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Evolution of carbonated melt to alkali basalt in the
South China Sea
Guo-Liang Zhang1,2,3*, Li-Hui Chen4*, Matthew G. Jackson3 and Albrecht W. Hofmann5

CO2 is considered to play a key role in the melting of the deep upper mantle, and carbonated silicate melts have been widely
predicted by partial melting experiments to exist at mantle depths of greater than 80 km. However, such melts have not been
shown to exist in nature. Thus, the relationship between CO2 and the origin of silicate melts is highly speculative. Here we
present geochemical analyses of rocks sampled from the South China Sea, at the Integrated Ocean Discovery Program Site
U1431. We identify natural carbonated silicate melts, which are enriched in light rare earth elements and depleted in Nb and
Ta, and show that they were continuously transformed to alkali basalts that are less enriched in light rare earth elements and
enriched in Nb and Ta. This shows that carbonated silicate melts can survive in the shallow mantle and penetrate through the
hot asthenosphere. Carbonated silicate melts were converted to alkali basaltic melts through reactions with the lithospheric
mantle, during which precipitation of apatite accounts for reduction of light rare earth elements and genesis of positive Nb–Ta
anomalies. We propose that an extremely thin lithosphere (less than 20 km in the South China Sea) facilitates extrusion of
the carbonated silicate melts, whereas a thickened lithosphere tends to modify carbonated silicate melt to alkali basalt.

Most of the Earth’s carbon is stored in the deep interior1,2,
and CO2 can strongly affect the melting behaviours
of the deep upper mantle3. Alkali basalts are generally

SiO2-undersaturated and cannot be produced by melting of ‘dry’
mantle2,4. Many alkali basalts carry strong indications of a role for
CO2; for example, phenocrysts with CO2-rich melt inclusions5,6,
mantle xenoliths metasomatized by carbonatitic melts7, and alkali
basalt associations with carbonatites8–10. It is well known that CO2
can reduce the SiO2 content in the melt and facilitate low-degree
mantle-derivedmelt that is enriched in alkalis3; thus, CO2 could play
a fundamental role in the origin of alkali basalts. However, natural
carbonatites, including those from the two known oceanic locations
(Cape Verde and Canary islands9,11), generally have CaO that is too
high andMgO that is too low to be primary carbonatemelts12. Thus,
direct field observation onmantle-derived primary carbonate melts
is lacking, and the role of CO2 in the genesis of alkali basalts is
highly speculative.

Near-solidus partial melting experiments on carbonated mantle
rocks result in dolomitic melts, which transform rapidly to
carbonated silicatemelts with increasingmelting degree3. A number
of experiments have been conducted to test if melting of a
specified mantle lithology (for example, carbonated peridotite13,14
and carbonated eclogite15,16), or interactions between carbonated
melt and the asthenospheric mantle17, can generate primary alkali
basaltic melts. However, the experimentally derived carbonated
silicate melts have not been shown to exist in nature. It also
remains unresolved on how carbonated silicate melts with negative
Nb–Ta12,18 evolve to alkali basalts with positive Nb–Ta19–21. Here
we show a suite of volcanic clasts that vary continuously from
carbonated silicate melts to alkali basalts in an oceanic setting
(South China Sea, Fig. 1), which have implications for how natural
carbonated melts are transformed to alkali basalts.

Compositions of carbonated silicate melt-alkali basalt
The South China Sea basin, which was active between 32–16Ma
(Myr ago) (ref. 22), is amarginal spreading basin located to the south
of the continent shelf of China (Fig. 1). A seamount chain (Fig. 1)
was formed along the fossil ridge shortly after cessation of the South
China Sea spreading23. The International OceanDiscovery Program
(IODP) Expedition 349 (Site U1431) drilled into the mid-ocean
ridge basalt (MORB) crust near the fossil ridge. Before reaching
the MORB crust, a∼300m-thick volcanic breccia layer (Fig. 1) was
recovered, which was formed by multiple volcanic episodes (from
12.8Ma to 7.4Ma)24 shortly after cessation of spreading. The breccia
contains abundant volcanic clasts that range in diameter from
millimetres to approximately ten centimetres, and the geochemistry
of the clasts is examined in this study.

