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Recycled calcium carbonate is an efficient oxidation
agent under deep upper mantle conditions
Renbiao Tao 1,2✉ & Yingwei Fei 1✉

Observations of high ferric iron content in diamond garnet inclusions and mantle plume melts

suggest a highly heterogeneous distribution of ferric iron in the mantle. Recycling of oxidized

materials such as carbonates from Earth’s surface by subduction could explain the observed

variations. Here we present high-pressure high-temperature multi-anvil experiments to

determine the redox reactions between calcium-, magnesium-, or iron-carbonate and ferrous

iron-bearing silicate mineral (garnet or fayalite) at conditions representative of subduction

zones with intermediate thermal structures. We show that both garnet and fayalite can be

oxidized to ferric iron-rich garnets accompanied by reduction of calcium carbonate to form

graphite. The ferric iron content in the synthetic garnets increases with increasing pressure,

and is correlated with the Ca content in the garnets. We suggest that recycled sedimentary

calcium carbonate could influence the evolution of the mantle oxidation state by efficiently

increasing the ferric iron content in the deep upper mantle.
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Redox state (i.e., oxygen fugacity) and redox reactions affect
the physical and chemical interactions between the Earth’s
surface and interior. In Earth’s deep mantle, oxygen fuga-

city (ƒO2) significantly affects the speciation and properties of
fluids, melts, and minerals at high-pressure and high-temperature
conditions1,2. It has been identified for decades that Earth’s
subarc mantle wedge has much higher ƒO2 than the oceanic
mantle3–5. Until now, redox evolution of subducting slab and its
effect on redox state of mantle wedge is still hotly debated. The
proposed oxidizing agents for the subarc mantle wedge released
from subducting slabs include aqueous fluid6, ferric iron
complexes-bearing fluid7, carbon- and/or sulfur-rich fluid8, and
dissociated hydrogen from water9. Subducted carbonates could be
an important oxidizing agent for the big mantle wedge once most
of slab fluids were released at subarc mantle depth. Oceanic slabs
have been seismologically observed to be subducted and deflected
subhorizontally above, across, or below the 660 km discontinuity
as stagnant slabs10 and form big mantle wedge11. A well-studied
case of big mantle wedge above a stagnant slab is formed by
subduction of Pacific slab in mantle transition zone beneath
eastern China12, which may also result in the destruction of
eastern North China craton13. Isotopic tracers show recycled
carbonates by Pacific slab have metasomatized peridotite over-
lying mantle transition zone beneath eastern China, which
become sources of Cenozoic intraplate basalts with characteristics
of light Mg and Sr isotope14, heavy Zn and Fe isotope15,16, and
relatively oxidized and Fe-rich mantle melts17–19.

The interaction between mantle minerals and the subducting
materials (e.g., carbonate) may be the most important process that
alters the oxidation of the deep upper mantle. Garnet is an
important Fe3+ sink and redox index mineral in the Earth’s upper
mantle and transition zone once spinel becomes unstable at
pressures above 2 GPa (> ~60 km)20,21. Garnets in peridotite
from the uppermost upper mantle contain limited Fe3+ content
and reveal a trend of increasing Fe3+/∑Fe ratio (0.02 < Fe3+/
∑Fe < 0.14) but decreasing ƒO2 from FMQ-1 to FMQ-4 with
increasing depth from ~60 km to ~250 km22,23. At depths
> 250 km, the oxidation condition of an asthenosphere mantle is
controlled below iron-wüstite (IW) buffer (i.e., ƒO2 < IW) by (Fe,
Ni) metal from disproportionation of Fe2+-bearing mantle sili-
cates24. However, Kiseeva et al.25, reported a series of Fe3+-rich
majoritic garnet (0.08 < Fe3+/∑Fe < 0.30) in diamond from the
lowermost upper mantle and transition zone. The recorded ƒO2 by
these majoritic garnet inclusions increases from ~IW+ 0.3 to
~IW+ 3 with an increase of depth from 240 km to 500 km.
Notably, Xu et al.26, also reported extremely Fe3+-rich majoritic
garnet (Fe3+/∑Fe= ~0.8) inclusions in websterite xenolith, which
was transported to Earth’s surface by Ca-rich carbonatitic magmas
from deep upper mantle or transition zone (~14 GPa)27. In fact,
calcite (CaCO3), CaSiO3 phase, Ca-perovskite, and CaFe3+-garnet
inclusions have been widely reported in “super-deep” diamonds
from the upper or lower mantle28–30. On the other hand, mantle
plume melts also show high Fe3+/∑Fe ratio up to 0.3 and high
volatile concentration (e.g., CO2), indicating that the deep source
of mantle plume is more oxidized than that associated with mid-
ocean ridge and even subduction zone31–34. Referring the classical
model of “mantle plume from ancient oceanic crust”35, recycling
of oxidized materials (e.g., carbonate) from Earth’s surface to deep
mantle by subduction has been suggested to explain the oxidized
garnet inclusions in diamond and mantle plume melt25,26,36.

