Highly oxidized intraplate basalts and deep carbon storage
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Abstract

The deep carbon cycle plays a critical role in mantle dynamic and maintaining Earth’s habitability.
Recycled carbonates are a strong oxidant in mantle carbon-iron redox reactions, leading to the
formation of highly oxidized mantle domains and deep carbon storage. Here we report high
Fe’*/Y Fe values in Cenozoic intraplate basalts from eastern China, which are correlated with
geochemical and isotopic compositions that point to a common role of carbonated melt with
recycled carbonate signatures. We propose that the mantle source of these highly oxidized basalts
has been oxidized by carbonated melts derived from the stagnant subducted slab in the mantle
transition zone beneath eastern China. Diamonds formed during the carbon-iron redox reaction
were separated from the melt due to density difference. This would leave a large amount of carbon
(~four times of pre-industrial atmospheric carbon budget) stored in the deep mantle and isolated
from global carbon cycle. As such, the amounts of subducted slabs stagnated at mantle transition
zone can be an important factor regulating the climate.

Teaser
Intraplate basalts contain a highly oxidized mantle endmember rooted at the mantle transition
zone.
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INTRODUCTION

The mantle oxidation state plays a crucial role shaping our Earth, both its solid interior and
atmosphere. In an isochemical mantle, the redox state decreases with increasing depth (/).
However, this simple relationship can be disrupted by crustal recycling (2). For instance, deeply
sourced, incompatible element enriched intraplate basalts, such as ocean island basalts (OIB), are
more oxidized than mid-ocean ridge basalts (MORB) that sample the shallow depleted mantle (2-
4). The presence of high-Fe*"/> Fe (up to 0.85) inclusions trapped within superdeep diamonds (5,
6) also hints for highly oxidized deep (>250 km) mantle domains formed by carbon-iron redox
reaction (7, §). However, the exact role of the proposed carbon-iron redox reaction in the
petrogenesis of highly oxidized intraplate basalts remains to be explored.

The Pacific slab is subducting westwards along the Japan-Izu-Bonin-Mariana arc (Fig. 1B)
(9). Seismic tomography reveals that the subducted Pacific slab is now stagnated horizontally at
the mantle transition zone (MTZ) beneath eastern China (EC), extending up to 1600 km west of
the subduction zone. The mantle region above the stagnated subducted Pacific slab is referred to
as the Big Mantle Wedge (BMW) (/0), which has been fully developed since early Cretaceous
(11, 12). The widespread, voluminous Cenozoic intraplate volcanism (~79,000 km?) in EC is thus
not associated with mantle plumes or arcs (/3-15) (Fig. 1A, B). Rather, they are related to partial
melting of the BMW beneath EC triggered by fluids/melts released from the subducted Pacific
slab stagnated at MTZ, during which subducted marine carbonates and carbonated oceanic crust
may have played a key role (/3-16).

The intraplate basalts from EC range from nephelinite to basaltic andesite in a total alkali vs
silica (TAS) diagram (Supplementary Fig. 1 and Supplementary Section | for Materials). In a PM
(primitive mantle)-normalized trace element diagram, the EC basalts have trace element patterns
like OIB with HIMU (high u, u = 28U/*%Pb) affinity (Fig. 1C) (7). Their °°Pb/***Pb ratios range
from 16.6 to 19.0, lower than typical HIMU basalts, suggesting a young recycled oceanic
component in the source (73).

Here, we measured the bulk rock Fe**/> Fe and olivine §'%0 values in 42 well-studied
Cenozoic intraplate basalts from eastern China. The studied Cenozoic EC basalts have Fe**/Y Fe
values up to 0.6, much higher than those observed in MORB (0.14 £ 0.01; 1o) (/8) and OIB
(from 0.16 to 0.4) (19, 20). The high Fe**/Y Fe values are well correlated with olivine §'%0 and
V/Sc values, as well as bulk rock elemental and stable isotopic characteristics that are best
explained as a result of carbon-iron redox reaction involving carbonated melts from subducted
slab at the MTZ. We also employed first-principles molecular dynamics calculations to constrain
the melt-diamond density crossover in the mantle. We found that during carbon-iron redox
reaction, diamonds are denser than melts, and, consequently, can be efficiently separated from the
melts due to density difference. This reaction has facilitated deep carbon storage at the MTZ and
formed a highly oxidized mantle endmember (HOME) which contributes significantly to
intraplate basalts.

RESULTS

The Fe**/Y Fe ratios of EC basalts are unusually high, ranging from 0.11 to 0.6. Duplicate
wet-chemistry Fe*/> Fe measurements of individual samples agree with each other within + 3%
(RSD) (Supplementary Table 1). Geological rock references of BCR-2, BHVO-2, GSR-1, GSR-2
and GSR-3 measured as unknowns yield Fe*"/> Fe values of 0.21, 0.25, 0.48, 0.47 and 0.38,
respectively, consistent with their certified values within + 10% (Supplementary Table 2). A
subset of samples covering the entire range of Fe**/Y Fe were analyzed using Mdssbauer
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spectroscopy (Supplementary Fig. 2 for Mdssbauer spectra), and the Mossbauer results agree well
with the wet-chemical Fe**/Y Fe within £10% (Fig. 2A).

Measured §'%0 values of phenocrystic olivines in EC basalts (from +5.2%o to +4.2%o) are
slightly lower than or comparable to the upper mantle estimate (+5.5 = 0.2%o) (21). The
vanadium-to-scandium (V/Sc) ratios of olivines vary from 0.88 to 2.27 (Supplementary Table 4),
systematically lower than the average of primitive mantle (V/Sc =4.9) (22). No intra-grain
variations in 8'%0, V or Sc were observed (Supplementary Fig. 3). The olivine-5'%0 and V/Sc are
well correlated with the bulk-rock Fe**/Y Fe values, with high-Fe*/3 Fe samples having higher
5'%0 and lower V/Sc ratios (Fig. 2B, C).

DISCUSSION
High Fe¥*/> Fe of EC basalt

There are several shallow processes that could potentially affect the bulk rock Fe*'/> Fe. We
assess the effect of these processes below and provide compelling evidence that the high Fe**/3 Fe
of the EC basalts reflect the mantle source signature.

In a few samples, alteration is visible as evidenced by the iddingsitization of olivines and
elevated loss of ignition (LOI). These samples have Fe**/Y Fe values similar to samples without
iddingsites from the same locality (Supplementary Fig. 5), suggesting that low-temperature
iddingsite alteration of olivine has a negligible effect on the bulk rock Fe**/> Fe. The absence of a
correlation between Fe**/> Fe and LOI (Supplementary Fig. 5) further indicates that the high bulk
rock Fe*"/3 Fe is not controlled by surface alteration.

Crustal contamination is negligible in EC basalts (/4, 15), as indicated by the absence of
positive Pb and negative Nb-Ta anomalies in trace element patterns (Fig. 1C). In plots of
Fe**/> Fe vs. Sr and Nd isotopes (Supplementary Fig. 6), the enriched samples with low endag;) and
high ¥7Sr/®8Sr; values tend to have lower Fe**/Y Fe values, suggesting that crustal contamination
(if any) is unlikely responsible for the high Fe**/3 Fe values observed in EC basalts.

The presence of olivine and in rare cases pyroxene phenocrysts in the groundmass of EC
basalts suggests that magmas have experienced crystal fractionation of olivine and pyroxene. Iron
oxides are only found in groundmass in all samples, consistent with the high bulk rock MgO
contents of EC basalts (MgO > 6 wt%; Fig. 2D). Crystallization of olivine and pyroxene has a
limited effect on the bulk rock Fe*/> Fe (23-25). Specifically, a 2% decrease of MgO leads to a
0.01 increase in melt Fe**/3 Fe (24). This inference is consistent with the lack of a correlation
between MgO and Fe*/> Fe (R? = 0.27) in the investigated EC basalts (Fig. 2D). To eliminate the
possible effect of crystal fractionation or crystal accumulation, the Fe**/3 Fe data were corrected
by adding or subtracting equilibrium olivine until bulk rock reaches Mg#mc1=0.72 or 0.63, which
corresponds to equilibrium with Fogo or Foss olivines. The maximum correction for Fe**/Y Fe is
less than 0.08 (Supplementary Section 2 and Supplementary Fig. 7), which is comparable to the
analytical uncertainty.

