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Experimental study, dedicated to understanding the effect of S-rich reduced fluids on the diamond-forming
processes under subduction settings, was performed using a multi-anvil high-pressure split-sphere apparatus
in Fe3C-(Mg,Ca)CO3-S and Fe0-(Mg,Ca)CO3-S systems at the pressure of 6.3 GPa, temperatures in the range of
900–1600 °C and run timeof18–60h.At the temperatures of 900and1000 °C in the carbide-carbonate-sulfur sys-
tem, extraction of carbon fromcohenite through the interactionwith S-rich reducedfluid, aswell as C0-producing
redox reactions of carbonate with carbide were realized. As a result, graphite formation in assemblage with
magnesiowüstite, cohenite and pyrrhotite (±aragonite)was established. At higher temperatures (≥1100 °C) for-
mation of assemblage of Fe3+-magnesiowüstite and graphite was accompanied by generation of fO2-contrasting
melts - metal-sulfide with dissolved carbon (Fe-S-C) and sulfide-oxide (Fe-S-O). In the temperature range of
1400–1600 °C spontaneous diamond nucleation was found to occur via redox interactions of carbide or iron
with carbonate. It was established, that interactions of Fe-S-C and Fe-S-O melts as well as of Fe-S-C melt and
magnesiowüstite, were С0-forming processes, accompanied by disproportionation of Fe. These resulted in the
crystallization of Fe3+-magnesiowüstite+graphite assemblage and growth of diamond. We show that a partici-
pation of sulfur in subduction-related elemental carbon-forming processes results in sharp decrease of partial
melting temperatures (~300 °C), reducting the reactivity of the Fe-S-Cmelt relatively to Fe\\Cmelt with respect
to graphite and diamond crystallization and decrease of diamond growth rate.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Modern data regarding global geochemical cycles of carbon and
sulfur, demonstrate that subduction of crustal material plays a key
role in transportation of C– and S-bearing minerals such as carbonates,
hydrocarbons, sulfates and sulfides, into the deep mantle (Dilek and
Yang, 2018; Dobrzhinetskaya et al., 2007; Evans, 2012; Luth, 1999;
Sobolev and Sobolev, 1980). Behavior patterns of carbon and sulfur, as
redox-sensitive elements, having a strong impact on themantle igneous
and metasomatic processes, the redox evolution of the Earth's mantle,
as well as on the processes of fluid generation, diamond formation
and mantle sulfide genesis, are of continuing interest.

Carbonates, which are the main form of carbon storage in the
subducted material, are supposed to be thermodynamically stable
down to P-T conditions of the lower mantle (Oganov et al., 2008).
Most carbonates (up to 80%) are believed to survive subduction-
related decarbonation, dehydration or melting (Dasgupta and
Hirschmann, 2010; Yaxley and Green, 1994) and can transport to
630090, Russian Federation.
depthsN600km(Shirey et al., 2013;Walter et al., 2011). Direct evidence
of the presence of carbonates in the Earth's mantle have been provided
by carbonate inclusions in diamonds (Brenker et al., 2007; Kaminsky
et al., 2013; Logvinova et al., 2015; Stachel et al., 1998; Wang et al.,
1996; Wirth et al., 2009).

A number of modern researches, including experimental
modeling (Rohrbach et al., 2007; Rohrbach and Schmidt, 2011), oxy-
thermobarometry of mantle rocks (Frost and McCammon, 2008;
Stagno et al., 2011; Woodland and Koch, 2003) and theoretical model-
ing of the mantle fO2 evolution (Ballhaus, 1995) predicts that mantle
likely becomes more reduced with depth, resulting in Fe\\Ni metal sat-
uration below 250 ± 30 km. Existence of metal-saturated mantle rocks
is confirmed by the presence of metallic iron, iron-nickel alloys and iron
carbides as diamond inclusions (Ballhaus, 1995; Meyer and Svicero,
1975; Smith et al., 2016; Sobolev et al., 1981; Stachel et al., 1998;
Wirth et al., 2009). Rohrbach and Schmidt (2011) substantiated a po-
tential subduction-related carbonate-metal interaction under reduced
mantle conditions. Experimental modeling of interaction processes of
reduced metal-saturated mantle rocks with oxidized carbonate-
bearing slab, resulted in the formation of diamond, was performed by
Palyanov et al. (2013).
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Table 1
Mass proportions of startingmaterials and bulk compositions of the iron-carbonate-sulfur
and carbide-carbonate-sulfur systems.

System Starting materials, mg Mass concentrations, wt%

Ms Dol Fe0 Fe3C S Fe Mg Mn Ca C S O

Fe0-(Mg,Ca)
CO3-S

14 8 43 – 8 58.9 6.9 bb0.1 2.4 4.2 11.0 16.7

Fe3C-(Mg,Ca)
CO3-S

14 8 – 45 8 56.0 6.7 bb0.1 2.3 8.1 10.7 16.2
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As mentioned above, S-bearing minerals (sulfates and sulfides) are
very characteristic for subduction environments (Evans, 2012). More-
over, sulfur is supposed to be a common component of mantle metaso-
matic agents, such as C-O-H-S fluids, sulfidemelts or silicate melts with
dissolved sulfur (Evans, 2012). Although down-going slab is the most
probable source of these agents, mantle plumes (e.g. Schissel and
Smail, 2001) and various processes at the Earth's core-lower mantle
boundary, resulting in partial melting events (Haggerty, 1986; Wood
et al., 2014) can also be proposed as sources of S-rich melts or fluids.
Under redox conditions characteristic for subcratonic mantle perido-
tites, S-bearing fluids are supposed to be of H2S composition (reduced)
rather than SO2 (oxidized) (Eggler and Lorand, 1993), which confirms
the possibility of interaction between deep mantle metal-saturated
rocks and S-rich reduced fluids.

Considering that sulfides are extremely widespread as inclusions in
diamonds (e.g. Sharp, 1966; Sobolev, 1977; Bulanova, 1995; Deines
and Harris, 1995), the role of sulfides and other S-bearing phases in di-
amond genesis has been explored for many decades. In the 1970s–
1980s two differentmodels of the participation of sulfides in the forma-
tion of diamondwere proposed. One of them implies the crystallization
of diamonds from sulfide melt saturated with carbon (Haggerty, 1986)
similarly to the synthesis of diamond from a carbon solution in a transi-
tional metal melt. Another model was proposed by Marx (Marx, 1972),
who suggested that one of the diamond-forming reactions could be
2FeS + CO2 = 2FeO+ S2 + C. In order to perform experimental verifi-
cation of these reactions, a number of researches in S-bearing systems
were made. It was found that pure sulfur can act as solvent-catalyst
for diamond crystallization under high P-T conditions (Pal'yanov et al.,
2001; Sato and Katsura, 2001). Experimental data on the interaction of
sulfide melt with carbon (Litvin et al., 2002; Palyanov et al., 2006;
Wentorf, 1974) showed that diamond nucleation and crystallization in
sulfide melt can be realized under P-T parameters much higher that
those for the formation of most natural diamonds. Although sulfide
melts are the least effective diamond-forming medium under mantle
conditions compared to carbonate, fluid and carbonate-silicate-fluid
(Akaishi et al., 1990; Bureau et al., 2018; Girnis et al., 2018; Pal'yanov
et al., 2002, 2005; Sato et al., 1999; Taniguchi et al., 1996), it is now
known that they can play afirst order role in natural diamond formation
processes. It should be noted, that despite potential carbon sources in
the processes of natural diamond formation are carbonates, hydrocar-
bons, CO2 and carbides, graphite was used as a carbon source in most
experimental studies on diamond formation. Thus, the ideas of Marx,
mentioned above, are much more probable to be realized in natural
conditions. It was experimentally established that sulfides can act as
reducing agents for CO2-fluid, providing conditions for the crystalliza-
tion of diamond (or graphite) from carbon of carbonates as a result of
redox reactions (Gunn and Luth, 2006; Palyanov et al., 2007). Moreover,
experimental modeling of the interaction of sulfide melt or S-rich re-
duced fluid with iron carbide (Bataleva et al., 2017) showed that both
can implement extraction of carbon from Fe3C leading to the formation
of graphite and diamond. The recent study of Smith et al. (2016) dem-
onstrated that large gem diamonds contain inclusions of solidified
iron-nickel-carbon-sulfur melt, accompanied by a reduced fluid, which
are direct evidence of crystallization from a redox-sensitivemetallic liq-
uid phase in the deep mantle. These sublithospheric diamonds display
isotopically light carbon compositions, which are thought to result
from recycling of crystal carbon, i.e. evidence their subduction origin.

