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Abstract

Mantle plume-generated basalts have long been utilized to assess the large-scale heterogeneity
of the deep mantle. Their chemical and isotopic enrichment has been thought to result from the
incorporation of recycled sediments or oceanic crust in their sources. Variable extents of dehydration
or rehydration of recycled materials during subduction can induce different H,O/Ce ratios in plume-
related basalts. The Hainan plume has been regarded as the cause of the massive Cenozoic basaltic
volcanism in southeastern Asia. In this study, we measured bulk-rock major and trace element
compositions of basalts from a volcano at Heishanling Hill, northern Hainan Island, and made FTIR
analyses of water in clinopyroxene phenocrysts to determine magmatic water contents. In addition,

we determined Sr-Nd isotope compositions of basalts at Heishanling Hill and other three localities.

Water contents of Cpx phenocrysts vary from 20 to 254 ppm, which were used to calculate the
water contents in the corresponding equilibrated melts, yielding values from 0.22 to 2.42 wt.% with

an average of 1.07 + 0.47 wt.%. Considering the effect of magma differentiation on water contents,
1
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the primary melts of Heishanling basalts were estimated to have a range of 0.67-1.40 wt.% for
individual Heishanling basalts, with the average of 1.03 + 0.33 wt.%. The calculated water contents
in the mantle source of the Heishanling basalts vary from 279 to 582 ppm, falling in the range of

global OIBs.

Combined with the results previously reported, H>O/Ce ratios of Hainan basalts were estimated
to vary from 50 to 425, covering the reported range from EM-type OIBs to NMORBs. The enriched
Sr-Nd isotopic compositions of the studied samples resemble those of other Hainan plume-related
basalts, and their '*Nd/'**Nd ratios are well correlated with incompatible trace element ratios (e.g.,
Th/La, Ba/Nb). Bulk-rock compositions are consistent with a contribution of pyroxenite in the
mantle source of the Hainan basalts and mixing modelling suggests coupled contribution of recycled
sediment and oceanic crust. HO/Ce displays a negative correlation with '*Nd/'*Nd and a positive
correlation with (Rb/Nb), and (Th/La),, meaning that an increasing amount of recycled oceanic
crust and sediment in the source increases its H>O/Ce. The recycled material incorporated in the
Hainan plume source may have undergone variable degrees of dehydration or deep rehydration by

fluids released from subcrustal hydrous minerals at grater depths during subduction.

Keywords: H>O/Ce ratio; water content; the Hainan mantle plume; Hainan basalt; recycled

materials; clinopyroxene phenocryst

1. Introduction

Water has long been regarded as an important trace component in the Earth’s mantle, affecting
its physical properties and partial melting behavior. Experimental studies and numerical modeling

have demonstrated that within a subducted oceanic slab, several hydrous or nominally anhydrous
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minerals can transport a large amount of water into the deep Earth (e.g., Bekaert et al., 2020; van

Keken et al., 2011). Plate subduction has also been generally thought to play a crucial role in driving

mass recycling of the Earth, delivering large fluxes of surficial material into the Earth’s interior. It

induces large-scale geochemical heterogeneity in the mantle, as manifested by diverse geochemical

endmember components in the composition of basalts (Hofmann, 1997; White, 2015). Oceanic slabs,

which are composed of sediments, crustal rocks and upper lithospheric mantle, will experience

complex mineralogical reactions upon subduction, including variable degrees of dehydration (e.g.,

van Keken et al., 2011; Walowski et al., 2015). Despite this, many studies have shown that recycled

material can carry a significant amount of surficial water into the deep mantle and thus modify its

inventory of water (e.g., Bekaert et al., 2020; Dixon et al., 2017; Hirschmann, 2006). Recycled

material can ultimately be entrained into upwelling mantle plumes to engender hotspots, markedly

expressed as basaltic magmatism of oceanic island basalts (OIBs; Hofmann, 1997; White, 2015)

and large igneous provinces (LIPs; Ernst et al., 2005; Richards et al., 1989).

So far, the amount of water that survives devolatilization and is transported to the deep mantle

is not well constrained. Water behaves as an incompatible component during mantle melting, with

its incompatibility being similar to that of Ce. Consequently, the H,O/Ce ratios in basalts are thought

to closely reflect the ratio in their mantle source (Dixon et al., 2002). Some previous studies have

revealed that large amounts of EM-type OIBs or EMORBs (enriched mid-ocean ridge basalts) have

high water contents in their sources but lower H,O/Ce ratios than those of the depleted MORB

mantle (DMM) or the primitive mantle (PM; Fig. 1). This observation has been attributed to the

almost complete dehydration of oceanic slabs during their subduction before being incorporated

into mantle sources of basalts (e.g., Dixon et al., 2002; Kendrick et al., 2014, 2015; Workman et al.,

3
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2006). Higher H>O/Ce ratios than in DMM and PM have also been reported for some other OIBs

and EMORBs, which has been explained by relatively low degrees of dehydration (Fig. 1; Cabral

et al., 2014; Jackson et al., 2015; Kendrick et al., 2017; Shimizu et al., 2019) or by rehydration of

overlying sediments and crustal rocks in slabs by fluids released from subcrustal hydrous minerals

at greater depths (Dixon et al., 2017). OIB-like Cenozoic basalts in eastern China, under which the

subducted Pacific slab has been found to be stagnated in the mantle transition zone, show high water

contents and H>O/Ce ratios (up to ~600) (Chen et al., 2017; Liu J. et al., 2015a; Xia et al., 2019).

