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Experimental simulation of the interaction of wüstite with a CO2-rich fluid and a carbonate-silicate melt was
performed using a multianvil high-pressure split-sphere apparatus in the FeO-MgO-CaO-SiO2-Al2O3-CO2 system
at a pressure of 6.3 GPa and temperatures in the range of 1150 °C–1650 °C andwith run time of 20 h. At relatively
low temperatures, decarbonation reactions occur in the system to form iron-rich garnet (Alm75Prp17Grs8),
magnesiowüstite (Mg# ≤ 0.13), and CO2-rich fluid. Under these conditions, magnesiowüstite was found to be
capable of partial reducing CO2 to C0 that leads to the formation of Fe3+-bearingmagnesiowüstite, crystallization
of magnetite and metastable graphite, and initial growth of diamond seeds. At T ≥ 1450 °C, an iron-rich
carbonate-silicate melt (FeO ~ 56 wt.%, SiO2 ~ 12 wt.%) forms in the system. Interaction between (Fe,Mg)O,
SiO2, fluid and melt leads to oxidation of magnesiowüstite and crystallization of fayalite-magnetite spinel
solid solution (1450 °C) as well as to complete dissolution of magnesiowüstite in the carbonate-silicate melt
(1550 °C–1650 °C). In the presence of both carbonate-silicate melt and CO2-rich fluid, dissolution (oxidation)
of diamond and metastable graphite was found to occur. The study results demonstrate that under pressures
of the lithospheric mantle in the presence of a CO2-rich fluid, wüstite/magnesiowüstite is stable only at relatively
low temperatures when it is in the absolute excess relative to CO2-rich fluid. In this case, the redox reactions,
which produce metastable graphite and diamond with concomitant partial oxidation of wüstite to magnetite,
occur. Wüstite is unstable under high concentrations of a CO2-rich fluid as well as in the presence of a
carbonate-silicate melt: it is either completely oxidized or dissolves in the melt or fluid phase, leading to the
formation of Fe2+- and Fe3+-enriched carbonate-silicate melts, which are potential metasomatic agents in the
lithospheric mantle.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Ferropericlase is believed to be the most abundant oxide mineral
in the Earth's interior, e.g., (Mg,Fe)O is thought to account for about
20 vol.% of the lower mantle (Dubrovinsky et al., 2000; Fei et al., 1992;
Kaminsky, 2012; Lin et al., 2003; Mao et al., 1996; Ringwood, 1991).
Studies of inclusions in natural diamonds from kimberlite pipes in
Brazil, Guinea, and Canada demonstrate that oxides of Fe and Mg can
amount to ~50% of all inclusions (Harte, 2010; Harte et al., 1999;
Kaminsky, 2012; McCammon, 2001; McCammon et al., 2004; Wirth
et al., 2014). XFe (Fe/(Fe + Mg) ratio) of ferropericlase inclusions in
lower-mantle diamonds is 0.10–0.65 (Harte and Hudson, 2013; Harte
et al., 1999; Hayman et al., 2005; Kaminsky, 2012; McCammon et al.,
k 630090, Russia. Tel./fax: +7
1997; Svicero, 1995; Wirth et al., 2014), while magnesiowüstite with
XFe from ≥0.5 to purewüstite is typical of the uppermantle assemblages
(Bulanova, 1995; Stachel et al., 1998; Svicero, 1995). The highest ferric
iron content (Fe3+/ΣFe) of all (Mg,Fe)O crystals found in diamonds is
~0.07 (McCammon et al., 1997). The mechanism of concentration and
incorporation of ferric iron in ferropericlase and magnesiowüstite af-
fects the iron transport (atomic diffusion, electrical conductivity) and
rheological properties (Mackwell et al., 2005; Tremper et al., 1974;
Wood and Nell, 1991).

Variations in the P–T–ƒO2 conditions and chemical composition of a
host mantle domain cause changes in the ferric iron concentration in
(Mg,Fe)O by orders of magnitude (Kaminsky et al., 2015; McCammon
et al., 1997; McCammon et al., 2004; Otsuka et al., 2010, 2013) and
can strongly affect the phase relations and element partitioning be-
tween (Mg,Fe)O and coexisting minerals or melts (Frost and
McCammon, 2008; Rohrbach and Schmidt, 2011). The formation of
oxidized mantle regions with a high oxygen fugacity, which is reflected
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in the Fe3+-bearing magnesiowüstite formation and supported by the
presence of carbonate minerals (Biellmann et al., 1993; Boulard et al.,
2011; Brenker et al., 2007; Kaminsky et al., 2013; Stagno et al., 2011),
is usually associated with subduction (Kaminsky et al., 2015;
McCammon et al., 2004). The input of subducted material may lead
not only to an overall increase in ƒO2 in local mantle domains but also
enable the redox reactions involving magnesiowüstite and oxidized
phases of the down-going slab, such as carbonates, CO2, or carbonatitic
melts, e.g., according to the following simplified schemes: 4FeO +
CO2 → 2Fe2O3 + C0 (Boulard et al., 2011) and 6FeO + CO2 →
2Fe3O4 + C0 (Zhang et al., 1999).

Although minerals of the MgO-FeO series are thermodynamically
stable over a very wide range of pressures and temperatures, most
of the modern experimental studies are devoted to investigating
ferropericlase properties under the conditions of the lower mantle,
while the number of studies on the behavior of magnesiowüstite in
the upper mantle is still small. A study (Mao et al., 1996) emphasizes
the “enigmatic” and “paradoxal” features of wüstite (in contrast to per-
iclase) that emerged from extensive studies of oxidation-reduction, dis-
proportionation, and metallization of FeO. Here, we present the results
of experimental simulation of the redox interaction of wüstite/
magnesiowüstite with a CO2-rich fluid and a carbonate-silicate melt
that are implicated in the graphite and diamond formation and estima-
tion of the wüstite stability in the presence of CO2-bearing fluids and
melts and the generation of Fe-rich mantle metasomatic agents.