In the present study we report new experimental modeling results
on the effect of S-rich reduced fluid on the formation of elemental car-
bon (diamond and graphite) in the course of interaction of reduced
metal-saturated mantle with oxidized carbonate-bearing slab.

2. Materials and methods

Experimental studies of the effect of reduced sulfur-rich fluids on di-
amond formation under subduction conditions were performed on a
base of carbide-carbonate-sulfur (Fe3C-(Mg,Ca)CO3-S) and iron-car-
bonate-sulfur (Fe0-(Mg,Ca)CO3-S) interactions at the pressure of
6.3 GPa, in a temperature range of 900–1600°С, and with durations of
18 to 60 h, using a high-pressure multi-anvil split-sphere apparatus
(BARS) (Pal'yanov et al., 2002). The experiemental protocole, high-
pressure cell design, and calibration details were published elsewhere
(Pal'yanov et al., 2002; Sokol et al., 2015). Initial materials consisted of
natural magnesite and dolomite with an impurity content of b0.5 wt%
(~0.2 wt% FeO and ~0.2 wt% MnO), powders of chemically pure Fe0

and S (99.999%), and pre-synthesized cohenite (Fe3C). Cohenite was
preliminarily synthesized in a Fe\\C system at P = 5.7 GPa and T =
1450 °C, and thoroughly analyzed by X-Ray. The initial mixture of car-
bonates had a bulk composition of Mg0.9Ca0.1CO3. Weight proportions
of the initial materials are shown in Table 1. All these materials were
finely powdered to a particle size b20 μm, mixed, and thoroughly ho-
mogenized. To avoid absorption of atmospheric water by carbonate
after grinding, powdered carbonates were dried at a temperature of
~160°С for 120 h. When assembling ampoules for experiments in the
carbide-carbonate-sulfur system, a part of the initial carbide was not
ground, but was added to themixture as 300–400 μmcrystal fragments,
to enable reconstruction of the interaction of carbide with carbonate
phases and sulfur. Seed diamond crystals of a cubo-octahedral habit
(~500 μm in size) were placed into the ampoule to obtain information
on diamond growth at temperatures lower than required for spontane-
ous diamond nucleation. Diamond seed crystals were thoroughly
selected and examined before and after experiments. More specifically,
we used only diamonds with smooth faces, weighted before and after
the experiments to reveal either weight loss or increase; micro mor-
phology of every seed was studied after the experiments to determine
growth or dissolution patterns, heterogeneous diamond nucleation,
graphitization or formation of amorphous carbon on the diamond
seed faces.

Based on previous experiments dealing with sulfides and sulfur at
mantle P and T, graphite was chosen as the optimal capsule material.
In addition, the graphite capsule acts as an outer buffer, setting an
upper limit of fO2 values in the sample close to the CCO equilibrium
during experiments (Palyanov et al., 2007).We also performed a control
series of experiments using talc ceramics andMgO as the capsule mate-
rial (Table 2). Capsules made from these materials were found not to
provide the composition stability (Table 2) and mass balance for Fe0-
(Mg,Ca)CO3-S and Fe3C-(Mg,Ca)CO3-S systems at experimental P-T
parameters. However, their use demonstrated that the iron-carbon-
ate-sulfur and carbide-carbonate-sulfur interactions were effective for
graphite formation under conditions of non-graphite sources of carbon
(alkaline earth carbonate and iron carbide).

The phase and chemical compositions of produced samples were
determined using microprobe analysis (Camebax-micro) and energy
dispersive spectroscopy (Tescan MIRA3 LMU scanning electron micro-
scope). Microprobe and EDS analyses of sulfide, silicate, oxide, and car-
bidemineral phaseswere performed at an accelerating voltage of 20 kV,
a probe current of 20 nA, a counting time of 10 s on each analytical line,
and an electron beam probe diameter of 2–4 μm. In the case of carbon-
ates and quenchedmelts, we reduced the accelerating voltage to 15 kV,
the probe current to 10 nA, the counting time to 10 s and used a
defocused beam (20–100 μm in diameter). Natural magnesite, calcite,



Table 2
Experimental parameters and results in the carbide-carbonate-sulfur and iron-carbonate-sulfur systems at P = 6.3 GPa.

Run no. Т, °С t, h Capsule material Final phases

Carbide, carbonate, sulfide, oxide Carbon phases Melts

Fe3C-(Mg,Ca)CO3-S
CCS-23 900 18 Gr Po, Mws, Arg, Ms., Dol, Coh Gr, DNC –
CCS-03 1000 18 Gr Po, Mws, Arg, Coh Gr, DNC –
CCS-20 1100 18 Gr Po, Mws Gr, DNC LFe-S-C, LFe-S-O
CCS-19 1200 18 Gr Po, Mws Gr, DNC LFe-S-C, LFe-S-O
CCS-99 1300 18 Gr Mws Gr, DNC LFe-S-C, LFe-S-O
CCS-18 1400 18 Gr Mws Gr, DG, Dm LFe-S-C, LFe-S-O
CCS-96 1500 18 Gr Mws Gr, DG, Dm LFe-S-C, LFe-S-O
CCS-02 1600 18 Gr Mws Gr, DG, Dm LFe-S-C, LFe-S-O
CCS-93 1100 20 Ta Po, Mws Gr –
CCS-92 1200 20 Ta Po, Mws, Ol Gr –
CCS-86 1400 18 MgO Po, Mws, Fpc Gr, DG LFe-S-C, LFe-S-O

Fe0-(Mg,Ca)CO3-S
MCS-98 1500 18 Gr Mws Gr, DG, Dm LFe-S-C, LFe-S-O
MCS-02 1600 18 Gr Mws Gr, DG, Dm LFe-S-C, LFe-S-O

Po – pyrrhotite, Mws –magnesiowustite, Coh – cohenite, Arg – aragonite, Ms –magnesite, Dol – dolomite, Gr –metastable graphite, DNC – no changes on diamond seeds, DG – diamond
growth on seeds, Dm – spontaneously nucleated diamond, Ol – olivine, Ta – talc, LFe-S-C – Fe-S-C melt, LFe-S-O – Fe-S-O melt, Fpc – ferropericlase.
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pyrrhotite, pyrite, metallic iron, and carbide were used as standards.
Phase relationships in samples were investigated by scanning electron
microscopy. Micro-Raman spectra were recorded on a Horiba Jobin
Yvon LabRAM HR800 spectrometer equipped with an Olympus BX41
microscope. A 325 nm He\\Cd laser was used as excitation source.
These analytical studies were carried out at the Analytical Center for
Multi-Element and Isotope Analysis of the Siberian Branch of the
Russian Academy of Sciences. Mass proportions of produced phases
were calculated using themass balancemethod (least squaresmethod).
The composition of iron-bearing phases, their iron valence state, and
distribution of iron over phases and nonequivalent positions were ana-
lyzed by Mössbauer spectroscopy; measurements were performed at
room temperature on a MC-1104 Em spectrometer with a Co57(Cr)
source and powder absorber thickness of 1–5mg/cm2.Mössbauer spec-
tra were measured at the Kirensky Institute of Physics of the Siberian
Branch of the Russian Academy of Sciences.
3. Experimental results

3.1. Carbide-carbonate-sulfur interaction

The results of experiments in the carbide-carbonate-sulfur systemas
well as the phases compositions are shown in Tables 2–5. In the carbide-
carbonate-sulfur system at the lowest temperatures (900 and 1000 °C),
pyrrhotite, magnesiowüstite, graphite, and aragonite are formed, and
single crystals of starting carbide and Mg,Ca-carbonates are preserved.
The predominant phases in produced samples are pyrrhotite (Fe0.98–
0.99S) and magnesiowüstite (Fe0.69–0.75Mg0.25–0.31O) (Fig. 1a).