As suggested by Liu J. et al. (2015a), high H>O/Ce ratios could be associated with a less degree of

dehydration related to the cold and fast subduction of the west Pacific plate.

The presence of the Hainan mantle plume in southeastern China has been identified by different

geophysical observations (e.g., Montelli et al., 2006; Wei and Chen, 2016; Xia et al., 2016; Zhao et

al., 2021) and fits well with a recently developed plate motion model (Zhang and Li, 2018). The

plume has been thought to play a crucial role in the tectonic evolution of the region surrounding the

South China Sea (SCS; for a review, see Yan et al., 2014). The plume is responsible for the genesis

of basalts occurring in the Leiqiong area and the Indochina block as well as EMORBs and seamount

basalts beneath the SCS (Fig. 2; e.g., Gu et al., 2019; Wang et al., 2013; Yan et al., 2014; Zhang et

al., 2018a). The chemical and isotopic compositions of these basalts indicate that the Hainan plume

entrained material with a geochemical affinity of the EM Il endmember (An et al., 2017; Flower et

al., 1992; Hoang et al., 2018; Tu et al., 1992; Yan et al., 2018; Zhang et al., 2018a, b; Zou and Fan,

2010). Several other studies suggest that the FOZO component might also be incorporated in the

source of the Hainan plume-related basalts (e.g., Wang et al., 2013; Tian et al., 2020). The enriched

component in the source mantle has been proposed to originate from recycled oceanic crustal

4
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material (Liu J.Q. et al., 2015; Wang et al., 2013). The region is surrounded by the convergent

boundaries of the Pacific (Philippine) and Indo-Australian plates towards the Eurasian plate (Fig.

2). Subducted slabs have sunk to the lower mantle, even to the base of the mantle, as demonstrated

by the presence of bodies with higher-than-average seismic wave velocities in the lower mantle

beneath this region (Li et al., 2008). Thus, the Hainan basalts would provide a great opportunity to

constrain water recycling in the settings where a deep-rooted mantle plume become spatially

associated with subduction of multiple oceanic plates.

In this study, we analyzed water contents and chemical compositions of clinopyroxene (Cpx)

phenocrysts in basalts collected from the Heishanling Hill in Hainan Island (China). Bulk-rock

elemental and Sr-Nd isotopic compositions were also analyzed for these basalts. Based on these

results, water contents in the primary melt of the Heishanling basalts and their mantle source were

inversely estimated. We also measured Sr-Nd isotopic compositions of basalts from three other

localities (Chitucun, Leihuling and Yongxing) in the northern part of Hainan Island, for which the

water content data have been reported previously by Gu et al. (2019). From the whole dataset, we

observed that H,O/Ce in Hainan basalts shows a negative correlation with '**Nd/'**Nd. Furthermore,

the basalts have a large range in H>O/Ce, varying from values similar to the ratios in Samoan OIBs

(representing the EM 11 endmember; Fig. 1) to values exceeding those of MORBs (as high as ~450).

Our results provide new constrains on the recycling of water through plate subduction and

subsequent entrainment into a deep-rooted mantle plume.

2. Geological background and sample description

The southeastern Asian region is situated in the convergence zone of the Eurasian, Philippine
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Sea and Indo-Australian plates (Fig. 2). The complex regional tectonics has resulted in the formation

of the South China Sea, a large marginal basin, and intense volcanic activity in the Cenozoic. The

magmatism before and during the SCS spreading was relatively weak, and massive basaltic eruptive

and intrusive rocks were emplaced later than ~16 Ma, after the cessation of the SCS spreading (Yan

et al., 2014). They are mainly distributed over the Leiqiong area, the Beibu Gulf, the Indochina

block, and within the SCS basin (Fig. 2). Before the geophysical demonstration of the presence of

a low-seismic-velocity anomaly extending to the lower mantle beneath Hainan Island, suggesting

the existence of the Hainan mantle plume (e.g., Zhao et al., 2021), the Cenozoic basalts were

proposed to be partial melts of metasomatized lithospheric mantle (e.g., Tu et al., 1992) or upwelling

enriched asthenosphere (e.g., Hoang et al., 1996). Although the role that the plume played in the

initial spreading of the SCS ridge still remains controversial (e.g., Yu and Liu, 2020; Yu et al., 2018;

Zhang et al., 2018a), the most popular view suggests that the Hainan mantle plume is the main cause

to basaltic magmatism after the Mid-Miocene. The plume-induced basalts mainly display a

geochemical affinity to EM II (e.g., An et al., 2017; Yan et al., 2018; Zou and Fan, 2010).

The basalts from Heishanling have Pliocene eruption ages of ~4 Ma (Ho et al., 2000). They

host large quantities of peridotite xenoliths, suggesting a rapid ascent to the surface. Most of the

studied samples display a porphyritic texture and a groundmass with a low degree of crystallization.

The phenocrysts are dominated by euhedral or subhedral olivine and Cpx with sizes of 0.1-1 mm.

Detailed petrological descriptions for samples from other three localities (Chitucun, Leihuling and

Yongxing) are shown in the supplementary materials of Gu et al. (2019).

3. Analytical methods
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3.1 Major and trace element compositions of bulk rocks

Fresh interiors of samples from Heishanling were grinded into 200-mesh powders. The

powders were heated to 1000 °C for 90 min, after which the loss on ignition (LOI) was measured.

Major and trace elements contents were analyzed by X-Ray fluorescence spectrometry and a

PerkinElmer inductively coupled plasma mass spectrometer (ICP-MS), respectively, at ALS

Chemex (Guangzhou, China) Co., Ltd. For oxides with contents higher than 1 wt.%, the analytical

precision was estimated at 1-3% and for other oxides with contents lower than 1 wt.%, the precision

was approximately 10%. For most trace elements, the precision is better than 5%.