2. Methods

2.1. Starting materials

A carbonate–oxide mixture, undergoing decarbonation under
experimental P–T conditions, was used as a source of CO2-rich fluid. Pre-
vious experimental studies in the carbonate-silicate systems (Knoche
et al., 1999; Pal’yanov et al., 2005) have demonstrated that the largest
amount of a CO2-rich fluid in decarbonation reactions is released during
the garnet formation (compared to reactions of pyroxene and olivine
crystallization):

3MgCO3 þ 2SiO2 þ Al2SiO5 ¼ Mg3Al2Si3O12 þ 3CO2 ð1Þ
(Knoche et al., 1999)

3MgCO3 þ 3SiO2 þ Al2O3 ¼ Mg3Al2Si3O12 þ 3CO2 ð2Þ
(Pal’yanov et al., 2005)

According to gas сhromatographу data, in the MgСО3-SiО2-Аl2O3

system at P = 6.0 GPa, T = 1600 °C, t = 40 h (experiments using Pt
capsules) composition of fluid, formed via decarbonation, was about
93 mol.% CO2, 6 mol.% H2O and 1 mol.% CH4 + H2 (Pal’yanov et al.,
2005). Thus, a mixture of MgСО3, SiО2, and Аl2O3 can be used as a reli-
able source for CO2-rich fluid.

The starting materials consisted of synthetic SiO2 and Al2O3 (99.99%
purity), natural magnesite (MgCO3), and dolomite (CaMg(CO3)2)
(Chelyabinsk Region, Russia) (Table 1). Dolomite was introduced in
the system as a source of calcium and to initiate decarbonation reaction
at relatively low temperatures. Starting magnesite and dolomite were
used at an 8:1molar ratio (bulk carbonate composition,Mg0.9Ca0.1CO3).
Table 1
Composition of initial carbonates and bulk composition of the FeO-MgO-CaO-SiO2-Al2O3-
CO2 system.

Mass concentration (wt.%) Si Al Fe Mg Mn Ca C O Total

Magnesite – – 0.3 28.1 0.2 – 14.3 57.1 100
Dolomite – – 0.3 12.8 0.2 21.5 13 52.2 100
Bulk system 10 6.4 28.2 7.7 – 1.3 4.2 42.2 100
The proportions of carbonates, SiO2, and Al2O3 were selected so that the
(Mg + Ca):Al:Si molar ratio was 3:2:4. The complete reaction of these
carbonates and oxides under experimental P–T conditions leads to the
formation of a CO2-rich fluid and also to crystallization of garnet (py-
rope), with a small excess of SiO2 (Pal’yanov et al., 2005).

To simulate the composition of wüstite, which is unstable under
atmospheric conditions, a mixture of metallic iron and Fe2O3 (99.99%
purity), in molar proportion 1:1, was used. A special experiment at
P=6.3 GPa, T=1150 °C, t=18 h demonstrated that the initial mix-
ture of Fe0 and Fe2O3 completely reacts at 1150 °C to form coarse-
crystalline wüstite:

Fe0 þ Fe2O3→3FeO ð3Þ
Quantities of the starting materials were as follows: 114 mg of

MgCO3, 28 mg of CaMg(CO3)2, 56.8 mg of Al2O3, 101.2 mg of SiO2,
43 mg of Fe0, and 129 mg of Fe2O3. A composition of initial carbonates
and bulk composition of the system are presented in Table 1.
2.2. High-pressure experiments

The experiments were conducted on a multianvil high-pressure
split-sphere apparatus (BARS) at pressure of 6.3GPa, in the temperature
range of 1150 °C–1650 °C, and with run time of 20 h. A high-pressure
cell in the form of tetragonal prism, 21.1 × 21.1 × 25.4 mm in size,
was used. The elongated cell geometry enabled using graphite heaters
of 12 mm in diameter and 18.8 mm in length. The temperature was
measured in each experiment by a PtRh30/PtRh6 thermocouple. Details
on the pressure and temperature calibration were presented elsewhere
(Pal’yanov et al., 2002a, 2002b; Palyanov et al., 2010).

Themethodical approach and corresponding scheme of the reaction
ampoule assembly were developed in (Palyanov et al., 2007), and their
efficiency for studying interactions in the carbonate–oxide and carbon-
ate systems involving mantle minerals-concentrators of iron was dem-
onstrated in several studies (Bataleva et al., 2012a, b, 2015; Palyanov
et al., 2013). Application of this approach provides conditions for decar-
bonation reactions, interaction of the formed silicates and CO2-rich fluid
with iron-rich phases as well as for the generation of ferric and ferrous
carbonate-silicatemelts undermantle P–T conditions. It should be espe-
cially noted that similar “sandwich”-type schemes of experimental
charge are developed and used to study reaction zoning of samples,
not to study equilibrium conditions. An initial scheme of a reaction
ampoule is shown in Fig. 1. A mixture of Al2O3, SiO2, MgCO3, and
CaMg(CO3)2 (total weight of 300 mg) was placed into the Pt capsule
with a diameter of 10 mm. A pellet (d = 5 mm, 150 mg) of Fe0 and
Fe2O3 (wüstite-simulating mixture) was put inside a carbonate–oxide
mixture. Therefore, the phases-concentrators of iron were separated
from the Pt-capsule by the carbonate–oxide ampoule with an external
diameter of 9.5 mm and a wall thickness of 2.2 mm. Synthetic diamond
seed crystals of the cuboctahedral shape, 0.5 mm in size, were placed in
the carbonate–oxide ampoule (Fig. 1), to enable evaluatingwhether the
redox conditions in the reaction ampoules correspond to the stability
Fe0+Fe2O3

Pt-capsule

Dm

5 mm

Iron oxide source

Carbonate-oxidea mpoule

Fig. 1. Scheme of the initial ampoule assembly. Dm, diamond seed crystal.
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field of free carbon. The filled ampoules were sealed by arc welding. The
sealed capsule height varied from 3.5 to 4.0 mm. One of the
main advantages of the methodical approach used is the possibility to
use Pt capsules when working with Fe-rich phases at high P–T parame-
ters. Pt is known to be the optimal material for high-pressure high-
temperature experiments involving fluids and melts. However, it is
not appropriate for Fe-bearing systems when the traditional procedure
of grinding and homogenization of startingmaterials is used. Insulation
of an iron-concentrator from the Pt capsule by a carbonate–oxide sleeve
allows for studies involving iron-rich phases and for preservation of
tightness in the reaction volume, while the iron–platinum interaction
is minimized. Analysis of the Pt-capsule material after experiments
demonstrated that the concentration of Fe in Pt is less than 0.2 wt.% at
T ≤ 1350 °C and is about 1.0–1.2 wt.% in the range of 1450 °C–1650 °C,
which is also confirmed by the mass balance calculations. The presence
of fluid bubbles in samples (Fig. 2) is further evidence of Pt capsule
tightness.

