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Abstract—Of great importance in the problem of redox evolution of mantle rocks is the reconstruction of sce-
narios of alteration of Fe0- or Fe3C-bearing rocks by oxidizing mantle metasomatic agents and the evaluation
of stability of these phases under the influence of f luids and melts of different compositions. Original results
of high-temperature high-pressure experiments (P = 6.3 GPa, T = 1300–1500°С) in the carbide–oxide–car-
bonate systems (Fe3C–SiO2–(Mg,Ca)CO3 and Fe3C–SiO2–Al2O3–(Mg,Ca)CO3) are reported. Conditions
of formation of mantle silicates with metallic or metal–carbon melt inclusions are determined and their sta-
bility in the presence of CO2-fluid representing the potential mantle oxidizing metasomatic agent are esti-
mated. It is established that garnet or orthopyroxene and CO2-fluid are formed in the carbide–oxide–car-
bonate system through decarbonation, with subsequent redox interaction between CO2 and iron carbide. This
results in the formation of assemblage of Fe-rich silicates and graphite. Garnet and orthopyroxene contain
inclusions of a Fe–C melt, as well as graphite, fayalite, and ferrosilite. It is experimentally demonstrated that
the presence of CO2-fluid in interstices does not affect on the preservation of metallic inclusions, as well as
graphite inclusions in silicates. Selective capture of Fe–C melt inclusions by mantle silicates is one of the
potential scenarios for the conservation of metallic iron in mantle domains altered by mantle oxidizing
metasomatic agents.

Keywords: high-pressure experiment, metal–carbon melt, graphite, diamond, СО2-fluid, mantle silicates,
mantle metasomatism
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INTRODUCTION
The oxygen fugacity (ƒO2) significantly affects the

stability of mantle minerals, f luids and melts, thus
controlling the redox state of Earth’s mantle. The val-
ues of ƒO2 in mantle rocks are mainly determined by
speciations and concentrations of elements with vari-
able valency, such as iron and carbon. The study of
variations of oxygen fugacity in mantle rocks (Ball-
haus, Frost, 1994; Frost et al., 2004; Rohrbach et al.,
2007; Rohrbach, Schmidt, 2011; Shirey et al., 2013)
revealed a general trend of its decrease with depth. It
was experimentally demonstrated that at depths
≥250–300 km mantle is characterized by reducing
environments and its ƒO2 decreases to FMQ (faya-
lite–magnetite–quartz)–5 log. units and becomes
metal-bearing. These conditions provide the stability
of metallic iron, carbides, and iron–carbon alloys in
mantle rocks. It is shown (Frost and McCammon,
2008; Dasgupta and Hirschmann, 2010; Marty, 2012)
that the entire carbon in depleted mantle (bulk carbon

contents about ~20–120 ppm) is dissolved in a metal,
whereas that in undepleted mantle (300–800 ppm С)
is bound in carbides (Fe3C и Fe7C3). The discovery of
Fe0 and Fe3C inclusions in diamonds serves as direct
evidence for the presence of carbides and Fe0 in litho-
spheric mantle (Sharp et al., 1966; Sobolev et al.,
1981; Bulanova, 1995; Stachel et al., 1998; Jacob et al.,
2004; Kaminsky, Wirth, 2011; Smith and Kopylova,
2014), and, in addition, indicates a possible genetic
link with diamond (Rohrbach and Schmidt, 2011; Pal-
yanov et al., 2013b; Smith et al., 2016).

In spite of the fact that ƒO2 values in mantle rocks
shows a general tendency to decrease with depth, the
variations of oxygen fugacity in mantle are controlled
by much more complex dependences (Kaminsky
et al., 2015). The findings of oxidized xenoliths
brought to the surface from great depths (Woodland
and Koch, 2003; Creighton et al., 2009) indicate that
lithospheric mantle was partially altered by mobile
oxidizing metasomatic agents such as CO2-fluid or
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Table 1. Composition of systems

