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Deep evolution of carbonated magmas
controls ocean island basalt chemistry

Junlong Yang 1, Chao Wang 2 , Zhenmin Jin2 & Zhicheng Jing 1

The composition of ocean island basalts (OIBs) is key to understandingmantle
differentiation and quantifying intra-plate carbon outflux. Existing petrogen-
esis models fail to simultaneously reproduce the low SiO2 and low SiO2/FeO

T

characteristics of alkalic OIBs and ignore melt-orthopyroxene reactions in the
lithosphere thatmay further elevate the SiO2 content of primarymagmas.Here
we show experimentally that high-degree (>50%) high-pressure crystallization
of carbonated primary magmas at the base of lithosphere drastically reduces
both the SiO2 content and SiO2/FeO

T ratio, due to the combined effects of
clinopyroxene and garnet precipitation and carbonates dissolution. The
major-element chemistry of alkalic OIBs can be quantitatively reproduced by
considering varying degrees of crystallization, melt-orthopyroxene reactions,
and source CO2 content. Our results imply high intra-plate carbon outfluxes
and support the observed association of low OIB SiO2 contents with low
mantle potential temperatures, as slower magma transport at lower tem-
peratures leads to more extensive crystallization and reaction.

Ocean island basalts (OIBs) produced by intraplate volcanism exhibit a
wide range of chemical compositions in contrast to the relatively
uniform compositions for mid-ocean ridge basalts (MORBs) (Fig. 1).
Most OIBs are characterized as alkalic basalts with lower SiO2

(~37–50wt%) and higher FeOT (~8–17wt%) contents than those of
MORBs. Various melting models involving different source lithologies
have been proposed to reproduce alkalic OIB chemistry, including
partial melting of carbonated-peridotite1–7 and pyroxenite8–12, and
reaction between eclogite-derived melt and peridotite13–15. In all these
models, alkalic OIB compositions were directly linked to the partial
melt formed from deep-seated mantle sources. The diverse composi-
tions of alkalic OIBs were frequently explained by introducing various
subducted slab materials to the source regions. However, none of
theseone-stagemelting and reactionmodels canexplain thegenesisof
alkalic OIBs with extremely low SiO2 contents (<42wt%) together with
high FeOT contents, or equivalently low SiO2/FeO

T ratios, such as those
observed in many samples from Trindade-Vitoria and Fernando de
Noronha (Fig. 1). Olivine crystallization of these melts can explain the
low SiO2 contents at low MgO contents but not at low SiO2/FeO

T

ratios (Fig. 1).

Other than source melting, deep evolution processes of source
magmas, including high-pressure crystallization in magma chambers
at the baseof the lithosphere16–20 andmagma-rock reactions21–23 during
magma migration through the lithosphere may have greatly modified
the major element chemistry of the OIBs. Although it has been
demonstrated that the deep crystallization of picritic magmas derived
from peridotite melting can explain the genesis of Hawaiian tholeiitic
OIB compositions16, such process only produces basalt compositions
with SiO2 > 43wt%. In addition, the subsequent transport of magmas
through the lithosphere would inevitably increase the SiO2 content of
the silica-undersaturated magmas due to melt-orthopyroxene reac-
tions before eruption22,24, posing a persistent challenge in explaining
the low SiO2 and low SiO2/FeO

T characteristics of alkalic OIBs.
Although the presence of CO2 has been linked to alkalic OIB for-

mation by several observations, including the associations ofOIBswith
carbonatites25, the presence of phenocrysts containing CO2-rich melt
inclusions26, and xenoliths showing carbonatite metasomatism27, its
role in affectingmagma evolution has often been overlooked, possibly
due to the belief that melt-rock reactions occur at depths shallower
than ~60 km, where magmas were usually assumed to have
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decarbonated28,29. But in fact, the CO2 solubility in silica-
undersaturated melt can be as high as ~2–10wt% at ~30 km depth30.

Here we propose that the involvement of CO2 in the deep evolu-
tion processes of picritic magmas is the major factor controlling OIB
chemistry. We report results from high-pressure crystallization and
reaction experiments in CO2-bearing systems and quantify the che-
mical evolution of carbonatedmagmas beneath various ocean islands.
We demonstrate that although the presence of CO2 does not inhibit
melt-lithosphere reactions, which moderately increase magma SiO2

content during ascent, it significantly modifies the crystallization

behavior of deep-seated magmas, producing magmas with low SiO2

and high FeOT contents that are consistent with the alkalic OIB
observations.