2.3. Analytical procedures

Phase identification of all samples was made using X-ray diffraction
(DRON-3 X-ray diffractometerwith CuKα radiation). XRD patternswere
registered in the 2θ range of 10°–70°. Interpretation of XRD patterns
was performed using the ASTM database. Chemical compositions of
the products of experiments were studied by microprobe analysis
(Camebax-Micro analyzer) and energy-dispersive spectroscopy (Tescan
MIRA3 LMU scanning electron microscope). For the microprobe and
EDS analyses, samples in the form of polished sections were prepared.
For all the analyses of silicate and oxide crystalline phases, an accelerat-
ing voltage of 20 kV, a probe current of 20 nA, counting time of 20 s, and
beam diameter of 2–4 μm were used. For carbonates and quenched
melt, the accelerating voltage was lowered to 15 kV, probe current
was lowered to 10 nA, counting time was lowered to 10 s, and a
defocused beam (d=20–100 μm)was used. Standards for the analyses
of melt phase were natural pyrope, almandine, enstatite, diopside, kya-
nite, andmagnesite. Mass balance calculations (the least-squaresmeth-
od) were performed only for experiments at T ≥ 1450 °C (Table 2)
because, at lower temperatures, the compositions of final phases varied
in a rather wide range. These calculationswere performed for a restrict-
ed number of components of the system, namely, MgO, CaO, SiO2, and
Al2O3. We excluded FeO, Fe2O3, and CO2 from the calculations because
of uncertainties in their concentrations according to microprobe and
iron migration to Pt. Investigation of the phase relationships was con-
ducted by scanning electron microscopy using the Tescan MIRA3 LMU
scanning electron microscope. Methodologically complex problems of
studying the Fe2+ and Fe3+ distribution patterns in the resulting
phase assemblages as well as the Fe2+/Fe3+ ratio calculation were
solved using Mössbauer spectroscopy. Mössbauer measurements were
Fig. 2. Optical micrographs of the samples: a, CO2-rich fluid bubbles, with walls covered by gra
fluid bubble in the quenched carbonate-silicate melt (1550 °C); Grt, pyrope-almandine; Fms, f
performed at room temperature on a MC-1104Em spectrometer
equipped with a Co57(Cr) source using powder absorbers with a thick-
ness of 1–5 mg/cm2. The spectrum acquisition time for each sample
was 80 h. Detailed procedure of the identification of the spectra is pre-
sented in the Supplementary Materials section.

3. Results

3.1. Experimental results on the interaction between wüstite and CO2-rich
fluid at 6.3 GPa and in the temperature range of 1150 °C–1350 °C

The experimental results are presented in Table 2 and Fig. 3. At rela-
tively low temperatures (1150 °C–1250 °C), coarse crystalline
magnesiowüstite is formed in the central part of the samples (Figs. 3a,
4a). At the contact between the carbonate–oxide ampoule and magne-
siowüstite, a reaction zone is formed that consists predominantly of gar-
net as well as metastable graphite and magnetite (Figs. 3a, 4a,b), while
the peripheral part of the ampoule is represented predominantly by
ferromagnesite, coesite, and corundum. The formation of garnet in the
reaction zone indicates the occurrence of decarbonation processes dur-
ing the carbonate–oxide interaction, even in a relatively low tempera-
ture range. It should be noted that the garnet produced at 1150 °C and
1250 °C is characterized by ferromagnesite inclusions (Fig. 4c) andmag-
netite reaction rims around single garnet crystals or garnet aggregates.
The reaction zonewidth at the contact of the carbonate–oxide ampoule
with magnesiowüstite broadens as experimental temperatures are in-
creased, whereas the amount of coarse crystalline magnesiowüstite in
the central part of the ampoules decreases. The initial stage of diamond
growth was observed on diamond seed crystals in the temperature
range of 1150 °C–1250 °C. At 1350 °C, magnetite is found not only in
the reaction zone but also in the central part of the ampoule in the assem-
blage with magnesiowüstite. In this case, the assemblage of garnet +
magnesiowüstite + magnetite + orthopyroxene + ferromagnesite +
metastable graphite forms at the place of the carbonate–oxide ampoule.

Compositions of the resulting phases based on microprobe analysis
are shown in Table 3. In the temperature range of 1150 °C–1250 °C,
magnesiowüstite is a predominant oxide in samples, but the quantity
of magnetite increases with temperature, and at 1350 °C, the quantity
of magnetite exceeds that of magnesiowüstite. Magnetite was found
to be always in the association with garnet and metastable graphite
(Fig. 4a, b) that are formed in the reaction zone. The composition of
the resulting magnesiowüstite varies from Fe0.99Mg0.01O (1150 °C) to
Fe0.87Mg0.13O (1350 °C), i.e. a regular increase in Mg# with the temper-
ature occurs. According to the results of the Mössbauer spectroscopy,
wüstite is found to be characterized by a large number of cation vacan-
cies as well as relatively high values of Fe3+/(Fe2+ + Fe3+) ~ 0.05–0.12
(±0.03) that increase as the experimental temperature is increased
(Table 4, Fig.5a). The magnetite composition almost completely
phite films, in the polycrystalline garnet-ferromagnesite aggregate (1450 °C); b, CO2-rich
erromagnesite; L, carbonate-silicate melt; fluid bubbles, segregated CO2-rich fluid.



Table 2
Results of the experiments in FeO-MgO-CaO-SiO2-Al2O3-CO2 system at P = 6.3 GPa, T = 1150 °C–1650 °C and duration of 20 h.

Run no. T (°C) Silicates, oxides, carbonates Carbon phases Carbonate-silicate melt Weight proportions of phases (wt.%)*

Grt Fms Sp Melt CO2

1289 1150 Mws + Mgt + Grt + OPx + Fms + Co + Cor Gr, DG −
1287 1250 Mws + Mgt + Grt + OPx + Fms Gr, DG −
1283 1350 Mws + Mgt + Grt + OPx + Fms Gr, DD −
1359 1450 Grt + Fms + Sp Gr, DD + 40 16 6 36 2
1284 1550 Grt + Fms DD + 48 24 – 26 2
1242 1650 Grt DD + 46 – – 51 4

Notes: *, weight proportions of final phases were calculated from mass balance; Grt, garnet; Fms, ferromagnesite; OPx, orthopyroxene; Mws, magnesiowüstite; Mgt, magnetite; Sp,
fayalite-magnetite spinel solid solution; Co, coesite; Cor, corundum; Gr, metastable graphite; DG, diamond growth on seeds; DD, diamond dissolution.