Carbonate is one of the important oxidized matters on Earth’s
surface. Previous experimental simulations have shown that
metallic iron in the reduced deep mantle could be oxidized by the
recycled carbonate mineral/melt at depths >~250 km, whereas
carbonate is reduced to diamond37–39. Further, experimental
studies also found the formation of graphite through redox

reaction between carbonate mineral/melt and wüstite (FeO) or
sulfide (FeS) at upper mantle conditions40,41. However, it is still
unclear if the recycled carbonate can alter the ferric iron content
in Fe2+-bearing silicate minerals (olivine, pyroxene, or garnet),
which are dominant phases in Earth’s deep upper mantle.
Organic matter and carbonates in sediment and altered oceanic
crust are the main sources of input carbon in the subduction
zones42,43. Ca-carbonate (CaCO3) is the most predominant
carbon-bearing phase in sediments of the oceanic crust43, which
can be subducted into the Earth’s deep upper mantle or lower
mantle as a metasomatic agent for the formation of the “super-
deep” diamond28,44,45, although parts of them may release
from slabs by dissolution ± melting ± amorphization during
subduction46–48. Pure carbonate (CaCO3, MgCO3, or FeCO3) is
known to be stable at conditions throughout Earth’s upper
mantle47,49–54, and magnesite (MgCO3) was proposed as the
oxidizing agent to change redox state of deep mantle36. However,
as discussed above, geological observations show a possible cor-
relation between diamond, CaFe3+-garnet, and Ca-carbonate,
instead of Mg-carbonate. This motivates us to investigate the role
of the recycled Ca-carbonate in the evolution of the redox state in
the deep upper mantle.

In this study, we designed and carried out a series of high-
pressure experiments to investigate the effect of the recycled
carbonates on the oxidation state of the deep upper mantle.
Specifically, we examine possible redox reactions between car-
bonate minerals (CaCO3, MgCO3, and FeCO3) and Fe2+-bearing
silicate minerals (Fe2+-garnet and fayalite) at high-pressure and
high-temperature conditions relevant to subduction zones. The
results show that only the redox reaction involving Ca-carbonate
is capable of forming CaFe3+-garnets with Fe3+/∑Fe ratios up to
~1 and graphite, providing experimental evidence for the increase
of the ferric iron content in the silicates that may ultimately alter
the oxidization of Earth’s big mantle wedge by recycling sedi-
mentary Ca-carbonate.

Results
We conducted seven experiments on the reaction of Fe2+-garnet
and CaCO3 from 6 to 14 GPa and four experiments on the
reaction of Fe2+-garnet with MgCO3 or FeCO3 at 12 and 14 GPa.
Further, four experiments on the reaction of fayalite (Fe2SiO4)
and CaCO3 were conducted from 3 to 12 GPa to understand the
reaction mechanism, particularly the relationship between the
Fe2+-rich silicate and the formation of graphite during the redox
reaction. All experiments were performed in a multi-anvil and
a piston cylinder device. The chemical compositions of starting
Fe2+-garnet and fayalite are listed in Table S-1. Experimental
conditions (pressure, temperature, heating duration) and run
products are summarized in Table S-2. Chemical compositions
of the run products for the garnet-carbonate reaction and the
fayalite-carbonate reaction are listed in Supplementary Data 1
and Supplementary Data 2, respectively. A time study was car-
ried out to evaluate reaction kinetics. Experiment (PL1395)
heated at 1100 °C for 12 h produced small grain size (Fig. 1a and
Fig. S-1a) and large standard deviation (σ) of the chemical
analysis (Supplementary Data 1), indicating its disequilibrium.
Therefore, experiments were typically heated for >20 h to reach
equilibrium.