Results and discussion
High-pressure (HP) crystallization experiments of primary magmas (a
picritic melt with MgO less than ~20wt%) were performed at condi-
tions of 3 GPa and 1150–1350 °C in a multi-anvil press (Methods and
Supplementary Fig. 1) to investigate the evolution ofmelt composition
upon crystallization in magma chambers beneath the lithosphere-

Fig. 1 | Global intraplate OIB volcanism and compositions of alkalic OIB lavas.
a Map of global OIB eruption locations. The base map was generated using the
Origin software (https://www.originlab.com/). The symbol color indicates themean
SiO2 content of each individual ocean island and the symbol size represents the
SiO2/FeO

T ratio. b MgO and SiO2 contents of OIBs and MORBs. c SiO2/FeO
T ratios

andSiO2 contents ofOIBsandMORBs. Thedata for alkalicOIB lavas are from ref. 35,
in which only OIBs with MgO ≥8wt% were selected to minimize alterations in melt
compositions caused by clinopyroxene fractionation. The data forMORBs are from
the GEOROC database (https://georoc.mpch-mainz.gwdg.de//georoc/). The light
gray area enclosed by the dash-dot-dot line, pink area by the dashed line, and dark

gray area by the dash-dot line represent the composition ranges of partial melts of
carbonated-peridotite1, partial melts of pyroxenite8,9,11,12, and melts after reaction
between eclogite-derived melt and peridotite13–15, respectively. The black, red, and
blue solid lines represent the evolution paths of melt compositions due to olivine
crystallization for various startingmelt compositions, calculatedusing themodel of
ref. 51. Each cross on the solid lines represents 10% olivine crystallization and the
arrows represent the directions of olivine crystallization. The alkalic OIBs have
lower SiO2 contents and lower SiO2/FeO

T ratios than those of MORBs and have
lower SiO2/FeO

T ratios at given SiO2 contents than those of inferred silica-poor
primary melts (see text) with SiO2 <~42wt%.
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asthenosphere boundary (LAB). As the mantle is predominantly com-
posed of peridotite component, we chose a carbonated picrite com-
position (CP-2)with aCO2 content of ~6.6 wt% (Supplementary Table 1)
as our starting material representing the primary melt formed by the
partial melting of carbonated peridotite with 1.0wt% CO2 (ref. 1, Sup-
plementary Text 1). Our experimental results show that clinopyroxene
and garnet are the two liquidus phases that first precipitated from
carbonated primary magmas during equilibrium crystallization (Sup-
plementary Fig. 2), consistent with previous experimental results on
carbon-free systems that garnet and pyroxene are major residual
phases at pressures greater than ~2 GPa (refs. 12,31). Pressure and
composition are the controlling factors for the crystallization of clin-
opyroxene and garnet rather than olivine. As temperature decreases,
the total modal proportion of the two precipitating phases (defined as
crystallization fraction, CF) increases gradually up to 80% at 1150 °C,
whereas a small fraction of carbonate-rich melt (≤2.5wt%) was
observed to be in coexistence with the carbonated silicate melt for
most temperatures (Supplementary Fig. 3). The residual silicate melt
(hereafter referred to as HP-derived melt) shows a decreasing SiO2

content from ~42wt% for CP-2 to 20wt% at a CF of ~80% with
decreasing temperature, accompanied by an increase in CO2 content
in the melt from ~6.6wt% to 32wt% (Supplementary Fig. 4). The sig-
nificant reduction in SiO2 content is partly due to the crystallization of
clinopyroxene and garnet similar to the CO2-free case

16, and partly due
to the strong dilution effect of the carbonated components dissolved
in the melt. Upon HP-crystallization, the concentrations of dissolved
CO2�

3 ions and the associatedCa2+,Mg2+, and Fe2+ cations (ref. 32) in the
HP-derived melt would increase due to the incompatible nature of
carbonates33, resulting in a strong negative correlation between the
SiO2 and CO2 contents in the melt as seen in Supplementary Fig. 4 and
ref. 1. The ascending of CO2-bearing magmas to shallow depths would
release gaseous CO2 before eruption and leave the associated cations
in the residualmelt, thereby effectively diluting the SiO2 content in the
finally eruptedbasalts. To account for suchdecarbonationprocess, the
SiO2 contents in HP-derived melts were normalized on the CO2-free
basis as �XSiO2

=XSiO2
=ð1� XCO2

Þ. The resulted �XSiO2
ranges from ~45wt%

for CP-2 to ~30wt% at a CF of ~80% (Fig. 2). The composition range
defined by CP-2 and HP-derived melt covers the SiO2 content range
(~36–45wt%) for the alkalic OIBs at similar MgO contents (~16–18wt%),
confirming the critical role of CO2 in HP-crystallization.

