of a young mantle plume: Implications for potential linkages between plume and plate tectonics[END_REF][START_REF] Yan | Hainan mantle plume produced late Cenozoic basaltic rocks in Thailand[END_REF][START_REF] Zou | U-Th isotopes in Hainan basalts: Implications for sub-asthenospheric origin of EM2 mantle endmember and the dynamics of melting beneath Hainan Island[END_REF]. The SCS and nearby areas are surrounded by several subduction zones (Fig. 1), indicating that the volcanism in SE Asia took place in the same tectonic setting. In addition, the SCS post-spreading seamount lavas and synchronous intraplate lavas in SE China and Indochina Peninsula share similar chemical and isotopic characteristics with typical E-MORB to OIB-type incompatible element distributions, and distinctive Pb isotope compositions similar to EMII-type OIB (e.g., [START_REF] Hoang | Petrogenesis of Cenozoic basalts fromVietnam: impli-cation for origins of a 'Diffuse Igneous Province[END_REF][START_REF] Qian | The origin of late Cenozoic magmatism in the South China Sea and Southeast Asia[END_REF][START_REF] Wang | Identification of an ancient mantle reservoir and young recycled materials in the source region of a young mantle plume: Implications for potential linkages between plume and plate tectonics[END_REF][START_REF] Yan | Hainan mantle plume produced late Cenozoic basaltic rocks in Thailand[END_REF][START_REF] Zou | U-Th isotopes in Hainan basalts: Implications for sub-asthenospheric origin of EM2 mantle endmember and the dynamics of melting beneath Hainan Island[END_REF], suggesting a common mantle source.

The SCS preserves both seafloor spreading and post-spreading volcanic features.

Seafloor spreading stage seamounts are mostly distributed in the northern SCS; post-spreading stage volcanism is more extensive in the SCS basin and predominantly occurs in ESB and SW SCS basin, such as two north-south trending seamount chains (Longbei and Longnan seamounts; Nanyue and Beiyue seamounts) in the SWSB, and an east-west trending Zhenbei-Huangyan seamount chain in ESB. The samples for this study were collected from Shixingbei seamount, which is not in a chain, and the Zhenbei-Huangyan seamount chain in the SCS (Fig. 1) with the ROPOS remotely operated subsea vehicle operated by the Canadian Scientific Submersible Facility (Fig. S1). Shixingbei seamount lies in the middle of the SCS Basin (Fig. 1). The Zhenbei and Huangyan seamounts formed after seafloor spreading ceased in the ESB and are aligned northeastwards from the fossil spreading ridge [START_REF] Li | Ages and magnetic structures of the South China Sea constrained by deep tow magnetic surveys and IODP Expedition 349[END_REF] (Fig. 1). Most lavas from these seamounts display pillow structures with columnar jointing (Fig. S1c andd). The basalts from the SCS seamounts are typically variably vesicular and porphyritic (3-20 %) with phenocrysts dominated by olivine (ol), clinopyroxene (cpx) and plagioclase (plag) (Fig. S2a,b,c,d,e). In some samples, ol crystals contain spinels (Fig. S2a,b), and ol and plag crystals also contain melt inclusions up to 140 µm in size (Fig. S2c,e). Biotite is found in rare evolved samples (such as trachytes), in which alkali-feldspar and cpx dominate the phenocryst assemblage (Fig. S2f).

Analytical methods

Complete description of the analytical techniques can be found in the supplementary material and are briefly discussed here. Plag separates from two samples (2061-R7 from Shixingbei seamount and 2055-R12 from Huangyan seamount) were selected for Ar-Ar age determinations by an ARGUS-VI multi-collector instrument at the Argon geochronology laboratory of the Oregon State University.

A U-Pb age on zircon from trachyte 2059-R16 from Zhenbei seamount was dated using a Thermo Element XR instrument connected to a RESOlution M-50 laser at Guangzhou Institute of Geochemistry, Chinese Academy of Science (GIG-CAS).

Major and trace elements of the SCS seamount whole-rock samples were analyzed using a PANalytical AXIOS-Advanced X-ray fluorescence spectrometer at the State Key Laboratory of Marine Geology (SKLMG) in Tongji University, and an Agilent 7900 inductively coupled plasma-mass spectrometer (ICP-MS) at GIG-CAS, respectively. The whole-rock Sr-Nd-Pb isotopes of volcanic samples were analyzed using a Neptune Plus multi-collector (MC-)ICP-MS at GIG-CAS. Major and trace elements of minerals and glasses (matrix glass and melt inclusion) were analyzed using a JEOL JXA-8230 electron probe micro-analyzer at SKLMG in Tongji University and an excimer 193 nm laser ablation system (RESOlution M-50) coupled to a Thermo Element ICP-MS instrument at GIG-CAS, respectively. In situ Sr-Pb isotopes of feldspar, matrix glass and melt inclusion were analyzed using a Neptune Plus MC-ICP-MS with a RESOlution M-50 laser at GIG-CAS.

Results

Geochronology

Some samples described here were collected from Shixingbei seamount (Fig. 1), and the age of volcanism at these sites was unknown prior to this study. Plag in volcanic rock sample 2061-R7 from the Shixingbei seamount yield a 40 Ar/ 39 Ar plateau age of 19.10 ± 0.78 Ma (Fig. 2A), indicating the off-axis Shixingbei seamount formed during the syn-spreading stage (33 -16 Ma) of the SCS. The two lavas from the Huangyan and Zhenbei seamounts in the SCS ESB yielded significantly younger ages. Sample 2055-R12 from the Huangyan seamount gave a 40 Ar/ 39 Ar plateau age of 7.78 ± 0.21 Ma (Fig. 2B), which affirms a previously published K-Ar age data (7.77 ± 0.49 Ma) for samples from the same seamount [START_REF] Wang | Late Miocene magmatism and evolution of Zhenbei-Huangyan Seamount in the South China Sea: evidence from petrochemistry and chronology[END_REF]. U-Pb dating of zircon grains from the Zhenbei seamount trachyte 2059-R16 yields a weighted mean 206 Pb/ 238 U age of 7.76 ± 0.13 Ma (n = 31; Fig. 2C). The Zhenbei-Huangyan seamount chain samples are nearly age-synchronous and do not show clear age progression.