System
Weight, mg Bulk composition, wt %

Fe3C SiO2 Al2O3 MgCO3 CaMg(CO3)2 Si Al Fe Mg Ca C O

Fe3C–SiO2–(Mg,Ca)CO3 30.0 36.0 0.0 13.4 3.4 20.3 0.0 33.8 5.2 0.9 5.3 34.6
Fe3C–SiO2–Al2O3–(Mg,Ca)CO3 24.6 29.5 16.8 11.0 2.8 16.3 10.5 27.1 4.1 0.7 4.2 37.1
carbonate-bearing melt. In the presence of these
agents, Fe0, carbide, and metal–carbon alloys are oxi-
dized and involved into diamond/graphite-forming
reactions (Rohrbach and Schmidt, 2011; Palyanov
et al., 2013b; Ryabchikov and Kogarko, 2013). The
problems of iron carbide stability under different man-
tle environments have been widely discussed in works
dedicated to the study of the global carbon cycle and
processes of diamond formation (Ryabchikov, 2009;
Rybachikov and Kaminsky, 2014; Rohrbach et al.,
2014; Palyanov et al., 2013b; Bataleva et al., 2017).
Thus, the reconstruction of potential scenarios of the
behavior of mainly metallic or carbide phases during
oxidizing mantle metasomatism is of great importance
for deciphering the redox evolution of mantle rocks.

Taking into account the fact that Fe0 and Fe3C are
stable in inclusions in diamond, their preservation in
other mantle minerals is also suggested. Moreover,
cohenite and native iron were described as inclusions
in mantle garnets from diamond-bearing rocks (Jacob
et al., 2004). This work is aimed at estimating condi-
tions of formation of metallic inclusions in mantle sil-
icates (orthopyroxene and garnet) and assessment of
their stability in the presence of CO2-fluid as oxidizing
metasomatic agent.

METHODS
Experimental determination of the conditions of

formation of garnet and orthopyroxene with metallic
inclusions, as well as the assessment of their stability in
the presence of CO2-fluid were carried out in the
Fe3C–SiO2–(Mg,Ca)CO3 and Fe3C–SiO2–Al2O3–
(Mg,Ca)CO3 systems. The experiments were per-
formed using a multi-anvil high-pressure “split-
sphere” apparatus (BARS) (Palyanov et al., 2010) at
the pressure of 6.3 GPa, in the temperature range of
1300–1500°C and a run duration of 20 h. Methodical
features of the assembly, design of high-pressure cell,
as well as the calibration data have been published pre-
viously (Palyanov et al., 2002a; Palyanov et al., 2010;
Sokol et al., 2015). As initial reagents, we used natural
magnesite and dolomite (in mole proportion of 8 : 1),
preliminarily synthesized iron carbide (cohenite,
Fe3C), as well as synthetic Al2O3 and SiO2 (<0.01 wt %
of impurities). The proportions of the staring carbon-
ates and oxides (Table 1) were selected to form ortho-
pyroxene + CO2-fluid or garnet + CO2-fluid assem-
blages upon reaction completion (Pal’yanov et al.,
2002b). The optimal crystallization conditions of sili-
cate phases were provided using a traditional design of
the ampoule assembly, where the starting reagents
were ground and homogenized. However, to simulate
the interaction between carbide and silicates, some
part of starting carbide was not ground, but was added
into a charge as crystal fragments 300–400 μm in size,
while a small excess of iron carbide with respect to
oxides and carbonates was intentionally formed. Takin
into account the previous experience in studying the
carbides and iron-bearing oxides at mantle P-Т condi-
tions (Dasgupta et al., 2009; Palyanov et al., 2013b;
Bataleva et al., 2015), graphite was chosen as appropri-
ate material for ampoules.

Analytical studies were carried out at the Center for
Collective Use of Multi-element and Isotopic Analysis
of the Siberian Branch of the Russian Academy of Sci-
ences (Sobolev Institute of Geology and Mineralogy,
Siberian Branch, Russian Academy of Sciences,
Novosibirsk). The phase and chemical compositions
of run products were determined by microprobe anal-
ysis (Camebax-micro) and energy-dispersive spec-
troscopy (Tescan MIRA3 LMU scanning electron
microscope). Silicate, oxide, metallic, and carbide
phases were analyzed at an accelerating voltage of
20 kV, a beam current of 20 nA, a counting time of 10 s
for each analytical line, and a beam diameter of 2–
4 μm. A quenched metal–carbon melt represented by
microdendritic aggregates was analyzed using
increased electron beam diameter. The phase relations
in samples were studied using scanning electron
microscopy. The composition of iron-bearing phases,
valence state of iron in them, as well as iron distribution
over phases and non-equivalent sites were determined by
Mossbauer spectroscopy. The measurements were car-
ried out at room temperature on a МС-1104Ем spec-
trometer with a Co57(Cr) source on a powdered
absorber with a thickness of 1–5 mg/cm2 (Kirensky
Institute of Physics, Siberian Branch, Russian Acad-
emy of Sciences).