Moreover, no olivine, themostMgO- and FeOT-richmineral in the
upper mantle, crystallizes from the melt at high pressure. Thus, the
overall effect of high-pressure crystallization of garnet and clinopyr-
oxene and CO2 enrichment is that, on the CO2-free basis, the SiO2 and
Al2O3 contents decrease, the CaO and FeOT contents increase, and the
MgO content remains nearly constant due to the additional Mg-Fe
redistribution between minerals and melt (Figs. 2–3 and Supplemen-
tary Fig. 5). The FeOT content and SiO2/FeO

T ratio in the HP-derived
melt change from ~10wt% and ~4.7 for CP-2 to ~17 wt% and ~1.75 for the
HP-derived melt, respectively, also covering the FeOT content and
SiO2/FeO

T ratio ranges for alkalic OIBs (Fig. 2). Therefore, our experi-
mental results demonstrate that the composition evolution of the
primary melts towards SiO2-poor and FeOT-rich directions by high-
pressure crystallization is strongly enhanced by the presence of CO2 in
the silicate melt.

We also performed melt-lithosphere reaction experiments for
CO2-bearing melts at 1 GPa and 1200 °C in a piston-cylinder appara-
tus (Methods). We investigated two different starting melt compo-
sitions: CP-2M with a CO2 content of ~10wt% (Supplementary
Table 2) has a composition close to that of the HP-derived melt,
representing the derivedmelt at ~70%CF from the primarymelt CP-2;
CP-2 is the same carbonated picrite used in HP crystallization
experiments, representing the ascended primary magma without
experiencing any crystallization. In each experiment, either CP-2M or
CP-2 was placed in contact with a natural orthopyroxene aggregate

(Supplementary Fig. 1b) to enable chemical reactions along the
contact interface. Orthopyroxene was used here to represent the
lithospheric mantle, as previous studies have demonstrated that the
interaction between silica-deficient melt and the lithospheric peri-
dotite occurs predominantly through melt-orthopyroxene
reactions21,22. Olivine, if present, would increase the Mg# of the
melt34 though Mg-Fe exchange reactions between olivine and melt,
but would not affect the SiO2 content of the melt. In addition, a
similar Mg-Fe exchange also occurs between orthopyroxene and
melt34, resembling the effect of olivine. Thus, using orthopyroxene to
represent the lithospherewould not affect our results but help better
characterize themelt-lithosphere reactions. Our experimental results
demonstrate that both the primary melt and the HP-derived melt in
the presence of CO2 would react with orthopyroxene to produce
olivine precipitates through the reaction of silica-deficient melt +
orthopyroxene = silica-rich melt + olivine (refs. 21,22), with clin-
opyroxene as a byproduct. It should be noted that olivine crystals in
the recovered sample charges contain both precipitated ones
through melt-orthopyroxene reaction and crystallized ones from
melt due to decreasing temperature at relatively low pressure. It is
neither needed nor possible to distinguish these olivine crystals
because in either case they are equilibrium minerals with the coex-
istingmelt (hereafter referred to as evolvedmelt). Effectively, we can
simplify the melt-orthopyroxene reaction as orthopyroxene assim-
ilation reaction (silica-deficient melt + orthopyroxene = silica-rich
melt) and attribute all olivine produced in the experiments to crys-
tallization. Then the composition of the evolved melt would be
equivalent to that of the parental melt of OIBs before the final olivine
crystallization at near surface depths. The reaction process drives the
compositions of both CP-2 and CP-2M toward silica-rich and iron-
deficient directions and the evolved melt compositions can reach
~48wt% SiO2 and ~9wt% FeOT with an SiO2/FeO

T ratio of ~5.2 (CP-2
reacted melt) and ~50wt% SiO2 and ~8wt% FeOT with an SiO2/FeO

T

ratio of ~6.0 (CP-2M reacted melt) at various reaction fractions (RF,
defined as the mass percentage of orthopyroxene absorbed into the
system). Thus, if the CO2-bearing primary magmas ascend directly
after formation, they would unlikely preserve their source SiO2

content levels after melt-orthopyroxene reactions and would likely
result in lower FeOT contents than those of OIBs. In contrast, the
composition of the evolved melts after various degrees of high-
pressure crystallization and melt-orthopyroxene reaction can cover
the entire SiO2 and FeOT content ranges of alkalic OIBs simulta-
neously (Fig. 2). The evolution paths of other major oxide compo-
nents than SiO2 and FeOT are also consistent with the compositions
of alkalic OIBs (Supplementary Text 2 and Supplementary Fig. 6).