The formation of three types of reaction (zonal) assemblages was
observed at the contact of preserved single crystals of cohenite, magne-
site, and dolomitewith newly formed pyrrhotite. The first type is graph-
ite rims around cohenite crystals (Fig. 1a), which are similar to those
described earlier (Bataleva et al., 2017) for carbide-sulfur and carbide-
sulfide systems. The second type is reaction rims of a microcrystalline
aggregate represented by regular inter-growths of graphite and
magnesiowüstite aroundmagnesite (Fig. 1b, c). The third type is a poly-
crystalline aggregate of aragonite, magnesiowüstite, and graphite,
which partially or completely replaces initial dolomite crystals
(Fig. 1d). It should be noted that magnesiowüstite formed in this tem-
perature range has a homogeneous composition (Mg# 0.25–0.30)
within each sample and always occurs in association with graphite in
the form of regular inter-growths, microcrystalline aggregates, or inclu-
sions. Mössbauer spectroscopy revealed that magnesiowüstite
contained ferric iron (Table 5) with Fe3+/ΣFe ~ 0.07.
At 1100 °C, the solid phase association of pyrrhotite + magne-
siaustite + graphite and the first portions of Fe-S-C and Fe-S-O melts
formed in the carbide-carbonate-sulfur system (Fig. 2). In a temperature
range of 1200–1600 °C, samples lack pyrrhotite, and the phase associa-
tion is represented by magnesiowüstite, graphite (±diamond), and Fe-
S-C and Fe-S-O melts (Fig. 1e-i). These melts are present in samples in
the form of quenched aggregates of pyrrhotite + iron (with dissolved
carbon) and pyrrhotite + wüstite (Fig. 1f, g), respectively. Graphite oc-
curs in samples as inter-growths with magnesiowüstite and also forms
“relic” reaction rims delineating the boundaries of the initial cohenite
grains that have completely reacted during the experiments (Fig. 1e,
f). Quenched aggregates of two melts occur inside the graphite rims
(Fig. 1f, h). Depending on the temperature, the Fe-S-Cmelt is character-
ized by compositions of Fe79S20C1 (1100 °C)–Fe78S19C3 (1600 °C), and
the Fe-S-O melt is characterized by compositions of Fe63S35O2 (1100
°C)–Fe64S30O6 (1600 °C) (Table 4). Hereafter, compositions of the Fe-
S-C and Fe-S-O melts are presented as weight percentage (wt%). In an
interval of 1100–1500 °C, the composition of magnesiowüstite (~Fe0.64-
Mg0.30Ca0.06O) is almost independent of temperature, and Fe3+/ΣFe
values amount to 0.06–0.08. At a temperature of 1600 °C, magne-
siowüstite occurs as large rounded crystals with a zonal structure: a
high-magnesium central part (~Fe0.49Mg0.46Ca0.05O, Fe3+/ΣFe ~ 0.07)
and high-iron periphery (~Fe0.93Mg0.07O, Fe3+/ΣFe ~ 0.12) (Table 3).

The spontaneous formation of diamond due to the carbide-carbon-
ate-sulfur interaction and the formation of an overgrown layer on
seed diamond crystals were observed in a temperature interval of
1400–1600 °C (Figs. 1h-i, 2). The synthesized diamond crystals are
predominantly represented by octahedra (10–80 μm) and their inter-
growths (up to 120 μm). They are characterized by the presence
of magnesiowüstite inclusions (Fig. 1i) and single inclusions of a
sulfide melt. Diamond crystals are situated in a polycrystalline
magnesiowüstite + graphite aggregate directly at the contact with
quenched Fe-S-C and Fe-S-O melts. Nucleation centers are uniformly
distributed in the bulk sample, and their number ranges from ~10/
mm3 (1400 °C) to ~15/mm3 (1600 °C). The growth rate of spontaneous
diamond crystals is about 4 to 5 μm/h.

3.2. Iron-carbonate-sulfur interaction

A detailed description of the interaction in the Fe0-(Mg,Ca)CO3-S
system in an interval of 900–1400 °C was presented by Bataleva et al.,
2016. In the present paper, we describe the results of additional exper-
iments carried out at 1500 and 1600 °C. At T ≥ 1500°С formation of solid
phase association of magnesiowüstite + graphite + diamond and gen-
eration of two melts - Fe-S-C and Fe-S-O (Figs. 2, 3a-c) occur. These



Fig. 1. SEM micrographs (BSE) of polished sections of the samples after experiments in carbide-carbonate-sulfur system, (A-D) - 900 °C, N CCS-23; (E-G) - 1200 °C, N CCS-19; (H\\I) -
1400 °C, CCS-18. A - reaction rim of graphite around cohenite in polycrystalline magnesiowüstite + graphite + pyrrhotite aggregate. B - reaction rims of magnesiowüstite+graphite
around magnesite crystals. C - parallel graphite micro-plates encapsulated in magmesiowustite. D - reaction rim of aragonite+ magnesiowüstite+graphite at the contact with
dolomite. E - overall view of the vertical section of the sample. F - enlarged fragment of Fig. 1F, quenched Fe-S-O and Fe-S-C melts, surrounded by a wide graphite reaction rim.
G - structure of quenched Fe-S-O and Fe-S-C melts. H, I - diamond crystal in the polycrystalline aggregate of magnesiowüstite with microdendrite aggregates of quenched Fe-S-C and
Fe-S-O melts. Ms - magnesite, Dol - dolomite, Ws - wustite, Mws - magnesiowüstite, Dm - spontaneously nucleated diamond, Gr - metastable graphite, Po - pyrrhotite, Coh - cohenite,
L1 - Fe-S-O melt, L2 - Fe-S-C melt, q - quenched phase.
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melts are represented by quenched aggregates of pyrrhotite + iron
(with dissolved carbon) and pyrrhotite + wüstite (Fig. 3a).
Magnesiowüstite produced in this temperature range occurs in
quenched aggregates of Fe-S-C and Fe-S-O melts and is represented by
rounded crystals with inclusions of graphite plates. Crystals of metasta-
ble graphite are also present in large quantities directly in quenched
melts (Fig. 3a). The compositions of melts are Fe76S22C2 and
Fe64S29O7 (1500 °C)–Fe63S32O4 (1600 °C) (Table 4). At these tempera-
tures, magnesiowüstite crystals are zoned and characterized by a
high-magnesium core (~Fe0.51Mg0.44Ca0.06O, Fe3+/ΣFe ~0.08) and a
high-iron periphery (~Fe0.79–0.83Mg0.17–0.21O, Fe3+/ΣFe ~ 0.12)
(Figs. 3a, 4; Table 3).

As mentioned above, at temperatures of 1500 and 1600 °C, the iron-
carbonate-sulfur interaction leads to spontaneous crystallization of
diamond and formation of an overgrown layer on seed diamond crystals
(Fig. 2). Spontaneous diamond crystals are mainly represented by
octahedra (10–50 μm), flattened octahedra (10–60 μm), and their
inter-growths (up to 100 μm) (Fig. 3b, c). The produced diamonds are
spatially confined to quenched aggregates of Fe-S-C and Fe-S-O melts
and are relatively uniformly distributed in the sample bulk. The number
of crystallization centers is about 20/mm3, and the growth rate amounts
to 3–5 μm/h.

3.3. Results of the Raman spectroscopy of graphite and diamond

Structural characterization of graphite and diamond was performed
using Raman spectroscopy. The main goals were to estimating the
defectiveness of graphite in the polycrystalline rims and single plate
crystals, to elucidate the temperature dependencies of Raman features,
and to characterize the spontaneously nucleated diamond crystals and



Fig. 2. P-T diagram showing the experimental results of the carbide-carbonate-sulfur (upper row), iron-carbonate-sulfur (this study and Bataleva et al., 2016) (middle row) and iron-
carbonate (Palyanov et al., 2013) (lower row) interactions. Symbols are vertically displaced for clarity, all experiments were performed under a pressure of 6.3 GPa and 6.5 GPa
(Palyanov et al., 2013). Experimentally determined curves: 1 - melting of sulfur (Brazhkin et al., 1999); 2a, 3a - decomposition of pyrite (Boehler, 1992; Sharp, 1969); 2b, 3b – melting
of pyrrhotite (Boehler, 1992; Sharp, 1969); G/D - graphite-to-diamond transformation line after Kennedy and Kennedy, 1976.
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inclusions therein. Representative spectra of the graphite and diamond
crystals and inclusions therein, synthesized as a result of carbide-
carbonate-sulfur interaction, are shown in the Figs. 5–7. Spectra were
recorded in the Raman shift range of 1000 to 3500 cm−1. All graphite
spectra display the first-order D (1348–1352 cm−1), G (1579–
1582 cm−1) and D' (1619–1623 cm−1) bands and second-order G'
(2703–2719 cm−1) and D + G (2935–2940 cm−1) bands. First-order
bands are represented by narrow and sharp peaks, without any feature
of widened peaks, characteristic of sp3 amorphous carbon.