Since Fe** is more incompatible than Fe?* during mantle partial melting (26), melts are
expected to have higher Fe*"/> Fe relative to their sources. For example, global MORB and OIB
have higher Fe**/Y Fe than the normal-mantle value of 0.036 (2, 4, 18, 27, 28). However, a recent
study observed a constant Fe**/Y Fe value over variable degrees of partial melting (25). Our
partial melting calculation also shows that melting of a normal mantle source can only produce
melts with Fe**/> Fe about 0.07 higher at most relative to the source (Supplementary Section 3
and Supplementary Fig. 8).
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Magma degassing can cause a variation in Fe**/3 Fe (20). Hydrogen loss as H, may increase
Fe*'/3 Fe in the magma, but direct measurement of degassing volcanoes shows that H» is a minor
component in degassed species compared to the more abundant oxidized species dominated by
H,0, CO; and SOz (29). While H,0 and CO. degassing has negligible effects on the Fe**/3 Fe of
magma, sulfur degassing could potentially change the redox state of the degassed magma (2, 30-
32). Degassing of moderately reduced melts can decrease bulk rock Fe*/> Fe, with six moles of
Fe** being reduced to Fe?* for every mole of S* degassed as SO (20). In contrast, degassing of
oxidized melts can increase bulk rock Fe**/3 Fe (30, 33), if sulfur in forms of SO4>" was reduced
to SO2 by oxidizing the Fe?" to Fe**. Due to the lack of information on the sulfur species in both
magmas and gasses during the eurption of the EC basalts, the effect of sulfur degassing on the
redox change of the degassed magma is difficult to constrain. Nevertheless, to evaluate the
possible oxidizing effect caused by degassing of SO» for subaerial volcanoes, we assume that the
magma with a total FeO of 12 wt% and Fe*/3 Fe of 0.25 has an initial sulfur content of 2500 ppm
in forms of sulfate, and experiences 95% degassing to SO». This oxidized degassing scenario
could elevate the Fe**/3 Fe of a degassed magma by 0.1 at most. Therefore, sulfur degassing alone
cannot explain the observed high Fe**/3 Fe of the EC basalts.

Collectively, although all the above-mentioned shallow processes may have modified the
Fe*"/> Fe in manners that we are unable to precisely constrain, the well-defined relationships
between Fe**/Y Fe and key magmatic parameters, such as olivine %0 value and V/Sc ratio (Fig.
2B, C), strongly suggest that the parent melts of EC basalts are highly oxidized. Olivine is the
first mineral to crystallize from primitive basaltic magma during cooling, and thus geochemical
signatures preserved in olivine phenocrysts are less affected by late and post-eruptive processes.
Within olivine grains, the rim-core-rim analyses show uniform V, Sc and 8'%0 values
(Supplementary Fig. 3), precluding the possible diffusion effect between olivine and melt. The V
partitioning between olivine and melt is redox-sensitive, with olivine formed in a reduced magma
having higher concentrations of V. In contrast, the partitioning of Sc between olivine and melt is
redox-insensitive. As such, the V/Sc in olivine phenocrysts records the magma redox state, with
lower ratios deviating from the primitive mantle value (V/Sc = 4.9) (22) indicating more
oxidizing conditions (34, 35). The negative correlation between Fe*/3 Fe and olivine V/Sc (R* =
0.81; Fig. 2C) validates the utility of bulk rock Fe**/3 Fe as a redox proxy of primitive magma. In
addition, the Fe**/Y Fe values are well correlated with a number of elemental and stable isotopic
ratios (shown below) that are unaffected by magmatic or post-emplacement processes (Figs. 3 and
4), further supporting that their highly oxidized nature is a source signature.

The nature of high Fe3*/> Fe endmember

The EC intraplate basalts are as oxidized as arc basalts with similar ranges in Fe**/3 Fe;
however, they show opposite Fe**/ Y Fe versus Th/Ba and U/Pb trends (Fig. 3), implying different
oxidation mechanisms. The highly oxidized nature of arc basalts is likely caused by the addition
of slab-derived oxidizing fluids to the sub-arc mantle wedge source (36). A compilation of global
arc basalt data shows that the high Fe**/Y Fe values are associated with low Th/Ba and U/Pb ratios
(Fig. 3). This is a consequence of slab-derived fluid addition, because Ba and Pb are more mobile
in fluid than Th and U (37). Conversely, the EC intraplate basalts have higher Th/Ba and U/Pb
ratios which increase with Fe**/Y Fe values (Fig. 3). These correlations suggest that the oxidation
of EC intraplate basalts is related to the stagnant Pacific slab that has preferentially lost fluid-
mobile elements through dehydration processes during subduction.

Within EC intraplate basalts, high Fe**/Y Fe values are coupled with low Hf/Hf*, Ti/Ti*,
Zr/Nd, and high CaO/Al>0O3 (Fig. 4A-D). Carbonated melts are characterized by high CaO/Al>O3
and extreme depletion of high field strength elements (HFSEs, such as Zr, Hf, and Ti) relative to
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rare earth elements (Fig. 1C) (38). The negative correlations of Fe**/> Fe with Hf/Hf*, Ti/Ti* and
Z1/Nd, and positive correlation of Fe*"/> Fe with CaO/Al,Os thus indicate an essential role of a
highly oxidized, carbonated endmember in the petrogenesis of EC basalts.

The Mg and Zn isotopic systematics further support that the carbonated melts may be
derived from the subducted carbonated Pacific slab. Nearly all EC basalts exhibit higher 6°Zn
and lower 8°°Mg values compared to those of the primitive mantle or MORB (Fig. 4E, F) (16, 39).
Given that Mg and Zn isotopes do not substantially fractionate during partial melting (40, 41), the
high §%°Zn and low §*’Mg signatures in EC basalts are best explained as a result of involving
recycled carbonates that have distinctively lighter Mg and heavier Zn isotopic compositions
(8%Zn up to +1.7%o; $**Mg down to -5%o; see Supplementary Fig. 9 for a compilation of Mg and
Zn isotopic compositions of sedimentary carbonates) in the mantle sources of EC basalts (16, 39).
High-pressure high-temperature experiments suggest that subducted carbonated oceanic crust
partially melts at the MTZ depth (42), and produces carbonated melts with high-6°Zn and low-
526Mg signatures of marine carbonates (16, 39). The Pacific plate experienced a prolonged
carbonation (43) and the altered oceanic crust recovered from the ODP Hole 801C contains ~1
wt% CO» on average (44). Subsequent low-degree melting of the subducted carbonated oceanic
crust at the MTZ would preferentially consume carbonate minerals at the onset of melting to form
carbonated melts (42). To account for the Zn and Mg isotopic composition of the carbonated melt
endmember, mass balance predicts that during low-degree melting of the subducted carbonated
oceanic crust, carbonate minerals in forms of dolomite or magnesite contributed as high as 10-
20% in the melting reactions (Supplementary section 4 for modelling details and Supplementary
Fig. 10). Although it is difficult to make a tight constraint on the carbonate contribution using
only Mg and Zn isotopic systematics in EC basalts, the positive Fe**/Y Fe versus §°Zn trend and
negative Fe**/Y Fe versus §°°Mg trend reveal that the recycled carbonates have played an
important role in oxidizing the mantle source of EC basalts.