Thus, the available data indicate that the Shixingbei seamount formed while seafloor spreading was still active in the SCS, whereas the Zhenbei-Huangyan seamount lavas formed after spreading ceased.

Geochemistry

The studied Shixingbei seamount and Zhenbei-Huangyan seamount chain lavas show temporal variations in geochemical compositions. The Shixingbei seamount lavas formed during the SCS spreading stage are tholeiitic basalts (alkalis (Na 2 O + K 2 O) = 3.03 -3.59; SiO 2 = 49. ; all oxide contents in weight % normalized to 100% on volatile-free basis), and possess similar major element compositions to spreading stage MORBs sampled by IODP Expedition 349 within the SCS basin (Fig. 3).

The post-spreading Zhenbei-Huangyan seamount lavas range from alkali basalt through trachyte (SiO 2 = 45.2 -62.7; MgO = 9.6 -0.7) to basanite ) (Fig. 3). MgO is highest in ol-hosted melt inclusions (7.2 -11.9), intermediate in plag-hosted melt inclusions (4.5 -6.3) and lowest in matrix glass (2.2 -4.6) (Fig. 3B). As MgO decreases in ol-hosted melt inclusions, whole rocks and matrix glass with MgO > 4.5, both SiO 2 , and Al 2 O 3 increase and FeO t (t = total) decrease overall (Fig. 3), reflecting an assemblage dominated by ol, cpx and Fe-oxide fractionation. Plag melt inclusions and matrix glass with MgO < 4.5 (Fig. 3), however, are shifted to lower Al 2 O 3 and Na 2 O and higher FeO t , consistent with plag joining the fractionating phases. Ol have relatively high CaO (0.16 -0.35 wt.%) (Table S5), favoring crystallization from mafic melts rather than being xenocrysts from mantle peridotite [START_REF] Qian | The origin of late Cenozoic magmatism in the South China Sea and Southeast Asia[END_REF]. Cpx have diopsidic to augitic compositions (En 35-44 Fs 11-20 Wo 41-48 ) with relatively high Mg# (100Mg/(Mg+Fe +2 ) = 63 -80; Table S3). Plag range from bytownite to andesine (An 57 -75 ; Table S4).

The Zhenbei-Huangyan seamount whole rock lavas, matrix glass and plag-hosted melt inclusions have incompatible element contents characteristic of intraplate volcanic rocks, showing overall enrichment in highly to moderately incompatible elements, slight relative Nb enrichment and relative K and Pb depletion (Fig. 4A,B).

Notably, the SCS Shixingbei seamount tholeiitic basalts have significantly lower incompatible trace element concentrations than the Zhenbei-Huangyan seamount lavas (Fig. 4A), but slightly higher incompatible trace element concentrations than MORBs erupted during the SCS spreading stage (Fig. 4A). They also have lower La/Sm, Sm/Yb, and Nb/Zr than the Zhenbei-Huangyan seamount lavas (Fig. 4C,D).

The Shixingbei tholeiitic basalts (n = 4) formed during the SCS spreading stage have less radiogenic 87 Sr/ 86 Sr (0.7033 -0.7034) and 206 Pb/ 204 Pb (18.537 -18.571), and more radiogenic ε Nd (5.2 -5.4) than the Zhenbei-Huangyan lavas ( 87 Sr/ 86 Sr = 0.7035 -0.7043, 206 Pb/ 204 Pb = 18.591 -18.809, and ε Nd = 3.2 -4.8) (Fig. 5 S1, S2 andS4). Plag-hosted melt inclusions extend to much more radiogenic Sr ( 87 Sr/ 86 Sr = 0.7037 -0.7067) (Fig. 6; Table S2). Ol-hosted melt inclusions extend to considerably more radiogenic Sr ( 87 Sr/ 86 Sr = 0.7028 -0.7062) and Pb ( 207 Pb/ 206 Pb = 0.778 -0.856; 208 Pb/ 206 Pb = 1.959 -2.099) isotopes (Fig. 6; Table S2). The melt inclusions in the most forsteritic ol (Fo 88 -89 ) have more radiogenic Pb isotope ratios ( 207 Pb/ 206 Pb = 0.778 -0.807; 208 Pb/ 206 Pb = 1.958 -2.035) than melt inclusions in Fo 82 -87 ol ( 207 Pb/ 206 Pb = 0.816 -0.856; 208 Pb/ 206 Pb = 2.050 -2.099) (Table S2). Two melt inclusions in the same ol crystal have different 87 Sr/ 86 Sr (0.70581 for 2055-R7-28MI1, 0.70658 for 2055-R7-28MI2) (Tables S2).