Graphite from the reaction rims around cohenite crystals is the only
form of graphite in the samples obtained in the temperature range of
900 to 1200 °C. At the temperatures of 1300 and 1400 °C formation of
both reaction rims and plate crystals occur, and at higher temperatures
– only plates of graphite are crystallized. Themost characteristic Raman
feature for the graphite from rims at 900 °C is the higher intensity of the
defect-relatedD andD' bands relatively to theG-band (Table 6), with ID/
IG ratio of 1.36 and ID’/IG of 0.45. At 1000 °C D and G bands have resem-
bling intensities (ID/IG=0.98), and at higher temperatures the intensity
of the G band in all cases prevails on that of the D-band. Relative inten-
sities of defect-related D and D' bands of graphite from reaction rims,
which can be expressed as ID/IG and ID’/IG ratios, demonstrate overall de-
crease with the temperature (Table 6). Particularly, ID/IG ratio decreases
from 1.36 (900 °C) to 0.47 (1400 °C) and ID’/IG decreases from 0.45 (900
°C) to 0.16 (1400 °C). The second-order G' band in this type of graphite,
synthesized at 900 and 1000 °C, arises as one peak Raman feature, less-
intense than D andD' bands (Table 6). As the temperature increases, the
G'-band changes from a single peak to a two peaks feature (G'1 and G'2,
Fig. 3. SEMmicrographs (BSE) of polished section (A) and cleaved surface (B, C) of the samples a
and graphite plates in the quenchedmelts (1600 °C, NMSC-02). B - diamond andmagnesiowüst
O melts (N MSC-98). C - enlarged fragment of Fig. 3B. Mws - magnesiowüstite, Gr - metastable
Fig. 7). Raman spectra of the plate graphite crystals, synthesized in the
temperature range of 1300–1600 °C, are characterized by very intense
G band, and correspondingly low ID/IG ratios of 0.27–0.36 (without T
dependence). A second-order G'-band is found to be a two peaks feature
at all temperatures.

The diamond Raman spectra display a main diamond sp3 peak at
1332 cm−1 and peaks indicative of inclusions related to carbonate,
graphite and sulfide (Figs. 5, 6). Inclusions were formed both in car-
bide-carbonate-sulfur and iron-carbonate-sulfur systems, in the tem-
perature range of 1400–1600 °C. Carbonate inclusions were identified
by sharp peaks in ~1083–1097 cm−1 Raman region; they consisted of
microdendrites of dolomite, aragonite and magnesite (Fig. 6a) in vari-
ous proportions. These inclusions were trapped as carbonate melt dur-
ing the early stages of the experiments, before carbonate melt was
totally consumed. Inclusions of graphite were discovered in nearly all
of the synthesized diamonds, their spectra were characterized by the
main G-band at 1586 cm−1 (Fig. 5) and in some cases a defect-
induced D' band at ~1620 cm−1. Sulfide inclusions were characterized
by main peaks at 215 and 279 cm−1 (pyrrhotite) as well as 347 and
381 cm−1 (pyrite) (Fig. 6b).

4. Discussion

At pressure of 6.3 GPa, sulfur occurs as a liquid at temperatures
higher than 870°С (Brazhkin et al., 1999) (Fig. 2). Given the high volatil-
ity of sulfur, all carbide-carbonate-sulfur, iron-carbonate-sulfur interac-
tions in a temperature range of 900–1600°С involve a sulfur melt/fluid.
fter experiments inmetal-carbonate-sulfur system: A - roundedmagnesiowüstite crystals
ite crystals inmicrodendriticmetal-sulfide-oxide aggregates of quenched Fe-S-C and Fe-S-
graphite, Po - pyrrhotite, Coh - cohenite, L1 - Fe-S-O melt, L2 - Fe-S-C melt.



Table 3
Compositions of oxide and carbonate phases, formed in the carbide-carbonate-sulfur and iron-c
ing to the microprobe analysis).

Run N T, °C Phase NA Mass concentrations, wt%

FeO MgO CaO CO2

Fe3C-(Mg,Ca)CO3-S system
CCS-23 900 Mws 14 79(2) 20(2) 0.1(1) –

Ms 8 1.5(1) 43(2) 0.1(1) 55(2)
Dol 10 0.9(3) 20.4(12) 28.4(4) 49(2)
Arag 10 1.0(5) 0.1(0) 52(1) 46(1)

CCS-03 1000 Mws 17 83(2) 15(2) 0.3(1) –
Arag 12 2.2(15) 0.2(2) 52(2) 45(1)

CCS-20 1100 Mws 15 75.1(5) 19.5(5) 5.4(7) –
CCS-19 1200 Mws 16 76.2(1) 18.6(1) 5.2(3) –
CCS-99 1300 Mws 15 75.6(9) 19.1(1) 5.3(1) –
CCS-18 1400 Mws 18 72.2(2) 21.8(2) 6(1) –
CCS-96 1500 Mws 18 74.8(1) 19.7(2) 5.5(1) –
CCS-02 1600 Mws cen 1 1 61.4 32.7 5.2 –

Mws rim 1 1 95.7 3.8 – –
Mws cen 2 1 60.5 33.7 5.2 –
Mws rim 2 1 86.1 13.7 – –

Fe0-(Mg,Ca)CO3-S system
MCS-98 1500 Mws cen 14 63.5(3) 29.9(5) 5.6(2) –

Mws rim 14 85.2(4) 14.4(5) – –
MCS-02 1600 Mws cen 14 63.3(5) 30.8(4) 5.6(1) –

Mws rim 14 89.6(1) 10.1(2) – –

Mws – magnesiowustite, Arg – aragonite, Ms – magnesite, Dol – dolomite, Carb – Fe,Mg,Ca-ca

Fig. 4. Room-temperature Mössbauer spectra of representative samples from the metal-
carbonate-sulfur system (A) and carbide-carbonate-sulfur system (B).
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This melt/fluid can be considered in the first approximation as a model
for natural reduced S-rich fluid, which is believed to be a powerful man-
tle metasomatic agent. Given our previous results on diamond and
graphite formation via redox interactions of metallic iron +Mg,Ca-car-
bonate, and iron carbide + Mg,Ca-carbonate (P = 6.5–7.5 GPa, T =
1000–1650 °C, Palyanov et al., 2013), we may estimate the effect of a
reduced S-rich fluid on these interactions. Modeling the interaction
between carbonate and a reduced fluid rich in sulfur enables evaluating
the carbon formation potential of this process.

