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Abstract

Sulfides are abundant inclusions in diamond, but their role in the diamond genesis is still debatable. To address this issue,
experimental modeling of natural diamond-forming processes with the participation of sulfides has been performed with the
MgCO3–SiO2–Al2O3–FeS system at 6.3 GPa in the temperature range of 1250–1800 °C, using a multi-anvil high pressure
apparatus of the “split-sphere” type. As a result of redox reactions involving carbonate, oxides and sulfide, diamond and/or graphite
are produced in association with garnet, orthopyroxene, coesite and sulfides (pyrite, pyrrhotite). Diamond crystals, formed from the
carbon of initial carbonate, are found to contain nitrogen impurity with total concentration of approximately 1500 ppm, and defects
related to hydrogen impurity. Based on the experimental data and thermodynamic calculations, the processes of the carbonate–
oxide–sulfide interaction are reconstructed, revealing the role of sulfides as a reducing agent for CO2-fluid. It is established that
pyrrhotite acts as the reducing agent irrespective of its aggregate state (solid or melt). At temperatures below melting, pyrrhotite is
enriched with sulfur and depleted with iron from FeS to Fe0.85S. At higher temperatures, sulfide melt is enriched with sulfur and
crystallizes as pyrite and pyrrhotite during quenching. The medium in which diamond and/or graphite crystallize is a CO2-
dominated fluid containing dissolved carbon, silicates, oxides and sulfides. The investigated processes and mechanisms of diamond
crystallization can be considered as a possible model of the diamond formation in sulfide-bearing paragenesis in mantle
metasomatism or UHP metamorphism of crustal material.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The modern models of diamond genesis are based,
mainly, on the results of investigations of mineral and
fluid inclusions in diamonds, as well as on experimental
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data on diamond formation in various media. Among the
mineral inclusions in diamond, silicates, sulfides and
oxides dominate (Sobolev, 1977; Meyer, 1987; Harris,
1992). Fluid inclusions in diamonds have been actively
studied since recent time, because it is fluid inclusions that
give an exceptionally significant information for the
reconstruction of diamond-forming media (Navon et al.,
1988; Schrauder and Navon, 1993, 1994; Izraeli et al.,
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Fig. 1. The high pressure cell used in the present study: 1 — ZrO2

container; 2 — cylindrical graphite heater; 3 — PtRh6/PtRh30
thermocouple; 4 — MgO sleeve; 5 — graphite sleeve; 6 — FeS;
7 — MgCO3+Al2O3+SiO2 ampoule; 8 — ZrO2; 9 — Mo leads.
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2001). Of particular interest are micro- and nano-
inclusions, characteristic of diamonds of both mantle
(Klein-BenDavid et al., 2006; Tomlinson et al., 2006) and
UHP metamorphic origin (Dobrzhinetskaya et al., 2003;
Hwang et al., 2005). A comprehensive body of data
accrued from the inclusion studies demonstrates the
complexity and heterogeneity of the natural diamond-
forming environment. This stimulates experimental
investigations aimed at determining the role of specific
components of the environment in nucleation and growth
of diamond. Since,most of themodels associate the origin
of diamond with oxidation–reduction reactions (Hagg-
erty, 1986; Sobolev and Shatsky, 1990; Deines andHarris,
1995; Ogasawara et al., 1997; Luth, 1999) and mantle
metasomatism (Boyd et al., 1994a,b; Taylor and Anand,
2004; Shatsky et al., 2005), experimental studies into
these reactions and processes are of interest.