Globules (formed by exsolution from magma at reduced
pressures as magma ascends) are most abundant in the clasts
at the bottom of breccia layer, which decrease in abundance
upwards (Supplementary Information). For example, typical
globules in sample 21R-1-W-(9/11) (Supplementary Information)
consist of four phases: P2O5-CaO-Ti-F-rich glass, silicate glass
that is MgO-FeOt-rich and CaO-depleted, silicate glass that is
K2O-Na2O-rich and CaO-depleted, and carbonate (calcium calcite
and MgO-rich calcite). In situ analyses of major and trace elements
confirm that the carbonates in the globules are of magmatic origin
(Supplementary Information). The compositional complementarity
of these phases indicates that they were derived from melt
immiscibility (Supplementary Information). Electron microprobe
analyses on the glass of plagioclase-hosted melt inclusions in this
sample indicate a P–Ca–Ti–F-rich and low-SiO2 primary melt (see
discussion in Supplementary Information), which is consistent with
the high P2O5 and CaO concentrations observed in experimentally
derived carbonated silicate melt12,25,26.
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Figure 1 | Map of the South China Sea, sampling location and stratigraphy of recovered cores. Ages marked on the stratigraphy chart are based on
occurrences of calcareous nannofossils in the interlayer sediment24. Green circles in the stratigraphy diagram indicate sampling positions. SCS,
South China Sea; HN, Hainan.
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Figure 2 | Plots showing relationships of CaO, P2O5 and La versus SiO2 for Site U1431 volcanic clasts. The symbol of the early stage sample marked with
a cross indicates sample 21R-1-W-(9/11), which has been analysed by electron microprobe and LA-ICP-MS (Supplementary Information). Carbonated
peridotite melts experimentally derived at a pressure of 3 GPa (refs 13,26), and carbonated eclogite melts derived at pressures from 2.9–9 GPa
(refs 15,27,28) are plotted for comparison. Data of alkali OIBs (alkali oceanic island basalts: including the Canary, Cape Verde, Society, Samoa, Caroline and
Austral-Cook islands) are from http://georoc.mpch-mainz.gwdg.de/georoc/Entry.html.

Results of whole-rock geochemistry are shown in Supplementary
Table 1. The samples form an alkaline series on the plot of total
alkaline versus SiO2 (Supplementary Fig. 1). They show highly
variable major and trace element compositions and trace element
ratios (Supplementary Figs 2–4). As SiO2 increases they show co-
variations in concentrations ofmajor element (for example, decreas-
ing CaO, P2O5 and TiO2, and increasing K2O and Na2O, see Fig. 2
and Supplementary Fig. 2), trace elements (for example, decreasing
La, and increasing Nb, see Fig. 2 and Supplementary Fig. 3), and

trace element ratios (for example, decreasing La/Nb, La/Yb, Ce/Pb,
Sm/Hf and Y/Ho, see Supplementary Fig. 4).

The clast samples are grouped into early (789.8–704.2mbsf
(>8.3Ma)) and late (651.8–617mbsf (<8.3Ma)) stages. The early
stage clasts have relatively low SiO2 (31–48wt%), and high P2O5
(mostly 2.6–6.8 wt%), CaO (6.4–25.6 wt%) andMgO (2.1–6.4 wt%).
The major element compositions of many of the early stage
samples are in the range of the experimentally derived carbonated
eclogite melts (Fig. 2 and Supplementary Fig. 2). Most of the
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Figure 3 | Trace element patterns for Site U1431 volcanic clasts. Note that
the early stage volcanic clasts (>8.3 Ma) are dominated by carbonated
melts with negative Nb–Ta–Zr–Hf, and the late stage volcanic clasts
(<8.3 Ma) are dominated by OIB-type patterns. Data of primitive mantle
for normalization are from ref. 35. The typical alkali OIB for reference is the
average of alkali basalts from the Society, Samoa, Caroline and
Austral-Cook islands. The data sources are as in Fig. 2.

early stage samples show strong enrichments in light rare earth
elements (LREEs) and negative anomalies of Nb–Ta–Zr–Hf (Fig. 3),
which are consistent with the experimentally derived carbonated
melts12. The early stage samples also have positive Y anomalies
(Y/Y∗ values, calculated as YN/(DyN∗HoN)