4.1. Reconstruction of the main processes and mechanisms of graphite and
diamond formation in the presence of reduced S-rich fluid

4.1.1. Graphite-forming processes in carbide-carbonate-sulfur system at
subsolidus temperatures

At relatively low temperatures (900–1000°С), themain processes of
elemental carbon (graphite) formation during the carbide-carbonate-
sulfur interaction may be represented by the following reactions:

Fe3Cþ 3Sliquid ¼ 3FeSþ C0
graphite ð1Þ

3 Mg;Cað ÞCO3 þ Fe3C ¼ 3 Fe;Mgð ÞOþ 2C0
graphite þ 2CaCO3 ð2Þ

MgCO3 þ Fe3Cþ Sliquid ¼ 3Fe0:66 Mg0:33Oþ 2C0
graphite þ FeS ð3Þ

CaMg CO3ð Þ2 þ Fe3Cþ Sliquid ¼ CaCO3 þ 3Fe0:66 Mg0:33Oþ 2C0
graphite þ FeS

ð4Þ

The interaction between cohenite and a sulfur melt/fluid (1) is
accompanied by extraction of carbon and iron from carbide and leads
to the formation of pyrrhotite+ graphite association and also to the for-
mation of graphite rims around initial Fe3C crystals. Analysis of the reac-
tion structures preserved around single carbide grains demonstrated
that the most likely mechanism for the formation of graphite is the
extraction of carbon from carbide during the interaction with a sulfur
melt. The redox reactions (2)–(4) describe processes of magnesite and
dolomite reduction during the interaction with cohenite, which lead
to crystallization of graphite in association with magnesiowüstite, pyr-
rhotite, and aragonite (Fig. 1a-d). It should be noted that graphite
arbonate-sulfur systems at P= 6.3 GPa, T=900–1600°С and duration of 18–20 h (accord-

N(O) Cations per formula unit

Total Fe Mg Ca C Total

99.5(2) 1 0.69(3) 0.31(3) – – 1.00(0)
100.0 3 0.02(0) 0.90(5) – 1.04(3) 1.97(3)
100.0 6 0.02(1) 0.93(7) 0.94(3) 2.06(5) 3.97(1)
100.0 3 0.01(1) 0.002(1) 0.98(2) 1.02(2) 1.98(1)
99.3(1) 1 0.75(3) 0.25(3) – – 1.00(0)
100.0 3 0.03(2) 0.01(1) 0.93(5) 1.02(2) 1.98(2)
100.0(2) 1 0.64(7) 0.30(7) 0.06(1) – 1.00(0)
100.0(4) 1 0.66(1) 0.29(1) 0.06(0) – 1.01(0)
100.0(3) 1 0.65(1) 0.29(1) 0.06(1) – 1.00(0)
100.0(3) 1 0.61(3) 0.33(3) 0.06(1) – 1.00(0)
100.0(5) 1 0.64(2) 0.30(2) 0.06(1) – 1.00(0)
99.3 1 0.49 0.46 0.05 – 1.00
99.5 1 0.93 0.07 – – 1.00
99.3 1 0.48 0.47 0.05 – 1.00
99.8 1 0.78 0.22 – – 1.00

99.0(1) 1 0.51(0) 0.43(1) 0.06(1) 1.03(0)
99.5(5) 1 0.79(1) 0.21(1) – – 1.00(0)
99.7(5) 1 0.51(1) 0.44(1) 0.06(1) – 1.02(1)
99.7(1) 1 0.83(1) 0.17(1) – – 1.00(0)

rbonate.



Table 4
Compositions of carbides, sulfides andmelts, formed in the carbide-carbonate-sulfur and iron-carbonate-sulfur systems at P= 6.3 GPa, T= 900–1600°С and duration of 18–20 h (accord-
ing to the microprobe analysis).

Run N T, °C Phase NA Mass concentrations, wt% Atomic proportions, at.%

Fe S С O Total Fe S С O

Fe3C-(Mg,Ca)CO3-S system
CCS-23 900 Coh 8 93.1(1) – 6.3(1) 99.6(1) 76.0(1) – 24.0(1) –

Po 10 63.0(2) 36.6(3) – – 99.6(4) 49.6(2) 50.4(2) – –
CCS-03 1000 Coh 8 93.1(1) – 6.3(1) – 99.6(1) 76.0(1) – 24.0(1) –

Po 12 64.0(4) 35.6(2) – – 99.6(3) 50.7(3) 49.3(3) – –
CCS-20 1100 Po 11 63,2(4) 36,5(1) – – 99.7(2) 49.8(1) 50.0(1) – –

LFe-S-O 24 62.5(8) 35.5(6) – 1.4(10) 99.4(3) 48.2(18) 48.0(19) – 3.8(31)
LFe-S-C 25 78.8(4) 20.1(4) 0.6(5) – 99.6(3) 67.5(15) 30.2(8) 2.4(22) –

CCS-19 1200 LFe-S-O 27 62.2(5) 34.8(6) – 2.8(6) 99.6(3) 46.8(6) 45.9(11) – 7.3(16)
LFe-S-C 30 76.8(3) 21.8(3) 1.0(0) – 99.5(4) 64.2(3) 31.9(3) 3.9(1) –

CCS-99 1300 LFe-S-O 24 62.9(8) 31.6(20) – 5.5(16) 99.6(3) 45.8(7) 40.3(34) – 14.0(39)
LFe-S-C 24 75.9(19) 21.4(16) 2.3(8) – 99.5(2) 61.3(32) 30.2(19) 8.6(3) –

CCS-18 1400 LFe-S-O 25 64.3(11) 30.0(20) – 5.6(14) 99.7(3) 47.1(12) 38.6(31) – 14.3(35)
LFe-S-C 30 77.8(15) 19.1(17) 2.8(6) – 99.4(3) 62.6(22) 27.0(23) 10.4(22) –

CCS-98 1500 LFe-S-O 24 65.3(8) 30.0(5) – 5.3(14) 99.6(4) 48.0(18) 38.5(19) – 13.5(37)
LFe-S-C 24 77.9(7) 18.2(6) 3.1(4) – 99.9(3) 62.8(17) 25.6(19) 11.6(18) –

CCS-02 1600 LFe-S-O 24 63.8(6) 30.0(8) – 6.1(7) 99.6(3) 46.3(7) 38.1(13) – 15.6(15)
LFe-S-C 25 78.2(10) 18.8(10) 2.5(3) – 99.5(3) 63.7(16) 26.7(11) 9.6(10) –

Fe0-(Mg,Ca)CO3-S system
MCS-96 1500 LFe-S-O 28 64.0(7) 29.1(15) – 6.6(11) 99.7(2) 46.4(5) 36.9(24) – 16.7(27)

LFe-S-C 27 75.9(3) 22.2(2) 1.7(6) – 99.8(6) 61.9(17) 31.6(6) 6.5(23) –
MCS-02 1600 LFe-S-O 30 62.9(4) 32.4(3) – 4.2(4) 99.5(2) 46.9(6) 42.3(5) – 11(1)

LFe-S-C 31 74.8(7) 22.4(5) 2.2(1) – 99.3(2) 60.3(6) 31.6(7) 8.1(4) –

Po – pyrrhotite, Coh – cohenite, LFe-S-C – Fe-S-Cmelt, LFe-S-O – Fe-S-Omelt; NA - number of electron probe analyses used to obtain the average compositions. The values in parentheses are
one sigma errors of the means based on replicate electron microprobe analyses reported as least units cited; 4.3 (15) should be read as 4.3 ± 1.5 wt%.

33Y.V. Bataleva et al. / Lithos 336–337 (2019) 27–39
formed according to reactions (2)–(4) is always spatially confined to
magnesiowüstite and occurs in inter-growths with it or in the form of
inclusions (Fig. 1c), in contrast to graphite formed by reaction (1). In a
simpler system (Mg,Ca)CO3 + Fe3C at P = 7.5 GPa and T =
1000–1100 °C (Palyanov et al., 2013), redox alkaline earth carbonate-
cohenite interactions occur to form graphite, magnesiowüstite, and
high-calcium carbonate according to reaction (2).
Table 5
57Fe Mössbauer data for sulfides, carbide, metal and oxides.

Run N T, °C Phase A, % (±2)

Fe3C-(Mg,Ca)CO3-S system
CCS-23 900 Fe1-xS, hexagonal, disordered vacancies 31

Fe1-xS, monoclinic, disordered vacancies 6
Fe3C 19
FeO, Fe2+ 41
FeO, Fe3+ (6) 3

CCS-20 1200 Fe1-xS, hexagonal 28
α-Fe 8
FeO, Fe2+ 59
FeO, Fe3+ (4) 5

CCS-18 1400 Fe1-xS, hexagonal 33
α-Fe 3
FeO, Fe2+ 62
FeO, Fe3+ (4) 3

CCS-02 1600 Fe1-xS, hexagonal 30
α-Fe 2
FeO, Fe2+ 60
FeO, Fe3+ (4) 8

Fe0-(Mg,Ca)CO3-S system
MCS-02 1600 Fe1-xS, hexagonal, defects 34

FeO, Fe2+ 54
FeO, Fe3+ (4) 7
α-Fe, defects 5

IS – Isomer shift (mm/s)with reference toα-Fe; H –Magnetic hyperfine field; QS –Quad-
rupole splitting (mm/s);W –Width of the absorption line (mm/s); A – (Area(Fe3+)/(Area
(Fe2+) + Area(Fe3+)) × 100 or (Area(Fe2+)/(Area(Fe2+) + Area(Fe3+)) × 100; Number
in parenthesis - (4) or (6) denotes coordination number.
Therefore, reconstruction of processes of carbide-carbonate-sulfur
interactions under subsolidus conditions has revealed that the main
graphite-producing processes are extraction of iron from cohenite
during interactions with the sulfur melt as well as the reduction of
carbonate carbon during interactions of carbonate with Fe3C. At rela-
tively low temperatures, sulfur most likely has no decisive influence
on crystallization of graphite in reactions (3) and (4), and its participa-
tion in the reactions is limited to crystallization of pyrrhotite, with a
corresponding decrease in the iron content in magnesiowüstite.