In experiments using Fe2+-garnet+ CaCO3 as starting mate-
rials with CaCO3 in excess, Ca-carbonate (aragonite) is present in
all run products (Fig. S-1). With increasing pressure, carbonate
assemblages convert from pure aragonite to aragonite+ dolomite,
then to aragonite+magnesite (Table S-2). We also conducted an
experiment with Fe2+-garnet + 10 wt% CaCO3 as starting
material, and only magnesite was observed because of the Mg-Ca
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exchange between silicate and carbonate. Silicate assemblages are
predominantly composed of garnet+ clinopyroxene ± olivine.
Minor spinels are also observed in PL1345 and PL1481. Notably,
disordered graphite are identified by Raman spectrum, back-
scatter electron (BSE) images, and energy dispersive spectroscopy
(EDS) elemental map in PL1395 and PL1481, both of which are
carried out in Au capsule (Fig. 1a–c, g–i). Aragonites always
contain serval weight percent of MgO and FeO contents, which
generally decrease with experimental pressure (Supplementary
Data 1). Dolomite and magnesite in the high-pressure runs
contain several weight percent (up to 5.5 wt.%) of FeO contents as
solid solution of dolomite-ankerite and magnesite-siderite,
respectively (Supplementary Data 1).

We are particularly interested in the changes of chemical
compositions of the coexisting garnets from the redox reaction
between saturated Ca-carbonate and Fe2+-silicates at high

pressure and high temperature. Figure 2 shows the Si (pfu), Ca
(pfu), Al (pfu), and Fe3+/∑Fe ratio in the garnets as a function of
pressure. The striking feature is that the Fe3+/∑Fe ratio in the
garnets linearly increases from 0.59 at 6 GPa to almost 1.0 at
14 GPa (Fig. 2). The Si content in all garnets is centered at ~3.00,
indicating no majoritic substitution, contrary to the results of our
previous study with a low Ca-starting material27.

We also conducted two experiments at 12 and 14 GPa using
Fe2+-garnet and MgCO3 as starting material. There is no evidence
for redox reaction between Fe2+-garnet and Mg-carbonate because
the garnets contains no Fe3+ and no graphite is observed in both
experiments (Fig. S-2a and Fig. S-4). On the other hand, the
reaction between Fe2+-garnet and FeCO3 at 12 and 14 GPa pro-
duced dark graphite dots (Fig. S-2b). The Fe3+/∑Fe ratio of the
garnets ranges from 0.22 to 0.24 (Fig. S-4). The garnets from both
MgCO3 and FeCO3 experiments contain higher Si (pfu) ranging

Fig. 1 Experimental products from redox reactions between Ca-carbonate and Fe2+-silicates at high-pressure and high-temperature conditions. a BSE
image of graphite(Gra)-bearing mineral assemblage of garnet (Grt), olivine (Ol), clinopyroxene (Cpx), and aragonite (Arag) in experiment between Fe2+