Here we present a parameterized model based on our experi-
mental results and previous experimental results on CO2-free picritic
melts16 to quantify the effects of high-pressure crystallization andmelt-
orthopyroxene reaction on the major element chemistry of alkalic
OIBs (Methods). In this model, the normalized content of a major

component �X
Calc
i (i = SiO2, MgO, FeOT, or Al2O3) in the evolved magma

is expressed as a function of CF, RF, and the CO2 content in the

peridotite-derived primary melt (XPri
CO2

), with model parameters fitted

to experimental results. Using our model, we evaluated the contribu-
tions of various factors ofdeepevolutionprocesses to reproducing the
compositions of alkalic OIBs. The estimated parental melt
compositions35 by adding olivine to OIB compositions were used as

target compositions (�X
Target
i ) of the evolved magmas after high-

pressure crystallization and melt-lithosphere reaction but before oli-
vine crystallization close to the surface. For eachOIB composition, the
sum of squared residuals between the calculated contents and the

target ones (
P

i ð�X
Calc
i � �X

Target
i Þ

2
) was minimized to find solutions for

CF, RF, and XPri
CO2

. The results were grouped and averaged for each
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individual ocean island (Supplementary Table 3) and are compared
with the compositions of the OIBs in Fig. 4 and Supplementary Fig. 7.

Results show that most alkalic OIBs underwent ~57–97% crystal-
lization at high pressure and ~17–47% reaction with orthopyroxene,
and had ~1.9–4.9wt% CO2 in their primarymagmas (Fig. 4). Comparing
the calculated CO2 contents in primary magmas from our model and
that of source regions36, the primary magmas can be reproduced by
~8–20% partial melting of an enriched mantle source with ~0.4wt%
CO2, close to the high-end estimate for CO2 content in the source
regions of intraplate OIBs36. Alternatively, these primary magmas can
also be formed by higher degrees of melting (~10–30%) of a mantle
sourcewith relatively lower CO2 butmixedwith a small amount (<10%)
of CO2-rich subducted materials (e.g., GLOSS35 with CO2 content of
~3wt%). Such addition of limited subducted materials is consistent
with TiO2 enrichment constraints on the formation of alkalic OIBs37,

but would not significantly affect the contents of other major com-
ponents (Supplementary Text 3 and Supplementary Table 4). The ~10-
30% degrees of source melting are consistent with petrological
estimates38,39. As shown in Fig. 4, the composition characteristics of
OIBs (e.g., �XSiO2

, �XFeOT , and SiO2/FeO
T ratio) and factors controlling

evolution (CF, RF, and XPri
CO2

) are all correlated with each other. It is
worth noting that the averaged SiO2/FeO

T ratio of individual ocean
island basalts shows a nearly linear relationship with CF (Fig. 4c),
supporting our hypothesis that the deep evolution of carbonated
magmas controls alkalic ocean island basalt chemistry. For alkalic OIBs
with lower SiO2 and higher FeOT contents, they are likely formed by
higher CF and RF during magma evolution and with higher CO2 con-
tents in the primary melt.

Our magma evolution model does not exclude proposals that
heterogeneous materials were involved in the OIB sources as either
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Fig. 2 | The composition evolution of carbonated alkalic OIB magmas. a SiO2-
MgO relations. b SiO2-SiO2/FeO

T relations; and (c) FeOT-MgO relations. In each
subplot, grey symbols with grey trendlines represent the compositions of primary
magmas derived from partial melting of carbon-free peridotite52,53 at 3 GPa and
1430-1630 °C and carbonated peridotite1 at 3 GPa and 1350-1600 °C. The red solid
diamond (CP-2) represents the primary melt (picritic melt) formed by the partial
melting of carbonated peridotite with 1.0wt% CO2 (ref. 1) at 1450 °C and was
selected as the starting composition in our high-pressure (HP) crystallization
experiments. The red diamonds as guided by the red line represent HP-derived
melts at various crystallization fractions (shown as percentage numbers next to the
data points) of the carbonated picritic melt (CP-2). Both the CP-2M composition

