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G E O C H E M I S T R Y

Heavy boron isotopes in intraplate basalts reveal 
recycled carbonate in the mantle
Rong Xu1*, Yue Cai2*, Sarah Lambart3, Chunfei Chen4, Jun- Bo Zhang5, Mei- Fu Zhou1, Jia Liu6, 
Zhongjie Bai1, Tao Wu7, Feng Huang8, Ting Ruan2, Yongsheng Liu4

Recycling of surficial volatiles such as carbon into the mantle plays a fundamental role in modulating Earth’s hab-
itability. However, slab devolatilization during subduction could prevent carbon from entering the deep mantle. 
Boron isotopes are excellent tracers of recycled volatiles, but correlations between boron isotopes and mantle 
heterogeneity indicators are rarely observed, thereby casting doubt that substantial amounts of volatiles and 
boron can be recycled into the deep mantle. Here, we show that boron isotopes in two different types of primitive 
continental intraplate basalts correlate well with mantle heterogeneity indicators, indicating contributions of 
various subducted crustal components. A common high- δ11B component shared by both types of basalts is best 
explained as recycled subducted carbonate rather than serpentinite. Our findings demonstrate that subducted 
carbonate carries heavy B into Earth’s deep mantle, and its recycling could account for the high- δ11B signatures 
observed in intraplate magmas and deeply sourced carbonatites.

INTRODUCTION
Recycling of surficial materials, especially carbonates, into the deep 
mantle at subduction zones plays a fundamental role in modulating 
the habitability of Earth (1) and in modifying the composition of 
the deep mantle (2,  3). Recycled crustal components have been 
identified using many geochemical tracers in ocean island basalts 
(OIBs) and, to a lesser extent, in mid- ocean ridge basalts (MORBs) 
(4, 5). However, most geochemical tracers have multiple controlling 
factors. For example, elemental contents and ratios can be affected 
by the nature of the mantle components as well as different degrees 
of partial melting (6, 7); radiogenic isotopes, on the other hand, are 
affected by both the timing and extent of mantle enrichment or 
depletion. Volatiles in the mantle such as carbon and water are par-
ticularly difficult to trace because of their disproportionate impact 
on mantle melting (8) and on the partition coefficients of various 
elements (9,  10). In particular, the involvement of recycled sedi-
mentary carbonate in the petrogenesis of intraplate basalts remains 
a subject of debate because most previous geochemical tracers can-
not directly distinguish recycled carbonates from silicates with 
ghost carbonate signatures (11–13). For instance, carbonate- silicate 
interactions at subduction zones may exhaust recycled carbonates 
and transfer metal cations such as Mg, Zn, and Ca along with their 
anomalous isotope compositions into silicate minerals of decarbon-
ated eclogites (11,  14). As a result, both recycled carbonates and 

decarbonated eclogite may explain anomalous metal isotope com-
positions of intraplate basalts, leaving open the question regarding 
the recycling of crustal carbon into the deep mantle.

Boron (B) is a fluid- mobile element that behaves as an incompat-
ible trace element during mantle melting and melt fractionation, 
with a similar partition coefficient to Nb and Ce (15). Boron iso-
topes are promising tracers of volatile recycling in the deep mantle 
(16, 17) because of the large isotopic fractionation between its two 
stable isotopes, 10B and 11B, that only occurs in near- surface envi-
ronments (18, 19). B isotopes are typically expressed as δ11B, the per 
mil difference between the 11B/10B ratio of the sample and the NBS 
951 boric acid standard. It has been established that B(OH)3 is the 
predominant aqueous B species over a wide range of P- T- pH condi-
tions during slab dehydration, which should preferentially incorpo-
rate 11B (20). Globally, arc lavas farther away from the trench have 
gradually lower B/Nb (from ~70 to 0.02) and δ11B values (from +16 
to −10‰) (21–24). In comparison, fresh MORBs have B/Nb values 
that range from 0.15 to 1.05 and δ11B values that range from −3.3 to 
−9.8‰ (Fig. 1), with an average δ11B value of −7.1 ± 0.9‰ (15). 
These observations suggest that the residual slab should become 
progressively lighter in B isotopes during subduction (21, 25–27).

Because of subduction dehydration, both the recycled residual 
oceanic crust and sediments should have relatively low B contents 
and δ11B values. However, recycled carbonates may be able to pre-
serve their elevated δ11B values because of their relatively low water 
content (28–32). If this is the case, then some OIBs, especially 
HIMU- type [HIMU stands for high time- integrated μ (238U/204Pb) 
or elevated 206Pb/204Pb] (2), should show elevated δ11B values that 
correlate with tracers of recycled carbonate such as elevated Zn 
isotopes (33). However, boron isotope studies of oceanic basalts 
(MORBs and OIBs) are often under the suspicion of seawater 
alteration, given the high B concentration (~4.5 μg/g) and elevated 
δ11B (~39.6‰) in seawater (34). Even melt inclusions may be sus-
ceptible to the effects of hydrothermal alteration, generating values 
that could be either too high or too low depending on the assimi-
lated material (35). After screening for signs of seawater alteration, 
the known ranges of δ11B values are −13.7 to −5.8‰ for HIMU- 
type OIBs represented by La Palma and St. Helena islands (36, 37) 
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and −11.6 to −3.7‰ for OIBs with mixed source domains such as 
Iceland and Hawaii (35, 38). While some OIBs do show δ11B values 
slightly higher than the average value of MORBs (Fig. 1), it has 
been difficult to identify the recycled components using B isotopes 
because of the lack of clear correlations between B isotopes and 
mantle heterogeneity indicators. Therefore, the extent to which the 
B geochemistry of intraplate basalts reflects the incorporation of 
subducted components in their sources remains unclear.