3.2 Sr-Nd isotopic compositions of bulk rocks

Strontium and neodymium isotopic analyses for samples from all the four localities were

conducted using a multi-collector inductively coupled plasma mass spectrometer (MC-ICPMS;

Thermo Fisher Scientific Neptune Plus) at Hokkaido University, Japan. The analytical procedures

for the chemical separation of Sr and Nd followed the methods of Pin et al. (1994). The normalizing

factors used for internal corrections were 3Sr/%8Sr = 0.1194 and '**Nd/!**Nd = 0.7219. Additional

corrections were then performed by applying a standard bracketing method using NIST987 and

JNdi-1 for Sr and Nd isotopic analyses, respectively, and normalized to 37Sr/®¢Sr = 0.710240 for

NIST 987 (Makishima and Masuda, 1994) and '“*Nd/"*Nd = 0.512117 for JNdi-1. The Sr and Nd

isotopic ratios of JB-3 (from the Geological Survey of Japan) measured during this study, reference

values, and standard deviations for replicate analyses are provided in Table A1l of Kuritani et al.

(2020).

3.3 Major elements compositions of Cpx phenocrysts
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The Shimadzu electron probe microanalyzer (EPMA 1720) at the School of Earth Sciences,
Zhejiang University (China), was applied to measure major element compositions of Cpx
phenocrysts from Heishanling. The operating conditions were set at an accelerating voltage of 15
kV, a beam current of 20 nA and a beam size of 5 um. The analyzed positions were placed within
or close to the spots analyzed for water by a Fourier transform infrared spectrometer (FTIR). A set
of natural and synthetic minerals or oxides were used as standards. The final data are shown after
correction using a program based on the ZAF procedure. In every thin section, several large Cpx
grains were randomly selected to check the intra-grain compositional heterogeneity with profile

analyses.

3.4 Water contents in Cpx phenocrysts

Water contents of clinopyroxene phenocrysts from Heishanling were calculated from infrared
spectra based on the modified Beer-Lambert law Cp,o=3A/et, in which Cy,( is the water content
(ppm), A is the integrated absorbance (cm™), ¢ is the molar absorption coefficient (7.09 ppm'cm™
for Cpx from Bell et al., 1995), and t is the thickness of the thin section (cm). Unpolarized IR spectra
of Cpx phenocrysts were acquired on double-polished thin sections with the thickness of 0.078-
0.178 mm at the School of Earth Sciences, Zhejiang University (China), using a Nicolet iS50 FTIR
attached to a Continupm microscope equipped with a liquid-nitrogen-cooled MCT-A detector and a
KBr beam splitter. During the analysis, the entire instrument was flushed with continuous dry air
flow. Spectra in the wavenumber range of 1000 to 5500 cm™! were collected on the optically clean,
inclusion- and crack-free areas in Cpx phenocrysts using square apertures (30x30 to 100x100 pm?)
adjusted with the size and quality of phenocrysts. The analyzed phenocrysts have diameters ranging

from tens of micrometers to >1 mm (along the major axis). 128 scans with the resolution of 4 cm!
8
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were accumulated for each spectrum. The estimated uncertainty of a single unpolarized FTIR

analysis is less than 30% (Liu J. et al., 2015b; Xia et al., 2013).
4. Results
4.1 Geochemical characteristics of Heishanling basalts

Major and trace elements compositions of Heishanling basalts are shown in Table S1. Sr-Nd
isotopic compositions of Heishanling basalts and basalts from other three localities (Gu et al. 2019)
are reported in Table 1. All the samples have LOI values lower than 1 wt.%. Similar to the basalts
from Chitucun, the Heishanling basalts fall in the field of sub-alkaline basalts in the total alkali
versus SiO; diagram (Fig. 3). MgO contents in the Heishanling basalts range from 9.1 to 11.0 wt.%,
being higher than those of the Chitucun basalts, whereas the concentrations of incompatible
elements, such as TiO» and KO, are systematically lower in the Heishanling basalts, ranging from
1.6 to 1.9 wt.% for TiO; and from 0.8 to 1.1 wt.% for K,O (Fig. 4). Variations of major element
oxides, FeO/MnO and Ni as a function of MgO suggest that the Heishanling basalts have

experienced fractional crystallization of olivine, but no or only little Cpx fractionation (Fig. 4).

The Heishanling basalts show OIB-like primitive mantle-normalized trace element patterns
(Fig. 5), which are characterized by strong enrichments in large ion lithophile elements (LILE) and
light rare earth elements (LREE), no positive Pb anomalies and the absence of negative Nb-Ta
anomalies. Europium and Sr display slightly positive anomalies, with Eu/Eu* (=EuN/\/m ;
N indicates normalization to chondrite) and Sr/Sr* (=Srn/m ; n indicates normalization to
the primitive mantle) ranging from 1.04 to 1.09 and from 1.12 to 1.54, respectively. The steep

chondrite-normalized REE patterns with (La/Yb)n of 8.14-12.49 suggest that the Heishanling
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basalts left residual garnet in their mantle source (Fig. 6; Liu J.Q. et al., 2015; Zou and Fan, 2010).

Strontium and Nd isotopic compositions of the Heishanling basalts and the samples studied by

Gu et al. (2019) show little variation and fall in the range reported previously for basalts related to

the Hainan mantle plume (Fig. 6). The covariation of Sr and Nd isotopic compositions indicate that

the enriched characteristics in the sources of the basalts related to the Hainan mantle plume may be

originally linked with the involvement of the EM II component (Fig. 6).