Discussion

A three component mixing model for SCS seamount lava genesis

The SCS seamount lavas have a large range in Pb, Sr and Nd isotope compositions (Fig. 5). It is critical to determine if this isotopic variability reflects a heterogeneous source, or whether crustal contamination during magma ascent and emplacement has modified the isotopic signal. Since 87 Sr/ 86 Sr ratios in 6 -15 Ma oceanic crust (e.g. IODP sites 504 and 1256) [START_REF] Höfig | From the lavas to the gabbros: 1.25km of geochemical characterization of upper oceanic crust at ODP/IODP Site 1256, eastern equatorial Pacific[END_REF] generally do not exceed 0.7040 (only ~5%), assimilation of in-situ altered oceanic crust is unlikely to generate the radiogenic 87 Sr/ 86 Sr (extending to 0.7067) observed for lavas from the SCS and surrounding areas. Sediment assimilation is also unlikely due to the paucity of sediment (< 10 m) on the seafloor at the time the seamounts formed [START_REF] Li | Ages and magnetic structures of the South China Sea constrained by deep tow magnetic surveys and IODP Expedition 349[END_REF]. It is noteworthy that the isotope systematics of most of these lavas do not appear to be significantly affected by crustal assimilation, as suggested by isotope ratios being mostly independent of the degree of differentiation (e.g. MgO, Mg/Si, Mg# and/or Fo content) (Fig. S6). In addition, the SCS seamount lava and most intraplate lava samples with high-ε Nd (> 2.7) from the SE Asia have a large variation in Nb/U with no correlations with ε Nd , indicating insignificant crustal contamination (Fig. S6). By contrast, the low-ε Nd (< 2.7) lavas (mainly from the Indochina Peninsula; [START_REF] Wang | Identification of an ancient mantle reservoir and young recycled materials in the source region of a young mantle plume: Implications for potential linkages between plume and plate tectonics[END_REF] show strong covariation between Mg/Si, Nb/U, and ε Nd (Fig. S6), indicating that they are most likely affected by crustal contamination.

Lava whole rock compositions are commonly assumed to represent melt compositions (possibly, except for melt volatile element compositions), implying that minerals crystallized from that melt should inherit the whole rock composition. This assumption, however, is not valid for the Zhenbei-Huangyan lavas. The most mafic (MgO = 10.4 -11.8) basanitic lavas represent complex mixtures of evolved basaltic melt (matrix glass with Mg# (100 Mg/(Mg + Fe 2+ )) = 32 -44) and a complex crystal cargo, primarily mafic ol (Fo 82 -89 ) and cpx (Mg# = 63 -80) but also Fe oxides and plag. Plag have major element and Sr-Pb isotopic compositions compatible with being phenocrysts because their isotopic compositions are similar to those of their host whole rocks. The plag-and ol-hosted melt inclusions, on the other hand, show a large variation in Sr isotopes and record interaction with an EMII-like component with radiogenic 87 Sr/ 86 Sr (≥ 0.7067) (Fig. 6). In addition, the plag-and ol-melt inclusions have higher MgO contents and show larger variations in isotopic compositions compared to the matrix glasses (Fig. 3,6). Ol, thus, must have crystallized from more mafic melts than the matrix glasses (Fig. 3,6).

Whole rock Sr-Nd-Pb isotope compositions of post-spreading lavas from the SCS and nearby areas (SE China and Indochina) (Fig. 5) have previously been explained by mixing of at least two major components: depleted upper mantle or the SCS spreading lavas and an EMII-like component [START_REF] Wang | Identification of an ancient mantle reservoir and young recycled materials in the source region of a young mantle plume: Implications for potential linkages between plume and plate tectonics[END_REF][START_REF] Zou | U-Th isotopes in Hainan basalts: Implications for sub-asthenospheric origin of EM2 mantle endmember and the dynamics of melting beneath Hainan Island[END_REF]. However, this two-component mixing model does not adequately explain the isotope compositions of ol and plag-hosted melt inclusions from Zhenbei-Huangyan seamounts (Fig. 6). Instead, they require mixing of at least three distinct components (Fig. 6):

1) DMM: Zhenbei ol-hosted (Fo 83 -84 ) melt inclusions and IODP Site U1431 MORB lavas [START_REF] Zhang | Geochemical nature of sub-ridge mantle and opening dynamics of the South China Sea[END_REF] [START_REF] Hanan | Lead and Helium Isotope Evidence from Oceanic Basalts for a Common Deep Source of Mantle Plumes[END_REF][START_REF] Stracke | FOZO, HIMU, and the rest of the mantle zoo[END_REF];

3) EMII: Huangyan melt inclusions hosted in plag and some ol (at least three ol crystals) require a component with the most radiogenic Sr ( 87 Sr/ 86 Sr ≥ 0.7067) and moderately radiogenic Pb ( 207 Pb/ 206 Pb = 0.826 -0.845; 208 Pb/ 206 Pb = 2.06 -2.10) isotopes.

Clearly, plag and ol crystals crystallizing from the same magma batch should possess identical isotopic compositions, therefore the large range of plag-and ol-hosted melt inclusions compositions seen in the SCS seamount lavas (i.e. Fig. 6) requires trapping melts of isotopically distinct parental magmas [START_REF] Qian | Petrogenesis of Early Cretaceous basaltic lavas from the North China Craton: Implications for cratonic destruction[END_REF][START_REF] Ramos | Inter-and Intracrystalline Isotopic Disequilibria: Techniques and Applications[END_REF][START_REF] Rose-Koga | Geochemical systematics of Pb isotopes, fluorine, and sulfur in melt inclusions from São Miguel, Azores[END_REF]. The FOZO-like signature in particular is only clearly identified in a few ol-hosted melt inclusions, implying that the proportion of the FOZO component contributing to erupted lavas must be small, and/or that the FOZO-like fragments in the mantle are so small that they are rarely sampled in melt inclusions. They are probably present in the whole rock, but they are so diluted that the FOZO "flavor" cannot be distinguished. It is apparent that shallow-level storage and magma mixing resulted in dilution of the FOZO component in the SCS seamount lavas, before eruption.