4.1.2. Diamond- and graphite-forming processes involving Fe-S-C and
Fe-S-O melts

Experiments in carbide-carbonate-sulfur and iron-carbonate-sulfur
(Bataleva et al., 2016) systems demonstrate that significant differences
in the interaction processes are observed only at relatively low temper-
atures, while under supersolidus conditions, very similar processes
occur in the systems. We think that it is reasonable to present general
reconstruction of diamond- and graphite-formingprocesses in both sys-
tems and indicate only the most significant differences.

We dwell on the most important issue of spontaneous diamond
formation. Given our earlier results (Palyanov et al., 2013) the redox in-
teraction of iron-carbonate and carbide-carbonatemay be considered as
one of themechanisms of diamond formation in carbide-carbonate-sul-
fur and iron-carbonate-sulfur systems. At the early stages of relatively
high-temperature experiments, spontaneous nucleation of diamond
most likely occurs during redox reactions between carbide/metal and
carbonate. At subsequent stages of the experiments, when carbonate
is completely consumed, diamond growth and graphite formation
occur via completely different mechanisms involving Fe-S-C and
Fe-S-O melts, reconstruction of which is provided below.

There are well-documented immiscibility parameters between
sulfur-rich and carbon-rich melts in the Fe-S-C based systems (e.g.
Wood et al., 2014; Tsuno and Dasgupta, 2015; Zhang et al., 2018). Car-
bon solubility was demonstrated to increase with Metal/Sulfur ratio
and dramatically decrease to negligible values when the Metal/Sulfur
ratio gets close to 1. The partial melting onset temperature in carbide-
carbonate-sulfur and iron-carbonate-sulfur systems was found to be



Table 6
Raman spectroscopy data of different types of graphite, synthesized in the carbide-carbonate-sulfur interaction.

Run N T, °C Type of graphite First-order bands Second-order bands ID/IG ID/IG IG1/ID IG1/IG

D G D' G'1 D + G

RS I RS I RS I RS I RS I

CCS-23 900 Rim 1351 1529 1582 1124 1621 502 2706 401 2935 212 1.36 0.45 0.26 0.36
CCS-03 1000 Rim 1350 3835 1582 3909 1620 1322 2703 1242 2939 366 0.98 0.34 0.32 0.32
CCS-20 1100 Rim 1351 1385 1582 2052 1622 481 2717 795 2937 171 0.67 0.23 0.57 0.39
CCS-19 1200 Rim 1352 1127 1581 2045 1623 403 2718 766 2936 147 0.55 0.20 0.68 0.37
CCS-99 1300 Rim 1350 4376 1581 9183 1623 1394 2714 3393 2939 422 0.48 0.15 0.78 0.37

Plate 1351 2991 1580 8051 1623 1101 2716 2696 2937 337 0.37 0.14 0.90 0.33
CCS-18 1400 Rim 1351 3824 1581 8085 1623 1306 2718 2868 2939 388 0.47 0.16 0.75 0.35

Plate 1350 3826 1580 13,980 1622 1563 2718 4827 2940 452 0.27 0.11 1.26 0.35
CCS-96 1500 Plate 1348 2067 1579 5665 1621 832 2719 1993 2938 308 0.36 0.15 0.96 0.35
CCS-02 1600 Plate 1350 3776 1579 10,546 1619 2139 2718 3311 2937 499 0.36 0.20 0.88 0.31

RS – Raman shift (cm−1), I – intensity (a.u.), ID, IG, ID’, IG’1 – intensities of D, G, D', G'1 bands respectively. Notation of the Raman bands is after Pimenta et al., 2007.
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1100 °C and 1300 °C, respectively. This temperature difference is most
likely associated with the difference in bulk carbon concentrations in
the systems: 8.1 wt% for the carbide-carbonate-sulfur system and
4.2 wt% for the iron-carbonate-sulfur system. Under these conditions,
newly formed pyrrhotite melts, and the interaction between cohenite
and the first portions of the sulfide melt occurs. This results in the en-
richment of sulfide melt in iron and carbon, leading to the formation
of a Fe-S-C melt. Simultaneously with this process, the sulfide melt
also interacts with carbonate or carbonate melt to form a Fe-S-O melt
and solid phase association of magnesiowüstite + graphite. The possi-
bility of graphite (or diamond) crystallization during the reduction of
carbonate by Fe\\S and Fe-S-O melts was demonstrated earlier (Gunn
and Luth, 2006; Palyanov et al., 2007). Therefore, upon complete melt-
ing of sulfide, these processes lead to the formation of a single
supersolidus phase association represented by Fe-S-C and Fe-S-O
melts, Fe3+-bearing magnesiowüstite, and C0.

An analysis of quenched melt aggregates (SEM, microprobe,
Mössbauer) demonstrates that the Fe-S-O melt is a predominantly sul-
fide melt with dissolved FeO whose concentration in the melt, depend-
ing on the temperature, increases from 6wt% (1100 °C) to 28wt% (1600
°C). The Fe-S-C melt is found to be enriched in a metal-carbon (Fe\\C)
component. The Fe-S-C melt produced in the carbide-carbonate-sulfur
system contains 38 to 46 wt% of Fe0, 51 to 59 wt% of a sulfide compo-
nent, and up to 3 wt% of dissolved carbon. Finally, the melt produced
in the iron-carbonate-sulfur system contains 35 to 40 wt% of Fe0, 57 to
62 wt% of Fe\\S, and up to 3 wt% of C0. In other words, the carbide-car-
bonate-sulfur and iron-carbonate-sulfur interactions lead to generation
of two fO2-contrastingmelts, one of which contains Fe2+ (FeO), and the
other contains metallic iron. Earlier, we demonstrated that the interac-
tion between a metal-carbonmelt and wüstite was a carbon-producing
Fig. 5. Typical Raman spectra of the spontaneously nucleated diamonds formed via
carbide-carbonate-sulfur (A) and iron-carbonate-sulfur interaction (B), as well as
carbonate and graphite inclusions therein. Spectra are vertically displaced for clarity.
process accompanied by disproportionation of iron (Bataleva et al.,
2016). In particular, oxidation of the metal-carbon melt by wüstite
was found to be associated with the redox mechanism of graphite
Fig. 6. Typical Raman spectra of carbonate (a) and sulfide (b) melt inclusions in diamonds
(carbide-carbonate-sulfur interaction). Spectra are vertically displaced for clarity.



Fig. 8.Principal scheme and temperature features of a subduction zone based on data from
Shirey et al. (2013) and Kogiso et al. (2009). Iron-carbonate interaction can result in the
diamond formation at the P and T close to the slab/mantle boundary (Palyanov et al.,
2013). Participation of sulfur-rich fluid in this interaction increases minimal
temperatures of diamond formation by about 200 °C and shifts these processes to the
mantle wedge.