0.5, that range from
1.05–1.96) (Fig. 3). The early stage sample 21R-1-W-(9/11) (see
Supplementary Information) has the highest CaO (25.6 wt%) and
P2O5 (6.75wt%), the lowest SiO2 (31.0 wt%) (Fig. 2), and the
strongest enrichment in LREEs and negative anomalies of high field
strength elements (HFSEs) (for example, Hf/Hf∗ values, calculated
as HfN/(NdN×SmN)

0.5, down to 0.24). These samples are distinct
from the carbonatites with high CaO (>48wt%) and very low
SiO2 (<4wt%) and MgO (<2wt%) from the Cape Verde and
Canary islands11.

Comparatively, the late stage clasts have higher SiO2(47–63wt%),
lower P2O5 (0.8–2.0 wt%),CaO (0.8–11wt%) andMgO(1.3–5wt%),
less enrichment in LREEs (LaN/SmN of 1.5–3.1), and positive
anomalies of Nb–Ta–Zr–Hf (Fig. 3). Thus, the late stage clasts
are similar to typical alkali ocean island basalt (OIB) (Fig. 3).

However, these alkali basalts have relatively low MgO among
global OIBs (Supplementary Fig. 2d). They also have negative Y
anomalies (Y/Y∗ values of 0.60–0.97) (Fig. 3). The most siliceous
sample (SiO2 of 63wt%) has the lowest CaO (0.8 wt%) and
the strongest positive anomalies of Nb–Ta–Zr–Hf and negative
anomalies of Sr, Eu and Ti. Despite the geochemical differences
between the early and late stage samples, they form a continuous
transition from carbonated silicate melts to alkali basalts (Fig. 2 and
Supplementary Figs 2 and 3).

Mantle sources
These samples show limited variation in Sr–Nd–Pb–Hf isotopes,
which are more enriched than the normal (N)-MORB-like samples
at the same drill site (Fig. 4 and Supplementary Fig. 5). Despite
the limited range in isotopic compositions, the early stage (more
carbonate rich) samples are obviously more geochemically enriched
than the late stage (more carbonate poor) samples (Fig. 4). Similarly,
the early stage samples also have higher La/Yb and La/Sm ratios
than the late stage samples (Supplementary Fig. 6), which might
suggest a deep origin (and smaller degree of melting) for the
carbonated melts that ‘sample’ the enriched mantle components3.
The correlations of 87Sr/86Sr with trace element ratios (for example,
La/Yb, La/Sm) (Supplementary Fig. 6) and Sr–Nd–Pb–Hf isotopes
with SiO2 content (Supplementary Fig. 7) indicate that a depleted
mantle component has been involved in the origin of these volcanic
clasts. The isotopic systematics suggests that the depleted mantle
component involved is the asthenospheric or lithospheric mantle as
represented by the N-MORB-like samples at Site U1431 (Fig. 4 and
Supplementary Fig. 5).

Carbonated peridotite13 and carbonated eclogite15 are widely
considered as the mantle sources of carbonated melts. However,
the systematically low MgO (<7wt%) and relatively high TiO2
(Supplementary Fig. 2e) of the carbonated melts in this study
excludes them as primary partial melts of carbonated peridotite
with high MgO (>15wt%)13,26 (Supplementary Fig. 2d). Melting
of carbonated eclogite produces carbonated melts with low MgO
(<10wt%)15,27,28 (Supplementary Fig. 2d), which are similar to the
carbonated melts in this study. Subduction of altered oceanic crust
with secondary carbonate minerals is considered as an effective way
to introduce carbonated eclogite to the mantle29. The relatively high
206Pb/204Pb ratios (Fig. 4), and the strong negative Pb anomalies
(Fig. 3), inmany of the early stage samples support the origin of these
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melts from recycled oceanic crust, which has a high time-integrated
U/Pb ratio due to significant Pb loss in the subduction zone. The
high La/Yb ratios in the early stage samples can be explained by
the effects of residual garnet in the source, which is consistent with
the low solidus and deep melting of carbonated eclogite. Primary
carbonated eclogite melts have also been shown by partial melting
experiments to have strongly depletedHFSEs and enriched LREEs27.
Thus, carbonated eclogite is most likely the source of carbonated
silicate melts in this study, and the evolution from carbonated melts
to alkali basalts discussed here is limited to melts derived from
carbonated eclogite.