Boron isotopes of continental intraplate basalts, on the other 
hand, are much less likely to be altered by weathering because of the 
much lower B concentration in meteoric waters (39). Therefore, bo-
ron isotopes in continental intraplate basalts could contribute to our 
understanding of volatile cycling in the deep mantle. Cenozoic con-
tinental intraplate basalts in the Zhejiang area from southeast (SE) 
China can be grouped into two types on the basis of their age and 
composition. The early- stage [~26 to 17 million years (Ma) ago] 
basalts show a stronger influence of the deeply recycled carbonated 
oceanic crust with elevated ratios of light to heavy rare- earth ele-
ments (e.g., La/Yb) and high δ56Fe and δ66Zn values, while the 
latter- stage basalts (<~11 Ma ago) show signatures of shallow sub-
duction–modified subcontinental lithospheric mantle (SCLM) (40–
45). Here, we report high- precision B isotope and concentration 
analyses on these well- characterized primitive continental intraplate 
basalts. In combination with elemental abundances and Nd, Sr, Zn, 
and Fe isotopes (40, 41), these B data demonstrate that heavy B iso-
topic signatures in crustal carbonates may survive the dehydration 
process during plate subduction and be recycled into the deep man-
tle source of intraplate magmas.

Background and samples
Seismological studies have revealed that the subducted western Pacific 
plate is currently horizontally stagnant in the mantle transition zone 
(MTZ), extending far (>1000 km) beyond the present- day Japan- 
Izu- Bonin- Mariana subduction zone, forming the big mantle wedge 
beneath eastern China (46). Rather than being associated with an 
active subduction, the widespread intraplate magmatism in eastern 
China is thus controlled primarily by melting processes within the 
big mantle wedge, aided by fluids/melts derived from the stagnant 
Pacific plate in the MTZ, where the subducted carbonated oceanic 
crust likely plays a crucial role (47–51). Samples selected for this 
study are relatively primitive basalts (MgO > ~8 wt %) from the 
Zhejiang area in SE China (40, 42, 43, 45) that have only fractionated 
olivine, which allows them to preserve signatures of their mantle 
source. These basalts can be divided into two distinct groups on the 
basis of age, location, and composition. The early- stage (~26 to 17 Ma 
ago) Oligocene to late- Miocene basalts are predominantly nephe-
linites and basanites from the inland area, whereas the late- stage 
late- Miocene and younger basalts (<~11 Ma ago) include basanites, 
alkali basalts, and tholeiites (40, 42). Relative to the late- stage basalts, the 
early- stage basalts have overall low SiO2, high alkali (Na2O + K2O), 
incompatible trace element contents, high CaO/Al2O3 ratios, strong 
incompatible element enrichment (e.g., La/Sm), high ratios of light 
to heavy rare- earth elements (e.g., La/Yb), and high δ66Zn and δ56Fe 
values. Thermobarometry analysis, trace element characteristics, and 
geophysical evidence collectively indicate that the early- stage magmas 
originated from deeper sources in the asthenosphere, while the late- 
stage magmas were derived from shallower depths involving both 
the asthenospheric and lithospheric mantles (40). The details of 
geological setting, sampling strategy, petrology, major and trace 
element abundances, and Zn- Fe- Sr- Nd isotope compositions can be 
found in studies of Xu et al. (40, 41). On the basis of these studies, the 
nature of their mantle sources has been characterized. In the Sr- Nd 
isotopic space, three mantle components can be identified (fig. S1): 
(i) a carbonated- pyroxenite, characterized by high δ66Zn (40) and 
δ56Fe (41) and moderately enriched Sr and Nd isotopic compositions; 
(ii) a subduction- modified SCLM, characterized by highly radiogenic 
Sr and Nd isotopic compositions; and (iii) a depleted asthenospheric 
component with more depleted Sr and Nd isotopic compositions 
(40, 41). For clarity, we use the term “enriched” to refer to lava com-
positions with higher incompatible/compatible element ratios and 
87Sr/86Sr ratios and lower 143Nd/144Nd ratios than the average normal 
MORBs (N- MORBs) and “depleted” for the opposite (52). Many 
previous studies using trace element and isotope analyses have found 
that the mantle sources of continental intraplate basalts from east-
ern China are relatively “enriched” and may contain recycled crustal 
components [e.g., (40, 41, 43, 44, 49, 53–71)]. The intraplate volca-
nism in the Zhejiang area was most likely triggered by edge- driven 
small- scale convection related to the variations in the thickness of 
the lithosphere (40).