CO2

Grt+L

Grt+Fms

5 mmPt capsule

L
CO2

Grt

Sp

Grt OPx Fms+ +

L+Fms+Grt

Fms+Co±Cor±Grt±OPx

Dm

a

b

c

d

Grt+Mgt+Gr
Mws±Mgt

L

L

T=1150-1350 °C

T=1450 °C

T=1550 °C

T=1650 °C

Fig. 3. Schemes of carbonate–oxide interaction: a, 1150 °C–1350 °C; b, 1450 °C; c, 1550 °C;
d, 1650 °C. Grt, garnet (pyrope-almandine); OPx, orthopyroxene (ferrosilite); Fms,
ferromagnesite; Mws, magnesiowustite; Mgt, magnetite; Co, coesite; Cor, corundum;
Dm, diamond seed crystals; Sp, spinel of magnetite-fayalite composition; L, carbonate–
oxide melt; Gr, metastable graphite; CO2, fluid bubbles.
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corresponds to the stoichiometric composition, except the SiO2 impuri-
ty of about 1.3–1.5 wt.%, which is typical of magnetite from the mantle
rock xenoliths and diamond inclusions (Prinz et al., 1975; Sobolev
et al., 1998; Stachel et al., 1998).

As it was shown before, in the range of 1150 °C–1250 °C, the forma-
tion of garnet occurs mainly in the reaction zone, at the contact with
magnesiowüstite. In the reaction zone, garnet associated with magne-
tite and metastable graphite compositionally belongs to pyrope-
almandine, with composition of Alm75Prp17Grs8 (1150 °C) and
Alm46Prp39Grs15 (1350 °C). According to the data of microprobe analy-
sis, garnet is characterized by cation sums, exceeding 8, and total Fe p.f.u
higher than 2.62 (Table 3). Calculations using the method of Finger
(1972) showed that garnet formed at 1150 °C–1350 °C can bear up to
7 wt.% of Fe2O3. With increasing experimental temperature and a
corresponding increase in the decarbonation degree of the system, the
FeO content in garnet is significantly decreased (Table 3; Fig. 6).
Ferromagnesite is one of themain products of the interaction in the sys-
tem at relatively low temperatures. The ferromagnesite composition
tends to decrease in the Fe content and correspondingly increase in
Mg# (Table 3) as the temperature is increased and varies from
Fe0.66Mg0.31Ca0.02CO3 (1150 °C) to Fe0.58Mg0.40Ca0.03CO3 (1350 °C).
The CaO content in ferromagnesite is very low, about 0.5–1.5 wt.%,
and temperature-independent.

3.2. Experimental results on the interaction between wüstite, CO2-rich fluid
and carbonate-silicate melt at 6.3 GPa and in the temperature range of
1450 °C–1650 °C

A scheme of the sample from the experiment at 1450 °C is shown at
Fig. 3b. It has been established that the products of this experiment lack
magnesiowüstite and magnetite, and a central part of the sample con-
tains only coarse crystalline spinel—a solid solution of fayalite andmag-
netite (this mantle phase was described by Woodland and Angel
(2000)). A peripheral part of the reaction ampoule consists of a poly-
crystalline aggregate of garnet and ferromagnesite that comprises
spherical cavities, which are formed most probably by a segregated
CO2-rich fluid (Fig. 2a). The cavity walls are covered with a graphite
film. At this temperature, a formation of the first portions of a
carbonate-silicate melt is found, which are mostly located around the
fayalite-magnetite spinel (Fig. 3b) and in the interstices of a polycrystal-
line aggregate of garnet and ferromagnesite (Fig. 4d). According to data
from energy-dispersive spectroscopy, a dendritic aggregate of fayalite-
magnetite spinel, ferrosilite, and ferromagnesite forms from the melt
during quenching (Fig. 4d). Identification of the Mössbauer spectra ob-
tained for a bulk sample from the experiment at 1450 °C revealed that
the association of iron-bearing phases in the sample is represented by
siderite, almandine, and spinel in a 51:31:18 ratio (Fig. 5b; Supplemen-
tary Table 1; Supplementary Fig. 1). The main phases-concentrators of
Fe2+ are siderite and almandine; Fe3+ and Fe4+ were detected in the
spinel composition (Fig. 5b).

At temperatures higher than 1450 °C, phases, coexisting with fluid
and melt, are represented by garnet and ferromagnesite and form the
so-called carbonate-silicate matrix. In the presence of the melt and



Fig. 4. SEM-micrographs (a,b,d–f, polished sections; c, cleaved surface): a, reaction zone, consisting of almandine,metastable graphite, andmagnetite at the contact withmagnesiowustite
(1150 °C); b, polycrystalline aggregate of magnesiowustite, magnetite, pyrope-almandine, and metastable graphite from reaction zone (1250 °C); с, inclusions of ferromagnesite in py-
rope-almandine from reaction zone (1250 °C); d, pyrope-almandine and ferromagnesite crystals in dendritic aggregate (i.e. guenchedmelt) (spinel + orthopyroxene+ ferromagnesite),
central part of the sample (1450 °C); e, pyrope-almandine indendritic aggregate (orthopyroxene+ ferromagnesite+ spinel), central part of the sample (1550 °C); f, structure of quenched
melt, lower part of the sample (1550 °C); Grt, garnet (pyrope-almandine); OPx, orthopyroxene (ferrosilite); Fms, ferromagnesite;Mws,magnesiowustite;Mgt, magnetite; Gr, metastable
graphite; Sp, spinel of magnetite-fayalite composition; L, carbonate–oxide melt; q, quenched phases.
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segregated fluid, significant dissolution of diamond seed crystals occurs,
and samples lack graphite. At 1550 °C, the resulting phases are garnet,
ferromagnesite, a carbonate-silicate melt (Figs. 3c, 4e,f), and a CO2-
rich fluid, which forms cavities of up to 1.2 mm in size (Fig. 2b). At
1650 °C, the formation of garnet, a CO2-rich fluid, and a carbonate-
silicate melt was observed (Fig. 3d).