Since low Hf/Hf*, Ti/Ti*, Zr/Nd, and high U/Pb, Th/Ba, CaO/Al,Os are typical
characteristics of the HIMU endmember (5, 45), the high-Fe*/> Fe endmember of EC basalts may
be a highly oxidized HIMU-like mantle endmember, which is related to carbonated melts
originated from the stagnant Pacific slab at the MTZ beneath EC. We define this endmember as
Highly Oxidized Mantle Endmember (HOME). Consistent with this argument, the compositions
of EC Cenozoic intraplate basalts in plots involving Fe**/3 Fe point toward the HIMU-type high-
Fe**/Y Fe (0.85) diamond inclusion (Figs. 4A-D), whose petrogenesis is related to partial melting
of carbonated MORB at MTZ (5). In addition, the OIB averages also plot along the EC Cenozoic
intraplate basalt trends (Figs. 3, and 4A-D), implying that HOME may be widely sampled by
global OIB as well (2).

Olivine-8'30 values in EC basalts are also correlated with the above-mentioned bulk rock
geochemical indices (Fig. 5). The hypothetical HOME endmember is inferred to have mantle-like
to higher olivine-8'%0 values, consistent with its carbonated origin (46). The low-5'20
endmember may be related to the sub-continental lithospheric mantle, which has experienced
extensive metasomatism by fluid/melts derived from hydrothermally altered subducted oceanic
crust (47). Consistent with this inference, the metasomatized mantle xenolith PIC (Phlogopite-
Ilmenite-Clinopyroxene) has a light O isotopic composition, located at the low-8'%0 endmember
in the trends shown in Figure 5 (46). A recent olivine-3'%0 investigations of global kimberlites
from different cratons also show that the metasomatized sub-continental lithospheric mantle is an
important reservoir of isotopically-light oxygen (46). Below we focus on the HOME and discuss
how it is produced using experimental results of carbon-iron redox reactions and first-principles
simulations (See Supplementary Section 5 for computational details).
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HOME produced by carbon-iron redox reaction

Mantle carbon-iron redox reaction can efficiently oxidize the mantle, in which Fe?* is
oxidized to Fe*" by the reduction of carbonate to diamond. This reaction can be broken into two
steps. First, disproportionation of Fe?* (3Fe?" = Fe® + 2Fe’") that occurs in the mantle below
~250 km depth (7, 48). Second, carbonates in the deep upper mantle can be reduced to diamond
by oxidizing metal Fe through a redox reaction of 2Fe® + C*" = 2Fe?" + C°(7). As such, the net
reaction involving both carbonate and Fe?" in silicates is: 4Fe*" + C*" = 4Fe* + C°, in which C°
is formed as diamond because of high pressure.

This reaction may be favored in mantle domains where excess amount of carbonate is
available, such as slab subduction and accumulation in the upper mantle and/or MTZ at places
like BMW beneath EC (Fig. 1B). The subducted Paleo-Pacific slab may have penetrated into the
lower mantle or consumed by ambient mantle, but the development of the BMW and slab
stagnation in the MTZ since early Cretaceous have acted as a barrier for whole mantle convention
(11, 12).

Another key for this reaction to occur toward right is to continuously remove the produced
(Y as diamond. To investigate the density difference between diamond and melts, we performed
first-principles molecular dynamics (FPMD) simulations based on density functional theory
(DFT) to determine the melt-diamond density crossover at mantle depths (See Supplementary
Section 5 for computational details). We focused on three types of silicate melts,
MgsCasFesSiazAlioNazOsg (dry MORB), MgeCasFesSiz;AlioNazHi1sO97 (MORB with 4.9 wt.%
water), and MgesCasFesSi27AlioNazCsO9s (MORB with 5.3 wt% CO3) to model the effects of
volatiles (Supplementary Table 5 and 6). Our simulations together with previous studies show
that diamond is always denser than silicate and carbonated melts at the bottom of upper mantle
(~12-14 GPa). Because the density of melt decreases with increasing H-O and CO> contents, the
location of silicate/carbonated melt-diamond density crossover could be even deeper if the melt is
more volatile-rich (Fig. 6A).

In summary, under the conditions of the lowermost upper mantle and the MTZ where redox
reactions between Fe and C occurs, diamond formed through this reaction would sink and be
separated from the melts because of its high density. This would prompt the carbon-iron redox
reaction toward right, and leave a highly oxidized melt.

Based on above discussion, we propose that the formation of HOME is closely related to the
carbonated melts produced by low-degree partial melting of the stagnant carbonated slabs at the
MTZ beneath EC. These carbonated melts are expected to have low Hf/Hf*, Ti/Ti*, Zr/Nd,
5?°Mg, and high U/Pb, Th/Ba, CaO/Al,05, §°Zn, characteristics of the HOME of EC basalts.
Growth and separation of diamond from these carbonated melts as a result of the iron-carbon
redox freezing reaction would have enriched the melts with Fe** (Fig. 6C). This mechanism is
consistent with the traditional view that the HIMU endmember is partial melt of recycled ancient
carbonated MORB (5, 49, 50). The highly oxidized carbonated melts could also react with and
metasomatize the asthenospheric peridotite in the BMW. The outcome of this carbonated melt-
peridotite interaction is twofold. First, the interaction progressively oxidizes the Fe** in
peridotites to Fe**, and reduces C*" to form diamonds that are subsequently removed from the
carbonated melt because of density difference. Second, metasomatism by carbonated melt leads to
the low Hf/Hf*, Ti/Ti*, Zt/Nd, §*°Mg, and high U/Pb, Th/Ba, CaO/A1,03,8°Zn signatures in the
metasomatized peridotites. We envision that there is excess amount of CO> in the melt, so that the
metasomatized peridotite can have a high Fe**/Y Fe, and the remaining CO, will lower the solidus
of the metasomatized peridotites (Fig. 6B), leading to low-degree partial melting that produces
melts inherited the HOME signature (Fig. 6C). This mechanism is consistent with the alternative
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inference that the HIMU endmember is low-degree partial melt of carbonate-metasomatized
peridotite (45).

Collectively, the uniquely high Fe**/3 Fe characteristics of EC basalts require that their
mantle source(s) must be deep in the mantle (> 300 km), within the pressure range that allows
redox freezing reaction to happen, consistent with the most recent inference that the HIMU
mantle source resides in the MTZ (5, 49).

Interestingly, averages of OIB form trends overlapping with the EC Cenozoic basalt trend,
pointing toward the hypothetical HOME (Figs. 3, and 4A-D). The HIMU-flavored basalts in
general have higher Fe**/3 Fe than MORB (2), though not as high as those observed in EC
intraplate basalts. The formation of HOME requires excess amounts of carbonates to oxidize all
metal Fe in the mantle domains produced by Fe?" disproportionation before converting Fe** to
Fe*". The unique geological setting of the BMW beneath EC makes it possible. The long-term
subduction and stagnancy of Pacific slab at the MTZ since early Cretaceous not only provides
vast amounts of carbonates, but also blocks mantle flow from the lower mantle that may be an
infinite source for reduced metal Fe. It remains to be explored whether HOME is a common
feature for all HIMU-type basalts, or it is only associated to and more prominent in specific
geological settings, for example, the BMW developed at circum-Pacific subduction zones.

Deep carbon storage

The redox freezing reaction and the subsequent melt-diamond separation would have
resulted in the substantial storage of carbon within the deep mantle. The redox reaction of 4Fe*" +
C* = 4Fe*" + C° can be used to estimate the overall quantity of carbon required for oxidizing the
EC basalts and subsequently sequestering it from the global carbon cycle. The area of EC
Cenozoic basalt can be determined by overlaying the distribution information of Cenozoic basalts
on high-precision geomorphologic map, where the distribution information can be extracted by
pixel from the geological map of eastern China using digital-image processing program (57). The
total area of EC Cenozoic basalts was estimated at about 79,000 km? (57). Assuming the layer
thickness of the EC basalts is 10 km, 2400 Gt (gigaton) of carbon would be stored at the BMW to
elevate the Fe**/Y Fe of EC basalts from a MORB-like value of 0.14 to an average value of 0.35
for the studied EC basalts (< 50 Ma) (Supplementary Section 6 for modelling details and
Supplementary Fig. 11), which is ~four times the amount of pre-industrial atmospheric carbon
budget (590 Gt). The estimate entails several uncertainties. For instance, the total volume of
Cenozoic intraplate basalts can vary substantially as its thickness is poorly constrained in many
locations, and the measured Fe**/> Fe do not represent the actual value of the parent melt
considering the uncertainties from degassing and crystal fractionation. In addition, it is likely that
the Fe*'/3 Fe of melts could be decreased due to the reverse redox reaction (4Fe*" + C® > 4Fe?" +
C*") as the melts ascend and percolate across the redox melting frontline (~250 km) (52, 53), and
mix with the lithospheric mantle-derived melts. Nevertheless, we argue for a link between
oxidized intraplate basalts and deep carbon storage, both of which may form from subducted slab
stagnant at MTZ. Seismic images of the circum-Pacific reveal that the uppermost lower mantle
(660-1000km) is an important reservoir for the subducted slabs, forming BMW around the
majority of the circum-Pacific (54). Therefore, the formation of HOME may not be restricted to
BMW beneath eastern China. The possible climate effect of the deep carbon storage associated
with the formation of the HOME in the geological history needs further investigations.