E�ects of apatite precipitation
The decrease of REE concentrations (for example, La) and increase
of HFSE concentrations (for example, Nb) with increasing melt
evolution (that is, higher SiO2, Supplementary Fig. 3) suggest
fractionation of minerals rich in REEs and depleted in HFSEs.
Titanite and pyrochlore are REE-rich minerals that have been
found in carbonatite9,10. However, increasing HFSE concentrations

with increasing SiO2 in the samples of this study exclude the effects
of precipitation of these minerals, which are rich in HFSEs. The
lowering of P2O5 (with increasing SiO2) as carbonated silicate melts
evolve towards alkali basalts suggests precipitation of a phosphate
mineral (Fig. 2). Apatite is a candidate phosphate, as it has high REE
concentrations and low HFSE concentrations10,30,31. Precipitation
of apatite is also supported by the lowering of CaO (together
with lowering P2O5) (Fig. 2) with increasing magmatic evolution.
Apatite can occur in lithospheric mantle xenoliths metasomatized
by carbonated melts32 and in alkali volcanic rocks associated with
carbonatites10. Although the partitioning of REEs between apatite
and melt can vary significantly as a function of the compositions
of the host melt33–35, the strong enrichment of REEs and depletion
of HFSEs and Pb in apatite are widely accepted30. The lowering of
the La/Nb, Ce/Pb and Sm/Hf ratios (Fig. 5a,b and Supplementary
Fig. 8) with decreasing P2O5 in the melts of this study point to
the effect of apatite precipitation. For example, ∼8wt% apatite
precipitation from sample 25R-1-W-(116/120) generates P2O5
concentration and La/Nb, Ce/Pb and Sm/Hf ratios that are in
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the range of alkali OIBs, including the alkali basalts in this study
(Fig. 5a,b and Supplementary Fig. 8).

Ratios of Y/Ho are generally considered unfractionated relative
to the primitive mantle (Y/Ho of 28.9)36 during melt generation
because global MORBs and OIBs have relatively constant Y/Ho
ratios (28 ± 4)37. However, many of the early stage samples in
this study have much higher Y/Ho ratios (up to 59, Fig. 5a) than
that of the primitive mantle. Mantle melting with the presence
of fluorine (F) can strongly elevate Y/Ho ratios in the melt33,34.
The carbonated melts in this study are highly enriched in F (for
example, up to 4wt% in plagioclase-hosted melt inclusion glass,
Supplementary Information). Thus, the high Y/Ho ratios may be
explained by high F abundances during melting. Nonetheless, as
carbonated silicate melts evolve, the Y/Ho ratios decrease to the
range observed in alkali OIBs (Fig. 5a and Supplementary Fig. 4e)
through precipitation of apatite, because the partition coefficient
between F-rich apatite and silicate melt is much higher for Y than
Ho (for example, DY/DHo of 2.5; ref. 30); in fact, Y/Ho ratios are as
high as 80 in natural F-rich apatite35. Similar to La/Nb, Ce/Pb and
Sm/Hf, the Y/Ho ratio of sample 25R-1-W-(116/120) is also lowered
to the range of alkali OIBs after fractionation of apatite (Fig. 5a).

Melt evolution in the lithospheric mantle
In Sr–Nd–Pb–Hf isotopic space, the evolution of carbonated melts
towards alkali basalts shows the addition of a depleted component
(Supplementary Figs 6 and 7). On the basis of a comparison with
the MORB-like samples at Site U1431 (Fig. 4), it is predicted
that a depleted component, the asthenospheric and/or lithospheric
mantle, has played a fundamental role in melt evolution. The
compositional variation over time, from the carbonated melts
deeper in the drill core to the alkali basalts shallower in the core,
most likely reflects a temporal evolution (Fig. 5c–f). Reaction of
carbonated peridotite melts with the asthenospheric mantle is one
mechanism thatmay explain the isotopic depletion from carbonated
melts to alkali basalt13. However, following reactions with hot
asthenosphere, the K2O and Na2O concentrations in carbonated
melts are reduced3,17. This is opposite to the chemical variations
from the carbonated melts to alkali basalts in this study, which
show higher K2O and Na2O concentrations than the carbonated
melts (Supplementary Figs 2 and 3). Thus, the transition from
carbonated melts to alkali basalts is unlikely to have occurred in
the asthenosphere.