Rapid recycling of slab-derived source components

We now discuss the possible origin of the enriched components (EMII and FOZO) necessary to explain the isotopic variations of the crystals and their MIs in the SCS (Fig. 6). Some plag-and ol-hosted melt inclusions have more radiogenic 87 Sr/ 86 Sr than matrix glasses and plag crystals, and form mixing arrays between SCS-spreading or Pacific MORBs and EMII (Fig. 6). A potential source component for EMII is delaminated lower crustal material, but the H 2 O/Ce ratios of the SCS seamount lavas are much higher than those of lower continental crust (LCC) granulite xenoliths from SE Asia [START_REF] Qian | The origin of late Cenozoic magmatism in the South China Sea and Southeast Asia[END_REF]. In addition, the LCC has higher 87 Sr/ 86 Sr, 143 Nd/ 144 Nd and lower 206 Pb/ 204 Pb (< 18) [START_REF] Zhang | Geochemical nature of sub-ridge mantle and opening dynamics of the South China Sea[END_REF]. Therefore, it is unlikely to be the source of the SE Asian (including the SCS seamount) volcanism.

Subducting marine sediment, seawater-altered ocean crust and EMII have similar Pb isotope compositions but can extend to more radiogenic 87 Sr/ 86 Sr and could serve as this end member (Fig. 6). Compared to matrix glass, plag-hosted melt inclusions extend to lower (Ce, Nd)/Pb but higher Ba/La ratios (Table S2), also favoring sediments as the EMII component. Geophysical studies provide additional support for recycled oceanic crust components beneath the SCS and Indochina. They could originate from subducted Neo-Tethyan slabs from the southwest (230 -90 Ma) [START_REF] Chung | Tibetan tectonic evolution inferred from spatial and temporal variations in post-collisional magmatism[END_REF], or paleo-Pacific and Pacific slabs from the east (300 -120 Ma) [START_REF] Li | Formation of the 1300-km-wide intracontinental orogen and postorogenic magmatic province in Mesozoic South China: a flat-slab subduction model[END_REF]. Given that the SE China region was far from the Neo-Tethyan tectonic realm during the Mesozoic, it is likely that recycled Neo-Tethyan slabs are not the major source of the FOZO-like signature observed in Cenozoic lavas.

The observed Sr and Pb isotopic heterogeneity in young (130-170 Ma) Pacific oceanic crust and marine sediments from ODP sites 801 and 1149, east of the Mariana and Izu-Bonin arcs [START_REF] Hauff | Implications for alteration of ocean crust and the input into the Izu-Bonin-Mariana subduction system[END_REF], respectively, covers the entire range exhibited by SCS spreading MORB, post-spreading volcanism and their crystal cargoes and melt inclusions, and even extends to more extreme compositions (Fig. 6). For the purpose of our modelling, we considered Pacific MORB from site 801C with high  ( 238 U/ 204 Pb = 51) and radiogenic Pb ( 206 Pb/ 204 Pb = 20.03; 207 Pb/ 206 Pb = 0.777; 208 Pb/ 206 Pb = 1.881; [START_REF] Hauff | Implications for alteration of ocean crust and the input into the Izu-Bonin-Mariana subduction system[END_REF] as the FOZO component [START_REF] Hanan | Lead and Helium Isotope Evidence from Oceanic Basalts for a Common Deep Source of Mantle Plumes[END_REF][START_REF] Stracke | FOZO, HIMU, and the rest of the mantle zoo[END_REF]. Marine sediments (clay, chert and nannofossil marl) from Sites 801 and 1149 in Pacific Ocean with very radiogenic Sr ( 87 Sr/ 86 Sr = 0.70954) and relatively radiogenic Pb ( 206 Pb/ 204 Pb = 18.61, 207 Pb/ 206 Pb = 0.845, and 208 Pb/ 206 Pb = 2.089) [START_REF] Hauff | Implications for alteration of ocean crust and the input into the Izu-Bonin-Mariana subduction system[END_REF] as the EMII component. Our isotope modeling results (Fig. 5 and6) show that the isotopic heterogeneity seen in the SCS spreading-and post-spreading lavas could represent mixtures of depleted upper mantle with recycled oceanic crust and sediment.