At the opening stage of the experimental modeling of
the diamond genesis, various non-metallic solvents have
been investigated for the capability of diamond synthesis.
These include melts of alkaline (Akaishi et al., 1990;
Litvin et al., 1997; Pal'yanov et al., 1999) and alkaline–
earth carbonates (Akaishi et al., 1990; Taniguchi et al.,
1996; Pal'yanov et al., 1998; Sato et al., 1999),
carbonate–silicate systems (Arima et al., 1993; Litvin
and Zharikov, 2000; Shatsky et al., 2002), sulfide melts
(Litvin et al., 2002; Palyanov et al., 2006) and sulfur (Sato
and Katsura, 2001; Pal'yanov et al., 2001). Since fluids
are believed to play an important role in diamond
formation processes, diamond crystallization has been
studied in C–O–H system (Yamaoka et al., 1992; Akaishi
et al., 2000; Sokol et al., 2001), silicate–fluid (Sokol et al.,
1999; Pal'yanov et al., 2005a) and carbonate–fluid
systems (Pal'yanov et al., 1999, 2002a; Sokol et al.,
2004). Recently, experimental studies focusing on
diamond formation through oxidation–reduction reac-
tions have started to appear. To date it has been
experimentally demonstrated that diamond can form
as a result of redox reactions involving carbonates and
Si, SiC or silicon-bearing metal (Arima et al., 2002;
Siebert et al., 2005), or carbonates and reduced fluids
(Pal'yanov et al., 2002b; Yamaoka et al., 2002; Pal'yanov
et al., 2005b).

One of the challenging questions is unrevealed role of
sulfides in the origin of diamond. As is known, sulfides
are among the most common inclusions in diamonds
(Sharp, 1966; Harris and Gurney, 1979; Efimova et al.,
1983; Bulanova et al., 1993; Pearson et al., 1998;
Richardson et al., 2004). A considerable amount of
sulfide micro-inclusions were revealed in diamonds
from kimberlites from Canada and Siberia (Klein-
BenDavid et al., 2003, 2006) as well as in metamorphic
diamonds from Erzgebirge (Hwang et al., 2001) and
Kokchetav Massif (Hwang et al., 2003). Two models
have been proposed, which account for the involvement
of sulfides in diamond genesis. First one supposes
diamond crystallization from sulfide melt saturated with
carbon (Haggerty, 1986), in a manner similar to diamond
synthesis from carbon solution in transition metals melt.
This model has been developed in a number of studies
(Bulanova et al., 1993; Bulanova, 1995; Spetsius, 1999).
Experiments on the interaction between graphite and
sulfide melts of FeS and (Fe,Ni)9S8 compositions,
performed over a wide range of P–T parameters, showed
that the minimal pressure required for diamond nucle-
ation from carbon saturated sulfide melt is 7.5 GPa
(Palyanov et al., 2006). Another idea was first proposed
by Marx (Marx, 1972), who suggested that diamond
could form via the reaction 2FeS+CO2=2FeO+S2+C.
Experimental investigation of this or similar reactions,
however, represents a formidable task due to methodical
complexity. First study along this line is the experimental
investigation of magnesite reduction in the presence of a
eutectic-composition Fe70S28O2 melt (Gunn and Luth,
2006). As a result of carbonate reduction by Fe0-rich
sulfide melt metastable graphite was produced in the
experiments.

In the present study, we have investigated carbonate–
oxide–sulfide interaction in the MgCO3–SiO2–Al2O3–
FeS system under mantle P–T parameters. Based on the
experimental data and thermodynamic calculations an



Fig. 2. Schemes of carbonate–oxide–sulfide interaction in the reaction ampoules. a — initial ampoule assembly; b — scheme of ampoule at 1250–
1450 °C; c— scheme of ampoule at 1600–1800 °C. 1— graphite sleeve; 2— pyrrhotite; 3— diamond seed crystal; 4— carbonate–oxide ampoule;
5 — pyrrhotite; 6 — reaction zone; 7 — quenched pyrite–pyrrhotite aggregate; 8 — cavity; 9 — spontaneous diamond crystals; 10 — metastable
graphite; 11 — polycrystalline garnet aggregate.
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attempt to unravel the role of sulfides and determine
possible mechanisms of diamond formation has been
made.