Fig. 7. Typical Raman spectra of graphite from reaction rim and single plate crystals
(carbide-carbonate-sulfur interaction). Spectra are vertically displaced for clarity.
Notations of the first-order and second-order bands are after Pimenta et al., 2007.
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crystallization and diamond growthwith formation of the Fe3+-bearing
wüstite + graphite/diamond association. Despite the fact that samples
produced in the present study lack reaction rims at the contact between
Fe-S-O and Fe-S-C melts, direct evidence of their redox interaction is
the formation of graphite and the grwoth of diamond directly in the
Fe-S-C melt as well as the formation of Fe2+- and Fe3+-enriched
magnesiowüstite rims at the contact with the Fe-S-O melt. It should
be noted that graphite crystallization and diamond growth most likely
occur due to both the redox interaction between melts with involve-
ment of magnesiowüstite acting as a sink for Fe3+ and the interaction
between the Fe-S-C melt and magnesiowüstite according to the
schemes:

Fe−C in liquidð Þ þ Fe−O in liquidð Þ ¼ Fe2þ; Fe3þ
� �

Osolid þ C0
graphite;diamond ð5Þ

Fe−C in liquidð Þ þ Fe;Mgð ÞOsolid ¼ Fe2þ; Fe3þ;Mg
� �

Osolid

þ C0
graphite;diamond ð6Þ

Thus, the diamond crystallization media and carbon source in these
reactions is a metal-rich Fe-S-C melt. These processes occurring during
Fe-S-C melt oxidation by the Fe-S-O melt and/or magnesiowüstite
may be considered as the basis for reconstruction of the redox mecha-
nism of graphite formation and diamond growth occurring during car-
bide-carbonate-sulfur and iron-carbonate-sulfur interactions.

A study by Palyanov et al. (2013) demonstrated that in redox-
gradient experiments on the carbonate-iron interaction in reduced en-
vironments, diamond nucleation may occur in Fe\\C melt pockets in
the case of contact with graphite. As iron reacts with carbonate, the
Fe\\C melt is saturated with carbon, iron is consumed by oxidation,
and further diamond growth proceeds under carbon supersaturation
of the residual melt. At the final stage, the metal-carbon melt is
completely consumed and replaced with diamond in the association
with magnesiowüstite. It should be noted that the redox gradient was
not created in a capsule in the present study, but it may occur locally,
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and, under supersolidus conditions in the reaction volume. Carbon was
present only as a part of the Fe-S-C melt, graphite, and diamond. There-
fore, the Fe-S-C melt could not be enriched with carbon via reactions
with the starting carbon-bearing phases (carbonate and carbide), and
saturation of the melt with carbon occurred only through a decrease
in the Fe0 concentration in the melt, which was consumed through
redox reactions. However, a decrease in the iron concentration in the
Fe-S-C melt inevitably increases the sulfur concentration, which results
in a number of consequences that should be considered in more detail.

An experimental study by Chepurov (1988), which was carried out
in the Fe-S-C system at 5.0–5.5 GPa and in a temperature range of
1200–1500 °C, showed that introduction of sulfur into a transition
metalmelt sharply reduced themetallicmelt reactivity (catalytic capac-
ity) with respect to diamond and graphite. It was found that diamond
nucleation could occur in S + metal melts, with the sulfur content
being b35 at.%. In the present study, diamond growth was observed
only in Fe-S-C melts with an atomic sulfur concentration of 26 to 27%
for the carbide-carbonate-sulfur system and 31% for the iron-carbon-
ate-sulfur system. At higher sulfur concentrations, only graphite crystal-
lization occurred in the melt.

We should separately discuss potential effect of hydrogen diffusion
on graphite/diamond formation. As it is known, during high-pressure
high-temperature experiments, spontaneous diffusion of hydrogen oc-
curs through the walls of Pt capsules (Brooker et al., 1998; Jakobsson
and Oskarsson, 1994; Rosenbaum and Slagel, 1995) and Gr capsules as
well. The reducing effect of hydrogen can be significant in case of high
fO2 values in the reaction volume. For example, diamond growth, due
to partial reduction of CO2 with H2, was established in the MgCO3-
SiO2-Al2O3 system at 6.0 GPa and 1600 °C (Pal'yanov et al., 2005). If
the fO2 values in the reaction volume are very low, in metal- or
carbide-bearing systems, an effect of hydrogen is negligible.

Based on these observations, we propose a potential mechanism of
diamond growth and graphite formation which involves carbide-car-
bonate-sulfur and iron-carbonate-sulfur interactions. In a temperature
range of 1400–1600 °C, spontaneous nucleation of diamond occurs
due to redox interactions between carbide or iron and carbonate, and
further diamond growth occurs in a Fe78S19C3-Fe75S22C2 melt (sub-
scripts indicate weight proportions). Oxidation of the Fe-S-C melt by
the Fe-S-O melt and/or magnesiowüstite is accompanied by a decrease
in the Fe0 concentration in the Fe-S-C melt and by formation of highly
ferrous and highly ferric magnesiowüstite. This process results in satu-
ration of the Fe-S-Cmelt with carbon,which facilitates diamond growth
and formation ofmetastable graphite.We suppose that at thefinal stage
of this process, when the Fe\\C component of the Fe-S-C melt is
completely consumed, the phase assemblage in samples is represented
by diamond, graphite, Fe3+- magnesiowüstite, and a sulfide melt.

4.1.3. Raman characterization of graphite
As it is known, the most prominent features in the Raman spectra of

graphite are the so-called G band appearing at 1560–1582 cm−1, the D
band at about 1350–1360 cm−1, the D'-band at about 1620 cm−1 and
the G'-band at about 2700 cm−1. The first-order Raman bands of graph-
ite are G, D and D'. The G band is the main peak arising due to the bond
stretching of all pairs of sp2 atoms and it appears in every Raman spectra
of crystalline graphite. The D and D' are defect-induced Raman features,
which cannot be seen in the spectra of highly crystalline graphite. The
integrated intensity ratio for the D-band and G-band (ID/IG) is widely
used for characterizing the defectiveness of graphite (e.g. Ferrari,
2007; Pimenta et al., 2007).

The results of Raman spectroscopy of graphite in the present study
demonstrate that the relative intensities of defect-induced bands de-
pend on the temperature and on graphite type (Fig. 6, Table 6). Graphite
from the reaction rims around cohenite crystals at the lowest tempera-
ture is found to have themost defective structurewith ID/IG ratio of 1.36
and ID’/IG of 0.45. Since the ID/IG ratio was shown to be inversely propor-
tional to the graphite crystallite sizes (Tuinstra and Koening, 1970),
such spectra with intense D-band can be interpreted as a result of anal-
ysis of micro- or even nanocrystalline aggregates. On the whole, in the
Raman spectra of graphite from reaction rims, the relative intensities
of defect-related D and D' bands tend to overall decrease with the tem-
perature (Table 6). However, we believe that these transformations of
the structure of graphite are not directly temperature-dependent, but
reflect the changes of crystallization mechanism from reactions (1)–
(4) to (5)–(6). Correspondingly, the Raman spectra of the plate graphite
crystals (1300–1600 °C), formed via reactions (5) and (6) are character-
ized by very intense G band and low ID/IG ratios that indicate highly
crystalline graphite.

The most intense second-order Raman bands of graphite are G' and
D + G ones (Pimenta et al., 2007). All kinds of graphitic materials dis-
play a strong Raman band appearing at 2500–2800 cm−1 and corre-
sponding to the overtone of the D band. The Raman feature at about
2950 cm−1 is associated with a D+G combinationmode and is also in-
duced by disorder. In the present study, the second-order G' band in
graphite rims (900 and 1000 °C) arises as one peak Raman feature. As
the temperature increases, G'-band changes from one peak to a two
peaks feature (G'1 and G'2, Fig. 6). For plate graphite crystals, G'-band
is found to be a two peaks feature at all temperatures. It is known,
that the change from one peak to two peaks in the profile of the G'-
band in the Raman spectra can be caused by transformation from poly-
crystalline graphite to crystalline graphite (Nemanich and Solin, 1979),
and temperature increase (Lespade et al., 1984). In these researches it is
suggested that the origin of the two peaks structure of the G' band in
crystalline graphite is related to the stacking order occurring along the
c axis.

4.2. Main features of the influence of reduced S-rich fluid on diamond- and
graphite-forming processes via carbide-carbonate or iron-carbonate
interactions

Comparing the results obtained in carbide-carbonate-sulfur and
iron-carbonate-sulfur systems with the results obtained in carbide-car-
bonate and iron-carbonate systems (Palyanov et al., 2013), we identi-
fied several features of the presence of a reduced S-rich fluid. In
particular, these include a sharp decrease in the partial melting temper-
atures and reduced reactivity of the metal-carbon melt with respect to
diamond crystallization.Wewill consider below themost distinctive ef-
fects that arise in the carbide-carbonate-sulfur system.