The FOZO component ubiquitous in mid-ocean-ridge and intraplate basalts was proposed to represent young ocean crust recycled through the transition zone and/or upper mantle [START_REF] Hanan | Lead and Helium Isotope Evidence from Oceanic Basalts for a Common Deep Source of Mantle Plumes[END_REF][START_REF] Stracke | FOZO, HIMU, and the rest of the mantle zoo[END_REF]. Since the SCS lavas have 3 He/ 4 He (7.4 -8.0 R/R A ) similar to or lower than MORB [START_REF] Qian | The origin of late Cenozoic magmatism in the South China Sea and Southeast Asia[END_REF], the MTZ is the most likely storage location for ocean crust evolving to FOZO [START_REF] Hanan | Lead and Helium Isotope Evidence from Oceanic Basalts for a Common Deep Source of Mantle Plumes[END_REF]. Here we use a Monte Carlo simulation (see Fig. 7, S7, and Table S11; see supplementary material for further details) to constrain the possible combinations of source maturation times (in Ma) and μ ( 238 U/ 204 Pb) values required to reproduce the FOZO-like Pb isotope signature seen in the SCS. The Monte Carlo simulation (Fig. 7, S7 and Table S11) randomly chooses an initial Pb isotope compositions and a μ value, which falls within the range seen in typical unradiogenic paleo-Pacific oceanic crust, then calculates the time required to evolve to the FOZO endmember. Pb isotope compositions always take longer to evolve with a lower μ, but all scenarios are consistent with the relatively short timescales (< 500 Myr) needed to generate the required FOZO-like isotope signature (Fig. 7). Based on the average μ of 42 measured in Pacific oceanic crust all the potential initial compositions can reproduce the FOZO-like component in less than 120 -350 Myr (Fig. 7). Thus, on the basis of the unique geochemical constraints and geological setting, it seems most plausible that the MTZ beneath SE Asia was most likely enriched by subducted materials from past paleo-Pacific plate subduction. Given that the subduction of the paleo-Pacific plate beneath SE Asia took place between c. 250 and 150 Ma [START_REF] Li | Formation of the 1300-km-wide intracontinental orogen and postorogenic magmatic province in Mesozoic South China: a flat-slab subduction model[END_REF], the timescales for oceanic crust recycling in marginal sea basin (e.g., < c. 250 Ma) are significantly shorter than those associated with the plate deep subduction and mantle plume upwelling (possibly > 1.0 Gyr) [START_REF] Chase | Oceanic island Pb: two-stage histories and mantle evolution[END_REF][START_REF] Hanyu | Tiny droplets of ocean island basalts unveil Earth's deep chlorine cycle[END_REF][START_REF] Stracke | Recycling of oceanic crust: quantitative constraints[END_REF]. It has previously been shown that the Pb isotopic composition of FOZO can be generated from 300 Ma-age oceanic crust, if some Pb from a continental source (e.g. pelagic sediments) was added during hydrothermal alteration shortly after crust formation [START_REF] Hanan | Lead and Helium Isotope Evidence from Oceanic Basalts for a Common Deep Source of Mantle Plumes[END_REF]. In particular, given that the abundant seamount lavas or OIBs formed during the seafloor spreading and post-spreading stage are highly variable in isotopic composition, their subduction and recycling could be a plausible process to produce enriched MORB or intraplate lavas isotopic signatures over relatively short timescales. The MTZ has been proposed as the most likely storage location for such young ocean crust evolving to these FOZO-like intermediate compositions [START_REF] Hanan | Lead and Helium Isotope Evidence from Oceanic Basalts for a Common Deep Source of Mantle Plumes[END_REF][START_REF] Stracke | FOZO, HIMU, and the rest of the mantle zoo[END_REF]. Thus, recycling of ocean crust through the upper mantle and transition zone can occur on relatively short time scales. This rapid reworking is consistent with other studies that have argued for short (≤ 600 Myr) recycling times based on evidence from mid-ocean ridge and intraplate volcanism (e.g. [START_REF] Hoernle | Origin of Indian Ocean Seamount Province by shallow recycling of continental lithosphere[END_REF][START_REF] Mazza | Sampling the volatile-rich transition zone beneath Bermuda[END_REF][START_REF] Mccoy-West | Rapid Cenozoic ingrowth of isotopic signatures simulating "HIMU" in ancient lithospheric mantle: Distinguishing source from process[END_REF][START_REF] Sobolev | A young source for the Hawaiian plume[END_REF]. Ultimately, recycling of enriched oceanic lithosphere through the transition zone over those short time scales (< 250 Myr) seen in the SCS has the potential to significantly enhance upper mantle heterogeneity.

Source heterogeneity and melting process control on geochemical variations of late Cenozoic volcanism

Our new Ar-Ar dating results show that the Shixingbei seamount is 19.10 ± 0.78 Ma (Fig. 2A), and is 3 -5 Myr younger than the underlying MORBs, which formed around 23 -24 Ma with a spreading rate of c. 25 km/Myr based on magnetic anomaly data [START_REF] Li | Ages and magnetic structures of the South China Sea constrained by deep tow magnetic surveys and IODP Expedition 349[END_REF]. The final age of seafloor spreading in the ESB of the SCS is estimated to be c. 15 Ma [START_REF] Li | Ages and magnetic structures of the South China Sea constrained by deep tow magnetic surveys and IODP Expedition 349[END_REF]. The Shixingbei seamount, is ≤ 150 km away from the present-day fossil ridge axis in the ESB (Fig. 1), indicating that it formed off-axis on the flank of the fossil ridge.

Off-axis seamounts can form near a ridge axis if an excessive magma supply is available from residual mantle upwelling feeding volcanic activity on the ridge axis.

Following abandonment of a spreading ridge, the average degree of mantle melting under the abandoned ridge progressively decreases with time due to the decrease in mantle upwelling rate (seafloor spreading rate) and the increase in overlying lithosphere thickness by conductive cooling as it moves further off-axis [START_REF] Brandl | Volcanism on the flanks of the East Pacific Rise: quantitative constraints on mantle heterogeneity and melting processes[END_REF][START_REF] Haase | Insights into mantle composition and mantle melting beneath mid-ocean ridges from post-spreading volcanism on the fossil Galapagos Rise[END_REF]. This is observed in the off-axis Shixingbei seamount where the seafloor spreading rate in the SCS decreased rapidly due to a ridge jump at 25 Ma [START_REF] Li | Ages and magnetic structures of the South China Sea constrained by deep tow magnetic surveys and IODP Expedition 349[END_REF]. As off-axis seamount lavas are generated by lower degrees of melting of heterogeneous mantle they would contain a larger contribution from more fusible and enriched components, which are expected to have relatively enriched geochemical flavor (e.g., [START_REF] Brandl | Volcanism on the flanks of the East Pacific Rise: quantitative constraints on mantle heterogeneity and melting processes[END_REF][START_REF] Castillo | Petrogenesis of Davidson Seamount lavas and its implications for fossil spreading center and intraplate magmatism in the eastern Pacific[END_REF][START_REF] Haase | Insights into mantle composition and mantle melting beneath mid-ocean ridges from post-spreading volcanism on the fossil Galapagos Rise[END_REF].