Carbonated melts are also in disequilibrium with the cooled
lithospheric mantle38,39, in which orthopyroxene (Opx) can
be dissolved into the melt with concomitant precipitation of
clinopyroxene (Cpx) and olivine (Ol)38. In this way, harzburgite and
lherzolite are metasomatically converted to wehrlite. This process
occurs as the melt cools, which permits fractionation of apatite.
Precipitation of apatite (Ca5(PO4)3(F,OH)) cannot account for the
full range of CaO in the samples in this study, which indicates
precipitation of other phases via the following reactions:

2Mg2Si2O6(Opx)+CaMg(CO3)2(melt)

=CaMgSi2O6(Cpx)+2Mg2SiO4(Ol)+2CO2(melt) (1)

Mg2Si2O6(Opx)+Melt1=Mg2SiO4(Ol)+Melt2 (2)

Through reaction (1), harzburgite/lherzolite are converted to wehr-
lite as Opx is dissolved and Cpx and Ol precipitate from the melt38.
Thus, CaO can be lowered in the melt through precipitation of
Cpx. Additionally, through reactions with the carbonated melt (the
reaction (2)), Opx dissolution and concomitant precipitation of Ol
increases the SiO2 in the silica-undersaturated melts reported in
this study. Increased SiO2 in carbonated melts has been supported
by experiment that shows reactions of carbonatitic melts with Opx
during kimberlite generation39. Thus, the increasing SiO2 from
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carbonated melts to alkali basalts in this study can be explained
by melt-rock reaction, except for the most siliceous sample (with
SiO2 of 63%) which could have experienced extensive magma
differentiation. Through such reactions, dissolution of Opx from
the country rock introduced geochemically depleted components
into the melts during melt evolution (Supplementary Figs 6
and 7), which can help explain the presence of geochemically
depleted Sr–Nd–Pb–Hf isotopic compositions in the alkali basalts.
Precipitation of Cpx and Ol from carbonated melts through such
reactions might also explain the decreasing Ni, Cr and Co with melt
evolution (Supplementary Fig. 3).

E�ects of lithosphere thickness
Carbonate melts have been considered to be stable only in the
mantle depth of more than 80 km because of the ‘carbonate ledge’
(a boundary that prevents carbonated melt from reaching the shal-
low depth). However, recent work shows that carbonated melts
favour hot geotherms40. The extrusion of carbonated melts near the
ridge of the South China Sea indicates that deep carbonatitic melts
can penetrate through the hot asthenosphere. Although carbon-
ated melts have been proposed to rise rapidly through the mantle
due to their low viscosity41, the results of this study suggest that
carbonated silicate melts can move through the lithosphere via
reactive infiltration, during which they tend to be modified to alkali
basaltic melts. This implies that the extent to which the carbonated
silicate melts react with the lithospheric mantle may be closely
related to the thickness of the overlying lithosphere (Fig. 5c–f). The
temporal transition in compositions of, for example, P2O5, La/Nb,
Y/Ho and 87Sr/86Sr, from carbonated melts to alkali basalts have
likely been controlled by a thickened mantle lithosphere during
volcanic activity over∼5Myr (Fig. 5c–f). Because these carbonated
melts were formed near the South China Sea fossil ridge shortly
(∼4Myr) after the spreading cessation, a sufficiently thin litho-
sphere (∼20 km) is inferred such that chemical reactions between
carbonatedmelts and the overlying lithosphere were limited (Fig. 6).
Thick lithosphere would transform all carbonated silicate melts to
alkali basaltic melts, which could be the case for the seamount alkali
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basalts, formed on the thin lithosphere near the fossil ridge of the
South China Sea, with isotopic compositions similar to the alkali
basalt samples in this study (Fig. 4). A thick oceanic lithosphere is
expected to lower the degree of melting at a hotspot42. However,
in contrast to the SiO2-dominated hotspot volcanism, the low-
degree carbonated melts in this study were generated under thin
lithosphere. It is difficult at this stage to assess the significance of
the melt/lithosphere reactions in the origin of global alkali basalts.
However, this model potentially explains the small-scale alkali vol-
canism that is unlikely related tomantle plume activities, such as the
highly vesicular (CO2-rich) young (4–8Ma) alkali basalts at the petit
spot volcanic province43 located on the thick, 135Ma northwestern
Pacific Plate.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Whole-rock major and minor elements.Whole-rock major and minor
elements (Cr, Sr, V, Zn and Ba) were analysed on fused glass discs with an
Axios sequential X-ray fluorescence spectrometer. Samples were fused at 1,050 ◦C
using a lithium tetraborate flux (Li2B4O7) in a mixture consisting of 0.5 g of
sample and 5 g of lithium tetraborate. The loss on ignition (LOI) of sample
powders was determined at a temperature of 1,000 ◦C. The measurements were
monitored using standards GSR-3 and BHVO-2. The accuracy of the analytical
results was controlled by measuring standard reference material BHVO-2
(Supplementary Information).