Assessments of the melting degrees and the results of the mass bal-
ance calculations for relatively high-temperature experiments are
shown in Table 2, compositions of final phases are presented in
Table 3. The fayalite-magnetite spinel solid solution is characterized
by the composition of ~ Fa80Mgt20. Garnet composition varies from
Alm24Prp64Grs12 (1450 °C) to Alm47Prp50Grs3 (1650 °C). The iron-rich
garnet produced by decarbonation of the system is characterized by
the main tendency of the FeO content to decrease as the temperature
is increased (Fig. 6), with the exception of the experiment at 1450 °C,
where garnet crystallization is accompanied by the formation of the
first portion of an iron-rich carbonate-silicate melt, and therefore, the
concentration of FeO in pyrope-almandine is significantly reduced. In
addition to the high Fe content, the characteristic feature of the resulting
garnet is relatively low concentrations of MgO, which increase with
temperature, as well as the almost constant CaO content (Table 3).
Composition of ferromagnesite, which is stable up to T = 1550 °C,
varies from Fe0.53Mg0.47Ca0.01CO3 (1450 °C) to Fe0.43Mg0.55Ca0.02CO3

(1550 °C). Using Mössbauer spectroscopy, it was established that at
temperatures of 1550 °C and 1650 °C, iron in garnet as well as in
ferromagnesite occurs only in the ferrous state.

The first portions of a carbonate-silicate melt generated at 1450 °C
are characterized by extremely high concentrations of ΣFe, amounting



Table 3
Averaged compositions of mineral phases and melts.

Run no. T ( °C) Phase NA Mass concentration (wt.% Cations per formula unit

SiO2 Al2O3 FeO* MgO CaO Total Si Al Fe Mg Ca C** Total

1289 1150 Grt 17 37.1 (12) 16.8 (11) 38.5 (21) 4.8 (19) 3.4(3) 100.5 3.03 1.62 2.62 0.59 0.3 – 8.15a

Fms 15 – – 45.3 (18) 11.9 (20) 1.3 (1) 58.5 – – 0.67 0.32 0.03 0.99 2
Mws 12 – – 99.3 (1) 0.6 (1) – 99.9 – – 0.99 0.01 – – 1
Mgt 13 1.3 (1) – 91.5 (7) 0.3 (1) – 93.2 0.05 – 2.88 0.02 – – 2.95

1287 1250 Grt 18 36.9 (13) 18.2 (11) 35.3 (19) 5.7 (20) 3.7 (3) 99.8 2.99 1.74 2.39 0.69 0.32 – 8.14 a

OPx 7 47.7 (6) – 47.5 (9) 4.4 (8) 1.1 (1) 100.7 2.01 – 1.66 0.28 0.05 – 3.99
Fms 11 – – 40.6 (15) 13.3 (16) 2.2 (2) 56.1 – – 0.58 0.34 0.04 1.02 1.98
Mgt 10 1.4 (1) – 92.8 (6) 0.9 (1) – 95.1 0.05 – 2.85 0.05 – – 2.95
Mws 13 – – 93.9 (10) 6.9 (11) – 100.9 – – 0.88 0.12 – – 1

1283 1350 Grt 14 38.9 (14) 21.4 (17) 22.8 (16) 10.6 (19) 5.6 (8) 99.4 2.98 1.93 1.46 1.22 0.46 – 8.05 a

OPx 8 47.6 (3) 0.3 (1) 38.9 (10) 11.9 (6) 0.5 (1) 99.3 1.95 0.01 1.33 0.73 0.02 – 4.04
Fms 14 – – 40.5 (21) 15.5 (18) 1.4 (2) 57.4 – – 0.58 0.4 0.03 0.99 2
Mws 10 – – 91.7 (13) 7.5 (14) – 99.2 – – 0.87 0.13 – – 1
Mgt 10 1.4 (1) 0.2 (1) 93.2 (02) 1.4 (0.1) – 96.3 0.05 0.01 2.82 0.08 – – 2.96

1359 1450 Grt 12 42.5 (15) 23.2 (1.0) 11.9 (1) 18.1 (1.5) 4.7 (0.3) 100.4 3.04 1.95 0.71 1.94 0.36 – 7.99
Fms 14 – – 37.5 (20) 18.7 (1.8) 0.8 (0.1) 56.9 – – 0.53 0.47 0.01 0.99 2.01
Sp 11 21.2 (1) – 71.9 (2) – – 93.1 0.83 – 2.34 – – – 3.17 a

L 26 12.0 (15) 0.9 (2) 56.0 (24) 6.1 (1.8) 1.5 (7) 76.4 – – – – – – –
1284 1550 Grt 17 39.8 (9) 21.2 (8) 24.1 (4) 9.6 (5) 5.4 (1) 100.2 3.04 1.9 1.53 1.1 0.44 – 8.01

Fms 17 – – 31.4 (2) 23.1 (1) 1.6 (2) 56.1 –– – 0.43 0.57 0.03 0.99 2.02
L 23 13.7 (25) 2.6 (21) 35.9 (11) 9.2 (17) 8.7 (12) 70.0 – – – – – – –

1242 1650 Grt 23 39.9 (11) 22.3 (20) 23.8 (19) 14.0 (18) 1.3 (4) 101.0 2.97 1.95 1.48 1.56 0.1 – 8.05
L 31 8.8 (20) 5.1 (3) 38.0 (10) 15.4 (4) 4.2 (4) 71.5 – – – – – – –