2. Experimental methods

Experiments were carried out using a multi-anvil
high-pressure apparatus of a “split-sphere” type (Pal'ya-
nov et al., 1997). A high-pressure cell (Fig. 1) in the
form of tetragonal prism, 21.1×21.1×25.4 mm in size,
was used. The temperature was measured in each
Table 1
Experimental results

Run T Time Sleeve
material

Final phase

(°C) (h) Silicates, c

85/8 1700 23.5 MgO+Pt Grt+OPx+
126/8 1500 44 MgO+BN Grt+ b

125/8 1600 42 MgO+BN Grt+Ol+C
97/8 1700 15 MgO+BN Grt+Ol+O
134/8 1250 42 MgO+G Ms+Grt+C
130/8 1350 42.5 MgO+G Ms+Grt+C
129/8 1450 42 MgO+G Ms+Grt+C
88/8 1600 23.5 MgO+G Grt+Co+M
92/8 1650 23.5 MgO+G Grt+Co+O
90/8 1700 8 MgO+G Grt+Co+O
91/8 1800 8 MgO+G Grt

Notes: Grt— garnet, Ms— magnesite, Co— coesite, Cor— corundum, OP
pyrrhotite, G — graphite, D — spontaneously nucleated diamond; Poqu , Py
a PtS+(Fe,Pt)S — products of interaction of FeS with the sleeve material
b Mg3B2O6+Mg2B2O5 — oxidation products in sleeves after experiment
experiment using a PtRh30/PtRh6 thermocouple. Details
on the pressure and temperature calibration have been
presented elsewhere (Pal'yanov et al., 2002a).

The methodical approach and corresponding scheme
of the reaction ampoule assembly were developed to
realize in the course of experiments the decarbonation
reaction, releasing CO2, and then (or in parallel) to create
conditions for the interaction between CO2 and sulfide.
As a result, the scheme, shown in Fig. 2a, was adopted.
Ampoules, with a height of 9.2 mm, outer diameter of
9.5 mm and wall thickness of 2.2 mm, were made from a
s (X-ray) Carbon
phases

Diamond
growth
on seeds

arbonates Sulfides

Ol+Ky a G+D Yes
Poqu G Yes

or+b Poqu G Yes
Px+b Poqu G+D Yes
o+Ky Po G Yes
o+Ky Po G Yes
o+Ky Po G Yes
s+Ky+OPx Poqu+Pyqu G Yes
Px Poqu+Pyqu G+D Yes
Px+Ky Poqu+Pyqu G+D Yes

Poqu+Pyqu G No

x— orthopyroxene, Ky— kyanite, Ol— olivine, Py— pyrite, Po—

qu — quenching phases.
.
s.



Fig. 3. SEM micrograph of the polished section (run 134/8, 1250 °C)
with microprobe analysis data. 1 — sulfide; 2 — reaction zone,
containing garnet, magnesite and coesite; 3 — outer part of the
ampoule, consisting of magnesite, coesite and kyanite. Notes: Grt —
garnet, Ky — kyanite, Ms — magnesite, Co — coesite, Po —
pyrrhotite.

Fig. 4. SEM micrographs: a — cubo-octahedral diamond seed crystal
with overgrown layers (run 134/8, 1250 °C); b — an expanded
fragment of the Fig. a, showing {100} face with growth features.
c — Optical micrograph, showing transparent inclusions in the
overgrown layer located at the depth of 5 μm.
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mixture of MgCO3 (359 mg), Al2O3 (143 mg), and SiO2

(335 mg). In molar proportions the starting mixture had
Mg:Al:Si of 3:2:4. Reacting completely under the run
conditions, this mixture would produce pyrope and small
amount of enstatite and coesite, due to small excess of
silica. A FeS pellet with diameter of 5 mm, height of
3.5 mm and mass of 300 mg, was placed inside the
ampoule. Cubo-octahedral synthetic diamond seed crys-
tals approximately 0.5 mm in size were placed in the
carbonate–oxide ampoule, as shown in Fig. 2a. The
starting materials were natural magnesite (Chelyabinsk
Region, Russia) with an impurity content of 0.5 wt.% and
99.9% pure SiO2 and Al2O3. Stoichiometric pyrrhotite
was synthesized by heating a mixture of iron (99.99%)
and sulfur (99.99%) in evacuated quartz ampoules at
750 °C for 48 h.