EXPERIMENTAL RESULTS
Experimental Results

in the Fe3C–SiO2–(Mg,Ca)CO3 System

Conditions and results of the experiments as well as
compositions of obtained phases are shown in Tables 2–4.
At the lowest temperature (1300°С), the interaction in
the system leads to the formation of the orthopyrox-
PETROLOGY  Vol. 26  No. 6  2018
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Table 2. Experimental results in the carbide–oxide–carbonate systems at pressure of 6.3 GPa and run time of 20 h

Here and in Tables 3, 4, and in Figs. 1–3: Ol⎯olivine, Oрx⎯orthopyroxene, Gr⎯graphite, Grt⎯garnet, Mgt⎯magnetite, Fe–
Cmelt⎯quenched iron-carbon melt, incl.⎯inclusions, * single find.

Run no. T, °C Final phases

System Fe3C–SiO2–(Mg,Ca)CO3

970-O 1300 Oрx, Ol, Gr, (Fe–C)melt, (Fe–C)melt incl., Ol incl., Gr incl.

1029-O 1400 Oрx, Ol, Gr, (Fe–C)melt*, (Fe–C)melt incl., Ol incl., Oрx incl., Gr incl.

936-O 1500 Oрx, Ol, Gr, (Fe–C)melt incl., Ol incl., Oрx incl., Gr incl.

System Fe3C–SiO2–(Mg,Ca)CO3–Al2O3

971-G 1300 Grt, Oрx, Gr, Mgt, (Fe–C)melt incl., Oрx incl., Gr incl.

1030-G 1400 Grt, Oрx, Gr, (Fe–C)melt incl., Oрx incl., Gr incl.

937-G 1500 Grt, Oрx, Gr, (Fe–C)melt incl., Oрx incl., Gr incl.

Table 3. Average compositions of silicates obtained in the Fe3C–SiO2–(Mg,Ca)CO3 system

Here and in Table 4: NA—number of analyses. Standard deviation for last digit is shown in parentheses.

Run 
no. T, °C Phase NA

Composition, wt %
n(O)

Formula units

SiO2 FeO MgO CaO total Si Fe Mg Ca total

970-O 1300 Oрx 12 49.8(1) 36.3(9) 11.9(8) 1.5(1) 99.6 6 2.00(1) 1.22(4) 0.72(4) 0.06(0) 4.00

Ol 10 32.0(5) 56(1) 11.0(5) 0.07(1) 99.6 4 1.00(1) 1.48(4) 0.52(2) – 3.00

1029-O 1400 Oрx 10 49.6(9) 36(2) 12(2) 1.5(10) 99.5 6 1.99(1) 1.20(9) 0.7(1) 0.06(4) 4.01

Ol 8 32.1(3) 55.6(6) 12.0(2) – 99.7 4 1.00(1) 1.44(0) 0.56(1) – 3.00

936-O 1500 Oрx1 16 48.9(5) 38.8(7) 10.3(9) 1.6(4) 99.6 6 1.99(1) 1.32(4) 0.63(5) 0.07(2) 4.01

Oрx2 6 47.4(9) 42.8(9) 6.5(9) 2.6(5) 99.4 6 1.99(2) 1.50(8) 0.41(9) 0.11(2) 4.01

Ol 10 32.3(1) 55.6(8) 11.8(8) – 99.8 4 1.00(0) 1.44(1) 0.55(1) – 2.99
ene–olivine–graphite assemblage in association with
an iron–carbon melt (Fe–Cmelt). The representative
fragment of the sample is shown in Fig. 1a. According
to the mass-balance calculations, the prevailing phase
in the reaction volume (82 wt %) is orthopyroxene
Fe1.2Mg0.7Ca0.1Si2O6 (grain size of ~30–50 μm). Many
orthopyroxenes contain inclusions of Fe–C melt,
graphite, and Fe-rich olivine (Fig. 1b). Interstices
between polycrystalline orthopyroxene aggregate are
filled with Fe–С microspherules associated with
graphite and olivine Fe1.5Mg0.5SiO4 (Fig. 1a). The
structure of Fe–С microspherules is represented by
dendritic aggregate of Fe0 and Fe3C (Fig. 1c), and can
be interpreted as a quenched iron–carbon melt. The
quenched melt contains ~4–5 wt % carbon.