Compared to the SCS spreading stage MORBs, the off-axis Shixingbei seamount basalts have more enriched trace element (elevated La/Sm and Nb/Zr, Fig. 4) and isotopic compositions (more radiogenic Sr and less radiogenic Nd isotope signatures, Fig. 5). Thus, the off-axis Shixingbei seamounts lavas were generated by lower degrees of melting of a heterogeneous magma source relative to SCS MORBs generated at the spreading center.

The Zhengbei and Huangyan seamounts have been dated at c. 7.8 Ma (Fig. 2), which is much younger than the underlying fossil spreading ridge in the ESB of the SCS that was active at 15 Ma [START_REF] Li | Ages and magnetic structures of the South China Sea constrained by deep tow magnetic surveys and IODP Expedition 349[END_REF]. Previous studies have shown that buoyancy-induced upwelling by melt-depleted residual mantle and associated lower degree melting relative to spreading stage can be responsible for continued magmatism on fossil ridges for several Myr after active spreading ceased [START_REF] Brandl | Volcanism on the flanks of the East Pacific Rise: quantitative constraints on mantle heterogeneity and melting processes[END_REF][START_REF] Castillo | Petrogenesis of Davidson Seamount lavas and its implications for fossil spreading center and intraplate magmatism in the eastern Pacific[END_REF][START_REF] Haase | Insights into mantle composition and mantle melting beneath mid-ocean ridges from post-spreading volcanism on the fossil Galapagos Rise[END_REF]. A similar mechanism can explain to some extent the enriched geochemical signatures observed in some seamounts on the SCS fossil ridges that erupted several Myr after spreading ceased. The post-spreading stage Huangyan and Zhenbei seamount lavas are characterized by E-MORB-to OIB-type incompatible element abundances, and compared to the spreading stage MORBs and off-axis Shixingbei seamount lavas, show a significantly higher La/Sm, fractionated HREE element patterns (Sm/Yb ≫ 1), and more enriched Sr and Nd isotope compositions (Fig. 4,5). This suggests that the post-spreading seamount lavas were most likely generated by lower degrees of melting with residual garnet in their mantle source. The geochemical compositions of SCS seamount lavas together with the new age data indicate that the variable degrees of melting of heterogeneous mantle can reproduce the trace element and isotope variations in the lavas.

Interestingly, similar features are observed in intraplate volcanism throughout SE Asia, there is a large contrast in the compositions of magma generated during the SCS spreading (33 -16 Ma) and post-spreading (post-16 Ma) stages (Fig. 4, 5, 8C andD).

Spatially, compared to the post-spreading seamount lavas in the SCS basin, there are significantly larger chemical and isotopic variations (e.g., Sm/Yb and 87 Sr/ 86 Sr) in the intraplate basalts from neighboring areas (western-and northern-group), although this could simply reflect much less data from the SCS basin (Fig. 8E,F). The post-spreading basalts in the SCS basin erupted on thinner lithosphere (45 -50 km) have geochemical characteristics consistent with higher degrees (F) and shallower depths (P) of melting (e.g., lower Sm/Yb; Fig. 8E), whereas intraplate basalts erupted on thicker lithosphere (60 -90 km) [START_REF] Wu | 3-D Shear Wave Velocity Structure of the Crust and Upper Mantle in South China Sea and its Surrounding Regions by Surface Wave Dispersion Analysis[END_REF]) (e.g., south China and Indochina, north and west of the SCS) show the inverse (Fig. 8E). In accordance with these observations, we propose that there was a common mantle source beneath SE Asia during the spreading and post-spreading stages, but the enriched (OIB-type) mantle was generally more diluted in the SCS MORBs and seamount lavas due to greater degrees of melting at shallower depths. Our new results support a model where variable degrees of melting of a heterogeneous mantle are responsible for geochemical variability of MORBs and OIBs [START_REF] Meibom | The statistical upper mantle assemblage[END_REF].

Volcanism in SE Asia linked to subduction-induced mantle upwelling

The cause of intraplate volcanism and dynamics of mantle upwelling in SE Asia are subject to debate, and have been variously attributed to the Hainan mantle plume (e.g. [START_REF] Wang | Identification of an ancient mantle reservoir and young recycled materials in the source region of a young mantle plume: Implications for potential linkages between plume and plate tectonics[END_REF][START_REF] Yan | Hainan mantle plume produced late Cenozoic basaltic rocks in Thailand[END_REF][START_REF] Zou | U-Th isotopes in Hainan basalts: Implications for sub-asthenospheric origin of EM2 mantle endmember and the dynamics of melting beneath Hainan Island[END_REF], plate subduction induced mantle flow (e.g. [START_REF] Lin | Mantle upwelling beneath the South China Sea and links to surrounding subduction systems[END_REF][START_REF] Qian | The origin of late Cenozoic magmatism in the South China Sea and Southeast Asia[END_REF], and eastward mantle flow escape in response to Indo-Eurasian collision (e.g., [START_REF] Hoang | Petrogenesis of Cenozoic basalts fromVietnam: impli-cation for origins of a 'Diffuse Igneous Province[END_REF]. The volcanism in SE Asia is not easily explained by the model of a mantle plume rooted at the coremantle boundary under Hainan island because: (1) multiple volcanic episodes of distinct chemistry and age are observed in SE Asia [START_REF] Hoang | Petrogenesis of Cenozoic basalts fromVietnam: impli-cation for origins of a 'Diffuse Igneous Province[END_REF]; Fig. 1); (2) the volcanism around Hainan island is much younger and obviously weaker than that in nearby areas (SE China, SCS and Indochina) (Fig. 1); (3) 3 He/ 4 He of SCS seamount glasses (7.36 to 8.03 R/R A ) are significantly lower than classical mantle plume-derived basalts (Hawaii and Iceland) but typical of normal MORB [START_REF] Qian | The origin of late Cenozoic magmatism in the South China Sea and Southeast Asia[END_REF]; (4) there is no well-defined 'hotspot' track associated with age-progressive volcanism in SE Asia [START_REF] Li | Ages and magnetic structures of the South China Sea constrained by deep tow magnetic surveys and IODP Expedition 349[END_REF] this study); and, (5) broad (i.e. non plume-shaped), ambiguous P-wave tomographic anomalies above the transition zone together with weaker, diminishing slow anomalies below the transition zone beneath SE Asia, challenge the view of the 'Hainan plume' as a classical plume structure [START_REF] Lin | Mantle upwelling beneath the South China Sea and links to surrounding subduction systems[END_REF].