Taking into account high reactivity of sulfides the
reaction charge was isolated from the graphite heater
using double sleeves. Three compositions of the sleeves,
including MgO+Pt, MgO+BN, MgO+graphite were
employed. BN-capsules were made by pressing pure h-
BN powder without any binder. As it will be shown
below the optimal composition was MgO+graphite. At
the same time, since the results obtained with the other
sleeves may represent an independent interest, some
typical examples illustrating the effect of the isolation
materials are also presented in the paper.

After experiments, samples were studied using
optical microscopy and scanning electron microscopes
LEO420 and LEO1430VP. Phase composition of the
samples from different parts of the reaction ampoules
was determined by X-ray (a DRON-3 diffractometer)
and microprobe (Camebax-Micro) analyses. For micro-
probe analysis samples in the form of polished sections
were prepared. Infrared absorption spectra of diamonds
were measured using a Bruker Vertex 70 FTIR
spectrometer fitted with a Hyperion 2000 IR micro-
scope. The isotopic analysis of carbon was performed
using an isotope ratio mass-spectrometer Finnigan MAT
253 equipped with an EA1112 elemental analyzer.
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3. Results

3.1. Experiments on the carbonate–oxide–sulfide
interaction

The results of experiments on the carbonate–oxide–
sulfide interaction are presented in Table 1. Isolation of
the reaction charge with a (MgO+Pt) sleeve (run 85/8)
yielded FePt, PtS, and (Fe,Pt)S phases in the run
products, indicating that pyrrhotite reacted with Pt.
Application of a double sleeve composed of MgO and
BN (run 126/8) also resulted in formation of additional
phases, namely Mg3B2O6 and Mg2B2O5. Therefore, in
order to exclude penetration of extra chemical agents to
the reaction volume, a double isolation sleeve composed
of MgO and machined graphite (MgO+G) was applied
in the main series of experiments.

Experiments, using composite (MgO+G) isolation
sleeves, were carried out at a pressure of 6.3 GPa and
temperatures in the range of 1250–1800 °C with a
duration from 8 to 42.5 h. At 1250 °C (run 134/8) it was
established that in the inner part of the carbonate–oxide
Fig. 5. SEMmicrographs: a— pyrite–pyrrhotite quenched aggregate (run 88
carbonate–silicate ampoule (run 92/8, 1650 °C); d— diamond crystal in the g
Po — pyrrhotite, G — graphite, D — spontaneously nucleated diamond.
ampoule at the contact with sulfide, the initial phases
reacted to form garnet, kyanite and graphite. In the outer
part of the ampoule only magnesite, coesite and kyanite
were found, indicating that no decarbonation reaction
took place. An analysis of the spatial distribution of the
coexisting phases showed that within the reaction zone
the occurrence of garnet and kyanite had a mutually
exclusive character; areas rich in garnet did not show
kyanite and vice versa (Fig. 3). This occurrence pattern
is in agreement with the phase assemblage expected
from the stoichiometry of the starting mixture. Diamond
growth was established on the {100} and {111} faces of
the seed crystals located within the reaction zone
(Figs. 2b and 4). As the temperature increased from
1250 to 1450 °C the width of the reaction zone was
found to increase. In the run products the quantity of
unreacted carbonate and oxides decreased and quantity
of metastable graphite increased. In this temperature
range sulfide did not melt and was identified after
experiments as pyrrhotite.