garnet and saturated CaCO3 (PL1395). b Raman map confirming graphite (Gra; red)-bearing mineral assemblages consisting of garnet + olivine (Grt+Ol;
Green), clinopyroxene (Cpx; black) and aragonite (Arag; blue) in PL1395. c Typical Raman spectrum of disordered graphite (red), aragonite, clinopyroxene
(black), olivine and garnet in PL1395. d BSE image showing dark graphite (Gra) dots in garnet (Grt) in equilibrium with Fe-ringwoodite (Rwd) in experiment
between fayalite and saturated CaCO3 (PR1427). e EDS carbon elemental map showing graphite (Gra; red) dots in garnet (Grt) in PR1427. f Raman
spectrum of partly disordered graphite (red) inclusions in garnet (Grt), and aragonite (Arag; black) in PR1427. g, h BSE image showing graphite (Gra),
garnet (Grt), and magnesite (Mag) in experiment between Fe2+ garnet and 10 wt% CaCO3 (PL1481). i EDS carbon elemental map, corresponding to BSE
image h, showing graphite (Gra; red) distribution near Au capsule in PL1481.
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from 3.11 to 3.21 (Supplementary Data 1), than that from CaCO3

experiments, indicating considerable majoritic substitution.
The reduced carbon was not always observed in the Fe2+-

garnet-CaCO3 experiment even with Fe3+-rich garnets, which
may be related to the amounts of carbon produced by the redox
reaction and possible reaction of carbon with hydrogen through
Pt capsule. To further investigate the formation of graphite in the
system, we conducted four experiments using fayalite and CaCO3,
which are expected to oxidize significant amounts of Fe2+ to Fe3+

in the silicates (Fig. S-3). Graphite dots were observed in all Fe3+-
rich products (i.e., spinel or garnet) by carbon elemental EDS
map and/or Raman spectrum (Figs. 1d, 1e, and 1f; Fig. S-3). The
Fe contents in aragonite generally increase from 8.22 to 30.46 wt
% with an increase in pressure (Supplementary Data 2). The
Fe3+/∑Fe ratios in spinels and garnets are ranging from 0.39 to
0.65 and from 0.58 to 0.63, respectively (Supplementary Data 2).
We used both “Flank method” and charge balance calculation to
estimate the Fe3+/∑Fe ratio, and both produced consistent results
(Supplementary Data 3).

Discussion
Redox reactions and role of Ca in majoritic substitution. The
high Fe3+/∑Fe ratio in the garnets must be resulted from the
redox reaction with CaCO3 that should form reduced carbon and
make CaO available to be incorporated in the garnet. The
amounts of reduced carbon produced in the system are directly
related to how much Fe2+ is oxidized to Fe3+ in the silicate. The
observed graphite in the reaction of Fe2+-silicate mineral (garnet
or olivine) with CaCO3 supports the proposed redox reaction.
The high Ca content in the coexisting garnet is also consistent
with the redox reaction that can be expressed by

4Fe2þðmantle silicateÞþC4þ
ðCa�carbonateÞ¼ 4Fe3þðCa�garnetÞþCðgraphiteÞ ð1Þ

A similar redox reaction has been proposed to explain the
appearance of graphite and Fe3+-bearing carbonate melt in the

experimental products of carbonated peridotite at 6–10 GPa:55

2Fe2þO silicateð Þ þMgCO3¼ Fe2O3þMgO½ � carbonate meltð Þ þC graphiteð Þ
ð2Þ

However, the CaFe3+-garnet is a more efficient Fe3+ sink than
carbonate melt because the Fe3+/∑Fe ratio in garnet could reach
one in our experiments. The formation of the CaFe3+-garnet in
the Ca-carbonated silicate system would be accompanied by the
production of reduced carbon such as graphite/diamond in the
system.

The high Fe3+ and Ca content in garnet has a unique effect on
the majoritic component as a function of pressure. The priority
substitution is Mg2+ + Al3+ = Ca2+ + Fe3+ in the CaFe3+-
garnet, instead of the pressure-dependent majoritic substitution
of Al3+ + Al3+ = Mg2+ + Si4+. Therefore, there is no excess Si
in garnets at high pressure. However, Ca (pfu) and Al (pfu) in the
garnets linearly increase or decrease with pressure, respectively
(Fig. 2), which can be used as a garnet geobarometer for the Ca-
rich garnets. It is noted that the garnets after experiments contain
the Al2O3 content (~15 wt.%) between the starting composition
(7.11 wt.%) and regular garnet, which is balanced by the amounts
of Fe3+ formed in the system. The competition to occupy the site
by Al3+ and Fe3+ in garnets is controlled by their thermo-
dynamical stability56. The increase of the Al2O3 content in the
resulted garnets relative to that of the starting material led to the
presence of other silicate such as Cpx in the run product, instead
of a single garnet phase.