4.2 Chemical compositions and water contents of Cpx phenocrysts

The calculated water contents of Cpx phenocrysts from Heishanling basalts, along with their

major element compositions, are reported in Table S2. Fresh and relatively large Cpx grains were

found for FTIR measurements in the four out of the six Heishanling basalt samples that were

analyzed for their bulk-rock compositions. Mg# (=molar 100xMg/(Mg+Fe)) in the analyzed Cpx

ranges from 76.7 to 82.9 (Table S2). TiO,, Cr,0O3 and CaO display a negative relationship with MgO,

whereas SiO; increases with MgO (Fig. 7). These relationships are suggestive of crystallization of

the analyzed Cpx phenocrysts from the same basaltic magma system.

Figure 8 illustrates representative infrared spectra for Cpx grains from Heishanling basalts.

They display three dominant groups of structural OH absorption bands at wavenumbers similar to

those reported in previous studies (e.g., Gu et al., 2019; Liu J. et al., 2015b; Xia et al., 2013). The

phenocrysts in the Heishanling basalts have a larger range of water contents (20-254 ppm) relative

to the analyzed phenocrysts from the other three localities (12-179 ppm; Gu et al., 2019). Water

correlates positively with TiO., and the calculated fraction of tetrahedrally coordinated Al in Cpx,

indicating that the Cpx phenocrysts in the Heishanling basalts have preserved their initial water

10
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contents.

4.3 Water contents in melts equilibrated with Cpx and the primary melt of Heishanling

basalts

Based on the measured water contents in Cpx phenocrysts, water concentrations in melts

equilibrated with them can be calculated using the Cpx-melt partition coefficient of water. Values

of this coefficient can be assessed from the major element composition of Cpx by the equation

established by O’Leary et al. (2010; Equation 10 therein):

DY ™! = —4.2(£0.2) + 6.5(+0.5)X 0y — 1.0(0.2)X " (1)
where XZ’,’& and ngx are the molar fractions of octahedrally coordinated Al and Ca cations,

respectively, calculated on the basis of six oxygen atoms per formula unit of Cpx. The water contents
in the melts were calculated from the water contents of Cpx phenocrysts by dividing them by
D,sz”(;/ mel The calculated water contents in melts equilibrated with individual Heishanling Cpx
phenocrysts show a range from 0.22 to 2.42 wt.% with the average ranging from 0.79 to 1.42 wt.%
for individual samples (Table S1). Considering the combined uncertainties in the Cpx water content

estimation and the values of the partition coefficient, the total uncertainty in the calculated water

content of the melt is not more than 32% (Liu J. et al., 2015b).

As water behaves incompatibly during magma differentiation, the fractional crystallization of
olivine/Cpx will increase water contents in magmas. The correlations between contents of different
major elements with MgO contents indicate that the studied Hainan basalts have mainly experienced
the fractional fractionation of olivine rather than Cpx (Figs. 4a-h). Thus, we proposed that the

fractional crystallization of olivine is the reason for the deviation of bulk rocks from the

11



234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

compositions of their corresponding primary melts. To obtain the compositions of primary melts,

we made inverse estimation by stepwise addition of equilibrated olivines from bulk-rock

compositions until equilibrated olivines have Mg# = 90 to exclude the effect of fractional

crystallization. The proportions of added olivine were calculated. With the assumption of complete

incompatibility of H>O in olivine in basaltic magmas, the H,O contents in primary melts of

Heishanling basalts were back calculated by adding the same amount of olivine to the magma

diluting H>O contents estimated by Cpx phenocrysts (Le Voyer et al., 2015). To diminish the

interference by fractional crystallization, we applied the average magma H>O contents calculated

from early-crystallized Cpx phenocrysts with Mg# higher than 80 when back calculating the water

contents in primary melts for individual samples by olivine addition. The water contents in primary

melts have a range of 0.67-1.40 wt.% (Table S1) for individual Heishanling basalts, with the average

of 1.03 £ 0.33 wt.%.

5. Discussion

5.1 Low degree of contamination by secondary processes

During their ascent to the surface, basaltic magmas may become chemically modified by

contamination with crustal material around their flow channels or by later surficial alteration. The

latter can notably increase the concentrations of LILE in basalts, but not those of HFSE. For all the

basalts from the studied four localities (Heishanling, Chitucun, Leihuling and Yongxing) in Hainan

Island, the observed good linear correlations between LILE (e.g., Rb, Ba; Figs. 9a-b) and Nb suggest

that later alteration has not affected the compositions of these basalts. This is also supported by their

low LOI values (<1 wt.%; Table S1; Gu et al., 2019). Contamination by crustal rocks can cause a

12
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significant increase in the ¥’Sr/*®Sr ratios of the basalts along with their SiO, contents. This
covariation has not been observed for any of the studied Hainan basalts (Fig. 9¢), indicating no or
only little contamination with crustal rocks. Furthermore, Ce/Pb and Nb/U in the Hainan basalts
vary from 13.0 to 27.6 and from 27.9 to 49.0, respectively, with both ratios falling in or slightly
below the range of global MORBs and OIBs (Hofmann et al., 1986), but being significantly higher
than the corresponding ratios of the continental crust (Fig. 9d). No obvious correlation of 37Sr/3¢Sr
or '"®Nd/!'*Nd with Ce/Pb exists for Hainan basalts, even for the samples having Ce/Pb ratios lower
than those of MORBs and OIBs (Figs. 9¢e and 8f). Additionally, crustal contamination may induce
low eNd values, Nb/U ratios falling out of the global OIB range, and the positive correlation between
eNd and MgO/Si0, ratios (Wang et al., 2013). However, these signatures do not occur to
Heishanling samples (Figs. 9g and Sh). All these lines of evidence advocate that no significant

crustal contamination has modified the compositions of our studied Hainan basalts.