At 1600 °C (run 88/8) melting of sulfide was
established. An X-ray analysis showed that pyrite and
/8, 1600 °C); b— an expanded fragment of the Fig. a; c— fragment of
arnet–pyrite aggregate (run 90/8, 1700 °C). Grt— garnet, Py— pyrite,



Fig. 6. SEM micrographs: a, b — diamond crystals in the polycrystalline garnet aggregate (run 90/8, 1700 °C); c — diamond crystal, garnet and
pyrite in a cavity (run 92/8, 1650 °C); d — coesite, garnet and graphite crystals in a cavity (run 92/8, 1650 °C). Grt — garnet, Co— coesite, Py—
pyrite, G — graphite, D— spontaneously nucleated diamond.
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pyrrhotite were present in the central part of the
ampoule. Sulfide was found to penetrate into carbon-
ate–silicate substrate (Fig. 5a, b). In the run products a
considerable quantity of metastable graphite and
diamond growth on the seed crystals were established.

Spontaneous diamond crystallization was established
at 1650 and 1700 °C (runs 92/8 and 90/8, respectively). In
these experiments the initial carbonate was exhausted
completely in the reactions, and a grey polycrystalline
aggregate, composed of garnet, orthopyroxene, coesite,
pyrite, pyrrhotite, graphite and diamond (Fig. 5c, d) was
produced. The aggregate contained numerous micro-
cavities. Inside these cavities euhedral crystals of garnet,
diamond and, sometimes, coesite were found (Fig. 6a–d).
At the same time, some cavities were empty. This may be
explained assuming that the cavities were formed non-
simultaneously in the course of experiments.

In the products of run 91/8, performed at 1800 °C in the
graphite stable region, garnet, pyrite, pyrrhotite and
graphite were found. This is evidence for the completion
of the decarbonation reaction and crystallization of
elemental carbon exclusively in the form of graphite.
These data also confirm the accuracy of the pressure and
temperature measurements providing reference to the
diamond–graphite equilibrium line (Fig. 7). For this
experiment maximal number of cavities, with sizes from
0.1 to 1mmwas established in the silicatematrix (Fig. 8a–
d). Inside the cavities, aggregates of graphite crystals,
sometimes as intergrowths with garnet (Fig. 8a, b) were
found. In addition, pyrite spheres, formed apparently
during quenching, were frequently observed (Fig. 8b).

Summarizing experimental data on diamond forma-
tion, it is necessary to note that at relatively low
temperatures, 1250–1450 °C, only diamond growth on
the seed crystals was established. Furthermore, diamond
growth was observed only with those seed crystals,
which were located within zones, where the decarbon-
ation reaction and formation of garnet and other phases
took place (Fig. 2b). Those seed crystals (or part of
them), located in carbonate–oxide zone, where the
initial reagents did not react, underwent partial dissolu-
tion. At higher temperatures (Table 1) spontaneously



Fig. 7. Experimental results of the carbonate–oxide–sulfide interaction. Filling of symbols denotes variations in phases of carbon: solid— graphite,
half black — graphite+diamond growth on seed crystals, open — spontaneously nucleated diamond+graphite+diamond growth on seed crystals.
Experimentally determined decarbonation reactions are taken from Knoche et al. (1999) and Newton and Sharp (1975), decomposition curve for
pyrite and melting curve for pyrrhotite are taken from Sharp (1969). Prp— pyrope, Ms—magnesite, Co— coesite, En— enstatite, Ky— kyanite,
Fo — forsterite, Py — pyrite, Po — pyrrhotite, G — graphite, D — diamond.
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nucleated diamond crystals were established. Diamonds
were found in the silicate ampoule, but were never
observed inside the sulfide pellet (Fig. 2c). Octahedral
diamond crystals with sizes up to 150 μm, flattened
crystals up to 80 μm or diamond intergrowth aggregates
up to 400 μm were located in polycrystalline garnet
aggregate (Fig. 5c), garnet–pyrite aggregate (Fig. 5d) or
in the cavities (Fig. 6a–c).