Interaction in the carbide–oxide–carbonate sys-
tem at 1400°С yields orthopyroxene–olivine–graphite
assemblage with diamond grown on seed crystals. The
PETROLOGY  Vol. 26  No. 6  2018
reaction volume also contains single microspherules
(~10 μm) of a quenched iron–carbon melt. Obtained
sample is made up of polycrystalline aggregate of
orthopyroxene Fe1.2Mg0.7Ca0.1Si2O6 (grain size of
~70–100 μm), with interstices filled with olivine
(Fe1.4Mg0.6SiO4) and graphite (Fig. 1d). Orthopyrox-
ene contains inclusions of a quenched Fe–C melt,
graphite, and olivine (Figs. 1e–1h). According to calcu-
lations, the weight proportions of obtained orthopyrox-
ene, olivine, graphite, and Fe–C melt are 63 : 31 : 5 : 1.

The orthopyroxene–olivine–graphite assemblage
was obtained at 1500°С. Orthopyroxene
(Fe1.3Mg0.6Ca0.1Si2O6) is represented by relatively large
prismatic crystals 150–200 μm in size (Fig. 2a).
Orthopyroxene crystals contain inclusions of a
quenched Fe–C melt, graphite, as well as higher Fe
orthopyroxene (Figs. 2a, 2b).
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Fig. 1. SEM-microimage (BSE) of polished fragments of
obtained samples (Fe3C–SiO2–(Mg,Ca)CO3 system, P =
6.3 GPa, 20 h). (а) Polycrystalline orthopyroxene aggre-
gate with interstitial Fe-rich olivine, graphite, and micro-
spherules of a quenched Fe-C melt (1300°C); (b) inclu-
sions of Fe–Cmelt, Fe-rich olivine, and graphite in ortho-
pyroxene (1300°C); (c) structure of Fe–Cmelt (1300°C);
(d) polycrystalline aggregate of orthopyroxene with inter-
stitial Fe-rich olivine and graphite (1400°C); (e) Fe–Cmelt
microspherules in orthopyroxene (1400°C); (f) inclusions
of Fe–Cmelt and graphite in orthopyroxene (1400°C); (g)
inclusions of Fe–Cmelt, Fe-rich olivine, and graphite in
orthopyroxene (1400°C); (h) polyphase inclusion consist-
ing of Fe–Cmelt, Fe-rich olivine and graphite surrounded
by a rim of Fe-rich olivine.
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Experimental Results
in the Fe3C–SiO2–Al2O3–(Mg,Ca)CO3 System

The interaction in the carbide–oxide–carbonate
system at 1300°С gives rise to garnet–orthopyroxene–
graphite–magnetite assemblage (Table 2). Predomi-
nant phase in the reaction volume is garnet (grain size
of ~5–40 μm) containing inclusions of a Fe–C melt,
graphite, as well as Fe-rich orthopyroxene (Figs. 2c, 2d).
Garnet varies in composition within
Prp54Alm34Ski1Grs11–Prp34Alm56Ski5Grs5 (Table 3).
Interstices between the polycrystalline aggregate of the
garnet are filled with orthopyroxene, magnetite, and
graphite. Orthopyroxene is heterogeneous in compo-
sition, with FeO content ranging from 11.5 to 40.4 wt %.
Mossbauer spectroscopy established that some ortho-
pyroxene crystals contain admixture of trivalent iron
(Fe3+/∑Fe ~ 0.04).

At higher temperatures (1400 and 1500°С), the sys-
tem generated garnet + orthopyroxene + graphite
assemblage, with diamond grown on seed crystals.
Garnet, the polycrystalline aggregate of which occu-
pies most part of the ampoule, has a homogenous
compositions Prp35Alm57Ski3Grs5 (1400°С) and
Prp37Alm56Ski2Grs5 (1500°С) and crystal size ~30–70 μm.
The garnet contains inclusions of a quenched Fe–C
melt, graphite, as well as Fe-rich orthopyroxene. Fine-
grained orthopyroxene + graphite aggregate fills inter-
stices in the garnet matrix. Orthopyroxenes obtained at
1400°С and 1500°С, in composition correspond to
Fe1.41Mg0.56Si2.02O6 and Fe0.33Mg1.62Ca0.03Si2O6.