5.2 Contribution of pyroxenite in the mantle source of Hainan basalts

Studies of natural samples and experimental investigations suggest that volatile-free peridotite
cannot melt to generate magmas displaying the large variations in chemical and isotopic
compositions or producing olivine phenocrysts with distinct compositions observed in many plume-
related basalts (e.g., Dasgupta et al., 2007; Hauri, 1996; Herzberg, 2011; Pilet et al., 2008; Sobolev
et al., 2005, 2007). Different models of the source lithological heterogeneity have been put forward
to explain these observations, such as pyroxenite (e.g., Hauri, 1996; Herzberg, 2011; Sobolev et al.,
2005, 2007), MORB-eclogite (no pyroxenite as an intermediate reaction product; e.g., Mallik and
Dasgupta, 2012), carbonated peridotite (e.g., Dasgupta et al., 2007), or hornblendite (e.g., Pilet et

al., 2008). Distinct geochemical or isotopic proxies have been proposed to indicate the contribution
13
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of pyroxenite in mantle sources (e.g., Herzberg, 2011; Le Roux et al., 2010; Sobolev et al., 2007).

Pyroxenite in the upper mantle, where the dominate lithological constituent is peridotite, may be the

product of reactions between subducted material with the ambient mantle in the solid state (Herzberg,

2011) or result from metasomatism of peridotite by partial melts from recycled material (Sobolev

et al., 2007).

The compositions of bulk rocks and olivine phenocrysts from Hainan plume-related basalts

suggest the presence of pyroxenite in their sources (An et al., 2017; Gu et al., 2019; Hoang et al.,

2018; Liu J.Q. et al., 2015; Wang et al., 2012; Zhang et al., 2018b). For the Heishanling basalts, the

high bulk-rock FeO/MnO and 1000*Zn/Fe ratios together with the relatively low CaO contents also

require the presence of pyroxenite in their source (Fig. 10; Herzberg, 2011; Le Roux et al., 2010).

All these observations mean that the Hainan plume has entrained a component related to subducted

material, which are responsible for the generation of pyroxenite in the sources of the Cenozoic

basalts occurring in southeastern Asia (Gu et al., 2019; Wang et al., 2012; Zhang et al., 2018b).

5.3 Compositional characteristics of the Hainan basalt source

The large compositional spectrum of mantle plume-related basalts has been ascribed to a large-

scale heterogeneity in the mantle, which has been described using several endmembers

compositions (Hofmann, 1997; White, 2015). The heterogeneity has been generally attributed to the

contribution of recycled oceanic crust, continental upper or lower crusts, or sediments (Hofmann,

1997, Stracke et al., 2003; White, 2015; Willbold and Stracke, 2006). Several previous studies

suggest that the basalts originally related to the Hainan mantle plume are partial melts of a mixture

between EM II and the Pacific MORB source mantle (e.g., Flower et al., 1992; Tu et al., 1992; Yan
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et al., 2018; Zou and Fan, 2010). On the other hand, Tu et al. (1991) proposed that the source of the

Hainan basalts may have been overprinted by subducted sediments.

Sr-Nd isotopic compositions of basalts from Heishanling and the other three localities display

minor variations and fall in the range reported for enriched Cenozoic basalts from Hainan Island

(Fig. 6). A conclusion similar to that of previous studies can be made that these samples originate

from melting of an EM II-DMM mixture (Flower et al., 1992; Zou et al., 2010). '*Nd/'*Nd of all

our samples displays a negative correlation with Th/La, Rb/Nb and Ba/Nb but has a positive

correlation with Nb/La (Figs. 11a, b, c, d). Several features in trace element compositions argue

against direct contamination of Hainan basalts by material from the continental crust along their

route to the surface: the lack of positive Pb anomalies; no negative Nb-Ta anomalies; and Ce/Pb and

Nb/U ratios similar to those of global MORBs and OIBs; no correlation of 87Sr/3Sr ratios with SiO;

contents and Ce/Pb ratios; no correlation of eNd values with MgO/SiO» and Nb/U ratios(Figs. 9c¢,

d, e, g, h; Table S1). Mixing modeling (Langmuir et al., 1978) demonstrates that the source of the

Hainan basalts is overprinted by recycled sedimentary material (Figs. 12a, b) and not solely recycled

oceanic crust as proposed in previous studies (Liu J.Q. et al., 2015; Wang et al., 2013). Although the

presence of subducted upper continental crustal rocks cannot be rejected in the source of the Hainan

basalts, subducted sediments should be present to account for the high Ba/Th ratios in Hainan basalts

(Fig. 12a; Plank and Langmuir, 1998). According to the quantitative model established by Stracke

et al. (2003), the synthesized melt, which is produced by partial melting of the ambient mantle mixed

with recycled oceanic crust and sediment, displays the trace element distribution pattern similar to

those of Hainan basalts in this study (Fig. 13). This is consistent with the mixing modeling in Fig

12, both of which indicate that recycled sediment should have contributed to the mantle sources of
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Hainan basalts.