3.2. Composition of silicates and sulfides

At temperatures of 1250–1450 °C, the decarbonation
process was localized within the reaction zones at the
contact with sulfide (Fig. 2b). Garnets formed within
these zones were found to be enriched with FeO up to
29.9 wt.% (Table 2). Particular variations of Fe content
were observed for garnets crystallized at 1250 °C
(Fig. 9a). Microprobe analysis of garnets located in
different parts of the reaction zone showed that their Fe
content correlated with the distance from the pyrrhotite
pellet. In general, garnets located closer to the pyrrhotite
showed higher Fe concentrations. At higher tempera-
tures (1600–1800 °C) garnet crystallized throughout the
carbonate–oxide ampoule. In this case, FeO content
decreased to 9–13 wt.% (Table 2). It is of interest that in
experiments with the (MgO+BN) isolation sleeves,
performed at similar temperatures, Fe content in garnet
varied within 1–4 wt.%.

Si content in garnets and, consequently, content
of pyroxene components in solid solution, increased
considerably with temperature (Fig. 9b, Table 2). In
garnets coexisting with orthopyroxene, crystallized at
1700–1800 °C, Si content per formula unit was up to
3.07–3.09. This implies that the composition of these
garnets crystallized at 6.3 GPa, in Si content, lies
within the field of majoritic garnet, which is charac-
teristic for essentially higher pressures (Gasparik,
2002). It should be noted that garnets produced in
experiments with the (MgO+G) and (MgO+BN)
isolation sleeves at similar temperatures had compara-
ble Si content.

In experiments with the (MgO+G) isolation sleeves,
the composition of pyrrhotite was found to change with
temperature from the initial stoichiometric FeS to Fe0.89S
at 1250 °C and Fe0.85S at 1450 °C (Table 3). At higher
temperatures, sulfide melted and crystallized as pyrite
and pyrrhotite during the quench (Table 3). Microscopic
and X-ray analyses of the run products showed that
pyrite content in the quenched aggregate increased with
temperature from 20 vol.% at 1600 °C to 45 vol.% at
1800 °C. Based upon these data it was established that
with an increase in temperature, the content of sulfur in
sulfide melt increased. Moreover, a regular increase of
sulfur content in sulfides, irrespective of their aggregate
state was found for the entire range of temperatures from
1250 to 1800 °C (Fig. 9c). Remarkably, experiments,
performed with the (MgO+BN) isolation sleeves, did
not exhibit this tendency. In this case, only pyrrhotite
formed from sulfide melt during quenching. Analysis of
the quench pyrrhotite composition demonstrated that no



Fig. 8. SEM micrographs: a — cavities with graphite crystals and pyrite spheres (run 91/8, 1800 °C); b — intergrowth of garnet with graphite and
pyrite spheres, an expanded fragment of the Fig. a; c — a fragment of carbonate–silicate ampoule with cavities (run 91/8, 1800 °C); d — graphite
crystals in a cavity, expanded fragment of the Fig. c. Grt — garnet, Py — pyrite, G — graphite.
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enrichment of sulfide melt with sulfur occurred in these
experiments (Fig. 9c).

3.3. IR characterization of diamonds and carbon
isotope analysis

For the infrared absorption measurements a number
of spontaneously nucleated diamond crystals with
appropriate sizes and quality were selected from runs
92/8 and 90/8 carried out at 1650 °C and 1700 °C,
respectively. Typical IR spectra recorded for these
diamonds are shown in Fig. 10. As it is seen from the
spectra in the defect-induced one-phonon region (1400–
900 cm− 1) the samples exhibit relatively strong
absorption caused by nitrogen impurity. Absorption
bands due to single substitutional nitrogen atoms, or
C centers (a band peaking at 1130 cm−1) and pairs
of nearest-neighboring nitrogen atoms, or A centers
(a band peaking at 1280 cm−1) are present, so that the
crystals correspond to mixed Ib–IaA type. Nitrogen
concentrations were determined by decomposing the IR
spectra, in the one-phonon region, into A and C
components and using conversion factors of 16.5 atomic
ppm cm−1 of absorption at 1280 cm−1 for the A centers
(Boyd et al., 1994a,b) and 25 atomic ppm cm−1 of
absorption at 1130 cm−1 for the C centers (Kiflawi et al.,
1994). For the spectra presented in Fig. 10 calculations
give nitrogen concentrations of 350–450 ppm and
1150–1050 ppm in the form of A and C centers,
respectively. The total nitrogen content is approximately
1500 ppm. It is remarkable that, as in case of diamonds
grown using a variety of non-metallic systems (Kanda
et al., 1999; Borzdov et al., 2002; Pal'yanov et al.,
2002b, 2004), diamond crystals synthesized in this
study contain relatively high nitrogen concentrations at
the level of typical values found in natural type Ia
diamonds.