Oxidization of big mantle wedge and formation of CaFe3+-
garnet in diamond. Figure 3 shows an excellent linear correlation
(black line) between the Fe3+/∑Fe ratio and Ca# in the synthetic
garnets from our experiments. The Fe3+/∑Fe ratio of the garnet is

Fig. 2 Chemical composition evolution of synthetic garnets with
experimental pressure in this study and comparison with that from
previous study. Linear corelation between Ca, Al, Si atomic number (pfu),
Fe3+/Fe ratio in garnets and experimental pressure from experiments
between Fe2+-garnet and CaCO3 in this study (colored symbols and lines)
is compared with those from previous study with low Ca but high Fe3+

starting material27 (black symbols and lines). Error bars for atomic number
of synthetic garnets are standard deviation for multiple analyses on
different garnet grains in a run product, while pressure error in our
experimental range is estimated at ±0.5 GPa for multil-anvil press.

Fig. 3 Linear correlation between Fe3+/∑Fe ratio and Ca# in synthetic
garnets from high-pressure experiments and natural garnets in
diamonds. Experiments between Fe2+-garnet and CaCO3 (solid square),
experiments between fayalite and CaCO3 (solid circle), and experiments
between Fe2+-garnet and MgCO3 (solid triangle) are from this study. The
Ca# of a garnet from KLB mantle peridotite (green star) was calculated
from the established correlation between garnet Ca# and CaO/Al2O3 ratio
of bulk rock58. Re-calculated chemical composition of synthetic garnets
from metasomatic reaction between peridotite and saturated CaCO3 (black
square)57 and a natural garnet inclusions in diamond from deep upper
mantle (red diamond)25,29 are also plotted for comparison. Error bars for
Fe3+/ΣFe and Ca# of synthetic garnets are standard deviation for multiple
analyses on different garnet grains in a run product.
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well controlled by the Ca# of garnet:

Fe3þ=
X

Fe ¼ 1:220 ´Ca#�0:018 ð3Þ

Chemical compositions of garnets from metasomatic reaction
between peridotite and CaCO3 in previous study (black square)57

and CaFe3+-rich garnet inclusions in natural diamond from the
deep upper mantle (red diamond)25,29 are also consistently
plotted on the fitted line (Fig. 3), indicating equation (3) can be
applied to natural metasomatism of mantle peridotite by the
recycled Ca-carbonate in the deep upper mantle.

Recently, Su and Chen.58 established the correlation between
the Ca# of garnet and the CaO/Al2O3 ratio of bulk rock for
mantle peridotite system, which can be used to calculate the Ca#

of a garnet formed in an unmetasomatic mantle peridotite. For a
KLB mantle composition59, the Ca# of garnet is calculated at 0.13,
corresponding to the Fe3+/∑Fe ratio of 0.14 by equation (3)
(green star in Fig. 3). This is consistent with that of the natural
garnets in peridotite from the uppermost upper mantle with the
Fe3+/∑Fe ratio increasing from 0.02 to 0.14 with increase depth
from ~80 to ~250 km22,23. In other words, all garnets formed in
an unmetasomatic mantle peridotite should have low Ca# (<0.13)
and low Fe3+/∑Fe ratio (<0.14) at same time. The observed Fe3+/
∑Fe ratio and Ca# of the CaFe3+-garnets in diamonds from the
deep upper mantle and transition zone25,29,60 range from 0.14 to
0.40 and from 0.13 to 0.38, respectively (Fig. 3 and Fig. S-4).
These garnets with high Ca# and high Fe3+/∑Fe ratio must be
associated with mantle rocks having high CaO/Al2O3. The
recycling of sedimentary Ca-carbonate (marble) along a subduct-
ing slab is the best candidate to introduce high CaO/Al2O3

material because the sedimentary Ca-carbonate has a high CaO/
Al2O3 ratio61. Both pressure and the Ca# have a positive effect on
the Fe3+/∑Fe ratio in the garnets.