The early- stage low- silica basalts likely represent low- degree 
partial melts of the asthenospheric mantle that preferentially sam-
pled a fusible carbonated eclogite/pyroxenite component at greater 
depths. Because of the lid effect of the thick lithosphere under the 
inland area, the melting degree of the depleted mantle would be 
limited, thereby helping to preserve the enriched isotope signa-
tures, in particular the high δ66Zn and δ56Fe ratios, and trace 
element signatures of the more fusible carbonated eclogite. The 
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late-stage magmatism predominantly occurred along the coast area, 
where the lithospheric thickness is thinner, which leads to higher 
degrees of decompression melting and more dilution from melts 
produced by the depleted asthenospheric mantle. As decompres-
sion melting progresses to shallower levels, subsequent melting of 
the lower part of the metasomatized lithospheric mantle can ac-
count for the elemental as well as isotopic signatures of the coastal 
late- stage basalts (higher SiO2, K/U, Sr/Ce, lower La/Yb, enriched 
Sr and Nd isotopes, etc.). As these continental intraplate basalts 
represent mixtures of melts from different mantle components, 
correlations between δ11B and other mantle heterogeneity indica-
tors in them (Figs. 2 to 4) can place additional constraints on the 

nature of the mantle components involved, such as their devolatil-
ization history.

RESULTS AND DISCUSSION
The measured δ11B values range from −9.46 to −2.54‰ for the 
early- stage basalts and from −5.78 to −0.55‰ for the late- stage 
basalts (table S1 and fig. S2), which extend well beyond the range of 
depleted mantle (−7.1 ± 0.9‰) (15). The δ11B values of both the 
early-  and late- stage basalts correlate negatively with SiO2, Sr/Ce, 
and Ti/Eu and positively with La/Yb and Ce/Pb, albeit with slightly 
different slopes, while both groups converge toward a common δ11B 
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end- member of −2‰ (Fig. 2). The late- stage basalts also show strong 
correlations between B enrichment (B/Ce or B/Nb) and signatures 
of contribution from a metasomatized SCLM (elevated Sr/Ce and 
K/U) (Fig. 3).

Four samples of the late- stage basalts with the lowest B concen-
trations (1.65 to 2.07 parts per million versus 2.13 to 12.56 parts per 
million for other samples) have the highest δ11B values and fall off 
the general trends delineated by the other samples (Fig. 3). The pet-
rogenesis of two of these outliers (open white squares) is discussed 
in detail below. The two other outliers (gray squares) were previ-
ously identified as having been affected by crustal contamination 
(40) and are included in this study to constrain the effects of crustal 
assimilation on the B geochemistry. A more detailed evaluation of 
the potential effects of crustal contamination and low- temperature 
alteration can be found in Materials and Methods. Except for these 
samples, all studied samples show a limited range of Nb/U and Ce/
Pb ratios that are well within or above the range of N- MORBs (52) 
with positive linear correlations between B and Zr contents (R2 = 
0.83, n = 26), which suggest minimal effects of crustal assimilation 
and weathering (fig. S2).

Mantle source control of B isotopes
A mantle source control on the B isotope signature of the studied 
intraplate basalts is corroborated by the correlations between mea-
sured δ11B values and various indicators of mantle partial melting 

and source heterogeneity, including SiO2, La/Yb, Sr/Ce, Ti/Eu, Ce/
Pb, and δ66Zn ratios (Figs. 2 to 4). As the equilibrium fractionation 
of B isotope is negligible during high- temperature mantle melting 
and fractional crystallization (15), these correlations are best ex-
plained as mixing of melts derived from discrete mantle compo-
nents with different δ11B values. While B has a similar partition 
coefficient to Nb and Ce during mantle melting and melt fraction-
ation, it is much more fluid mobile; therefore, elevated B/Nb and B/
Ce ratios indicate fluid enrichment in the mantle source (15). B 
isotopic compositions and B/Nb and B/Ce ratios of the late- stage 
basalts correlate with Sr/Ce, K/U, and La/Yb ratios, and these cor-
relations are consistent with melt mixing between a metasomatized 
SCLM and the local asthenosphere mantle (Figs. 2 and 3). While 
some of these correlations are not as strong for the early- stage ba-
salts, likely because of stronger compositional similarities between 
the mantle end- members sampled by the early- stage basalts (e.g., 
Sr, Nd, and Zn isotopes; Fig. 4), the overall trends delineated by 
these two groups of basalts, and the excellent correlations between 
δ11B and indices of depth or degree of melting (e.g., SiO2 and La/
Yb), support our hypothesis that the B isotopes in the studied sam-
ples reflect their mantle source signatures. Last, the early- stage 
basalts show higher overall B concentrations and higher B/Ce ratios 
at a given Sr/Ce ratio than the late- stage basalts (fig. S2 and Fig. 3), 
which indicate that they may come from a mantle source more 
enriched in B. However, the lower degrees of partial melting of 
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the early- stage basalts may also have contributed to their elevated 
B concentrations.

Recycled dehydrated slabs generated sub- MORB δ11B in the 
early- stage basalts
The lowest δ11B value (−9.5‰) among studied basalts is found in 
the early- stage lavas, which is distinctly lower than the proposed 
range for the depleted mantle (δ11B = −7.1 ± 0.9‰) (15). In addi-
tion, most MORBs have B/Ce ratios greater than 0.09, while the 
studied basalts have B/Ce ratios between 0.02 and 0.08 (Fig. 2F) 
(15, 52). This observation indicates that a B- depleted mantle source 
with light δ11B is required for the petrogenesis of basalts. The light-
est B isotope (δ11B = −9.5‰) of our samples is similar to the lowest 