(blue solid triangle), representing a typical HP-derived melt, and the CP-2 compo-
sition, representing a primary magma without experiencing crystallization, were
used as the starting compositions for melt-orthopyroxene reaction experiments.
The blue empty triangle and the orange empty triangle represent the compositions
after melt-orthopyroxene reactions at shallow lithosphere conditions (see text)
fromCP-2M(as guidedby theblue line) andCP-2, respectively. The compositions of
alkalic OIB lavas (cyan) are the same as those plotted in Figs. 1b, c. Arrows indicate
the evolving directions of HP crystallization of clinopyroxene and garnet (Cpx and
Grt, red), orthopyroxene (Opx) assimilation (yellow), and olivine (Ol) fractiona-
tion (green).
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part of lithologies8,40 or asmelts5 that can enrich the peridotiticmantle
according to the OIB trace element and/or isotopic features, but
emphasizes on the critical role of deepmagma evolution processes on
modifying themajor element chemistry of OIBs. In fact, explaining the
trace element and isotopic signatures of OIBs require only a small
amount of additive materials such as those from subduction, which
would not significantly affect the major element chemistry. Even for a
highly altered mantle source, its derived primary melt is likely under-
saturated in SiO2 and rich in CO2 and thus would undergo similar HP-
crystallization and reaction processes, resulting in similar major ele-
ment compositions. The relatively enriched features of alkalic OIBs
compared to MORBs (e.g., (La/Yb)N≫ 1) are usually linked to the pre-
sence of recycled materials and very low degrees of melting of source

lithologies. Alternatively, the elevated (La/Yb)N ratios can be a result of
high degrees of garnet crystallization near the LAB (Supplementary
Fig. 8), alleviating the requirements for low melting degrees. There-
fore, our deep magma evolution model of alkalic OIBs with
high degrees of HP-crystallization after 10-30% partial melting of
mantle peridotite can reconcile the discrepancies regarding
the degrees of melting between geochemical estimations based on
trace element chemistry35,37 and petrological/geophysical estimations
based on melting experiments and mantle potential temperature
observations39,41.

Geographically, the alkalic OIBs with lower SiO2 content than
42wt% are mostly located above the Atlantic Ocean basin (Fig. 1a). It
has been determined seismically that these ocean islands have

Peridotite (KR4003, Walter98) Partial melts of KR4003 (3 GPa, 1430-1630 °C)
Carbonated peridotite (PERC3, Dasgupta07) Partial melts of PERC3 (3 GPa, 1350-1600 °C)
Picritic melt (P19, Yang23) HP-derived melt of P19 (3 GPa, 1200-1400 °C)
Carbonated picritic melt (CP-2, this study) HP-derived melt of CP-2 (this study)
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Fig. 3 | Effects of high-pressure crystallization on magma compositions as
functions of crystallization fraction (CF). a SiO2, b FeOT, c MgO, and d Al2O3

contents of the magmas. Experimental data of high-pressure crystallization of
carbonated picriticmelt (red diamonds, this study) and CO2-free picritic melt (pink
squares, Yang23, ref. 16) are plotted, with sample labels, references, and experi-
mental conditions listed in the legend. The solid and empty symbols represent the
starting bulk compositions and the corresponding derived melts upon melting or
crystallization, respectively. Red solid lines and pink dash lines represent the
polynomial fitting for SiO2, FeO

T, and Al2O3 contents and the linear fitting for MgO

content as functions of CF (Methods). Partial melts of carbon-free peridotite (grey
triangles, Walter98, ref. 52) and carbonated peridotite (grey circles, Dasgupta07,
ref. 1) are shown for comparison. The starting bulk compositions of KR4003,
RERC3, and P19 are listed in Supplementary Table 6. The cyan shaded areas
represent the ranges of alkalic OIB compositions35. Compared to HP-crystallization
of CO2-free picritic magma or partial melting of CO2-free or CO2-bearing perido-
tites, high-pressure crystallization of carbonated picritic magma has the strongest
effects on decreasing SiO2 content and increasing FeOT content with increasing
crystallization fraction.
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relatively lower mantle potential temperatures (Tp) (ref. 41), possibly
because that these hotspots are fed by passive upwellings42 or the
plumes are trapped and cooled by small-scale convection in the upper
mantle43. The correlation between OIB SiO2 and FeOT contents and the
corresponding mantle potential temperatures (Supplementary Fig. 9)
implies that lower Tp likely promotes both high-pressure crystal-
lization and melt-orthopyroxene reaction (Fig. 4) and hence results in
lower SiO2 and higher FeOT contents for the erupted OIBs. Such cor-
relation between Tp and CF becomes more apparent when only OIB
data with LAB depths (lithospheric thickness) greater than ~66 km are
considered, when high-pressure crystallization of garnet and clin-
opyroxene likely occurs (Supplementary Text 4 and Supplementary
Fig. 10). In contrast, the CF and hence OIB SiO2 and FeOT contents do
not show obvious correlation with the LAB depth, even for OIBs with
LAB depths greater than ~66 km (Supplementary Fig. 10d). The cor-
relation betweenCF andTp (Supplementary Fig. 10c)may beexplained
by the differences in time durations for magma accumulation beneath
LAB and its ascending in the lithosphere at different mantle potential

temperatures. At a relatively low Tp, the viscosity of magma is high,
suggesting low mobility of the magma in the lithosphere. Thus, mag-
mas for ocean islands with lower mantle potential temperatures likely
stay in the deep magma chambers and in the lithosphere for longer
durations and in turnwould experience higher extent of crystallization
and melt-lithosphere reaction.