Grt, garnet; OPx, orthopyroxene; Fms, ferromagnesite; Mws, magnesiowüstite; Mgt, magnetite; Sp, magnetite-fayalite spinel solid solution; L, carbonate-silicate melt; FeO*, total FeO +
Fe2O3; C**, calculated from a sum deficit; NA, the number of electron probe analyses used to obtain the average compositions. The values in parentheses are one sigma errors of themeans
based on replicate electron microprobe analyses reported as least units cited; 37.1(12) should be read as 37.1 ± 1.2 wt.%; a, high cation sums are a result of Fe3+-incorporation.
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to 56 wt.% (Table 2), and also by the SiO2 content of about 12 wt.%. A
quench aggregate of the resulting melt consists of fayalite-magnetite
spinel, ferromagnesite, and ferrosilite (Fig. 4d) at a 22:13:2 mass ratio.
Mg# and Ca# of the resulting carbonate-silicate melt are very low and
amount to 0.16 and 0.02, respectively, and the concentration of Al2O3

is less than 0.9 wt.%. Phases, coexisting with a melt, are represented
by almandine, ferromagnesite, and fayalite-magnetite spinel solid solu-
tion. A melt, formed at 1550 °C, coexisting with garnet and
ferromagnesite, crystallizes at the quench stage as an aggregate of
ferrosilite, ferromagnesite, and fayalite-magnetite spinel (12:11:3
mass ratio). The ΣFe concentration in the produced carbonate-silicate
melt is greatly decreased relative to the first portion and amounts to
35–36 wt.%. The concentration of SiO2 in the melt is about 14 wt.%.
Mg# and Ca# of the produced melt are increased relative to the melt
formed at 1450 °C and amount to 0.26 and 0.18, respectively. The
carbonate-silicate melt under these conditions contains up to 24 wt.%
of CO2 (as a component). In addition, at T ≥ 1450 °C, quench aggregates
Table 4
57Fe Mössbauer data for magnesiowüstite.

Run
no.

T
(°C)

Iron valence (coordination
number)

IS
(mm/s)

QS
(mm/s)

W
(mm/s)

A
(%)

1289 1150 Fe2+ 0.963 0.40 0.33 27
0.889 0.62 0.41 31
0.925 1.03 0.42 26
1.139 0.39 0.21 11

Fe3+(6) 0.355 1.02 0.20 5
1287 1250 Fe2+ 0.945 0.36 0.31 30

0.901 0.63 0.34 23
0.934 1.07 0.38 26
1.113 0.38 0.23 14

Fe3+(6) 0.321 0.75 0.29 7
1283 1350 Fe2+ 0.961 0.32 0.37 24

0.973 0.64 0.37 21
0.936 0.95 0.49 37
1.091 0.33 0.23 6

Fe3+(6) 0.399 0.81 0.34 12

IS, isomer shift with reference to α-Fe (error ± 0.005); QS, quadrupole splitting (error ±
0.02); W, width of the absorption line (error ± 0.02); A, (area(Fe2+)/(area(Fe2+) +

area(Fe3+)) × 100% or (area(Fe3+)/(area(Fe2+) + area(Fe3+)) × 100% (error ± 3).
of the carbonate-silicatemelts were found to contain cavities formed by
a segregated CO2-rich fluid (Fig. 2a,b). At 1650 °C, the degree of partial
melting of the system is 51 wt.%, with garnet being the only solid
phase. A quench aggregate of the carbonate-silicate melt consists of
ferromagnesite, garnet, and fayalite-magnetite spinel (18:10:3 mass
ratio). Concentration of FeO in the resulting melt is 38 wt.%, and the
SiO2 content is 9 wt.%. According to the Mössbauer data, a Fe3+/ΣFe
value in quench aggregates is of 0.03–0.06 (Fig. 5c; Supplementary
Table 1). The main feature of the melt compared to low temperature
ones is elevated MgO concentrations (15 wt.%).
4. Discussion

4.1. Reconstruction of the phase formation processes accompanying the
wüstite + CO2-rich fluid or carbonate-silicate melt interaction

In the range of 1150 °C–1250 °C, crystallization of the association of
magnesiowüstite, magnetite, metastable graphite, and Fe-rich garnet at
the contact of wüstite with the external carbonate–oxide ampoule oc-
curs via sequential reactions of Fe,Mg,Ca-carbonate formation (5), de-
carbonation to form Fe-rich garnet and CO2 (6), and a further reaction
of CO2 with wüstite (magnesiowüstite) (7):

FeOþ ðMg;CaÞCO3→ðFe;Mg;CaÞCO3 þ ðFe;MgÞO ð5Þ

3ðFe;Mg;CaÞCO3 þ 3SiO2 þ Al2O3→ðFe;Mg;CaÞ3Al2Si3O12 þ 3CO2 ð6Þ

6FeO þ CO2→2Fe3O4 þ C0
graphite;diamond ð7Þ

Direct evidence of the reactions (5) and (6) is ferromagnesite inclu-
sions, which are typical of the garnet from relatively low-temperature
experiments (Fig. 4c). The redox reaction (7) can be regarded as reduc-
tion of a CO2-rich fluid by wüstite to elemental carbon (graphite,
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diamond) accompanied by oxidation of wüstite tomagnetite. However,
it should be noted that this reaction is possible only at relatively low
temperatures, under conditions where FeO is in an absolute excess
relative to CO2. In summary, the following reaction (8) may be consid-
ered as the major one in the temperature range of 1150 °C–1250 °C:

8FeOþ ðMg;CaÞCO3 þ 3SiO2 þ Al2O3→ðFe;Mg;CaÞ3Al2Si3O12

þ 2Fe3O4 þ C0 ð8Þ
According to the Mössbauer spectroscopy data, revealed ferric iron

in the structure of magnesiowüstite, we can suggest that one of the re-
actions of reduction of CO2 to C0 to form metastable graphite and dia-
mond at relatively low temperatures is the following redox reaction
(shown schematically):

ðMg; FeÞO þ CO2→ðMg;Fe2þ; Fe3þÞO þ C0
graphite;diamond ð9Þ

Thus, the assemblage of Fe3+-bearing magnesiowüstite and meta-
stable graphite, and also an overgrown layer of diamond on seed crys-
tals can be formed via reaction (9).

At higher temperatures (1350 °C–1450 °C), the degree of system de-
carbonation increases, and the garnet and CO2-rich fluid formation pro-
cesses occur throughout the reaction volume. In this case, FeO is
intensively consumed by garnet crystallization in reaction (6). A high
degree of decarbonation of the system and an increase of the quantity
of CO2-rich fluid results in strong oxidation of magnesiowustite tomag-
netite via reactions (7) and (8). At 1350 °C, the amount ofmagnetite ex-
ceeds the amount of magnesiowüstite, and at 1450 °C, where first
portion of carbonate-silicate melt is generated, interactions between
(Fe,Mg)O, SiO2, fluid, and melt leads to the formation of fayalite-
magnetite spinel solid solution. At 1450 °C, the degree of system decar-
bonation is very high, and segregated CO2-rich fluid forms CO2 bubbles
(Fig. 2a). During the formation of the carbonate-silicate melt (even
though it forms in a small amount by volume), there is a sharp decrease
in the iron concentration (Fig. 6) in garnet compared to both the
subsolidus and higher temperature assemblages. At the highest temper-
atures (1550 °C–1650 °C), the main processes occurring in the system
were found to be decarbonation, wüstite oxidation and partial melting
as well as enrichment of the carbonate-silicate melt with FeO.