The silicate starting materials (Fe2+-garnet and fayalite) used in
this study are free of Fe3+. After reacting with Ca-carbonate
(CaCO3) at high pressure and high temperature, significant
amounts of Fe3+-rich garnet are produced. The proposed redox
reaction should also reduce some carbonate to graphite/diamond.
Graphites are clearly identified in all experiments with the CaCO3

and fayalite reaction and also in two experiments (PL1395 and
PL1481) with the CaCO3 and Fe2+-garnet reaction. All experiments
with identified graphite were performed in gold (Au) capsule (Table
S-2). However, no graphite was identified in other experiments with
the CaCO3 and Fe2+-garnet reaction in platinum (Pt) capsule,
although more Fe3+-rich garnets were produced at high pressure.
Typically graphite produced by the reaction migrates to the Au
capsule interface, even into the capsule (Fig. S-5). It is likely that the
loss of the reduced carbon in the experiments with Pt capsule is
related to hydrogen diffusion into the Pt capsule at high
temperature, as demonstrated by 13C solid-state NMR analysis of
the synthetic samples from high-pressure experiments62. In
addition, the amounts of graphite produced in the run product
are very small (0.07–0.13 volume%) by mass balance calculations
according to equation (1), considering oxidization of 22–37 volume
% garnets (See method part and Table S-3), that could make the
detection of graphite more challenge.

Although the experiments were performed in the diamond
stability field, we have only observed graphite in the run products
because of a large kinetic barrier for the conversion from graphite
to diamond63. Significant over-pressure is required to form
diamond without metal catalyst in laboratory experiments. We
infer diamond formation based on the known equilibrium
boundary of the graphite–diamond conversion. In the natural
process, we expect that all observed graphite in the diamond
stability field should be diamond under deep mantle conditions.

Our experimental results show that the redox reaction prefers
to occur between Fe2+-rich mantle rock and Ca-carbonate to
produce CaFe3+-rich garnet and reduced carbon (graphite). At
14 GPa, corresponding to conditions near the transition zone,
the Fe3+/∑Fe ratio of garnets in the CaCO3-saturated system is
close to 1. For natural garnets in diamond (Fig. S-4), the highest
Fe3+/∑Fe ratio is ~0.3 at ~14 GPa25. Considering the molar ratio
of oxidant (C4+ to C0) and reductant (Fe2+ to Fe3+) in the redox
reaction (1), we estimated that 7.5% mole percent sedimentary
CaCO3 in the recycled oceanic crust is sufficient to produce an
Fe3+/∑Fe ratio of 0.3 in the garnet at deep upper mantle
condition, suggesting that the recycled Ca-carbonate is an
efficient agent to elevate the Fe3+ content in the Earth’s upper
mantle through geological time.

The major source of the recycled Ca-carbonate in the
subduction zone is sedimentary carbonate in the oceanic crust42.
Figure 4 illustrates that the potential influence of the recycled-
sedimentary Ca-carbonate on the big Earth’s mantle wedge
through the proposed redox reaction. Any CaFe3+-garnet found
in diamond or Fe3+-rich mantle melt from the deep upper mantle
would be an indictive signature from the recycled-sedimentary
Ca-carbonates because of the redox reaction. Taking the big
mantle wedge beneath eastern China formed by subduction of
Pacific slab64 as an example, melting of carbonated peridotites by
metasomatism of the recycled Ca-carbonate in the big mantle
wedge could be the sources of Cenozoic basalts with the
characteristic of oxidized and Fe-rich mantle melts17–19, light
Mg, Sr isotope64,65, and heavy Zn, Fe isotope15,16. “Super-deep”
diamonds from deep upper mantle or transition zone also need
an introduction of a metasomatic agent such as sedimentary
CaCO3 of the recycled oceanic crusts28,44,45, but the CaCO3

component has to be undersaturated in order to account for the
observed Ca content in the silicates. In other case, mantle plume
melt with a high Fe3+/∑Fe ratio and high volatiles (e.g., CO2) may
also be derived from the deep upper mantle with a CaFe3+-garnet
source produced by the recycled-sedimentary Ca-carbonates31–34.
Our experimental results on the coupled formation of reduced
carbon and Fe3+-rich silicate illustrate the importance of the
recycled-sedimentary Ca-carbonates for the evolution of the
redox state and carbon cycling in the deep upper mantle.