MATERIALS AND METHODS
Wet chemistry Fe’*/LFe analysis
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Fe’*/XFe ratios were measured using redox titration with a potassium dichromate (K2Cr,07)
solution at the Element Geochemistry Laboratory of the China University of Geosciences, Beijing
(55). 100 mg of sample powders were mixed with 5 mL concentrated hydrofluoric acid (HF) and
10 mL 1:1 Milli-Q water: sulfuric acid (H2SO4) in PTFE crucibles with lid. The mixtures were
heated on a hotplate until they reached boiling temperature. After heating for another 10 minutes,
the mixtures were complexed and buffered by 25 mL boric acid (H;BO3) and 150 mL Milli-Q
water at room temperature. 15 mL 3:7 H3PO4-H>SO4 mixture was added into the solutions before
titration. Ferrous Fe was then titrated by 0.01 mol/L K>Cr2O7 with sodium diphenylamine
sulfonate (C12H10NSO3Na) as the indicator. We used the certified FeO value (FeO = 7.60%) of
rock standard GSR-3 to calibrate the potassium dichromate concentration. The Fe**/ZFe was
calculated as (FeOqotal - FeO)/FeOxoral. Five rock reference materials including BCR-2, BHVO-2,
GSR-1, GSR-2 and GSR-3 were processed together with samples as unknowns. Their measured
FeO contents agree with their reported certified values (55, 56), with analytical uncertainties
within + 10% in Fe**/ZFe (Supplementary Table 2). The results of EC Cenozoic intraplate basalts
are shown in Supplementary Table 1. Repeated analyses of FeO for a selected set of samples
show in good agreement between duplicates within £10% (Supplementary Table 1).

Maossbauer spectra Fe3*/XFe analysis

In order to verify the Fe**/SFe measured using wet-chemistry, we performed Mdssbauer
spectroscopy to determine the Fe*'/ZFe of a subset of samples that cover the entire range of
Fe*'/ZFe. The Mossbauer spectra (MBS) were collected and processed to identify Fe species with
different oxidation states. The MBSs were obtained using a Mdssbauer spectrometer (MS-65,
Science Engineering & Education Co, USA) with a high-velocity resolution (registered in 1024
channels) at ~12 K (cooled down by liquid helium, but the system was not able to reach 4.2 K due
to the low power of the compressor) coupled with a SHI-850 cryogenic system from Janis Research
Co., Inc. (Wilmington, MA) at the Institute of Geochemistry, Chinese Academy of Sciences
(IGCAS). °’Co in the Rh matrix provided ~14.4 eV gamma rays. Each sample of 20 to 40 mg was
loaded in the Cu sample holder with a 1.0-cm diameter window and a thickness as large as ~0.3 cm
to accommodate any large-sized sample. The holder was entirely sealed with Kapton tape. The
precise weight of each sample is calculated to match the ideal absorber thickness, which optimizes
the signal-to-noise ratio (57).

All measurements were performed in a velocity range of = 10 mm/s to ensure that any
hyperfine split pattern (e.g., sextets) from magnetically ordered Fe-bearing phases was detected.
The Mossbauer spectrum reflects the nature and strength of the hyperfine interactions, whose key
parameters consist of the isomer shift (IS), quadrupole splitting (QS or €), and magnetic field (T).
The velocity zero is defined as the center of the a-Fe calibration spectrum (e.g., at ~295 K). The
isomer shift (IS) is the velocity shift of the samples relative to the source and is expressed relative
to the a-iron calibration spectrum, which can be used to identify the electronic structure of the atom
and then give its valence and spinning state. The electric quadrupole splitting parameter (QS or €)
is a measure of the spatial distribution of electrons around the >’Fe nucleus and is influenced by
both asymmetry of valence electrons and longer-range contributions from the entire mineral lattice
(58). The magnetic field (T) is used to measure the interaction between the nuclear magnetic
moment and the net effective magnetic field on the nucleus. The collection time in the cryogenic
measurements is approximately 3-4 days to improve precision. During cryogenic measurements,
the temperature was kept belowl1 K during data acquisition, which was detected at the He gas
outflow port and on the sample holder mount. Data were collected over 512 channels, which on
folding resulted in 256 channels. The raw data were folded to eliminate the geometric effect and
then fitted using the least-square method with one or more appropriate sets of Lorentzian lines by
4.0Pre of the MossWinn program (http://www.mosswinn.com). The main fitting parameters
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include isomer shift, magnetic field, and quadrupole splitting. The std and chi square (goodness of
fit, ¥*) of all the parameters are calculated by 100 Monte Carlo iterations on MossWinn 4.0.

The relative areas of the individual components in the MBS can be considered as representing
the amounts of Fe in the respective phases to a good approximation because the resonant fractions
of the individual phases present in the samples do not differ largely (59). In this study, Fe**/Fe*
was assessed using MBS collected at ~12 K. In the 12 K spectra, different spectral components of
samples were resolved: (1) an Fe'! quadrupole doublet (e.g., 10FS10) or an Fe''" quadrupole doublet
and an Fe' sextet (e.g., 0SLHS02); (2) an Fe!' quadrupole doublet. All the parameters (e.g., IS) of
these spectral components are shown in Supplementary Table 3.

The Mdossbauer spectra Fe*"/ZFe data agree with the wet-chemistry Fe*/SFe within £10%
(Fig. 2A in the main text), further confirming the accuracy of wet-chemistry Fe**/Fe measurement
of EC basalts.

In situ SIMS oxygen isotope analysis

We measured oxygen isotopic compositions of olivines at the Institute of Geology and
Geophysics, Chinese Academy of Sciences (IGGCAS), Beijing, China. First, we drilled out the
selected portions of the thin sections and mounted them together with the oxygen isotope reference
material San Carlos olivine in epoxy resin. Then sample mounts were polished and gold-coated.
Oxygen isotopic ratios of olivine were analyzed using CAMECA IMS-1280 multi-collector ion
probe. The Cs* primary beam was accelerated at 10 kV with an intensity of ca. 2 nA. The spot is
approximately 20 pm in diameter (10 um beam diameter +10 pum raster). An electron gun was used
to compensate for sample charging during the analysis. Secondary ions were extracted at a -10kV
potential. Oxygen isotopes were measured in multi-collector mode with two off-axis Faraday cups.
Each analysis consisted of 20 cycles with 4 s counting time. We analyzed the reference material
San Carlos olivine after analyzing every four unknown samples in the experiment to monitor
analytical precision and calibrate instrumental mass fractionation. The average §'%0 value for San
Carlos olivine is 5.23 %o, with an external reproducibility (2SD) of 0.38 %o in this study, which is
similar to the reported certified value of 5.3 %o (60). Previous studies have demonstrated negligible
matrix effect for olivine with Fo numbers > 70 (67). SIMS oxygen isotope analysis on olivine with
Fo number < 70 has significant instrumental mass fractionation (6/-65). Therefore, only olivine
grains with Fo number > 70 were selected for oxygen isotope analysis.