Another absorption feature present in the measured
IR spectra is a sharp peak at 3107 cm−1. As is known
this absorption peak is related to hydrogen impurity in
the diamond lattice and attributed to a C–H bond
stretching vibration (Woods and Collins, 1983; De



Fig. 9. Temperature dependence of the phases composition (6.3 GPa,
1250–1800 °C): a — FeO content in garnets; b — Si content per 12
oxygens in garnets; c — S content in sulfides: pyrrhotite (1250–
1450 °C) and quenched pyrite–pyrrhotite aggregate (1600–1800 °C).
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Werdt et al., 2003). The occurrence of hydrogen-related
absorption features in the examined crystals indicates
that hydrogen was present in the growth environment
and was able to incorporate in diamonds during the
growth.

For the reconstruction of diamond and graphite
formation processes, analysis of carbon isotopic com-
position of the initial and final carbon-containing phases
is of interest. Carbon isotope compositions of the initial
magnesite (δ13C=−0.1‰) and graphite used for
isolation sleeves (δ13C=−27‰) differed considerably.
Isotopic analysis of final carbon-containing phases was
performed with the experiment carried out at 1700 °C
(run 90/8). It was established that spontaneously
nucleated diamond had δ13C=−7.3‰, and δ13C values
of newly formed graphite varied from −0.06‰
to −3.7‰. Isotopic composition of graphite of the
isolation sleeve after experiment changed slightly with
δ13C ranging from −25.3 to −26.8‰. This indicates that
during the experiment some isotopic interchange
between CO2-fluid and carbon of the graphite sleeve
took place. Consequently, considering the source of
carbon for crystallized diamond both magnesite and
graphite of the isolation sleeve should be taken into
account. Besides, another potential source of carbon
could be seed diamond crystals. However in experi-
ments where spontaneous nucleation of diamond was
established, the seed crystals did not undergo dissolu-
tion but exhibited diamond overgrowths. Therefore, at
least for spontaneously nucleated diamonds, diamond
Fig. 10. Typical infrared absorption spectra of diamond crystals
synthesized in the MgCO3–SiO2–Al2O3–FeS system at 1650–
1700 °C. The spectra have been displaced for clarity.



Fig. 11. Calculated logfO2–T diagram for the MgCO3–SiO2–Al2O3–
FeS–C system at 6.3 GPa. 1, 1′, 3, 6 — invariant reactions; QFM,
CCO — buffer equilibria; a(Prp) — activity of pyrope.
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seed crystals can be ruled out as the possible source of
carbon. An estimation of the carbon contribution from
magnesite and graphite of the sleeve to the crystallized
diamonds can be made with an assumption that no
isotope fractionation occurred between the carbon-
containing phases and neglecting the change of the
isotope composition of graphite. It yields that isotope
composition with δ13C=−7.3‰ could form due to
mixing 27 wt.% of carbon from graphite used for
isolation sleeves and 73 wt.% of carbon from carbonate.
This estimation shows that diamond, as well as
metastable graphite, crystallized in the experiments,
were formed mainly from carbon of the initial
magnesite.