The SE Asia region is surrounded by several sub-duction zones (Fig. 1), suggesting a potential association between plate subduction and magmatic activity [START_REF] Lin | Mantle upwelling beneath the South China Sea and links to surrounding subduction systems[END_REF]. During the seafloor spreading stage of the SCS, in addition to formation of new oceanic crust and a small number of seamounts near the spreading center, igneous activity (with ages between 26 -16 Ma) occurred predominantly along coastal SE China and the SCS northern margin (see Fig. 1,8A). Its spatial extent could indicate that the spreading stage volcanism might be induced by westward subduction of the Pacific and Philippine Sea plates beneath Eurasia, since these were located along eastern SE Asia. Intraplate magmatism within Indochina (peaking < 8 Ma) is generally younger than along coastal SE China (generally 10 -16 Ma) [START_REF] Hoang | Petrogenesis of Cenozoic basalts fromVietnam: impli-cation for origins of a 'Diffuse Igneous Province[END_REF]; Fig. 1, 8A andB). Seismic tomography studies show evidence for the subduction of the Indo-Australian plate beneath SE Asia along the Sunda trench with slab segments deflected horizontally in the MTZ towards the SCS and Indochina [START_REF] Li | Structure of the upper mantle and transition zone beneath Southeast Asia from traveltime tomography[END_REF]. Therefore, it seems likely that Cenozoic volcanism in Indochina could be related to subduction-induced mantle upwelling along the Sunda trench. Hainan island is far from any subduction zones and shows intraplate volcanism peaking < 5 Ma, much younger than the age of the volcanism in the SCS and coastal areas of SE China [START_REF] Zou | U-Th isotopes in Hainan basalts: Implications for sub-asthenospheric origin of EM2 mantle endmember and the dynamics of melting beneath Hainan Island[END_REF]; Fig. 1,8B). Thus, the spatiotemporal distribution and evolution of the intraplate volcanism could plausibly be active upwelling of mantle material linked to circular subduction systems of the Pacific, Philippine Sea, and Indo-Australian plates (Fig. 9). Indeed, geodynamic models that tested a variety of input SE Asian plate reconstructions demonstrated robust, localized upper mantle upwellings within SE Asia during the Cenozoic that were induced by the regional subduction [START_REF] Lin | Mantle upwelling beneath the South China Sea and links to surrounding subduction systems[END_REF].

Here, we propose a simple conceptual model linking the flux from multiple subducting plates to upper mantle heterogeneity, and volcanism in SE Asia (Fig. 9).

The induced mantle upwelling associated with local subduction can be generated ahead of a deep subducting slab and adjacent to edges of the stagnant slab segments in the transition zone, despite being far from arcs [START_REF] Faccenna | Subduction-triggered magmatic pulses: A new class of plumes?[END_REF]. Recent geodynamic models showed that this slab flux would stimulate upwelling of the enriched MTZ reservoirs and eventually lead to volcanic eruptions [START_REF] Mather | Intraplate volcanism triggered by bursts in slab flux[END_REF]. We suggest that this subduction-induced upwelling originating from the MTZ and surrounding area as revealed by seismic tomography, and associated decompression melting feed the diffuse and non-age-progressive volcanism in SE Asia. A similar mantle return flow, driven by long-lived subduction, has also been proposed to cause the intraplate volcanism across eastern Australia and Zealandia, as well as northern and northeastern China [START_REF] Mather | Intraplate volcanism triggered by bursts in slab flux[END_REF][START_REF] Zhao | East Asia: Seismotectonics, magmatism and mantle dynamics[END_REF]. Slab-triggered mantle return flow beneath SE Asia is significantly more complex than under eastern Australia-Zealandia and, northern and northeastern China, as SE Asia is surrounded by complicated convergent subduction systems on three sides. Therefore, it remains challenging at present to reconstruct and pinpoint the exact geochemical signature and mantle flows associated with a specific subducted slab flux. Further geodynamic modeling, high-resolution seismological studies and geochemical and age constraints on magmatism are required to quantify the link between cycling of subduction-induced mantle flows and time-space evolution of volcanism.

Conclusions

We present new geochemical and geochronological data for lavas from the South China Sea (SCS) seamounts. Through comparison with existing geochemical data we investigate mantle source compositions and the mantle evolution, and infer a possible mechanism to generate mantle heterogeneity and the volcanism in the SCS and surrounding areas. The major results of this work are as follows:

1. The Shixingbei seamount lavas formed during the syn-spreading stage (19.1 Ma; 33-16 Ma) are limited to tholeiitic basalts. The Zhenbei-Huangyan seamount lavas formed during the post-spreading stage (7.8 Ma) show wide variations in chemical compositions, ranging from basanite through alkali basalt to trachyte. The SCS Shixingbei seamount tholeiitic basalts are more depleted in incompatible trace element (e.g. La/Sm and Sm/Yb), and have less radiogenic 87 Sr/ 86 Sr and more radiogenic 143 Nd/ 144 Nd relative to most post-spreading lavas. Mantle source heterogeneity together with melting process control spatial-temporal (spreading and post-spreading stage) geochemical variations of lavas from the SCS and surrounding areas.