δ11B values reported for OIBs: −10.0‰ at Fogo (Cape Verde), 
−10.5‰ at La Palma (Canary), −10.8‰ at MacDonald Seamounts, 
and −10.6‰ at Holuhraun (Iceland) (Fig. 1), all of which have been 
attributed to the inclusion of dehydrated oceanic crust components 
in their mantle sources (35–37). This is because fluids released from 
the subducted slab preferentially concentrate heavy B isotopes, 
thereby generating residual slabs that are isotopically light and [B] 
depleted (21, 25, 26). Considered together with their elevated La/
Yb ratios, the most likely candidate for the B- depleted and isotopi-
cally light component in the early- stage basalts is partial melts de-
rived from a dehydrated recycled oceanic crust. In addition to B, 
slab dehydration should also efficiently squeeze out H2O from the 
top portion of the slab, thereby generating low H2O/Ce ratios in the 
dehydrated slab residue. The early- stage basalts have lower H2O/Ce 
ratios (100 to 200) (43) than the depleted MORB mantle and MORBs 
(37, 72) but similar H2O/Ce ratios to HIMU basalts (72), which fur-
ther support the presence of similar fluid- starved dehydrated oceanic 
crust components in their mantle sources.

Although melts from the dehydrated oceanic crust alone can ac-
count for most of the geochemical characteristics of the low- δ11B 
end- member of the early- stage lavas, it cannot explain their slightly 
more enriched Sr and Nd isotopes and similar Ce/Pb ratio relative to 
MORBs (Figs. 2 and 4). The dehydrated oceanic crust should have 
higher Ce/Pb, because of the high mobility of Pb in fluids, and have 
Sr and Nd isotopes similar to the MORB protolith. The enriched Sr 
and Nd isotopes and relatively low Ce/Pb ratios of the low- δ11B end- 
member are more consistent with the contribution of recycled sili-
ceous sediments. Most subducting plates contain abundant siliceous 
sediments, including the present- day Pacific plate off the trench of 
Japan and Izu- Bonin Mariana (73). Siliceous sediments have high B 
contents (63 to 163 μg/g) and a wide range of δ11B (−13.1 to 4.0‰) 
(23,  28), while subduction- related prograde metasediments have 
δ11B values as low as −15‰ (74). Siliceous clays also contain abun-
dant water, which should cause substantial B loss and B isotope frac-
tionation during subduction, leading to relatively low δ11B values in 
recycled siliceous sediments (75). While they are generally not con-
sidered a major source of B in the deep mantle because of their low 
volume and the extensive B loss at shallow levels, siliceous sedi-
ments have much higher Pb, Nd, and Sr contents and more enriched 
Sr and Nd isotopes than MORBs (73). As such, contributions from a 
small amount of recycled siliceous sediments along with the dehy-
drated oceanic crust could explain the observed slightly more en-
riched Sr and Nd isotopes, as well as the relatively low Ce/Pb ratios 
of the low- δ11B end- member of the early- stage basalts.

Metasomatized SCLM as the low- δ11B component in the 
late- stage basalts
Previous studies have established that a subduction- metasomatized 
SCLM component, with relatively elevated Si content, high Ba/Th, 
K/La, and Sr/Nd ratios, enriched Sr and Nd isotope ratios, and light 
Zn and Fe isotope ratios, contributed to the formation of the late- 
stage basalts (40,  41). Boron isotopes and concentrations provide 
additional insights into the nature of this SCLM component. The 
late- stage basalts with ratios of higher fluid- mobile to fluid- immobile 
elements (e.g., Sr/Ce, K/U, B/Ce, and B/Nb) (Figs. 2 and 3) and 
stronger SCLM signatures also have lower δ11B, which indicates that 
the SCLM component likely has low δ11B as well. However, the low-
est δ11B value (−5.8‰) sampled by the late- stage basalts is slightly 
higher than that of the depleted mantle (−7.1 ± 0.9‰) (15) and the 
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low- δ11B end- member sampled by the early- stage basalts, which 
suggests that the dehydrated oceanic crust is unlikely the source. 
Metasomatism by slab- derived fluids could increase the δ11B of the 
local SCLM. However, the studied samples have much lower B/Nb 
ratios (Fig. 3) than typical MORBs (i.e., 0.15 to 1.05) (15). Such low 
ratios typically indicate the derivation of melts from relatively fluid- 
starved sources, such as arc lavas associated with an unusually hot 
slab (21), postcollisional mafic lavas from the Armenian sector of 
the active Arabia- Eurasia collision zone (76), and postcollisional ul-
trapotassic lavas in southern Tibet (77). Sugden et al. (76), in par-
ticular, attributed low δ11B values down to −5% and B/Nb ratios of 
0.03 to 0.25 along with relatively enriched Sr and Nd isotopes in 
Armenian postcollisional lavas to melting of the lithospheric mantle 
that was metasomatized by Si- rich melts or fluids derived from sub-
ducted sediments. Meanwhile, without the inputs from the dehy-
drated oceanic crust, magmas from continental collision zones 
extend to much lower δ11B than the depleted mantle (77). Given the 
elevated SiO2, enriched Nd and Sr isotopes, and low B/Ce and B/Nb 
but elevated Ce/Pb ratios of the late- stage basalts, we propose that 
the low- δ11B mantle source of the late- stage basalts came from a 
SCLM that was mostly metasomatized by dehydrated subducted 
sediments. This hypothesis is supported by several lines of geo-
chemical evidence. Sr, Nd, and Pb isotope compositions of mantle 
xenoliths in South China show EM2- type signatures, which were 
attributed to sediments added into the SCLM by the Mesozoic sub-
duction of the paleo- Pacific plate (47, 78, 79). The SCLM- derived 
lavas from SE China have arc- like trace element signatures (e.g., 
enriched in large- ion lithophile elements and depleted in high- 
field- strength elements) and crustal- like enriched Sr and Nd iso-
tope compositions, which suggest that the SCLM mantle source 
underneath South China might have received contributions from 
subducted sediments (80). Thermobarometry also suggests that the 
late- stage basalts originated from the lower part of the SCLM or 
within the lithosphere- asthenosphere boundary (40).