Method
High-pressure experimental synthesis. The chemical composition of Fe2+-gar-
net is analogous to that of natural Fe3+-rich majoritic garnet in websterite xenolith
from Earth’s deep upper mantle26. In addition, fayalite is used to react with CaCO3

to understand the reaction mechanism in a simplified CaO-FeO-SiO2-CO2 system.
Silicate starting materials (Fe2+-garnet or fayalite) were reduced in gas-mixing
furnace under controlled ƒO2 at ~IW buffer by mixing different flux of CO2 and H2

gas at high temperature (1100 °C). Powder X-ray diffraction shows no Fe3+-
bearing phases in synthetic Fe2+ garnet and fayalite. The chemical compositions of
Fe2+-garnet and fayalite are listed in Table S-1. In comparison with that of oceanic
crust66, Martian silicate67 and Earth’s mantle59, chemical composition of Fe2+-
garnet in this study is similar with that of Martian silicate, which contains higher
FeO content than Earth’s mantle, but lower Al2O3 content than oceanic crust
(Table S-1). Carbonate starting materials used in this study are CaCO3 (99.99%
pure, Alfa Aesar Company), MgCO3 (99.9% pure, Scholar chemistry Company),
natural siderite (Fe0.950Mn0.046Mg0.004CO3; Ivigtut, Greenland)49, respectively. In
order to simulate geological metasomatic process occurring on slab-mantle surface
in subduction zones, in most case, silicate starting materials were sandwiched by
saturated carbonates (CaCO3, or MgCO3, or FeCO3) in Au or Pt capsules,
respectively. In some experiments, silicate and carbonates are homogeneously
mixed to promote efficiency of the redox reaction (Table S-2). All high-pressure
experiments are conducted at Geophysical Laboratory of Carnegie Institution for
Science. Experiment at 3 GPa is carried out in a well-calibrated end-loaded piston
cylinder68. All other experiments from 6 to 14 GPa are carried out in a multi-anvil
apparatus by using 14/8-type assemblage, which is well calibrated69. A type-C
thermocouple, inserted axially to top of the capsule, is used to measure experi-
mental temperature for piston cylinder and multi-anvil experiments. Pressures and
temperatures were automatically controlled through computer program. To
simulate intermediate geothermal condition in subduction zones, experimental
temperatures are lower than normal mantle geotherm, ranging from 900 °C to
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1300 °C (Table S-2). After experiments, powder supply to the furnace is shut off to
quickly quench experiments.

Analysis of synthetic samples. The recovered samples are mounted in epoxy
resin, and polished with aluminum oxide powder (<1 μm) for measurements by
Raman spectroscopy and electron probe microanalyzer. Raman spectra from 200 to
1500 cm−1 were collected using a confocal micro-Raman spectroscopy (JASCO
NRS-3100; 514.5 nm Ar-ion laser) at Geophysical Laboratory. Raman map on one
sample (PL1395) with high-graphite contents was collected on a confocal LabRam
HR800 spectrometer (Horiba Jobin-Yvon) of 800mm focal length equipped with a
532 nm Nd:YAG laser and a Mitutoyo 50 long working distance objective (0.42 NA)
at Ecole Normale Superieure de Lyon, France. Raman spectra for a map are
acquired between 300 cm−1 and 1800 cm−1 with a spectral resolution of 0.3 cm−1.
BSE images, elemental mapping from the EDS and chemical composition analysis
are obtained by JEOL JXA-8530F Field Emission electron probe at Geophysical
laboratory using appropriate silicate standards, a beam current of 30 nA and a 15 kV
voltage with conventional ZAF data reduction techniques. Chemical compositions
for each phase are derived from multi-analysis, and standard deviation (σ) for multi-
analysis are calculated as analytical error. Chemical formulas and Fe3+/ΣFe ratio for
each phase were calculated based on charge balance70. “Flank method” on electron
probe is also applied to measure the Fe3+/ΣFe ratio of some synthetic garnets in
comparison with charge balance method (Supplementary Data 3), following the
calibration and measurement procedure described in our previous study27.