2. Zhenbei-Huangyan seamount whole rocks, matrix glass and plag show limited isotopic variation, while ol-hosted and plag-hosted melt inclusions show large variations in radiogenic Sr and Pb isotope ratios. A three-component mixing model (DMM-EMII-FOZO) is required to adequately explain the variability in isotopic compositions of the ol-hosted and plag-hosted melt inclusions.

3. The combined trace element and isotopic data of the SCS seamount melt inclusions, minerals and lavas demonstrate that the mantle source in the region is influenced by a package of young recycled oceanic crust with variable amounts of sediment. Combined with geophysical evidence, this demonstrates that recycling of ocean crust and marine sediments through the upper mantle from the MTZ can occur on relatively short time scales (< 250 Myr), much faster than those associated with the plate deep subduction and mantle plume upwelling (possibly > 1 Gyr). This new evidence shows that the production of mantle reservoirs enriched by the storage of past subducted slabs in the mantle transition zone is an important mechanism in the generation of distinctive isotopic domains that were generally thought to be related to deep recycling. 4. Our results show that marginal basins are important sites for introducing enriched oceanic and continental lithospheric material, i.e., chemical heterogeneity, into the upper mantle and transition zone. Subduction-induced upwelling from the mantle transition zone and nearby areas can explain the late Cenozoic volcanism observed in SE Asia. [START_REF] Sun | Chemical and isotopic systematics of oceanic basalts: implications for mantle composition and processes[END_REF]. The SCS spreading stage MORBs [START_REF] Zhang | Geochemical nature of sub-ridge mantle and opening dynamics of the South China Sea[END_REF], and Pacific and Indian MORBs [START_REF] Gale | The mean composition of ocean ridge basalts[END_REF] are shown for comparisons. Data source of intraplate volcanism in southeast (SE) Asia is the same as in Fig. 3. To minimize the effect of crustal contamination, intraplate lavas in SE Asia with ε Nd < 2.7 have been excluded. [START_REF] Zhang | Geochemical nature of sub-ridge mantle and opening dynamics of the South China Sea[END_REF]; Pacific MORBs, EMI-type and EMII-type oceanic island basalts [START_REF] Stracke | Recycling of oceanic crust: quantitative constraints[END_REF], and intraplate lavas in the SCS and SE Asia from the GEOROC database (http://georoc.mpchmainz.gwdg.de/georoc). The modeling results show mixing trends (solid lines) between depleted SCS MORB mantle end-component (DMM) and recycled oceanic crust and sediments. Dashed lines show mixing between averaged Pacific MORB, and typical EMII mantle derived partial melt . To minimize the effect of crustal contamination, intraplate lavas in southeast Asia with ε Nd < 2.7 have been excluded. The main parameters in the mixing model are given in Supplementary Table S9. [START_REF] Zhang | Geochemical nature of sub-ridge mantle and opening dynamics of the South China Sea[END_REF], FOZO-type component, interpreted as reflecting the young recycled material in the mantle transition zone [START_REF] Hanan | Lead and Helium Isotope Evidence from Oceanic Basalts for a Common Deep Source of Mantle Plumes[END_REF][START_REF] Stracke | FOZO, HIMU, and the rest of the mantle zoo[END_REF], well represented by young recycled Mesozoic Pacific MORB [START_REF] Hauff | Implications for alteration of ocean crust and the input into the Izu-Bonin-Mariana subduction system[END_REF], and an EMII-type componentrepresented by Mesozoic Pacific Ocean sediment [START_REF] Hauff | Implications for alteration of ocean crust and the input into the Izu-Bonin-Mariana subduction system[END_REF]. The main parameters in the three-component-mixing model between DMM and recycled oceanic crust and sediments are the same as in Fig. 5. Data sources: unpublished data from olivine-hosted melt inclusions from Hainan island lavas, to the north of the SCS, from Ren (personal communication 2021); the SCS post-spreading lavas, and Pacific and Indian MORB (http://georoc.mpch-mainz.gwdg.de/georoc/); U1431 SCS spreading stage MORBs [START_REF] Zhang | Geochemical nature of sub-ridge mantle and opening dynamics of the South China Sea[END_REF]; Mesozoic Pacific ocean crust [START_REF] Hauff | Implications for alteration of ocean crust and the input into the Izu-Bonin-Mariana subduction system[END_REF]; EMII (typical EM-2 OIBs), and HIMU (typical HIMU OIBs) end members [START_REF] Stracke | Recycling of oceanic crust: quantitative constraints[END_REF]; FOZO [START_REF] Stracke | FOZO, HIMU, and the rest of the mantle zoo[END_REF] and C [START_REF] Hanan | Lead and Helium Isotope Evidence from Oceanic Basalts for a Common Deep Source of Mantle Plumes[END_REF]. To minimize the effect of crustal contamination, intraplate lavas in southeast Asia with ε Nd < 2.7 have been excluded. [START_REF] Hauff | Implications for alteration of ocean crust and the input into the Izu-Bonin-Mariana subduction system[END_REF]. Each line corresponds to possible source ages and the necessary μ for that source to generate the radiogenic 206 Pb/ 204 Pb of typical FOZO lavas. 
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