As mentioned earlier, two samples of the late- stage basalts have 
the highest δ11B values among all the samples measured (white 
squares in Figs. 2 to 4). These two samples also have low B concen-
trations (fig. S2) and lower B/Ce and B/Nb ratios relative to the 
trend line defined by the late- stage basalts (Fig. 3). With these differ-
ences aside, their major and minor element contents and Sr, Nd, Fe, 
and Zn isotopic compositions fall along the trend defined by other 
late- stage basalts (fig. S1) (40, 41). These two samples are both from 
the Tiantai region, but they both show notably lower pressure of 
magma segregation (~2.5 GPa) than the other samples in the same 
area (3 to 3.8 GPa) (40). The SCLM beneath eastern China likely has 
a complex history involving multiple episodes of melt depletion and 
metasomatism, which could also lead to a range of boron concentra-
tion and isotopic compositions (81). Hence, we propose that these 
two samples record this variability by being equilibrated at a differ-
ent pressure and sampling a SCLM component that was affected by 
a higher degree of metasomatism, resulting in higher K/La, Ba/Th, 
and Sr/Nd ratios (40).

Recycled carbonate as the common heavy 
boron end- member
One of the most notable features of our continental intraplate basalts 
is that in most cross plots, the two groups of samples converge to-
ward a common component with δ11B of about −2‰ (Figs. 2 and 
4C). This component is unlikely to have been a hydrous fluid or 

fluid- rich component like serpentinite because samples with high 
δ11B show low B/Ce and Sr/Ce ratios and high Ce/Pb ratios (Fig. 2). 
On the basis of its low SiO2, Ti/Eu, Sr/Ce, and K/U and high La/Yb, 
La/Sm, Ce/Pb, Ca/Al, and δ66Zn values (Figs. 2 to 4 and fig. S4), the 
most likely source for the common heavy δ11B component is recy-
cled carbonates. The primitive mantle- normalized trace element pat-
terns of the early- stage low- silica samples closely resemble those of 
oceanic magnesio-  and calcio- carbonatites (82), group I kimberlites, 
and high- Mg carbonate melts found in fluid inclusions within dia-
monds (83), MTZ- derived deep diamond inclusion (11- ON- ZIZ) 
with HIMU- like incompatible trace element patterns (84), and typi-
cal oceanic HIMU basalts (85) (fig. S5). Specifically, carbonate melts 
are distinguished by their low silica content, high CaO/Al2O3 ratios, 
and elevated ratios of light to heavy rare- earth elements (e.g., La/Yb). 
They also exhibit pronounced depletion in high- field- strength 
elements (e.g., Zr, Hf, and Ti), as well as lower Pb and K contents 
relative to those of rare- earth elements (82). These depletions are at-
tributed to the remarkably higher bulk partition coefficients of these 
elements compared to neighboring rare- earth elements in mantle 
rocks equilibrated with carbonate melts (86). Consequently, carbon-
ate melts are typically characterized by low K/La, K/U, and Ti/Eu 
ratios, alongside high Ce/Pb and La/Yb ratios, which are also charac-
teristics shown by our early- stage basalts. As such, the common 
high- δ11B end- member could be related to recycled carbonates. Mg 
and Zn isotopes are supportive of this hypothesis (48, 87–89). Be-
cause isotopic fractionation of Zn and Mg during mantle partial 
melting is limited, and given the fact that recycled carbonates ex-
hibit remarkably lighter Mg isotopes and heavier Zn isotopes com-
pared to the normal mantle, the heavy Zn isotopes in our samples, 
along with the light Mg isotopes observed in similar samples from 
the same region reported in previous studies, suggest that recycled 
sedimentary carbonates played an important role in the formation of 
these lavas (40, 48, 51, 87–90). An involvement of recycled carbon-
ates is also supported by the low B/Ce ratios (0.02 to 0.08) of the 
studied basalts, which fall between values of carbonatites associated 
with recycled crustal carbon (<0.01) (91, 92) and MORBs (~0.10) 
(15) (Fig. 2F). On the basis of evidence from multiple tracers, the B 
isotope and concentration data suggest that the heavy B mantle com-
ponent sampled by the studied deeply sourced continental intraplate 
basalts could be recycled surface carbonate. If it is found to be true, 
then this is strong evidence that recycled carbonates can be pre-
served in the deep mantle, even in the MTZ.