Based on our parameterized model, the estimated CO2 contents
(Fig. 4e and Supplementary Table 5) in the evolvedmagmas after high-
pressure crystallization andmelt-lithosphere reaction processes are in
the range of ~2–11 wt%. These estimates are consistent with those
obtained by the liquid-based thermobarometer35 and Nb and Ba con-
centrations which are often used as reliable proxies to trace CO2 in
mantle melts prior to degassing35,44 (Fig. 4e). Taking the plumemagma
production rates (~2 km3/yr) inferred by ref. 45 and the CO2 contents
of the evolved OIB melts from this study (Supplementary Table 5),
the calculated carbon (C) outflux at ocean islands ranges from ~20 to
~170 Mt/yr, which is significantly greater than the estimated value of
~36Mt/yr basedon theCO2/

3He ratio and 3Heflux, but is comparable to
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Fig. 4 | Correlations of alkalic OIB chemistry with degree of high-pressure
crystallization. a SiO2 content (b) FeOT content, and (c) SiO2/FeO

T ratio averaged
for basalt samples from each individual ocean island (ref. 35. and Supplementary
Table 3). d Mantle potential temperature estimated by ref. 41 using seismic
observations. e Calculated CO2 contents in evolved magmas after high-pressure
crystallization and melt-orthopyroxene reaction, using the SiO2-CO2 correlation in
Supplementary Fig. 4. Grey dots, shown for comparison, represent CO2 contents of
individual island groups estimated by ref. 35 according to the averaged Nb or Ba
concentrations in their parental melts. f Carbon flux for each island group, calcu-
lated based on the CO2 content in evolved magmas. The C fluxes estimated in this

study are higher than that inferredby ref. 46 (blue dashed-dot line) and ref. 54 (grey
dashed-dot-dot line), but locatedwithin the inferred ranges by ref. 35 (black dashed
lines). Symbols in (a–f) are the same as those in Fig. 1. g–i Factors controlling
magma evolution for each island based on our parameterized model. The bar
diagrams with numbers above represent mean values of CF (g), RF (h), or XPri

CO2
(i).

The error bars represent one-standard deviations. The dots in the bars represent
the probability density of CF, RF, or XPri

CO2
. Data on alkalic OIB lavas are the same

those as listed in Fig. 1. From left to right, ocean islands are arranged in order of
decreasing averaged SiO2, with the same color coding for SiO2 contents as in Fig. 1.
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the recent estimate (50–182 Mt/yr) by ref. 35. (Fig. 4f). Given the esti-
matedC inputs during subduction (~82Mt/yr) andMORB/Arcsoutputs
(~39 Mt/yr) from ref. 46, our high C flux (~20–170 Mt/yr) estimated
based on CO2 in OIB evolved magmas before eruption implies either a
net outflux of C from the Earth’s interior (~0–130 Mt/yr) or hidden
storage of outgassed C in the lithosphere35.

Methods
Starting materials
There are two types of starting materials in this study: carbonated
picrite with ~19wt% MgO, representing the partial melt of carbonated
peridotite (CP-2; Supplementary Tables 1) and the derived melt from
high-pressure crystallization of CP-2 (CP-2M; Supplementary Table 2).

The CP-2 and CP-2M compositions were prepared by mixing
appropriate amounts of high-purity reagent powders (SiO2, TiO2,MgO,
Al2O3, MnO, Cr2O3, CaCO3, Na2CO3, K2CO3) with natural dolomite. The
oxides and carbonates were preheated at 1000 °C and 400 °C,
respectively, for 10 h to remove adsorbed water and then stored in an
oven at 150 °C. After mixing the reagent components under ethanol in
an agatemortar for 6 hours, themixtureswere dried, cold-pressed into
pellets, and then loaded into Pt crucibles for melting in a high-
temperature box furnace. For the mixtures with CP-2 and CP-2M
compositions, glasses were prepared to facilitate equilibration during
high-pressure experiments. The mixtures were gradually heated to
1650 °C in air and kept for 30min to ensuremelting, before quenching
into glasses by submerging into water. The glasses were ground in
agate mortars for several hours and heated at 800 °C for 12 h to
remove possible absorbed water during quench. The FeO component
was added to glasses as high-purity FeO powder (99.5%, Alfa Aesar) to
avoid oxidation of Fe2+ to Fe3+ during the synthesis process. The final
mixture powders were ground again in an agate mortar for several
hours under ethanol and dried for more than 24 h in a 150 °C oven.