4.2. Decarbonation parameters, formation of CO2 and
carbonate-silicate melt

The decarbonation processes play one of themain roles in the phase
formation in the studied system. It was found that ferromagnesite is
stable and only partly consumed by decarbonation in the range of
1150 °C–1550 °C, and reacts completely at higher temperatures. It
should be noted that the parameters of partial and complete decarbon-
ation of the studied system are in good agreement with the results
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obtained in a study of partial melting in the (Mg,Ca)CO3-SiO2-Al2O3-
(Mg,Fe)(Ti,Fe,Cr)O3 system with similar P and T (Bataleva et al.,
2012a). The interesting feature of the performed experiments is that
the decarbonation reactions occur even at 1150 °C. According to the
data of (Knoche et al., 1999), decarbonation with the formation of
pure (Fe-free) pyrope at 6.3 GPa in the systemMgCO3-SiO2-Al2SiO5 can-
not occur at temperatures below 1400 °C. Applying the results of calcu-
lations, performed by Berman (1991) for FeO-CaO-MgO-SiO2-Al2O3-
CO2 system, and experimental data (Knoche et al., 1999) for reconstruc-
tion of the decarbonation curve of the produced solid solution of
Alm70Prp20Grs10 garnet, we found that at 6.3 GPa decarbonation starts
at about 1100 °C.

We have found the formation of fluid bubbles in a carbonate-silicate
melt as well as in a carbonate-silicate matrix during studies of the car-
bonate–oxide (Bataleva et al., 2012a, b) and carbonate–oxide–sulfide
(Palyanov et al., 2007) systems at a pressure of 6.3 GPa and in the
range of 1550 °C–1700 °C. The emergence of a segregated fluid indicates
not only a high degree of system decarbonation but also argues that the
studied FeO-MgO-CaO-SiO2-Al2O3-CO2 system does not reach the sec-
ond critical point at pressure of 6.3 GPa.

Previous studies of the behavior ofmantleminerals-concentrators of
iron in the carbonate–oxide systems (Bataleva et al., 2012a, b, 2015;
Palyanov et al., 2007) demonstrated that phases such as ilmenite, chro-
mite, pyrrhotite, and metallic iron oxidize in the course of redox reac-
tions with a CO2-rich fluid and carbonate-silicate melts in a wide
temperature range at pressures of the lithospheric mantle. At the
highest temperatures (T ≥ 1450 °C), one of the main products of the in-
teraction in these systems is a carbonate-silicatemelt and CO2-rich fluid
in presence of which all the above listed mantle minerals, including
wüstite, are unstable. The produced carbonate-silicate melts and CO2-
richfluids are potential agents of oxidativemetasomatism of themantle
that are capable of dissolving and transporting large amounts of ferrous
and ferric iron. For example, melts produced at pressures of 6.3 and
7.5 GPa in the (Mg,Ca)CO3-SiO2-Al2O3-Fe0 system can contain up to
43 wt.% of iron oxides in the dissolved form and are characterized by
Fe3+/ΣFe values of ~0.18–0.23 (Bataleva et al., 2015). The melts obtain-
ed in the present study are characterized by even higher concentrations
of FeO, up to 56 wt.%. Given a high concentration of Fe3+ and carbonate
component in these melts, it may be supposed that their migration
throughout the various upper mantle domains can lead to a significant
change in the redox potential and mineral/component composition of
these domains.

4.3. Implications of interaction processes of wüstite and CO2-rich fluid or
carbonate-silicate melt in natural deep mantle environments

A number of studies, concerned with the deep carbon cycle
(Dasgupta, 2013; Shirey et al., 2013; Walter et al., 2011), demonstrated
that subduction is the main mechanism of production and transporta-
tion of carbonate-bearing melts and components of C-O-H fluid into
the lithospheric mantle. It is shown that subduction of crustal material
not only initiates partial melting and generation of aqueous fluids via
slab dehydration and decarbonation in the upper mantle (Klein-
BenDavid et al., 2009, 2010; Kopylova et al., 2010; Schrauder and
Navon, 1994; Walter et al., 2008) but also results in the redox interac-
tion between oxidized slab and relatively reduced deep mantle rocks
(Rohrbach and Schmidt, 2011), since the oxidized carbonate-bearing
crustal material can be preserved in a slab up to depths of ≥600 km
(Harte and Richardson, 2012; Shirey et al., 2013; Walter et al., 2011).
As evidenced by the compositions of inclusions in diamond, containing
carbonates and CO2-fluid (Klein-BenDavid et al., 2004; Schrauder and
Navon, 1993; Shirey et al., 2013; Sobolev et al., 2009; Stachel et al.,
1998; Wang et al., 1996) and thermodynamic data (Boulard et al.,
2011; Oganov et al., 2013), some part of carbonates in the subducted
rocks can be stable up to P–T conditions of the lower mantle. According
to these data, it is supposed that subducted carbonates can act as a
source of CO2-rich fluids and carbonate-bearing melts in a very wide
range of pressures and temperatures.

In the present study, we show the results of wüstite + CO2 and
wüstite + carbonate-silicate melt interaction, which can be expected
to occur in a course of subduction. Interaction of wustite-bearing rocks
with CO2-rich fluid and carbonatitic melts, which are both believed to
be mobile oxidizing mantle metasomatic agents, can have a number of
consequences. In the presence of strongly oxidized CO2-rich fluid or
carbonatiticmelt,wustite is unstable; so, dependingon ƒO2, it can be ox-
idized to form Fe3+-bearing wustite + graphite or magnetite + graph-
ite assemblages or it can be totally dissolved in a metasomatic agent.
The latter results in the formation of Fe2+,Fe3+-enriched carbonate-
bearing melt. According to modern concepts, redox conditions in the
mantle conform to very complex patterns. Particularly, there are find-
ings of mantle xenoliths, which underwent intense metasomatic oxida-
tion, with the oxygen fugacity in them reaching FMQ + 1 log unit
(Creighton et al., 2009; Woodland and Koch, 2003). The presence of
highly oxidized rocks confirm the assumption that some domains of
the lithospheric mantle was altered by mobile oxidized metasomatic
agents, such as Fe3+-bearing silicate melts (Hirschmann, 2009; Kelley
and Cottrell, 2009), similar to melts, synthesized in the present work.
It was established that interaction of wüstite and carbonate-silicate
melt results not only in the enrichment of carbonate-silicate melt with
Fe2+ and Fe3+, but also leads to crystallization of fayalite-magnetite spi-
nel solid solution, which is believed to be one of potential Fe3+-bearing
phases in the Earth’s mantle and transition zone (Woodland and Angel,
2000).