To explain the low B/Ce but high δ11B values of OIBs, Marshall 
et al. (38) called for a “rehydration” process where the low δ11B value 
of the recycled devolatilized oceanic crust could be overprinted by 
fluids with high δ11B values. Numerical modeling suggests that as 
temperature and pressure increase during subduction, the serpen-
tinized lithospheric mantle underlying the devolatilized oceanic 
crust would dehydrate, generating fluids with high- δD and high- 
δ11B signatures that can move upward and interact with the fluid- 
starved dehydrated oceanic crust without substantially increasing 
the B and H2O budget of the slab (48–52). Further recycling of this 
rehydrated, devolatilized oceanic crust might therefore transfer a 
sub- MORB B/Ce ratio and high- δ11B signature into the deep man-
tle. Such a serpentinite rehydration process has been previously 
called upon to explain heavy δ11B values found in oceanic intraplate 
volcanism, even far from any subduction zones (fig. S3) (38, 93). 
Although intriguing, this type of rehydrated, devolatilized oceanic 
crust, with its high- δ11B signature inherited from slab serpentinite, 
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is unlikely the source for the common heavy δ11B component delin-
eated by the studied basalts, as melt from this component should 
have high silica, Sr/Ce, and K/U, low Ce/Pb, and high δ26Mg values. 
In particular, previous studies reported that the range of Mg isotope 
ratios for Cenozoic basalts in South China (including some basalts 
from the sampling sites of this study) spans from −0.60 to −0.28‰ 
(48,  68,  87,  88). These values are generally lower than the mantle 
baseline of −0.25 ± 0.07‰ (94) and remarkably lower than the pub-
lished Mg isotope data for serpentinites [with δ26Mg values all 
exceeding −0.30‰; see figure S4 in (95)]. Collectively, these lines of 
evidence strongly argue against the substantial contribution of re-
cycled serpentinites or rehydrated devolatilized oceanic crust to the 
mantle source of the studied samples.

So far, aside from a few studies of carbonatites that have present-
ed evidence of recycled carbonates based on positive correlations 
between their 87Sr/86Sr and δ11B (up to 5.5‰, Fig. 1) (91, 92), to the 
best of our knowledge, no other studies of B isotopes have attributed 
heavy δ11B found in intraplate basalts or even diamonds (96) to re-
cycled carbonates. Marine carbonates have moderate B contents (13 
to 26 μg/g) and positive δ11B values (+4 to +33‰) (Fig. 1) (28–32). 
It is generally assumed that even though carbonates do not contain 
a lot of water in their crystal lattice, interaction with slab- derived 
fluids should also drive off B and 11B from carbonates during sub-
duction. Our finding of the fluid- starved low- silica component with 
elevated δ66Zn and δ11B values in deeply sourced primitive intra-
plate basalts further supports the hypothesis that marine carbonates 
can preserve relatively heavy B isotopic signatures through the sub-
duction process.

At subarc depths in subduction zones, dehydration of the sub-
ducting oceanic crust may lead to the dissolution and decarbon-
ation of carbonates, releasing carbon into the mantle wedge that 
could be sampled by arc volcanism (97, 98). However, a small frac-
tion of carbonates preserved in the subducting oceanic crust may 
not undergo decarbonation at these shallow depths. Instead, theo-
retical modeling (99) and experimental petrology (1, 100) suggested 
that as subduction progresses, they can be transported, in the form 
of carbonated eclogitic oceanic crust, into the deeper mantle, even 
reaching the MTZ. High- resolution geophysical tomography images 
have shown that the subducted Pacific slab is stalled and flattens at 
the lower part of the MTZ beneath the eastern margin of the Eurasian 
continent (Fig. 5) (46). Given that the distribution of voluminous 
alkaline mafic volcanism with strong carbonate signatures in eastern 
China is spatially coincident with the highly conductive electrical 
characteristics (101) and the geophysically observed low–P- wave 
seismic velocity anomalies (46) in the upper mantle above the MTZ, 
a genetic linkage between alkali basalts and the carbonated Pacific 
oceanic crust within the MTZ has been reasonably well established 
(47–49, 89). This volatile- rich MTZ (102–104), together with the 
stagnant slab, may serve as an important source and explain the oc-
currences of abundant enriched continental intraplate volcanism in 
eastern China (47, 48, 63, 64, 89, 105, 106). This is consistent with 
the hypothesis that during thermal equilibration with the ambient 
mantle over time, the nominal solidus of a carbonate- bearing sub-
ducted oceanic slab (carbonated MORB eclogite) may be crossed at 
a depth close to the MTZ, generating incipient alkaline carbonate 
melt with a low viscosity (100) that contributes to the genesis of in-
traplate alkali basalts.

Although subducting slabs lose a large amount of heavy 11B dur-
ing shallow dehydration, the subducted carbonated oceanic crust 

can, however, remain stable up to the depth of the MTZ, as men-
tioned above, carrying small amounts of surface carbonate with a 
heavy B isotope signature into the MTZ. The relatively high δ11B 
values in the continental intraplate basalts investigated in the pres-
ent study provide geochemical evidence for crustal carbonate, most 
likely recycled together with the subduction of the Pacific plate, to 
survive the devolatilization process during subduction and be trans-
ported into the MTZ (Fig. 5). This hypothesis would also explain the 
anomalous Mg isotope compositions of silica- undersaturated conti-
nental intraplate basalts in eastern China that cannot be explained 
by melting of serpentinites or a decarbonated eclogite with metal 
isotope signatures inherited from carbonates in their protolith. 
Considered together with observations from geophysics and com-
prehensive geochemical evidence, our finding of a common mantle 
component for primitive continental intraplate basalts with signa-
tures of recycled carbonates, heavy B isotopes, and low B/Ce ratios 
provides strong evidence that subducted carbonates play an impor-
tant role in deep mantle melting (Fig. 5) and their influence on man-
tle chemistry may be even more pervasive than previously thought.