INCLUSIONS IN SILICATES
Inclusions in the orthopyroxene and garnet were

established within the entire temperature range and
consist of a quenched Fe–C melt, graphite, as well as
Fe-rich olivine and orthopyroxene (Figs. 1b, 1e–1h, 3).
In addition to monophase inclusions of a quenched
melt, graphite, and olivine, many orthopyroxene crys-
tals contain polyphase inclusions of Fe–Сmelt + graph-
ite, Fe–Cmelt + graphite + olivine, olivine + graphite,
Fe–Cmelt + graphite + Fe-orthopyroxene, and Fe–
Cmelt + graphite + olivine + Fe-orthopyroxene
(Figs. 1e–1h).

Inclusions of an Iron–Carbon Melt in Orthopyroxene
Inclusions of a quenched Fe–С melt obtained at

1300 and 1400°С are mainly microspherules (Figs. 1b,
1e–1h, 3a). They contain 4–6 wt % C, which in gen-
eral corresponds to melt forming in the system. It is
established that the largest single inclusions (10–17 μm)
are restricted to the central parts of host crystals, while
periphery of the crystal is saturated in the finest (3–5 μm)
numerous inclusions. The structure of the widest
spread polyphase inclusions containing a Fe–C melt
is shown in Figs. 1e, 1f. Inclusions consisting of
microspherules of a quenched melt ± graphite were
PETROLOGY  Vol. 26  No. 6  2018
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Fig. 2. SEM microimages (BSE) of polished fragments of obtained samples. (a, b) Fe3C–SiO2–(Mg,Ca)CO3 system, T =
1500°C, (c, d) Fe3C–SiO2–(Mg,Ca)CO3–Al2O3 system, T = 1300°C: (a, b) orthopyroxene crystal with lens-like inclusions of
quenched iron–carbon melt (Fe–Cmelt); (c) inclusions of Fe–Cmelt in garnet; (d) graphite and olivine inclusions in garnet
(1300°C).
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found in more than 80% orthopyroxene crystals and
are the widest spread. The representative microimage
of the second in abundance inclusion type is shown in
Fig. 1g. These inclusions consist of microspherules of
a quenched Fe–C melt, which is partially or com-
pletely rimmed by Fe-rich olivine, as well as by lamel-
lar graphite. In some cases, these inclusions also con-
tain Fe-rich orthopyroxene (Fig. 1h). The Fe–C
inclusions obtained at 1500°С are only partially repre-
sented by microspherules, most of which have the
lens-like shape (Figs. 2a, 2b). These lens-like inclu-
sions associate with inclusions of Fe-rich orthopyrox-
ene and graphite (Figs. 2a, 2b).

Inclusions of Graphite and Fe-Rich Silicates
in Orthopyroxene

Graphite inclusions are represented by lamellae 3–
5 μm in size. They are present in orthopyroxene as
monophase inclusions (Fig. 3d) and occur also in the
polyphase inclusions, in association with a quenched
Fe–C melt and/or with olivine (Figs. 1b, 1f–1h, 3c,
3d). Inclusions of Fe-rich olivine were established in
orthopyroxenes only in experiments conducted at
1300 and 1400°С. They are the largest in size, reaching
10 μm, sometimes 20 μm (Figs. 1b, 3c). The charac-
teristic feature of these inclusions is their rounded
morphology (Fig. 1b). Their compositions correspond
to Fe1.5Mg0.5SiO4 (1300°С) and Fe1.4Mg0.6SiO4

(1400°С). The Fe-rich orthopyroxene at 1400°С was
found only as single polyphase inclusions (Fig. 1h),
and is one of the most abundant inclusions in ortho-
pyroxene at 1500°С (Fig. 2b). The composition of
these inclusions corresponds to Fe1.5Mg0.3Ca0.2Si2O6,

while their size on average is 10 μm.