5.4 Large range of HO/Ce ratios in Hainan basalts and its implications

As HO and Ce have a similar incompatibility during mantle melting, H>O/Ce in basaltic
magmas does not change during partial melting or later fractional crystallization and should thus
closely approach the value of the mantle source (e.g., Bizimis and Peslier, 2015; Dixon et al., 2002).
Because H>O is much more mobile than Ce with released fluids during subduction and susceptible
to diffusion during residence in the deep mantle, variable H>O/Ce ratios can provide information on
recycled material in basalt sources undergoing complex subduction processes. Based on the reverse
calculation of water contents in magmas equilibrated with Cpx phenocrysts from Hainan basalts,
H>O/Ce ratios in the mantle source can be estimated to range from 50 to 425, i.e., extending from
values previously reported for EM-type OIBs to values higher than those in MORBs (Table S1 and
Gu et al., 2019). It is noteworthy that the magma water contents calculated by Gu et al. (2019) for
the Chitucun, Leihuling and Yongxing basalts are well correlated with incompatible trace elements,
such as Nb, La and Ce, which suggests that the recovered water contents were not affected by
degassing or diffusion. The H,O/Ce ratios of the Heishanling basalts from this study and the other
Hainan basalts studied by Gu et al. (2019) show a negative correlation with 3Nd/'**Nd (Fig. 14a;
R?=0.5389) and a positive one with 87Sr/*Sr. In addition, the increase in HO/Ce also accompanies
with the increase in (Rb/Nb), (Fig. 14b) and (Th/La), (Fig. 14¢) in basalts. All these features mean
that the “enriched” component in the mantle source has a high H>O/Ce ratio. The observed high
H,O/Ce ratios (>420) in Hainan basalts are similar to those of the Cenozoic intraplate basalts in
eastern China (Chen et al., 2017; Liu J. et al., 2015a, b; Xia et al., 2019) and the enriched MORBs

in the Arctic ridge (Jan Mayen; Dixon et al., 2017), but rather distinct from the ratios in the EM I-
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and EM II-type OIBs, which show H,O/Ce ratios of <100 (Dixon et al., 2002; Kendrick et al., 2014,

2015; Workman et al., 2006).

The enriched mantle endmembers components (HIMU, EM I, and EM II) have generally been

related to diverse recycled material delivered by subducted slabs. All the surficial materials prior to

subduction, such as altered oceanic crust and marine sediments, have very high H>O/Ce ratios

compared with the primitive mantle and DMM (Dixon et al., 2002; Shimizu et al., 2019). Even so,

during subduction, selective loss of water can produce relative depletion of H>O to Ce in residual

slabs, which would be reflected in lower H,O/Ce ratios in many OIBs that are geochemically more

enriched by recycled material than NMORBs. The H>O/Ce ratios of “enriched” mantle can vary

from <80 to as high as ~425 (Fig. 1; Cabral et al., 2014; Dixon et al., 2017; Kendrick et al., 2014,

2015, 2017; Shimizu et al., 2019; Workman et al., 2006). The extremely low H>O/Ce ratios have

been explained by extreme dehydration of subducted slab components without later rehydration

(Dixon et al., 2002, 2017; Kendrick et al., 2014, 2015) or water loss by diffusion during the residence

of slabs in the lower mantle (Workman et al., 2006). In contrast, the high H>O/Ce ratios of “enriched”

mantle has been attributed to relatively hydrous components derived from subducted slabs at a

shallower depth (above the mantle transition zone) with cool geothermal conditions (Dixon et al.,

2017). For cooler slabs, materials at the upper part of slabs (e.g., sediments and altered oceanic

crusts) could have experienced near-complete dehydration in shallow subduction zones, but at

greater depths these ‘dry’ materials after dehydration could be rehydrated by fluids produced from

subcrustal serpentinized oceanic lithospheric mantle (Dixon et al., 2017). This process induces the

high H,O/Ce ratios in the recycled sediments and altered oceanic crusts. This explanation is

consistent with the observation that the OIB-like Cenozoic basalts in eastern China show high
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H>O/Ce ratios coupled with oxygen isotopic compositions (3'%0) distinct from that of the pristine
mantle, which has been suggested to be a result of the release of hydrous components from the
subducted Pacific slab stagnating in the mantle transition zone beneath eastern China (Chen et al.,

2017; Liu J. et al., 2015a).

However, the scenario discussed above is not relevant in the Hainan case. Firstly, the study of
basalts from the fossil spreading ridge in the South China Sea shows that the ambient asthenosphere
did not contain hydrous components derived from a subducted slab at a shallow mantle, although
there were multiple subduction events around the Hainan volcanic fields (Wang et al., 2019).
Secondly, geophysical observations do not support the presence of any subducted slab segments in
the mantle transition zone or upper mantle beneath Hainan island (Fukao et al., 2009; Li et al., 2008;
Wei and Chen, 2016; Xia et al., 2016). This indicates that the high-H,O/Ce components in the mantle
sources of the Hainan basalts were derived from the deeper mantle and entrained by the Hainan
mantle plume from the lower mantle. This is highly likely because mantle P wave topography
imaging and plate reconstructions show that the Izanagi plate broke off and sank into the lower
mantle before ~35 Ma, and the Hainan plume was triggered and entrained recycled material to
generate the widespread Cenozoic basalts in the southeastern Asia (Kimura et al., 2018; Seton et al.,
2015; Zhang and Li, 2018). According to the model of Dixon et al. (2017), the high H>O/Ce ratio
could be attributed to components derived from a less dehydrated part of the Izanagi plate segment,
which would probably have a rather low geothermal gradient in the global subduction systems
(Syracuse et al., 2010). While the low H,O/Ce ratios (~50) could have resulted from extremely
dehydrated oceanic basaltic rocks in an old subducted slab. As shown in Fig. 12, our modeling in

the Ba/Th and Rb/NDb vs. **Nd/'*Nd diagrams supports this argument. Thus, the large variation in
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H>O/Ce compared to MORBs and the negative correlation of HO/Ce with '*Nd/!*Nd in Hainan
plume-related basalts suggest that recycled components incorporated into the Hainan plume

entrained subducted plate material with different residence times in the lower mantle.