Mass balance calculation of graphite production. The area ratio of synthetic
garnets in run products are measured on BSE images using the ImageJ software71.
Molar volumes of garnet endmembers and graphite are from an updated ther-
modynamic database72. Based on area ratio and chemical compositions of synthetic
garnets from different experiments, the molar mass of Fe3+ content in garnets can
be calculated. According to molar ratio between Fe3+ and C (1:4) in redox reaction
between Ca-carbonate and mantle Fe2+ rock: 4Fe2þðmantle mineralÞ þ C4þ

ðCa�carbonateÞ ¼
4Fe3þðCa�rich garnetÞ þ CðgraphiteÞ, the molar mass and area ratio of graphite in the run
product in this study is calculated (Table S-3).

Comparison of Fe3+/∑Fe ratios and Ca# in synthetic and natural garnets.
McCammon and Ross73 found the relative concentration of Fe3+ in synthetic (Mg,
Fe)(Si,Al)O3 garnets increases both with total iron content and increasing oxygen
fugacity, but not with Al concentration. Although very-oxidized Re-ReO2 buffer
was used in their study, the highest Fe3+/∑Fe ratio for the synthetic majoritic
garnets is still <0.22. In Figure S-4, we plotted Fe3+/∑Fe ratio and Ca# {i.e., Ca/(Ca
+ Mg + Fe2+ + Mn)} of synthetic garnets in this study and previous study27, and
natural garnets in diamond25,60, mantle xenolith26, and shocked meteorite13,27. It
clearly shows that there are two evolution series: low Ca but high Fe3+ series; High
Ca and high Fe3+ series. Along both series, the Fe3+/∑Fe ratio of garnets can evolve
from 0 to ~1 with increase of pressure.

Along the low Ca series, if MgO ± CO2 in the system is in excess, which is the
case of experiments between Fe2+-garnet and MgCO3 in this study, Fe3+/∑Fe ratios

of synthetic garnets are very low (<0.02). Synthetic garnets may evolve to pyrope
(Mg3Al2Si3O12) endmember (Figure S-4). If all Fe is introduced in system by Fe3+,
which is the case of synthetic garnets from Fe3+-rich composition in our previous
study27, Fe3+/∑Fe ratios of synthetic garnets are increasing with increase of
experimental pressure. The synthetic garnets may evolve to khoharite endmember
(Mg3Fe3+2Si3O12) (Figure S-4), which is a rare garnet endmember and only
reported in majoritic garnets from shocked meteorite74. Indeed, we do find
chemical compositions of all majoritic garnets from shocked meteorite13,27 are
plotted on this evolution series (Figure S-4). The formation of garnets on this series
requires very special conditions: high Mg, high Fe3+ but low Ca contents in system,
and high pressure. Geologically, the shocking process of meteorite may be able to
provide the right conditions for them. The high Fe3+ content may formed from
disproportionation at extremely high-pressure condition during shock process75.
Notably, chemical compositions of majoritic garnets from mantle xenolith1 are also
plotted on this series (Figure S-4). If FeO ± CO2 in the system is in excess, which is
the case of experiments between Fe2+-garnet and FeCO3 in this study, Fe3+/∑Fe
ratios of synthetic garnets are still low, ranging from 0.22 to 0.24, and synthetic
garnets may evolve to skiagite endmember (Fe3Fe3+2Si3O12) (Figure S-4). A
possible redox reaction between Fe2+-garnet and Fe-carbonate may occur in this
system and result in the formation of reduced graphite and skiagitic garnet at
same time.

Data availability
All data used in the study can be accessed in supplementary material online. Data are also
available on Mendeley Data repository at https://doi.org/10.17632/2g42x8gvp2.4.
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