MATERIALS AND METHODS
Analytical methods
Boron abundances and isotope ratios were measured on a Neptune 
Plus MC- ICP- MS at Nanjing Institute of Geology and Palaeontolo-
gy, Chinese Academy of Sciences (NIGPAS), following an alkaline 
fusion method outlined by Cai et al. (107). Briefly, 200 mg of sample 
powder was decomposed using hydrated Na2O2 in silver crucibles at 
720°C in a muffle furnace. After cooling, the alkaline cake was dis-
solved with water and B was purified using Amberlite IRA- 743 B- 
specific resin in an ISO class 5 Ultraclean chemistry laboratory with 
B- free polytetrafluoroethylene high- efficiency particulate air filters. 
B contents were determined on aliquots of the solution from the 
same dissolution through isotope dilution using a calibrated SRM 
952 10B- enriched spike. B content and isotope compositions of in-
ternational standards measured along with the samples, BCR- 2, JB- 
2, and IAEA- B- 5 all fall within published ranges (table S1).

Evaluating the effect of crustal contamination and 
low- temperature alteration
Crustal assimilation during magma emplacement and posteruptive 
alteration are processes known to potentially affect the primary B 
isotope composition of the basaltic magmas [e.g., (108, 109)]; it is, 
therefore, essential to assess their possible influence on the B isotope 
composition of the studied basalts. In the suite of basalts from the 
Zhejiang area, two samples have been identified as having been af-
fected by crustal contamination (18SZ18 and 18SZ19; i.e., gray 
squares in Figs. 2 and 3) (40). These two samples have the highest 
SiO2 contents (~50 wt %) of the suite, the lowest Nb/U and Ce/Pb 
ratios, and enriched Sr and Nd isotopic compositions than other 
samples from the same locality (fig. S6). These two samples also have 
low B concentrations (fig. S2) and heavy B isotope signatures (Figs. 2 
and 3). Because of the large variations observed in the continental 
crust (−30 to +22‰) (108), a mean value for the crust is difficult 
to define. However, I- type granitic magmas are isotopically nota-
bly heavier (δ11B = −2 ± 5‰) than S- type granitic rocks (δ11B = 
−11 ± 4‰) (109). The latter corresponds to the commonly cited 
B isotope value of ~−10‰ for the continental crust [e.g., (15, 109)]. 
Because much of Earth’s crust is derived from I- type magmas, its 
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average B isotope value is probably higher. Here, we propose that the 
heavy B isotopic signatures observed for the samples 18SZ18 and 
18SZ19 are consistent with crustal contamination. This is consistent 
with the low Nb/U ratios reported for these samples (fig. S6) and 
their low 143Nd/144Nd ratios (fig. S1).

Two other late- stage basalts (white squares in Figs. 2 to 4) also 
show heavier B isotopic compositions relative to the other late- stage 
basalts along with low B concentrations (fig. S2). These samples have 
elevated Nb/U ratios (fig. S6) and Sr- Nd isotopic compositions 
that fall along the trend of the late- stage basalts (fig. S1), which are 

inconsistent with substantial impacts of crustal contamination. 
Their B/La (~0.08), B/Nb (~0.05), and B/Zr (0.12 to 0.13) ratios also 
fall within the range defined by the other late- stage basalts (0.04 to 
0.13, 0.02 to 0.08, and 0.10 to 0.22, respectively, for the three ratios). 
As B is a highly mobile element, low- temperature alteration can 
affect B concentrations by preferentially leaching boron over immo-
bile elements (e.g., La, Nb, and Zr). Hence, if the distinct B signature 
of these two samples was the result of alteration, they would also 
present distinct B/La, B/Nb, or B/Zr ratios, which are not observed 
here. In addition, because the heavier isotope (11B) partitions more 

Fig. 5. Conceptual cartoon and geophysical tomography describing the generation of high- δ11B intraplate magmas. (A) during plate subduction, dehydration of 
slab and its underlying lithospheric serpentinite at shallow depths less than 200 km supplies arc volcanism, while subducted carbonate- bearing slab carries heavy 11B into 
the deep mantle, as revealed by high δ11B values in intraplate magma and ultradeep diamonds. See text for details. (B) vertical cross section of tomographic image of P- 
wave velocity anomalies at 29°n (46).
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readily into aqueous solution than the lighter isotope (10B) (19), in 
the absence of seawater, low- temperature weathering of basalts 
should reduce their δ11B value rather than increasing it. Hence, 
with no evidence for either crustal contamination or alteration, we 
propose that the B signatures of these samples are primary and, 
hence, we discuss the potential origin of these higher δ11B values in 
the main text.