Inclusions in Garnet

Inclusions in garnet were found within a tempera-
ture range from 1300 to 1500°С and consist of a
quenched Fe–C melt, graphite, as well as Fe-rich
orthopyroxene (Figs. 2c, 2d). All above mentioned
phases occur both in monophase and polyphase inclu-
sions: Fe–Cmelt + graphite, graphite + Fe-orthopy-

roxene, Fe–Cmelt + graphite + Fe-orthopyroxene

(Figs. 2c, 2d). Unlike similar inclusions in orthopy-
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CONDITIONS OF FORMATION OF IRON–CARBON MELT INCLUSIONS 571

Fig. 3. Optical microimages (reflected light, dark field
regime) of inclusions in orthopyroxene (T = 1400°C). (a)
microspherules of a quenched Fe–C melt; (b) micro-
spherules of Fe–C, lamellar graphite and Fe-rich olivine;
(c) microspherules of quenched Fe–C melt and Fe-rich
olivine; (d) graphite inclusions of diverse morphology.
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10 µm 7 µm

Opx

Fe–Cmelt Gr

Fe–Cmelt
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Ol

Fe–Cmelt

Gr

Gr

(a) (b)

(c) (d)(d)(d)
roxene obtained in the Fe3C–SiO2–(Mg,Ca)CO3 sys-

tem, the characteristic features of inclusions in garnet
are temperature-independent. It is established that the
inclusions of a quenched Fe–C melt (С ~ 4–5 wt %)
are present in garnet crystals as microspherules 2–3 μm
in size. Graphite in the inclusions is represented by
lamellae up to 7 μm in size. The Fe-rich orthopyrox-
ene (Fe1.22Mg0.34Ca0.33Si2O6) forms equant inclusions

up to 10 μm in size.

DISCUSSION

Formation of Silicates, Graphite (± Diamond)
and Iron–Carbon Melt

Results of performed experiments indicate that at
1300–1500°С the system experience a complete decar-
bonation, with formation of orthopyroxene or garnet
and release of CO2-fluid (1)–(2), which in turn is

involved in the redox interaction with iron carbide (3):

(1)

(2)

(3)

The redox interaction (3) results in the formation of
elementary carbon (graphite), Fe–C melt, as well as
FeO, which does not form own phase but is incorpo-
rated into silicates: orthopyroxene, garnet, and oliv-
ine. New portions of CO2-fluid forming at the next

stages of experiments interact with a Fe–C melt to
produce carbon:

(4)

Crystallization of metastable graphite in the dia-
mond stability field in the given case could be also
caused by inhibiting influence of impurities, for
instance, oxygen and nitrogen, which were absorbed
on the initial reagents. Study of diamond crystalliza-
tion in the metal–carbon systems in the presence of
impurities (Palyanov et al., 2010, 2013b) showed that
~0.48 wt % H2O or ~0.1 wt % nitrogen in a Fe–Ni–C

melt are sufficient to form the metastable graphite in
the diamond stability field. The crystallization of the
metastable graphite instead of diamond was also
established in other model systems, for instance, in the
carbonate–silicate (Palyanov et al., 2001) and fluid
(Palyanov et al., 2000) systems usually at relatively low
temperatures.
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Formation of Inclusions in Orthopyroxene and Garnet

The discovery of inclusions in both central and
marginal zones of garnet and orthopyroxene indicates
that they were entrapped at all stages of decarbon-
ation. At the same time, the confinement of the largest
Fe–C melt inclusions to the central parts of the sili-
cate crystals, and the smallest ones, to the periphery,
reflects a change in the degree of decarbonation and
reaction (4) depth at different stages of the experi-
ment. According to the redox reaction (4), the forma-
tion of the first portions of CO2 fluid at the initial stage

of experiments was accompanied by the oxidation of
much lower amount of Fe–C melt than during com-
plete decarbonation of the system at the final stages,
which directly affected the size of entrapped micro-
spherules.

The bulk composition of the inclusions shows that
> 80% of them are represented by only Fe–C melt or
Fe–C melt + graphite. At the same time, it was estab-
lished that the predominant component in the crystal-
lization environment was CO2-fluid, whose inclusions

were found neither in garnet nor in orthopyroxene.
For instance, Figure 3a shows that one orthopyroxene
crystal (about 60 μm in size) can entrap over 45 inclu-
sions 1–8 μm in size, which contain only a Fe–C
melt. Obtained data point to a selective capture of
mainly metallic melt by silicates during their crystalli-
zation according to decarbonation reactions.
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The detailed study of the composition and struc-
ture of polyphase inclusions showed that some of them
changed their phase composition after entrapment.
The entrapment of several drops of a Fe–C melt
together with small amount of CO2-fluid into ortho-

pyroxene or garnet during crystallization led to the
interaction between these ƒO2-contrasting phases,