According to the batch melting model, the calculated water contents in the mantle source of
the Heishanling basalts show a range from 279 to 582 ppm, assuming that the Heishanling basalts
are products of a similar degree of partial melting to the Chitucun basalts, as based on their
comparable trace element compositions (Gu et al., 2019). The estimated water contents in the source
are considerably lower than the upper limit of the previously estimated values for global OIBs
(300~1000 ppm; Hirschmann, 2006). Thus, although the HO/Ce ratio in the Hainan basalt source
higher than DMM implies that recycled material entrained by the Hainan plume should have
experienced relatively low degrees of dehydration, the source water content is generally lower than
those in the mantle sources of LIPs. The observations of this study are still in favor of the conclusion
made by Gu et al. (2019) that the low water content in the Hainan plume is likely the key factor that

inhibited the generation of a LIP in response to the upwelling plume.

6. Concluding remarks

Cenozoic basalts dispersed in the northern part of Hainan Island have been originally related
to the Hainan plume, the existence of which has been demonstrated by geophysical observations.
The high FeO/MnO and 1000*Zn/Fe ratios and low CaO contents in bulk rocks suggest a
contribution of pyroxenite, the generation of which has normally been related to the presence of
subducted material in the mantle source of the Hainan basalts. Sr-Nd isotopic compositions, the

covariation between '**Nd/'*Nd and incompatible trace element ratios in bulk rocks, and the OIB-
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type trace element characteristics are consistent with a mantle source contaminated with recycled

material, including subducted sediment and oceanic crust.

Water contents in the primary melt and mantle source of the Hainan basalts were retrieved from

Cpx phenocryst compositions. HoO/Ce in the mantle source ranges from 50 to 425, extending from

values reported previously for EM-type OIBs to values higher than those of MORBs. Moreover,

H20O/Ce of the Hainan basalts covaries with '*Nd/'*Nd and incompatible trace element ratios,

indicating that higher H>O/Ce ratios can be linked to recycled material in the source. These recycled

components incorporated in the Hainan plume source may have undergone variable degrees of

dehydration or deep rehydration by fluids released from subcrustal hydrous minerals during

subduction.
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Fig. 1. H20/Ce vs. H20 (in ppm) in mantle sources of OIBs representing compositionally different mantle

endmembers. H2O contents in sources were estimated according to the batch melting model from the retrieved H20

contents of primary melts with partial melting degrees assigned to 5% for alkali OIBs and 10% for tholeiitic OIBs.

Based on similar incompatibility of H20 and Ce, H20/Ce ratios in melts is be assumed to represent those of their

mantle sources. Data sources: PM, DMM and FOZO (Bizimis and Peslier 2015); EM I calculated from Pitcairn

basalts (Kendrick et al., 2014); EM II calculated from Samoa (Kendrick et al., 2015) and Society basalts (Kendrick

et al., 2014); HIMU calculated from Mangaia (Cabral et al., 2014) and Tuvalu basalts (Jackson et al., 2015); Hawaii

basalt sources (Dixon and Clague, 2001; Shimizu, et al., 2019); Iceland basalt source (Nichols et al., 2002).

Fig. 2. (a) Distribution of Cenozoic basalts in southeastern Asia (modified after Yan et al., 2018). The inserted

small map shows the tectonic setting of southeastern Asia. Cenozoic basalts are dispersed over the Leigiong area,

the Beibu Gulf, the Indochina block and the South China Sea. The Leiqiong area refers to the Leizhou Peninsula and

northern Hainan Island. (b) Distribution of Cenozoic basalts with different eruption episodes in the northern

part of Hainan Island and sample locations of this study. Abbreviations: HSL = Heishanling, CTC = Chitucun,

LHL = Leihuling (LHL), YX = Yongxing. The map is modified after Liu et al. (2015).

Fig. 3. Total alkali contents vs. SiO2 contents for the Hainan basalts in this study. The grey dots represent Hainan

basalts studied in Gu et al. (2019).

Fig. 4. Major and minor element variations in Hainan basalts. The arrows indicate effects of crystallization of

different minerals (Ol = olivine, Cpx = clinopyroxene, Pl = plagioclase, Fe-Ti = Fe-Ti oxide). Data shown by gray

symbols are from Gu et al. (2019).

Fig. 5. Chondrite-normalized rare earth element (REE) and primitive mantle-normalized trace element

patterns for basalts from Hainan Island. Literature data on Leiqiong basalts (light blue field) taken from Liu et al.
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(2015) and Wang et al. (2012) and Indochina basalts (grey field) from An et al. (2017), Hoang et al. (2018) and Yan

et al. (2018). The data from Gu et al. (2019) are shown as grey lines. Normalization values taken from McDonough

and Sun (1995). The reference compositions for OIB, continental crust (CC) and N-MORB are from Sun and

McDonough (1989), Rudnick and Gao (2014) and Gale et al. (2013), respectively.

Fig. 6. 13Nd/'*Nd vs. ¥’Sr/*%Sr diagram for Hainan basalts. Reference data for MORBs, EM I-type OIBs (the

Pitcairn and Tristan hotspots) and EM II-type OIBs (the Samoa, Society and Marquesas hotspots) were taken from

the EarthChem database (www.earthchem.org). The data of Leigiong basalts are from Tu et al. (1991), Wang et al.