Whole-rock trace elements. For whole-rock trace element analyses, 25mg of
sample powder was precisely weighed and transferred into Teflon beakers. Then
1.5ml HF and 1.5ml HNO3 were added in turn and heated in closed Teflon
beakers at 50 ◦C for 24 h. Beakers were opened heated at 120 ◦C to evaporate the
dissolution. Then 0.5ml HF and 2.5ml 1:1 HNO3 were added, and the beakers
were transferred into a digestion bomb. The bombs were heated in an oven at
170 ◦C for 72 h. Then the beakers were opened and heated at 120 ◦C to evaporate
the dissolutions. The residues were added to 1:1 HNO3, then sealed and heated at
120 ◦C for 30min. The solutions were diluted 1,000 times using 2% distilled
super-pure HNO3 and analysed by ICP-MS (Thermal X Series II) using In, Rh and
Re as inner standards. The standard solutions (American Lab Tech Company) were
diluted to 1 µg l−1, 10 µg l−1, 50 µg l−1 and 100 µg l−1 to produce the calibration
curve, with linear regression coefficients all above 0.9999. To evaluate the accuracy,
BHVO-2 and GSR-3 were run as external standards (Supplementary Information).

Whole-rock Sr–Nd–Pb–Hf isotope. Sr, Nd, and Hf isotope analyses in this paper
were accomplished at the State Key Laboratory for Mineral Deposits Research in
Nanjing University. To remove weathering effects and any potential seawater
contamination, the sample powders (200mg for Sr–Nd and 100mg for Hf isotope
analyses) were leached in hot 6N twice sub-boiled HCl for 30min. Samples were
then rinsed repeatedly (5–6 times) with milli-Q water, then ultrasonicated for
30min to remove any residual traces of acid. For the pretreatment of Sr–Nd isotope
analyses, after evaporation, all samples were dissolved for more than 36 h on a
hotplate at approximately 130 ◦C with a mixture of HF-HNO3 acids in closed
Savillex beakers. After evaporation to dryness, concentrated HNO3 was added in all
samples to volatilize the residual HF in an open environment, followed by additions
of concentrated HCl and drying (repeat twice). Finally, the samples were dissolved
in 4N HCl acid. Sr–Nd were separated from the rock matrix by chromatographic
extraction using a cation exchange resin (200–400 mesh Bio-Rad 50WX8).

For Hf isotope analyses, after leaching, all samples were wetted with HClO4 and
then dissolved for a week on a hotplate at approximately 140 ◦C with HF acid in
closed Savillex beakers. After evaporation to dryness, 6N HCl acid was added to all
samples and dried (repeat twice). Finally, the samples were dissolved in 3N HCl
acid for 12 h at 80 ◦C and then were prepared for column chemistry. Hf was
separated from the rock matrix by chromatographic extraction using an Eichrom
Ln-spec resin. Detailed chemical separation procedures are given by Yang
and colleagues47.