Fe–C melt and fluid, and formation of a peculiar type
of inclusions (Fig. 1h). Interaction between a Fe–C
melt and CO2-fluid in the inclusion results in the

graphite crystallization and formation of FeO, which
interacts with host orthopyroxene to produce two new
silicate phases: Fe-rich orthopyroxene and Fe-rich
olivine. It is most probable that the entrapment of a
Fe–C melt and CO2 inclusions is accompanied by the

formation of thin FeO film around melt, thus retard-
ing the redox reaction between the melt and fluid. In
addition to phase composition, these inclusions are
also characterized by an important feature: rounded
morphology of newly formed olivine (Figs. 1b, 1h),
which presumably inherits the shape of initial drop of
Fe–C melt. This type of inclusions is also peculiar in
the formation of Fe-rich orthopyroxene at the host
crystal/inclusion contact. Numerous inclusions
obtained during experiment at 1500°С and consisting
of lenses of Fe–C melt, graphite, and Fe-rich ortho-
pyroxene were presumably formed by the same man-
ner. The rapid growth of orthopyroxene crystals could
result in the entrapment of inclusions where CO2-

fluid predominates over Fe–С melt. The redox inter-
actions in such inclusions could produce polyphase
inclusions consisting of Fe–C lenses, and graphite
lamellae and Fe-rich orthopyroxene. It should be
noted that in spite of the evidence for the redox reac-
tions within individual inclusions, the majority of
inclusions show no signs of influence of CO2-fluid.

Thus, it was experimentally proved that garnet and
orthopyroxene could serve as reliable “screen”
between metallic or carbide phases and fugacity-con-
trasting mantle metasomatic agents.

Conditions of Formation of Silicates with Inclusions
of an Iron–Carbon Melt and Graphite under Natural 

Lithospheric Mantle Setting

According to the modern concept, reduced metal-

bearing mantle contains about 1400 ppm Fe0 (Rohr-
bach et al., 2007), which depending on carbon content
and P-T conditions, occurs as metal, Fe–C melt, or
carbide (Frost and McCammon, 2008; Dasgupta and
Hirschmann, 2010; Marty, 2012). It is suggested that
subduction of crustal material results in the interac-
tion of metallic or carbide phases with oxidized slab,
which is a source of carbonates and CO2-fluid

(Dobretsov, 2010; Kogarko and Ryabchikov, 2013;
Perchuk et al., 2013). One of the most abundant types
of subduction-related reactions is decrabonation
during interaction of carbonate material with mantle
oxides or silicates. However, subducted Mg–Ca car-
bonates could be stable up to the lower mantle depths
(Brenker et al., 2007; Boulard et al., 2011; Merlini et
al., 2012; Oganov et al., 2013). As shown in (Berman,
1991; Palyanov et al., 2007; Martin and Hammouda,
2011; Bataleva et al., 2016), the presence of iron could
initiate decarbonation at much lower temperatures
and serve as peculiar “trigger” for the generation of
Fe-rich silicates in association with CO2-fluid. It is

established that experimentally simulated decarbon-
ation with a participation of metallic iron or carbide
could locally occur under natural conditions of sub-
duction of oxidized material into reduced mantle.

CONCLUSIONS

Thus, experimental modeling of the interaction in
the carbide–oxide–carbonate system made it possible
to determine the conditions of formation of Fe–C
melt and graphite inclusions in mantle silicates and to
estimate their stability in the presence of CO2-fluid,

the potential oxidizing mantle metasomatic agent,
under lithospheric mantle conditions. It is established
that the rapid crystallization of orthopyroxene and
garnet under mantle pressures and temperatures could
provide a selective capture of inclusions of a metal–
carbon melt and graphite. The presence of interstitial
CO2-fluid does not provide the conservation of metal-

lic inclusions, as well as graphite inclusions in silicates.
It is experimentally proved that the selective capture of
inclusions of metallic melt and graphite by silicates
that are stable in the presence of CO2-fluid could be

favorable for the conservation of metallic phase and C0

in mantle domains altered by oxidizing metasomatic
agents.
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