4.4. Conditions of the graphite and diamond stability

The formation ofmetastable graphite and growth of diamond due to
the interaction in the FeO-MgO-CaO-SiO2-Al2O3-CO2 system occur only
in relatively low temperature experiments (1150 °C–1250 °C) in the re-
action zone at the contact of wüstite with the carbonate–oxide am-
poule. Given the fact that the association of wüstite and magnetite
forms in the reaction zone, and the amount of a CO2-rich fluid formed
during decarbonation is very small, the oxygen fugacity value in these
sample fragments can be roughly estimated to be close to that of the
wüstite-magnetite buffer. In this temperature range, ƒO2 values charac-
teristic of the wüstite-magnetite (WM) buffer fall within the stability
field of elemental carbon. In connection with this, metastable graphite
crystallization occurs, and the initial stage of diamond growth on seed
crystals is observed. As the main mechanism for graphite formation
and diamond crystallization, the partial reduction of CO2 by magne-
siowüstite to elemental carbon and corresponding oxidation of
(Fe,Mg)O to Fe3+-bearingmagnesiowüstite andmagnetite via redox in-
teractions (7) and (8)may be considered. Only singlemetastable graph-
ite crystals as well as the initial stage of dissolution of diamond seed
crystals were observed in the experiment at 1350 °C with the presence
of the magnetite and magnesiowüstite assemblage and a large amount
of decarbonation-derived CO2. Analysis of the seed crystal micromor-
phology revealed that positively oriented etching pits are present on
the surface of (111) faces, which indicates the dissolution of diamond
in a CO2-rich fluid (Khokhryakov and Pal’yanov, 2007). A set of phases
produced in the experiment at 1350 °C is a marker of very close ƒO2

values for the buffer equilibria of CCO and WM. At temperatures
≥1450 °C and in the presence of a carbonate-silicate melt, diamond
seed crystals had traces of strong dissolution with the patterns charac-
teristic of diamond exposure to oxidizedmelts of alkaline earth carbon-
ates saturated with a CO2-fluid (Khokhryakov and Pal’yanov, 2007).
According to our estimations, the sample ƒO2 values under these condi-
tions are beyond the limits of the elemental carbon stability, between
the CCO and WM buffers, while carbonate-silicate melts are character-
ized by Fe3+/ΣFe of about 0.03–0.06. A study (Stagno et al., 2013) dem-
onstrated that under conditions of the lithospheric mantle, at depths
of 180–220 km, the generation of carbonate-silicate melts with
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Fe3+/ΣFe = 0.06 occurs at ƒO2 values of about FMQ-1, which is in
good agreement with our results.

It is necessary to address particularly the question of experimen-
tal modeling of the graphite and diamond formation from carbon of
carbonates, which was demonstrated in this study. In the earliest ex-
perimental studies where diamond was produced from carbon of
carbonates, the reducing agents were silicon and silicon carbide
(Arima et al., 2002), hydrogen (Pal’yanov et al., 2002a, 2002b;
Pal’yanov et al., 2005), and also silicon and ε-FeSi (Siebert et al.,
2005). In our previous studies concerned with the modeling of dia-
mond formation in nature, we showed that sulfides, iron carbide,
and metallic iron can serve as reducing agents for carbonates and a
CO2-fluid (Bataleva et al., 2015; Palyanov et al., 2007, 2013). The
present study demonstrates the potential role of wüstite/
magnesiowüstite as a reductant of CO2 to elemental carbon under
lithospheric mantle conditions.
5. Conclusions

In the course of carbonate–oxide interaction in the FeO-MgO-CaO-
SiO2-Al2O3-CO2 system at pressure of 6.3 GPa and in the range of
1150 °C–1350 °C, decarbonation reactions giving rise to CO2-rich
fluid, magnesiowüstite, and iron-rich garnet occur. At these tempera-
tures, magnesiowüstite is able to partially reduce CO2 to C0 that results
in crystallization of magnetite and metastable graphite and initial
growth of the diamond phase (1150 °C–1250 °C).

The complete oxidation ofmagnesiowüstitewas found to occur in the
temperature range of 1450 °C–1650 °C. At 1450 °C, thefirst portion of the
iron-bearing carbonate-silicate melt was produced. The melt contained
~56 wt.% of iron oxides (Fe3+/ΣFe ~ 0.06). At 1550 °C–1650 °C, high
degrees of melting and decarbonation of the system lead to the genera-
tion of the Fe2+-rich, carbonate-silicate melt, coexisting with pyrope-
almandine ± ferromagnesite assemblage. Dissolution (oxidation) of dia-
mond was found to occur in the presence of the carbonate-silicate melt.
In this case, the degree of diamonddissolution increases as the concentra-
tion of CO2–rich fluid and partial melting degree are increased.

The study results demonstrate that under conditions of the litho-
spheric mantle, wüstite/magnesiowüstite is stable in the presence of
a CO2-rich fluid at relatively low temperatures only when FeO is in an
absolute excess relative to CO2. Under these conditions, the forma-
tion of graphite and diamond was found to occur due to the
wüstite + CO2 redox interaction accompanied by oxidation of
wüstite to (Fe2+,Fe3+)O and magnetite. At higher temperatures
and increased concentrations of a CO2-fluid as well as in the presence
of the carbonate-silicate melt, wüstite is unstable. It is completely
oxidized to magnetite or dissolves in the melt that leads to the for-
mation of Fe2+- and Fe3+- enriched carbonate-silicate melts,
which are potential metasomatic agents in the lithospheric mantle.
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