Experiments with the redox gradient (Palyanov et al., 2013), which
were designed to study the carbide-carbonate interaction at P =
7.5 GPa and temperatures in a range of 1000–1400 °C, the formation
of a solid phase association of cohenite + magnesiowüstite + graphite
was found in a reduced part of samples. The authors identified and indi-
cated a direct relationship between the absence of spontaneous dia-
mond crystallization and the lack of a Fe\\C melt. The present study
revealed that addition of 10.7 wt% of sulfur to the carbide-carbonate
system led to a reduction in the partial melting onset temperature in
the system by at least 300 °C and to the formation of the first portions
of Fe-S-C and Fe-S-O melts at T = 1100 °C (P = 6.3 GPa).

The data obtained by Tsuno and Dasgupta (2015) on the role of sul-
fur in carbon storage in the reduced, mid- to deep-upper mantle, con-
firmed that (i) dissolved S expands the stability field of metal-carbon
melt to lower temperatures and (ii) C solubility in metal-carbon melt
decreases with increasing S content. They showed that the presence of
sulfide in themantle ensures diamond stability even in C-depletedman-
tle as long as 100–200 ppmS is present. It was shown, that in S-depleted
or S-free mantle, the stability of diamond requires higher bulk concen-
tration of carbon. Based on these results, diamond, coexisting with
Ni-rich sulfide liquid alloy is expected to be stable in the reduced,
alloy-bearing oceanic mantle with C content as low as 5–20 ppm for
mantle S varying between 100 and 200 ppm. In the study of Tsuno
and Dasgupta Fe,Ni-alloy, carbon and sulfur were used as chemical re-
agents. Our research demonstrated that involvement of natural
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carbonates as well as carbides results in the revealing of more complex
regularities.

Another effect of sulfur on carbide-carbonate and metal-carbonate
interactions is the reactivity of reduced metal-carbon melt with respect
to diamond crystallization found by Chepurov (1988). Comparison of
the results of experiments in sulfur-bearing and sulfur-free systems
(Fig. 2) revealed an increase in the temperature of spontaneous dia-
mond nucleation onset by ~200 °C in the presence of sulfur. In addition,
growth rates of spontaneously formeddiamond crystals in the Fe75S22C2
(wt%) melt are approximately 10-folds lower than those in the Fe\\C
melt at comparable P and T. Therefore, the results of our experiments
indicate that the presence of sulfur is able to decrease melting temper-
atures and widen the temperature field of stability of diamond-
producing, predominantly metal melts. Furthermore, sulfur reduces
the diamond-forming ability of metal-carbon melts and, at high S
concentration, can completely inhibit diamond nucleation and
crystallization.

Based on previous experimental studies aiming at modeling the
crystallization of diamond in various natural environments systems,
we can highlight some of the possible effects of the individual chemical
components on the parameters of the diamond-forming processes. In
particular, under subduction conditions, it ismost likely that an aqueous
fluid should be present. According to experimental data, the presence of
water or H2O-CO2 fluid significantly reduces the temperature of gener-
ation of carbonatemelts (e.g. Shatskiy et al., 2013) and greatly increases
the diamond-forming ability of carbonate-bearing mantle fluids or
melts. On the other hand, it was experimentally demonstrated that,
under reduced mantle conditions where diamond crystallizes from the
metal-carbon melt, the presence of H2O will lead to an inhibitory effect
on the diamond-forming process (Palyanov et al., 2012). More specifi-
cally, it has been shown that ~ 0.48 wt% H2O admixture in the Fe-Ni-C
melt is sufficient for the formation ofmetastable graphite in the thermo-
dynamic stability field of diamond.
4.3. Diamond formation via carbide-carbonate-sulfur or iron-carbonate-
sulfur interactions in natural environments

In the recent decades it has been generally agreed that most litho-
spheric diamonds grew in the mantle during metasomatic events,
from a carbon-rich fluid or carbonate-based melts (see reviews Taylor
and Anand, 2004; Shirey et al., 2013; Cartigny et al., 2014). This idea is
confirmed by the presence of carbonate inclusions in diamonds of dif-
ferent depths of origin and ages (Brenker et al., 2007; Kaminsky et al.,
2013; Logvinova et al., 2015; Stachel et al., 1998; Wang et al., 1996;
Wirth et al., 2009). Moreover, numerous experimental studies have
confirmed the possibility that carbonate melts are the predominant
sources of carbon in diamond formation processes. Some of the carbon-
ate melts or fluids in the mantle are considered to be of subduction-
related origin. They have a specific carbon isotope (δ13C) crustal
signatures which can be inherited by diamonds and inclusions therein.
For example, this crustal signature is characteristic in some of the
E-type diamonds (δ13C values from +3‰ to −35‰) (Sobolev and
Sobolev, 1980; Deines et al., 2001a, 2001b) and ultra deep diamonds
(δ13C values of −23‰) (Ickert et al., 2015). As it is well known, the
most common mineral inclusions in the lithospheric diamonds are
silicates (Cr-pyrope, diopside, enstatite and olivine for peridotitic para-
genesis; pyrope-almandine, omphacite, coesite and kyanite for eclogitic
paragenesis) and sulfides (monosulfide solid solution, pentlandite,
Ni-rich pyrrhotite for peridotitic paragenesis; Ni-poor orNi-free pyrrho-
tite and pyrite-pyrrhotite assemblages for eclogitic paragenesis).
Among subduction signatures from inclusions in diamonds there are
specific stable isotope compositions of oxygen (δ18O values from +3‰
tomore than+12‰) and sulfur (δ34S values from−5‰ to+6‰) in sil-
icate and sulfide inclusions (Cartigny et al., 2014 and references
therein).
The most valuable data on the diamond genesis can be gathered
from inclusions that have been identified in their genetic centers
(Bulanova, 1995). Particularly, “central” inclusions of both peridotitic
and eclogitic suites of Yakutian diamonds are typically represented by
the silicate + sulfide + graphite assemblage. However, it was shown
that Yakutian lithospheric diamonds of unknown paragenesis have
“central” inclusions with mineral assemblages of native iron, cohenite,
pyrrhotite, wüstite, and graphite, which indicate that the redox condi-
tions of formation of these diamonds corresponded to the iron-
wüstite buffer. Moreover, this assemblage was considered to be a cata-
lyst for the process of diamond nucleation. According to the present
study, exactly the same assemblage can be formed as a result of
diamond-forming redox interactions of carbonate with carbide or na-
tive iron in the presence of sulfur-rich reduced fluid. Since the presence
of sulfur increases the temperatures of diamond formation to the values
higher than supposed to be in the down going slab (Fig. 8), this interac-
tion can be realized in the mantle wedge as a result of metasomatic
alteration of reduced mantle rocks by mobile, subduction-related,
carbonate-bearing melts and S-rich fluids.

5. Conclusions

1) In a course of carbide-carbonate-sulfur and iron-carbonate-sulfur
interactions at a pressure of 6.3 GPa, metastable graphite crystalliza-
tion (900–1600 °C) and spontaneous diamond formation
(1400–1600 °C) were realized.

2) At the subsolidus temperatures in the carbide-carbonate-sulfur sys-
tem (T b 1100 °C), extraction of carbon from cohenite through the
interaction with S-rich reduced fluid, as well as С0-producing
redox reactions of carbonate with carbide or iron were found to
occur. Under these conditions graphite formation in assemblage
withmagnesiowüstite and pyrrhotite (±aragonite)was established.

3) At the supersolidus temperatures formation of Fe3+- magnesiowüstite
+graphite (1100–1600 °C) or Fe3+-magnesiowüstite+graphite+dia-
mond (1400–1600 °C) assemblageswas accompanied by generation of
fO2-contrasting metal-sulfide with dissolved carbon (Fe-S-C) and
sulfide-oxide (Fe-S-O) melts. It was found, that redox interactions of
Fe-S-C and Fe-S-O melts with participation of magnesiowüstite, were
a diamond-forming process, accompanied by disproportionation of
Fe. Spontaneous diamond nucleation was found to occur via redox in-
teractions of carbide or iron with carbonate.

4) It was established that the main features of the presence of S-rich
reduced fluid in the course of carbide-carbonate or iron-carbonate
interactions are a sharp decrease of partial melting temperatures
by ~300 °C, an increase of the temperature of arising of spontaneous
diamond nucleation by at least 200 °C and a decrease of diamond
growth rate.
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