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)

After SIMS analyses, the gold coating was removed. We determined the elemental
compositions of olivine using a GeolasHD 193 nm ArF excimer LA system (Coherent; Gottingen,
Germany) coupled to an Element XR sector field (SF)-ICP—MS (Thermo Fisher Scientific; Bremen,
Germany) at the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS),
Beijing, China. Helium was used as the carrier gas and mixed with Ar gas before being transported
to the plasma torch. Olivines were analyzed at laser repetition of 5 Hz, energy density of 3 J/cm?,
and spot size of 32 um. The locations of the laser spots were selected based on binocular
microscopic and BSE image examination to avoid any cracks and inclusions. Each spot was ablated
for 40 seconds for ICP-MS measurement after 10 seconds of blank gas measurement, followed by
10 seconds of washout. Possible surface contamination was removed in a pre-ablation step with
three laser pulses before analyzing. ARM-3 reference glass were used for the instrument- and time-
dependent fractionations of Fe/Mg ratios and all minor—trace elements (66). Olivine standard RM
MongOLSh11-2 and XEN were measured as unknown for data quality control. RM MongOLSh11-
2 has average concentrations of 5.99 ng/g (2SD=0.39) for V and 3.7 pg/g (2SD=0.42) for Sc, and
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XEN has average concentrations of 2.09 ug/g (2SD=0.26) and 2.1 pg/g (2SD=0.4) for V and Sc, in
agreement with the reported certified values (67, 68). Each set of standard samples, including ARM-
3, GOR132-G, MongOLSh11-2 and XEN, was analyzed once every 10 unknown samples were
interspersed.
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FIGURE CAPTURES

Fig. 1. Geological and geochemical background of Cenozoic intraplate basalts from eastern
China. (A) Simplified geological map of eastern China and the distribution of Cenozoic intraplate
basalts. (B) Stagnant Pacific slab beneath eastern China revealed by seismic tomography along
the A-A’ profile, modified from Huang and Zhao (9). (C) Primitive mantle (PM) (69) normalized
incompatible element diagram for EC Cenozoic basalts (yellow patterns), compared with OIB
with HIMU (high u, 1 = 23*U/?%Pb) affinity, continental crust and carbonatite. Bermuda HIMU
lavas are from Mazza et al. (49). The averages of other HIMU (St Helena and Cook Austral) lavas
are compiled from GEOROC dataset (see data source in Supplementary Appendix 1). The
average of continental crust is from Rudnick and Gao (70). The deep diamond inclusion (11-ON-
Z17)) with HIMU-like incompatible trace elemental signatures is from Huang et al. (5). The
averages of Group-1 kimberlite and high-Mg carbonatite are from Weiss et al. (7/). The averages
of calcio and magnesio carbonatites are from Hoernle et al. (72).

Fig. 2. Wet-chemistry Fe*'/> Fe values versus Mossbauer spectra Fe*'/> Fe values (A),
olivine '30 (B), olivine V/Sc (C), and MgO (D) for EC Cenozoic intraplate basalts. Fe**/3 Fe
values measured using wet-chemistry and Mossbauer spectrometry are reported in Supplementary
Tables 1 and 3, respectively. The triangle represents the USGS basalt standard BCR-2. Error bars
in (A) reflect = 10% error for wet chemistry Fe**/3 Fe values and 1 s. d. for Mdssbauer spectra
Fe*/> Fe values. Olivine §'%0 and V/Sc data are reported in Supplementary Table 4. Data points
represent the average of analyzed olivine grains from individual EC basalts. A histogram plot of
all analyzed olivine §'0 (n = 198) and a plot of 'O versus V/Sc for all analyzed olivine grains
are shown in Supplementary Fig. 4. Error bars in (B) and (C) represent 2 s. e. for olivine §'*0O and
V/Sc of individual samples. Samples with LOI > 3 wt% are shown in red dashed.

Fig. 3. Corrected Fe**/> Fe values versus U/Pb (A) and Th/Ba (B) for EC Cenozoic
intraplate basalts. Data of EC Cenozoic intraplate basalts are shown in red circles and reported
in Supplementary Table 1, with those with LOI > 3 wt% shown in red dashed. Fe**/> Fe values
are corrected for olivine crystal fractionation or accumulation. Error bars represent + 10% for
Fe**/Y Fe values of EC Cenozoic intraplate basalts. Data of arc basalts are shown in yellow square
and provided in Supplementary Appendix 2. The “most parental” Fe*/> Fe values of OIB from
each hotspot location are compiled from Brounce et al. (/9) and Moussallam et al. (2). A complete
data source including Fe**/> Fe and average elemental compositions of OIB is provided in
Supplementary Appendix 3. Error bars represent 2 s.e. for OIB averages. The average Fe**/Y Fe
values of MORB and primitive mantle (PM) are from Zhang et al. (/8) and Canil et al. (28),
respectively. The trace element compositions of average MORB and PM are from McDonough
and Sun (69). HOME: Highly Oxidized Mantle Endmember.

Fig. 4. Corrected Fe*'/> Fe values versus CaO/ALO3 (A), Hf/Hf* (B), Ti/Ti* (C), Zr/Nd (D),
82°Mg (E), and 8%Zn (F) for EC Cenozoic intraplate basalts. Fe**/3 Fe values are corrected for
olivine crystal fractionation or accumulation. Legend and data source are same as Figure 3. The
orange diamond represents multiphase diamond inclusion (11-ON-ZIZ) from Huang et al. (5).
Hf/Hf* = Hfn/(Smn x Ndn)*; Ti/Ti* = Tin/(Ndn %% x Sma®333 x Gdn®7%2); §*Mg =
(*Mg/>*Mg)sample/ (P Mg/2*Mg)psms-1) X 1000; §%Zn = (°6Zn/54Zn)sample/(*Zn/**Zn) e 3-07491-1) X
1000.
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Fig. 5. Olivine 8'30 values versus U/Pb (A), Th/Ba (B), Hf/Hf* (C), and Ti/Ti* (D) for EC
Cenozoic intraplate basalts. Data of EC Cenozoic intraplate basalts are reported in
Supplementary Tables 1 and 4 and shown in red circle. Olivine §'*0 values of EC basalts from
the literature (47) are shown in grey square. The §'%0 values of MORB and primitive mantle
(PM) are from Valley et al. (73) and Mattey et al. (217), respectively. The trace element
compositions of average MORB and PM are from McDonough and Sun (69). The §'*0 values and
trace element compositions of PIC (Phlogopite-Ilmenite-Clinopyroxene) are from Wang et al.
(46) and Fitzpayne et al. (74), respectively.

Fig. 6. Formation mechanism of HOME. (A) Density-pressure profiles of melts and diamond.
Solid yellow: diamond; dashed orange: dry MORB (MgsCacFesSio7AlioNa3Ogsg): dashed green:
MORB with 4.9 wt% H>O (MgsCasFesSiz7AlioNazHi30o97); dashed blue
(MgeCagFesSi27Al10Na3CsO96): MORB with 5.3 wt% CO». Data are reported in Supplementary
Table 6. The density-pressure profiles of a variety of carbonate melts are from Massuyeau et al.
(75). (B) The melting curves of carbonated MORB and carbonated peridotites compared to
subduction geotherms and ambient mantle adiabat, modified from Thomson et al. (42) and
Dasgupta (76). (C) Cartoon showing the formation of HOME in the BMW. Low-degree melting
of stagnant carbonated Pacific slab generates carbonated melts. With excess C** replenished from
subducted slabs, carbon-iron redox reaction happened in the melts (4Fe** + C*" = 4Fe*" + C9),
and efficient separation of the newly-formed diamond from the melts due to density difference
would have elevated the melts’ Fe**/Y Fe, forming the HOME. These melts have HIMU elemental
signatures, which subsequently metasomatizes the ambient peridotites. The interaction would
have promoted carbon-iron redox reaction to precipitate diamond from melts and meanwhile to
elevate the Fe**/Y Fe of carbonated peridotites. Excess CO> from the subducted slab derived
carbonated melts decreases the solidus of metasomatized peridotites, leading to partial melting of
the high-Fe**/Y Fe carbonate-metasomatized peridotitic domains to produce melts inherited the
HOME signature.
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Supplementary Text

Supplementary Section 1
Geological Setting and samples

Cenozoic intraplate basalts in eastern China are widely distributed along the coastal
provinces and adjacent offshore shelf extending over 4000 km. Representative Cenozoic
intraplate basalts from eight localities in eastern China were analyzed for Fe**/> Fe value
in this study. In a total alkali vs silica (TAS) diagram, studied samples ranges from
nephelinite to basaltic andesite (Fig. S1). Their FeOxoral range from 9.7 to 14.5 wt% (77-
82).