Experimental methods
Two series of experiments, reaction ormelting, were conducted in this
study. The melt-orthopyroxene reaction experiments were conducted
at 1.0 GPa using piston-cylinder press47 at Southern University of Sci-
ence and Technology. In these experiments, the cell assembly consists
of a Au75-Pd25 sample capsule, which is sandwiched between twoMgO
rods, a graphite sleeve furnace, a Pyrex glass sleeve, and a salt sleeve.
Starting materials with CP-2 or CP-2M compositions were loaded in a
graphite cup with inner diameter (ID) of 1.5mm and height (H) of
2.0mm. The graphite cup was subsequently placed in the bottom half
of the Au75-Pd25 capsule with ID of 2.6mm, outer diameter (OD) of
3.0mm, and H of 4.4mm. A layer of compressed orthopyroxene
powders with OD of 2.6mm and H of 2.0mm was placed above the
graphite cup in the top half of the Au75-Pd25 capsule, before sealing by
a laser welding machine (Supplementary Fig. 1b).

The high-pressure crystallization experiments, or equivalently
melting experiments, were conducted at 3.0GPa in a double-stage 6-8
type multi-anvil press at Southern University of Science and Technol-
ogy. Tungsten carbide cubes with 25.4mm edge length and 12mm
truncated edge length and Cr-doped MgO octahedral pressure med-
ium with 18mm edge length were used for the experiments (18/12 cell
assembly), similar to those used in ref. 16. The startingmaterials (CP-2)
was encapsulated within graphite capsules with ID of 1.5mm and H of
2.6mm,whichwere subsequently placed into thePt capsuleswith IDof
2.6mm, OD of 3.0mm, and H of 3.0mm. A layer of glassy carbon
spheres was loaded in the top half of the graphite capsule (Supple-
mentary Fig. 1a) to extract melt for precise composition
measurements48–50. The capsules were heated to 200 °C in a vacuum
oven for 12 h to keep samples from absorbing water, before final
sealing by a laser weldingmachine. The use of carbon spheres can help
separate partial melts from coexisting crystals, thereby providing
relatively large and well-defined areas of melts for chemical analyses

and preventing reactions between melts and crystals during quench50.
No metallic iron was observed in the run products indicating the car-
bon spheres and graphite capsules were not oxidized through the
reaction of 2FeO (melt) + C = 2Fe (metal) + CO2 (melt) to become
dissolved in the melts.

Type C thermocouple (W95Re5-W74Re26) was used to monitor
temperatures in both series of experiments. Uncertainties in tem-
peratures are expected to be less than 25 °C based on calibration
experiments for the temperature gradient across the samples (Sup-
plementary Text 5 and Supplementary Fig. 11). Pressures of the
experiments were determined using the pre-calibrated load-pressure
relationships. Uncertainties in pressures are estimated to be
0.1–0.3GPa (or <10% for relative uncertainties in pressure). Experi-
ments were terminated by turning off the heating power. The recov-
ered sample charges were sectioned parallel to the cylindrical axis and
then polished to exposed run products. Carbon spheres, once
exposed, were carefully protected with some extra epoxy coating to
prevent dragging during subsequent polishing processes.

Analytical methods
Microstructures of the recovered samples were examined using a
ZEISS Sigma 300 scanning electron microscope (SEM) at Southern
University of Science and Technology. Quantitative analyses of major
element compositions of minerals and melts were conducted using a
JXA-8230 electron microprobe at Wuhan SampleSolution Analytical
Technology Co., Ltd. The analyses were conducted using an accel-
erating voltage of 15 kV. Forminerals, a beam size of 1-5μmand a beam
current of 15 nA were used, whereas for quenchedmelts, a large beam
size of 10-20 μm and a reduced beam current of 10 nA were used. The
acquired data were corrected using a modified ZAF (atomic number,
absorption, fluorescence) correction procedure. The following stan-
dards were used for quantitative analyses of the major elements:
Jadeite for Na; Rutile for Ti; Pyrope garnet for Al and Fe; Rhodonite for
Mn; Diopside for Si, Mg, and Ca; Eskolaite for Cr; and Sanidine for K.
For experiments at relatively low temperatures (1150–1250 °C), quen-
ched glasses in the pores of carbon spheres were targeted for analysis.
An appropriate beam size was chosen for each analysis to avoid the
overlap of electron beam with carbon spheres. Melt compositions
from all experiments were normalized to 100% for the purpose of
comparison.