(2013) and Zou and Fan (2010) and the data of Indochina basalts from An et al. (2017), Hoang et al. (1996), Hoang

et al. (2018) and Yan et al. (2018).

Fig. 7. Compositions of clinopyroxene phenocrysts from four samples of Heishanling basalt.

Fig. 8. Typical OH infrared absorption spectra for Cpx phenocrysts from Heishanling basalts. The dashed lines

mark peak positions of individual OH bands at ~3640 cm!, ~3530 cm™!' and 3460 ¢cm’'. The absorbance has been

normalized to a thickness of 1 cm.

Fig. 9. Plots of Rb vs. Nb (a), Ba vs. Nb (b), ¥’Sr/%Sr vs. SiO: (c), Ce/Pb vs. Nb/U (d), ¥’Sr/*6Sr vs. Ce/Pb (e),

143N d/'Nd vs. Ce/Pb (f), eNd vs. MgO/SiO: (g) and £Nd vs. Nb/U (h) for Hainan basalts. In panels g and h,

eNd()=[("*Nd/"**Nd)samp1c/0.512638—1]x10000 (Wang et al., 2013). Chemical data from Chitucun, Leihuling and

Yongxing (grey symbols) taken from Gu et al. (2019). The gray box in (d) represents the range of Nb/U and Ce/Pb

ratios in global OIBs and MORBs (Hofmann et al., 1986). The Nb/U ratios of global OIBs and MORBs (grey zone)

and continental crust (black line) are also from Hofmann et al. (1986). The composition of the continental crust is

from Rudnick and Gao (2014).

Fig. 10. Variations of FeO/MnO (a), 10000*Zn/Fe (b) and CaO (c) as a function of MgO in bulk-rock
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compositions of Hainan basalts. Literature data for Leigiong basalts are from Flower et al. (1992), Ho et al. (2000),

Liu et al. (2015), Wang et al. (2012) and Zou and Fan (2010) and those of Indochina basalts from An et al. (2017),

Hoang et al. (1996), Hoang et al. (2018) and Yan et al. (2018). The range of FeO/MnO in peridotite melts in (a) is

from Herzberg (2011) and the ranges of 1000*Zn/Fe in peridotite and pyroxenite melts in (b) from Le Roux et al.

(2010). The green line separating pyroxenite and peridotite melts in (c) is from Herzberg and Asimow (2008).

Fig. 11. Relationship between > Nd/'**Nd and selected trace element ratios in Hainan basalts. Data from Gu et

al. (2019) shown as grey symbols.

Fig. 12. Variation of Ba/Th and Rb/Nb with *’Nd/'*Nd in Hainan basalts. Also shown are mixing lines

calculated using the model of Stracke et al. (2003) and subducted sediments and oceanic crust with recycling ages

of 2.0 and 2.5 Ga. The composition of DMM is from Workman and Hart (2005). Before subduction, sediments are

thought to have compositions of GLOSS (Global Subducting Sediment; Plank and Langmuir, 1998). ROC refers to

recycled oceanic crust, the individual ratios of which are calculated from Stracke et al. (2003). The black and green

lines are calculated curves representing mixtures of DMM and subducted GLOSS and ROC with different subduction

age of 2.0 Ga and 2.5 Ga, respectively (Langmuir et al., 1978). Data from Gu et al. (2019) plotted as grey symbols.

Fig. 13. Comparison of the trace element patterns of calculated melt and Hainan basalts. The composition of

the calculated melt is derived from partial melting of the DMM+ROC mixture contaminated by 1.2 wt.% sediment.

The quantitative model is according to the supplementary material named “TE_OIBmelts” from Stracke et al. (2003).

The degree of melting is 4%, and assumes batch melting of eclogitic material. The composition of DMM, ROC and

sediment are same with Fig. 12.

Fig. 14. Variation of H20/Ce with '*Nd/'**Nd (a), (Rb/Nb). (b) and (Th/La)x (c) in Hainan basalts. Data from

Gu et al. (2019) plotted with grey symbols.
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Table 1. Sr-Nd isotopic compositions of Hainan basalts measured in this study.
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Table 1. Sr-Nd isotopic compositions of Hainan basalts measured in this study.

Sample name 87Sr/%6Sr 2se 143Nd/**Nd 2se
CTC1-1 0.703976 0.000008 0.512842 0.000007
CTC1-2 0.703960 0.000009 0.512844 0.000010
CTC1-4 0.703946 0.000010 0.512851 0.000011
CTC2-1 0.703849 0.000014 0.512862 0.000009
CTC2-4 0.703953 0.000013 0.512855 0.000009
CTC2-5 0.703982 0.000011 0.512850 0.000008
HSL-1 0.703885 0.000009 0.512877 0.000009
HSL-4 0.704296 0.000010 0.512844 0.000013
HSL-5 0.704180 0.000006 0.512859 0.000010
HSL-6 0.704169 0.000010 0.512859 0.000009
LHL-1 0.703946 0.000007 0.512874 0.000007
LHL-2 0.703973 0.000011 0.512879 0.000006
LHL-5 0.703954 0.000007 0.512885 0.000009

YX-1 0.704016 0.000009 0.512876 0.000007
YX-3 0.704028 0.000010 0.512876 0.000010
YX-4 0.704015 0.000012 0.512897 0.000011
YX-5 0.704034 0.000008 0.512883 0.000007
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