Datong volcanic field (DVF) is located in the northern part of the Trans-North China
Orogen. The DVF erupted at 0.74 Ma and 0.4 Ma (83, 84). Eighteen fresh samples
analyzed herein are porphyritic olivine basalts, where phenocrysts are olivine, plagioclase
and clinopyroxene, and the groundmass is composed of plagioclase, clinopyroxene and
needle-shaped Fe—Ti oxide (77). These samples range from tholeiitic basalt, alkaline
trachybasalt to basanite (77), with their major, trace element and Mg-Zn isotopic
compositions reported in Wang and Liu (77).

Hannuoba basaltic plateau is located along the northern margin of the Trans-North
China Belt. Hannuoba basalts have K-Ar ages of 14-22 Ma (78). Five samples from
Hannuoba analyzed in this study are porphyritic alkaline basalts (78). They have rare and
small fresh olivine phenocrysts with a groundmass of plagioclase, clinopyroxene, olivine,
and opaque minerals (78). Their major and trace elements have been studied by Qian et
al. (78), and Mg isotopic compositions were reported in Li et al. (/6).

Shandong basaltic field is located in the North China carton. The Cenozoic alkaline
magmatism in Shandong took place during two periods: 24.0-10.3 Ma and 8.7-0.3 Ma
(15, 85). The early magmatism was voluminous and characterized by large volcanoes
densely distributed in a narrow area near the Tan-Lu Fault. Most samples are fresh except
a few samples from Fangshan and Mashan, whose olivine phenocrysts are partially
altered to iddingsite (79). All samples have minor olivine as phenocrysts in a groundmass
of olivine, Ti-magnetite, nepheline, and glass (79). These samples are classified as
basanite and nephelinite (79). Their Fe**/3 Fe have been analyzed by Sheng et al. (86),
and our duplicated analyses of Fe**/Y Fe for a selective set of samples agree well within
3% with those reported in Sheng et al. (86) (Table S1). Comparison of Fe**/3 Fe values
between unaltered and slightly altered samples suggests that iddingsitization does not
have an impact on the bulk-rock Fe**/3 Fe (86). Their major and trace element
compositions were reported by Zeng et al. (/5) and Zeng et al. (79), and their Mg-Zn
isotope were reported in Zeng et al. (79) and Wang et al. (87).

Pingmingshan — Anfengshan is located in the Sulu orogenic belt. Pingmingshan and
Anfengshan basalts have K-Ar ages of 7.3-12.3 and 4.0-6.4 Ma, respectively (85). Five
samples from Pingmingshan and three samples from Anfengshan were analyzed in this
study. Most of the studied samples are fresh, except for I3AFS9 and 13AFS10, whose
olivine phenocrysts were partially altered to iddingsite. These samples are porphyritic
basanite (80), where phenocrysts consist predominantly of olivine in the Anfengshan
basalts and olivine, clinopyroxene, and plagioclase in the Pingmingshan basalts (80).



Their groundmass mainly consists of plagioclase, olivine, augite, nepheline, magnetite
and glass. Their major and trace element compositions have been studied by Huang et al.
(80). Their Mg-Zn isotopic compositions were reported in Li et al. (/6) and Liu et al.
(39).

Jiaozhou is located in Jiaolai basin in the North China carton. Jiaozhou basalts have
K-Ar ages of 71.9 Ma (81). Four samples studied in this study are porphyritic basanites
(81), where phenocrysts consist of fresh pyroxene and olivine and groundmass mainly
consists of plagioclase, olivine, pyroxene and Fe-Ti oxide (87). Their major, trace
element and Sr-Nd isotopic compositions have been studied by Meng et al. (§7). The Mg
isotope compositions of four samples were reported in Li et al. (/6).

Fangshan is located in the northeast of the South China Block. Fangshan basalts
were dated at 2.9-3.5 Ma by K-Ar method (80). Five fresh samples analyzed in this study
are porphyritic trachybasalt (80), where phenocrysts consist of olivine and clinopyroxene
and the groundmass mainly consists of plagioclase, olivine, augite, nepheline, magnetite
and glass. Their major, trace element and Mg-Zn isotope compositions were reported in
Huang et al. (80) and Liu et al. (39).

Longyou is located in the east of the South China Block. Longyou basalts were
dated at 9.4-9.0 Ma by K-Ar method (80). They are porphyritic basanites, and
phenocrysts consist of olivine and clinopyroxene. Their groundmass mainly consists of
plagioclase, olivine, augite, nepheline, magnetite and glass. Two samples from Longyou
are analyzed in this study. Sample 10LYSK13 is fresh, whereas 10LYSK11 is slightly
altered with olivine phenocrysts partially replaced by iddingsite. These two samples show
very similar Fe*/Y Fe values of 0.33 and 0.34, respectively, supporting that
iddingsitization does not change the bulk-rock Fe**/> Fe (Table S1). Their major, trace
element and Mg-Zn isotope compositions were reported in Li et al. (/6) and Liu et al.
(39).

Niutoushan is located in the southeast of the South China Block. Niutoushan basalts
were dated at 19.2-11.7 Ma by K-Ar method (82). An alkaline basalt sample from
Niutoushan was analyzed in this study. This sample has fresh olivine and pyroxene as
phenocrysts in a groundmass of plagioclase and pyroxene (82). Its major and trace
element compositions were reported by Yang (82) and Mg isotopic compositions were
reported in Li et al. (/6).

Supplementary Section 2
Fe3*/Y Fe correction for crystal fractionation

Different degree of crystal fractionation prior to eruption may cause the Fe**/Y Fe
variation, although this effect is thought to be minimal (88). Here, we corrected Fe**/3 Fe
data to the primary magma composition, following the method of Sossi et al. (§9). Since
all of our studied basalts have MgO > 6 wt%, it is assumed that olivine is the only crystal
phase removed from or added to the melts (§9). Olivine in equilibrium with melt is

calculated using K729 = 0.3 (defined as the molar Fe*"/Mg of the liquid divided by

Fe/Mg of coexisting olivine (90)), and it is added or subtracted at a step of 1 wt% until
Mg#mert= 0.72, equilibrium with mantle olivine at Fogo. Considering that olivine in an



oxidized mantle may have a lower Fo content than the normal mantle (97), we did
another set of correction to equilibrate the melt with mantle olivine at Fogs. The MgO and
FeO composition of the olivine crystallizing is given by:

(Fe) _ g .Fe-Mg (Fe)
Mg ol Doi-Meit Mg elt
where Fe = FeO (wt%)/71.845 and Mg= MgO (wt%)/40.3. The composition of the

olivine is iterated every 1%, and the composition of the melt + olivine mixture is given by
mass balance:

Fn Fn— Fn
MMelt = (1 - (Fn - Fn—l))MMelé + (Fn - Fn—l)MOI

M refers to the concentration of an element, and F is the fraction of olivine, which ranges
from F;, F, ... F,, , where n is the number of iterations. The modelling results show that
olivine fractional crystallization or accumulation may have shifted Fe**/3 Fe data by no
more than 0.08, and the corrected Fe**/> Fe for melts equilibrated with Fogo or Foss
olivines agree with each other within 24% (Fig. S7).