The isotopic compositions of Sr were determined on a Finnigan MAT Triton TI
thermal ionization mass spectrometer. The mass fractionation for Sr isotopic ratios
was based on 86Sr/88Sr= 0.1194. The measured value for the international standard
NBS987 was 0.710251± 0.000014 (2σ , n=7) for 87Sr/86Sr. Nd and Hf isotopic data
were obtained using a Neptune Plus (Thermo Fisher Scientific) multicollector
inductively coupled plasma mass spectrometer (MC-ICP-MS). Mass bias
corrections on Nd and Hf were made with the exponential law and using
146Nd/144Nd= 0.7219 and 179Hf/177Hf= 0.7325. The international JNdi-1 standard
gave 143Nd/144Nd= 0.512093± 0.000003 (2σ , n=8). The measured value for the
international Hf standard JMC475 was 176Hf/177Hf= 0.282178± 0.000006
(2σ , n=7).

For lead isotope analyses, 200mg of sample powder was leached in 2ml 4N HCl
at 50 ◦C for 20min ultrasonically to ensure sufficient contact with HCl, then rinsed

with milli-Q water three times and then with 2% HNO3. Samples were dissolved in
2ml conc. HNO3 and 10ml conc. HF at 80 ◦C overnight with the cap not tightly
closed. On the second day, the lid was closed tightly and the temperature increased
to 140 ◦C, before checking whether the samples were fully dissolved or not. If fully
dissolved, samples were dried down at 80 ◦C, then 1ml conc. HNO3 was added to
dry down again with no lid, 10ml 1N HCl+0.25N HNO3 added and the cap lids
closed tightly overnight at a temperature of 90 ◦C maintained with hot blocks. A
check was made whether all fluorite had fully dissolved. If yes, lids were opened
and the solution dried down at 80∼ 90 ◦C in a wall oven with hot blocks. When the
solution was almost dry, we added 1ml 7N HNO3 and dried down without lids,
then added 1ml 7N HNO3 again. After adding 2ml 1N HNO3 to dissolve the
residue and heating at 80 ◦C with tight lids, the solution was ready for Pb column
chemistry the next day. The AG1-8 anion resin was used for Pb separation using
the standard procedure. Pb isotopes were analysed using a Nu instrument
MC-ICP-MS at the University of Queensland. The blank for Pb of the procedure
was 0.13 ppb. Samples were ‘spiked’ with a Tl standard (203Tl-205Tl isotopes), which
was used as an internal standard to correct for mass-dependent isotopic
fractionation. The entire procedure was monitored using the standard SRM-981,
and multiple analyses (n=10) of SRM-981 yielded 206Pb/204Pb of 16.9410
(σ =0.0010), 207Pb/204Pb of 15.4944 (σ =0.0012) and 208Pb/204Pb of 36.7179
(σ =0.0022). Analyses on BCR-2 (GeoReM preferred values of 18.76, 15.62 and
38.73 for 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb, respectively) resulted in 18.7573,
15.6186 and 38.7258 for 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb, respectively.

In situmajor element analyses. Quantitative analyses of in situmajor elements for
glass phases and minerals were carried out at the State Key Laboratory for Mineral
Deposits Research, Nanjing University, using a JEOL JXA-8100M electron
microprobe (EMP). The operating conditions were: accelerating voltage 15 kV and
probe current 2× 10−8 A. The diameter of the electron beam was 1 µm. The
counting times at the peaks were 20 s for Si, Ti, Al, Fe, Mg, Ca and Na, 30 s for Mn,
P and K, and 50 s for F. All data were corrected with standard ZAF correction
procedures. Natural minerals were used as standards.

In situ trace element analyses. Laser-ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) analyses were conducted at the University of
California, Santa Barbara, following the methods described in Kylander-Clark and
colleagues48. Carbonate grains were ablated using a Photon Machines Excite
193 nm excimer laser using a 40 µm spot, ablating at 10Hz for 30 s, following a 20 s
baseline, with an approximate fluence of 1 J cm−2. The aerosol+He carrier gas was
mixed with Ar, and sent to an Agilent 7700 quadrupole ICP-MS for elemental
concentration analysis. Data was standard- and drift-corrected using Iolite v2.5
(ref. 49). NIST 612 was used as the primary reference material and 43Ca was used as
the internal standard (Supplementary Information).

Data availability. The data that support the findings of this study are available
from the corresponding author upon request. The following publicly available data
sources were used in this study: Petrological Database (PetDB): http://www.
earthchem.org/petdb. GEOROC Database: http://georoc.mpch-mainz.gwdg.de/
georoc/Entry.html.
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