Supplementary Materials
This PDF file includes:
Figs. S1 to S6
table S1
References
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Figure S1. Sr-Nd isotope composition of the studied samples. Early-stage basalts are 
represented by the circles, late-stage basalts are represented by the squares, with the two 
grey squares being the samples affected by crustal contamination and the two open square 
being the samples that reflect boron heterogeneity of the SCLM (see discussion in text for 
details). The red line illustrates mixing between MORB-like eclogite and carbonate 
components to form the carbonated eclogite component. The purple curve represents the 
mixing line between DMM and carbonated eclogite component. The blue line represents 
mixing between the lithospheric mantle and GLOSS components and the gray lines 
illustrate the mixing range between the asthenospheric components and the subduction 
modified lithospheric component. See also Figure. 4 and Figure. S9 in ref (40) for details. 
The stage 1 arrow indicates decompression melting of the heterogeneous asthenosphere 
that dilutes the enriched signature of carbonated pyroxenite. The stage 2 arrow indicates 
mixing of melt from subduction-modified SCLM with the hybrid asthenospheric melt. See 
details in refs (40, 41). 
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Fig. S2. (A) d11B versus B content and (B) B vs. Zr content of the studied samples. 
Symbols are as in Fig. 2 of main text. For the late-stage samples, four samples with heaviest 
B are shown in open and grey squares, with the two grey squares being the samples affected 
by crustal contamination and the two open squares being the samples that reflect boron 
heterogeneity of the SCLM (see discussion in text). Also shown are fresh MORBs (15) for 
comparison. 
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Fig. S3. d11B variation as a function of (A) Nb/B and (B) B/Ce for the studied samples. 
Also shown for comparison are data for MORBs (15), OIBs: Hawaii (110), La Palma 
(Canary Island) and Piton de Caille (La Reunion Island) (37), and other OIBs including 
Pitcairn Islands, Tristan da Cunha, St. Helena, Ascension Island, the MacDonald 
Seamount, and Fogo (Cape Verde Islands) (36), Iceland (35, 38), and North China 
continental intraplate basalts (112). The field for arc magmas is from ref (24). The lines of 
slab devolatilization are taken from ref (76) in (a) and from ref (38) for three different 
fractionation factors (Δ11Bfluid-solid) and from ref (113) in (b). The two grey lines are mixing 
lines between rehydrated crust-derived melt with different B/Ce ratio and MORB, both are 
taken from ref (38). The two black lines are mixing lines between dehydrated crust-derived 
melt with different B/Ce ratio and d11B value and MORB, both are taken from ref (38). 
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Fig. S4. d11B variation as a function of (A) CaO/Al2O3 and (B) La/Sm ratio for the 
studied samples. The best-fit regressions with R2 values are shown. Symbols are as in Fig. 
S2. A carbonatite associated with recycled crustal carbon is shown (92). 
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Fig. S5. Primitive mantle (114) normalized trace element patterns for our studied 
samples (40). Also shown for comparison are oceanic magnesio- and calcio-carbonatites 
(82), Group I kimberlites and high-Mg carbonate melts found in fluid inclusions within 
diamonds (83), deep diamond inclusion (11-ON-ZIZ) with HIMU-like incompatible trace 
element patterns (84), as well as typical oceanic HIMU basalts (85). 
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Figure S6. Nb/U versus Ce/Pb of the studied samples. Symbols are as in Fig. S2. The 
compositions for the lower (LCC), upper (UCC) and bulk (BCC) continental crust are from 
Rudnick and Gao (115).  
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Table S1. B content and isotope composition of the studied basalts and standards. 

Note: Reference values for JB-2, BCR-2 and B5 are from ref (116) and for seawater are 
from ref (107). 

Sample B (ppm) 2SE δ11B 2SE
Early-stage 18LY01 6.67 0.04 -7.25 0.25

18LY01-R 5.04 0.03 -7.10 0.15
18LY02 10.05 0.05 -9.46 0.19
18LY03 7.99 0.04 -6.98 0.12
18XL01 10.66 0.05 -4.91 0.11
18XL02 12.30 0.06 -3.79 0.10
18XL08 10.80 0.05 -3.99 0.12
18XL09 11.21 0.06 -2.69 0.02
18XL10 12.56 0.07 -2.81 0.23
18XL11 7.22 0.04 -2.54 0.07

Late-stage 18XC01 2.82 0.02 -4.86 0.07
18XC03 3.35 0.02 -5.30 0.10
18XC05 2.41 0.02 -5.68 0.07
18XC15 2.81 0.02 -5.42 0.33
18XC16 2.54 0.02 -5.78 0.31
18TT01 2.60 0.02 -3.67 0.02
18TT01-R 2.59 0.01 -4.37 0.02
18TT02 2.85 0.02 -4.78 0.08
18TT03 1.77 0.01 -1.58 0.07
18TT04 1.65 0.01 -1.98 0.09
18TT12 2.40 0.01 -3.38 0.08
18TT13 3.17 0.02 -3.88 0.07
18SZ10 3.45 0.02 -3.71 0.08
18SZ12 2.56 0.01 -3.47 0.08
18SZ13 2.13 0.01 -5.14 0.08
18SZ14 2.84 0.02 -3.91 0.09
18SZ18 2.07 0.01 -0.55 0.08
18SZ19 1.82 0.01 -2.56 0.02
18SZ19-R 1.67 0.01 -3.41 0.01

Measured value JB-2 31.11 0.16 7.15 0.09
Measured value JB-2 29.16 0.16 7.32 0.24
Reference value JB-2 30.00 0.90 7.21 0.41
Measured value BCR-2 6.79 0.03 -3.73 0.14
Measured value BCR-2 6.55 0.04 -4.43 0.16
Reference value BCR-2 4.96 1.55 -5.92 0.02
Measured value B5 12.08 0.06 -4.17 0.11
Measured value B5 11.73 0.06 -3.91 0.12
Reference value B5 9.74 1.09 -4.02 0.37
Measured value seawater 39.56 0.10
Measured value seawater 39.67 0.39
Reference value seawater 39.6 0.2

Standards
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