Supplementary Section 3
Partial melting models

A non-modal incremental batch melting model is used to evaluate the re-distribution
of Fe?" and Fe** during partial melting (92). Initial modal abundances of olivine,
clinopyroxene, orthopyroxene, and garnet are assumed to be 0.53, 0.27, 0.18, and 0.02,
respectively (93). Melting reactions of partial melting of garnet peridotite were taken
from Walter et al. (93). Garnet and clinopyroxene in peridotite were modeled to be
exhausted at 10% and 23% degree of melting. Partition coefficients for Fe** (Dp,2+) and
Fe*" (Dp,3+) of mantle minerals are from Wang et al. (94). The mass melted at each step
was set to 1% (Fy) of the bulk mass. Then the melting degree relative to the evolving
residue of each step i (f;) can be calculated according to

Fo
T 1-(i—1F,
At each melting increment, the modal abundance of each phase and its Fe*" and Fe**
concentration is calculated by mass balance from the original source mineralogy and Fe*

and Fe** contents of mineral coupled with their partition coefficients (94). Melting
reactions are defined using liquid modes (P values):

— ..0
n:nin = Mnin — (F X Pmin)

fi

Where n’,,;,, and n,;,, represent model abundance of residual minerals and initial
minerals, respectively. F indicates degree of partial melting. P,,;,, describes the relative
proportion of a given mineral in the melting reaction. The Fe?" and Fe*" content of the
bulk residue is then calculated as the weighted sum of the residual mineral modal
abundances (normalized to 100%) and their contents. The partition coefficients at each
melting increment of melt and residue (D,_,) are calculated using the Fe*" and Fe*"

content of the minerals (C,,;;,) and partition coefficients of melt and minerals (D;_,,;n):



n n
Dy, = Z[ni * Coin] X Z[ni * Di_min]
i=1 i=1
Where n represents normalized model abundance of minerals. The element abundance in
the instant melt of step i C} can be calculated by using the equation of
_ Ciq
D +(1- Dl—r)fi

We also used a fractional melting model to determine the Fe*" and Fe*" content in
the melts for comparison:

c}

1
Cl=Clyxp— = )P

D l-r
where the element abundance in the residue of step n C}, = D * C}, and the element
content of aggregate melt of step i C'* are

n
Cimelt — Z Cil /l
i=0

Our modelling shows that the Fe**/Y Fe value of melts does not differ significantly
between batch melting and fractional melting (Fig. S8). Partial melting of a peridotitic
mantle source with a normal-mantle Fe**/Y Fe of 0.036 (28) cannot produce the high-
Fe**/Y Fe value observed in EC basalts (Fig. S8). In order to produce the high Fe**/3 Fe as
high as 0.6 in EC basalts, the Fe**/3 Fe of the mantle source must be elevated to, for
example, ~0.30 if 3% partial melting degree is assumed (Fig. S8).

Supplementary Section 4
Mixing model calculation

We calculate the amount of subducted carbonate required to produce the observed
high-5%Zn and low-5°°Mg endmember for the HOME using a mixing model of
subducted oceanic crust and carbonate. Experimental studies have shown that with
increasing pressure during subduction, the stable carbonate mineral changes from calcite,
to calcite/dolomite, and to dolomite/magnesite (e.g. 95). Therefore, dolomite/magnesite
was taken as an endmember in the mass balance calculations. The subducted oceanic
crust is assumed to be a mixture of carbonate minerals and MORB. The modelling results
are plotted in Fig. S10.

Our modelling suggests that involving small amounts of dolomite and magnesite in
the melting reactions would lead to a significant deviation of the Mg-Zn isotopic
compositions of the melt from the normal mantle range, and different carbonate species
have different effects on the Mg-Zn isotopic compositions of resulting melts due to the
distinct elemental contents and initial isotopic compositions of dolomite and magnesite.
Overall, in order to produce the observed high-5°°Zn and low-6**Mg HOME, 10-20% of



carbonates are needed in the melting reaction during the partial melting of carbonated
oceanic crust (Fig. S10A).

The Mg-Zn isotopic variations observed in the EC basalts can be explained by a
mixture of the HOME (15% carbonate + 85% MORB) and asthenospheric peridotite (Fig.
S10B). Modelling parameters are provided in Supplementary Table 7.

Supplementary Section 5
Computational details of the melt-diamond density crossover at mantle depth

We performed first-principles molecular dynamics (FPMD) simulations based on
density functional theory (DFT) using the Vienna ab initio simulation package (VASP).
The local density approximation (LDA) and projector augmented wave method were
adopted for the exchange-correlation functional. The energy cutoff was 600 eV. The
gamma point was used for Brillouin zone summations over the electronic states. Previous
studies found that LDA works better than the generalized gradient approximation (GGA)
in predicting many properties of silicates including equation of state and elasticity (96-
98). Single-particle orbitals were populated based on the Fermi—Dirac statistics. All spin-
polarized FPMD simulations were performed in the NVT (constant number of atoms N,
volume V, and temperature T) thermodynamic ensemble with a fixed temperature
controlled by a Nosé thermostat. The time step was set to 1 fs. We focus on three types of
silicate melts with mid-ocean ridge basalt (MORB) compositions,
MgsCasFesSizzAlioNazOgs (dry MORB), MgeCagFesSiz7AlioNazH1s097 (MORB with 4.9
wt.% water), and MgsCasFesSiz7AlioNazCsO9s (MORB with 5.3 wt.% CO-) to model the
water- and carbon-bearing basaltic melts (Table S5). We did not introduce a Hubbard U
correction for Fe atoms, as Caracas et al. (99) found that a +U correction does not
significantly improve the calculated properties. The initial melt configurations at different
volumes were prepared by melting the structures at 6000 K and down to 3000 K for 10
ps, and then, we ran NVT simulations at 1700 K for at least 40 ps. Pressures at different
volumes were derived by averaging the pressure for each time step after the equilibration.
The calculated results together with the chemical compositions were listed in Table S6.

Our calculated results show that at 1700 K, the density of dry basaltic melt increases
from 3.046 g/cm? at 2.2 GPa to 3.461 g/cm?® at 7.5 GPa. A linear interpolation suggests a
density of ~ 3.35 g/cm?® at 6 GPa, which is higher than the measured values (3.23 g/cm?®)
at 5.9 GPa and 1673 K using the sink-float method (/00). This is typical for the LDA,
which underestimates the volumes of silicate minerals and hence overestimates their
densities (97). A pressure correction of ~ +1.5 GPa is required to bring the LDA results
into agreement with the experimental data. In contrast, the GGA underestimates the
density of silicate minerals, and it was suggested that the pressure correction should be at
least -2.5 GPa to match the literature data (/01).

The density of MORB melt with 4.9 wt.% water ranges from 2.902 g/cm? at 2.2 GPa
to 3.638 g/cm? at 13.5 GPa, 1700 K. Compared with dry MORB melt, the density of this
hydrous MORB melt is lowered by ~ 0.18 g/cm?, corresponding to a decrease of 0.037
g/em?® per 1 wt.% H»0. Recently, Drewitt et al. (/07) conducted FPMD simulations on



MgO-Si02-H>0 melts using GGA and found that the incorporation of 1.0 wt.% water can
reduce the density of MgSiO3 melt by ~0.043 g/cm?, which is similar to our results.

The density of MORB melt with 5.3 wt.% COx is lower than that of dry MORB melt
but higher than that of MORB melt with 4.9 wt.% H>O (Table S6). The incorporation of
CO; into MORB melt also decreases its density, the CO» effect on is weaker than the H,O
effect. In comparison, the density of MORB melt only decreases by ~0.015 g/cm? per 1
wt.% COz. Such a magnitude is similar to the CO; effect on the density of pyrolite melt at
3000 K calculated by FPMD simulations using GGA (102, 103).

Our simulations together with previous studies on diamond show that diamond is
always denser than MORB deeper than the bottom of upper mantle (~12-14 GPa). As the
density of silicate melt increases with Fe content but decreases with H>O and CO>
contents, the intersection of the density lines of diamond and silicate melt could be
changed by 1-2 GPa. This variation caused by the chemical composition does not change
the conclusion that diamonds formed in deep-sourced carbon-bearing silicate melts via
the redox reaction will descend to the bottom of melt and the residual melt, if it is
separated from diamonds, would be enriched in Fe**.