Attainment of equilibrium
Two pieces of evidence indicate that our run products from high-
pressure crystallization/melting experiments have attained equili-
brium. First, no systematic variations in mineral compositions were
found across the width or length of the experimental charges. Second,
the residual sums of squares in the mass balance calculations were
small (from 0.05 to 0.90) except for Run #MA21 at the 1150 °C (4.9),
which may be out of equilibrium due to low temperature. The Run #
MA16 at 1300 °C shows a somewhat different composition trend and
mineral fractions trend from other runs at 1350 °C and 1250 °C. This
was likely caused by disequilibrium for a short duration.

Parameterized model for deep magma evolution
At the pressure comparable to the base of the lithosphere (~3GPa), the
major element compositions of HP-derived melt after high-pressure
crystallization process can be parameterized as functions of melt
fraction (MF) or crystallization fraction (CF = 1-MF) based on the
experimental results on both CO2-bearing systems, CP-2 with ~6.6wt%
CO2 in this study, and those on CO2-free systems from ref. 16 (Fig. 3).
With decreasing temperature or increasing CF, the SiO2, MgO, and
Al2O3 contents decrease and FeOT content increases, whereas the CaO
content changes depending on its absolute value in the starting
composition. Therefore, we selected fourmajor element components,
SiO2, MgO, FeOT, and Al2O3 for modelling the evolution of magma
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chemistry. The normalized contents �X
HP�derived
i (i = SiO2, MgO, FeOT,

Al2O3) as functions of CF can be described as,

�X
HP�derived
i =Ai +Bi × ð1� CFÞ+Ci × ð1� CFÞ2 ð1Þ

where Ai, Bi, and Ci are further parameterized as linear functions of
CO2 content in the primary magma (XPri

CO2
) as follows:

Ai =ai +bi ×X
Pri
CO2

ð2Þ

Bi = ci +di ×X
Pri
CO2

ð3Þ

Ci = ei + f i ×X
Pri
CO2

ð4Þ

where ai, bi, ci, di, ei, and fi are fitting parameters. For the MgO com-

ponent, �X
HP�derived
MgO is assumed to be a linear function of CF, and thus ei

and fi are zero. The fitting results for all parameters in Eqs. (2–4) are
listed in Supplementary Table 7. Given the CO2 content range in the
starting materials of this study and those in ref. 16, our model is valid
for primary magmas with CO2 contents from 0 to 6.6wt%.

The orthopyroxene assimilation is inevitably accompanied by
olivine precipitation, which is crucial for determining the composition
of the evolved magma. Such olivine precipitation cannot be dis-
tinguished from those crystallized at low pressure due to decreasing
temperature. We thus consider all olivine precipitation occurs at
shallow depths and followed ref. 35 to estimate the parental OIB
magma compositions by adding olivine back. Then the melt-
orthopyroxene reaction fractions are simplified as the amount of
absorbed orthopyroxene in wt%. The calculated major element con-
tentsXCalc

i in parentalmagmascanbe solvedbymassbalanceequation
as follows:

�X
Calc
i = �X

HP�derived
i × ð1� RFÞ+XOpx

i ×RF ð5Þ

where XOpx
i is constant corresponding to the major element contents

in orthopyroxene (Supplementary Table 2). Finally, �X
Calc
i can be cal-

culated using Eqs. (1–5) with three variables: CF, RF, and XPri
CO2

.
For each natural OIB composition, the parental magma compo-

sition estimated in ref. 35 was used as the target composition (�X
Target
i )

tobe comparedwithmodel calculations. DefiningΔ�Xi as thedifference
between the calculated and target compositions,

Δ�Xi = �X
Calc
i � �X

Target
i

ð6Þ

the CF, RF, andXPri
CO2

for each OIB composition can be obtained by
minimizing the residual sum of squares (RSS) as

RSS=
X

i

Δ �Xi

� �2
ð7Þ

The calculated major element contents for SiO2, MgO, FeOT, and
Al2O3 are compared with target compositions in Supplementary Fig. 7.
The calculated SiO2 contents have the lowest Δ�Xi among all four
components (with differences less than 3%). The maximal differences
of mean compositions of calculated OIBs in individual island are less
than 20%.

Data availability
The composition data ofMORBs used for comparison in this study are
available from the GEOROC database (https://georoc.mpch-mainz.

gwdg.de//georoc/). The experimental results and calculations data
generated in this study are provided in the Supplementary Information
as Supplementary Tables 1–7. These data are also available at https://
data.mendeley.com/datasets/bby933t9m8/1.
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