Supplementary Section 6
The amount of carbon storage

In order to estimate the area of Cenozoic basalt exposed on the land of eastern
China, Chen et al. (57) utilized a digital-image processing program to extract the
distribution information of Cenozoic basalts by pixel from the geological map, and
overlaid on the high-precision geomorphologic map. The specific methods are as follows.

The geological and geomorphic map of eastern China attached in GeoMapApp are
drawn by Mercator projection. The ratio of basalt eruption area S1 to the Earth surface
area S of the region is equal to the ratio of basalt image area P1 in the Mercator
projection graph to the image area P of the region, within the latitude of 1 °, between a
certain longitude.

S1 P
S P

The image area in the Mercator projection graph can be calculated by photoshop
software. The Earth surface area S between latitude A; to latitude A> (Ao=A1+1) and
longitude ¢ to longitude ¢ (2> ¢1) can be obtained by spherical calculation formula:

(P2 — 1)
S = 2mR?(sinA, —sin ;) X ———=
mR*(sinA, — sin ;) 360
Therefore, the basalt eruption area S; can be calculated as
P —
S, = ﬁanz(sinaz —sin ;) x %

where R represents Earth’s radius, with an average value of 6371 km. The total area
of basalt in a certain area (S;,¢4;) 1 the sum of the areas in each latitude.



Stotat =S1+S2 + 83+ 5,

The results show that the total area of Cenozoic basalts in eastern China is 78525 +
3141 km? (51). The carbon stored at the bottom of the BMW, C storage» €an be calculated
according to

= 4+
Cstorage = Stotal X h X p X C

where h is thickness of EC basalt, p is the density of basalt, and C*' is the amount of
carbon required to elevate the average Fe**/> Fe value of MORBs to what is observed in
EC basalts via reaction of 4Fe?* + C** — 4Fe3* + C°. We assume that the FeOrotal
content of EC basalt is 12 wt%, the density of basalt is 2.9 g/cm?, and the thickness of EC
basalt is ~10 km. To elevate the melt’s Fe**/> Fe from a MORB-like value 0.14 (18) to
0.35, the average of studied EC basalts (< 50 Ma), the Csorage 1 roughly estimated to be
2400 Gt, which is four times of pre-industrial atmospheric carbon budget (Fig. S11). Note
that the measured Fe**/Y Fe of EC basalts may represent a minimum value, because
Fe**/3 Fe of EC basalts may be lowered as they ascended and percolated across the redox
melting frontline (~250 km) through the redox melting reaction (4Fe*" + C° > 4Fe*" +
Cc*h.

Supplementary Section 6

The data sources of HIMU lavas (St. Helena and Cook-Austral) used in Fig. | in the
main text are listed in Supplementary Appendix 1.

The arc basalt data used in Fig. 3 in the main text are taken from GEOROC
(http://georoc.mpch-mainz.gwdg.de/georoc/Entry.html), with data sources listed in
Supplementary Appendix 2.

The best estimated ‘most parental’ Fe**/> Fe values for OIB from each hotspot
location used in Figs. 3 and 4 are from Brounce et al. (/9), with original data from
Hartley et al. (/04), Shorttle et al. (24) (Iceland), Helz et al. (/05), Brounce et al. (1006),
Moussallam et al. (/07) (Hawaii), Moussallam et al. (20) (Erebus), Moussallam et al. (2)
(Canaries and Cape Verde), Brounce et al. (/9) and Gaborieau et al. (/08) (Reunion).
Elemental data source of OIB are provided in Supplementary Appendix 3. In order to
minimize crystal fractionation/accumulation effects, OIB data are filtered by using lavas
with MgO between 8% and 16%.
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Total alkali (Na20 + K20) vs SiO: diagram for EC Cenozoic intraplate basalts.
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Mossbauer spectra measured at 12 K on all analyzed samples.
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3130 values, V/Sc ratios, V and Sc content of different positions in olivine
phenocrysts from the EC intraplate basalts. Data are reported in Table S4.
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All analyzed olivine 'O and V/Sc in this study. (A) Probability distribution plots of
oxygen isotope composition of olivine grains in each individual sample. The black
dashed lines represent average 5'0 values for each probability distribution plot. Grey
band represents the normal-mantle §'*0 value (5.18 £ 0.28 %o) (109). (B) Covariation
diagram of 8'%0 versus V/Sc in olivine (n=198). Squares represent the average value of
different samples. Error bars represent 2 s.e. Data are from Table S4.
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Measured Fe3*/ZFe versus Loss of Ignition (LOI) for EC Cenozoic intraplate basalts
in different locations. The iddingsitized samples are shown in dashed outline. Fresh and
iddingsitized samples from the same location are connected by lines. Note that the
absence of correlation between Fe**/ZFe and LOI, and no significant difference between
fresh and iddingsitized samples, suggest that surface weathering (e.g., iddingsitization)
does not have a large impact on the bulk rock Fe**/ZFe values.
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intraplate basalts. Sr-Nd isotopic compositions were reported in Wang and Liu (77) and

Li et al. (/6) and references therein. The relationships preclude crustal contamination or

AFC processes as the cause of elevated Fe**/ZFe for the EC basalts.
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Olivine fractional crystallization or accumulation correction of Fe’*/ZFe for EC
Cenozoic intraplate basalts compared with the measured Fe3*/XFe value. Data are
from Table S1. Samples equilibrium with mantle olivine at Fogo are shown in red circles,
and samples equilibrium with mantle olivine at Fogs are shown in grey circles. Correction
details are in the Supplementary Section 2.
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The Fe**/XFe of melts generated by batch (black dashed line) and fractional (grey
solid line) partial melting of peridotites with different Fe3*/XFe. The peridotite
sources are assumed to have initial Fe**/ZFe of 0.036 (normal-mantle value) (28), 0.15,
0.30 and 0.50, respectively.
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Magnesium (A) and Zinc (B) isotopic compositions of sedimentary carbonates
compared to those of average MORB. 5’°Mg of sedimentary carbonates are compiled
from Pokrovsky et al. (170), Geske et al. (1/1), Higgins and Schrag (//2-114), Fantle and
Higgins (/15) and Blittler et al. (116). 5°®Zn of sedimentary carbonates are compiled
from Pichat et al. (/17), Liu et al. (/18) and Sweere et al. (119). §**Mg and §°Zn of
MORB shown in grey bar are from Teng et al. (47) and Chen et al. (/20), respectively.
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Fig. S10.

Plots of 6?Mg against °Zn for the EC intraplate basalts, together with MORB-
carbonate mixing (A) and asthenospheric mantle-HOME mixing model (B). Two
carbonate species including magnesite (black lines) and dolomite (grey lines) are
considered. Hypothetical HOME in (B) is formed by hybridization of 15% carbonate and
85% N-MORB. Modelling parameters are provided in Supplementary Table 7.
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The total amount of carbon storage (Cstorage) relative to the current atmospheric
carbon (CAC) as a function of assumed average Fe**/XFe in EC Cenozoic intraplate
basalts. Computation details are in the Supplementary Section 6.
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Legends for Table S1 to S7
Table S1. Wet-chemical Fe3*/Feotal ratios for Cenozoic basalts from eastern China.
Table S2. Wet-chemical determination of FeO content in geological standards.

Table S3. Mossbauer spectroscopic measurements on samples at ~12 K and
comparison with wet-chemical measurements.

Table S4. Oxygen isotope and V/Sc ratio of olivine in intraplate basalts from eastern
China.

Table S5. The chemical compositions of modeled basaltic melts compared with those
of molten basalt investigated by experiments and mid-ocean ridge basalt.

Table S6. The calculated density of three basaltic melts.

Table S7. Parameters used for mixing model.

Legends for Appendix 1 to 3
Appendix 1 Data sources of HIMU lavas.
Appendix 2 Data sources of arc basalts compiled from GEOROCK.

Appendix 3 Data sources of OIB lavas from each hotspot locations.
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