4. Processes of carbonate–oxide–sulfide interaction
and diamond-forming mechanism

Thermodynamic calculations were performed with
the MgCO3–Al2O3–SiO2–FeS–C–O2–H2 system at
6.3 GPa and temperatures in the range 900–1800 °C.
Since the equilibrium was not attained in most of the
experiments (especially in those at low temperatures)
the calculations were mainly intended for the analysis of
general regularities of the carbonate–oxide–sulfide
interaction, and were not aimed at interpreting all the
peculiarities of the formation and composition of phases
produced in experiments. A “Selektor-C” computer
program (version 3.11, 1997) (Chudnenko et al., 1995;
Karpov et al., 2002), employing Gibbs free energy
minimization, was used for the calculations. This
software is calibrated for the upper mantle conditions.
Initial thermodynamic data for the solid phases, FeS
melt and gases were taken from g_reid, c_hol, c_sprons
databases, available in the “Selektor-C” program, and
corrected as shown in (Konnikov and Palyanova, 2000;
Sokol et al., 2000). For the solid phases a model of ideal
type of activity of the endmembers was employed. The
C–O–H–S fluid was approximated by an ideal mixture
of real gases (H2, CH4, H2O, CO2, CO, COS, CS2, SO2,
S2, O2). Model composition of the system was set in
accord with the experiments or stoichiometry of the
reactions involving MgCO3, Al2O3, SiO2, FeS, CO2. In
addition, we took into account possible presence of
atmospheric oxygen, which can be adsorbed on the
starting reagents and materials, and a possibility of
hydrogen diffusion in the reaction ampoules during the
experiments. Based on the data of (Pal'yanov et al.,
2005b), the quantity of hydrogen in the system was
estimated to be not higher than 0.1 wt.%. The results of
the calculations, constituting the invariant reactions and
composition of fluid in equilibrium with diamond are
presented in Fig. 11 and Table 4, respectively.

Based upon the experimental results and thermody-
namic calculationswe shall consider themajor regularities
of the processes, reactions and mechanisms responsible
for the formation of carbon polymorphs (diamond and
graphite) in association with Mg,Fe-silicates and sulfides,
as observed in this study. We suppose that the elemental
carbon could form in the experiments as a result of two
processes, first, decarbonation of magnesite producing
CO2 and, second, carbon reduction due to reaction of CO2

with pyrrhotite. Decarbonation of magnesite proceeds via
the following main reaction:

3MgCO3 þ Al2O3 þ 3SiO2↔Mg3Al2Si3O12 þ 3CO2

ð1Þ
This reaction was studied experimentally by Knoche

et al. (1999). As it follows from the determined location of
the reaction boundary, at the pressure of 6.3 GPa
magnesite decarbonation via reaction (1) proceeds at
temperatures higher than 1400 °C. However our results
suggest that decarbonation occurred in the experiments at
temperatures as low as 1250 °C. This discrepancy urges
us to consider possible factors which could shift reaction
(1) to lower temperatures. It has been shown previously
that an essential effect on the decarbonation is exerted by
the presence of H2O in the system (Ogasawara et al.,
1997; Knoche et al., 1999). However, the starting reagents
used in this study were dried up prior to experiments and
did not contain considerable quantity of H2O. Further-
more, should magnesite decarbonation be affected by
adsorbed atmospheric H2O, it might be expected that in
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our low-temperature experiments, reaction (1) should
have occurred throughout the carbonate–oxide ampoule.
This, however, was not observed, and the effect of H2O
can be ruled out. Another important factor resulting in the
temperature downshift is the reduction of activity of
pyrope due to its dilution. In particular, thermodynamic
calculation performed for pyrope–almandine–grossular
garnet (similar in composition to the garnet from group I
eclogites), with a(Prp)=0.16, yielded a decrease in the
magnesite decarbonation temperature to approximately
1270 °C at 6.3 GPa (Knoche et al., 1999). We found that
garnets from the experiments at 1250–1450 °C are
characterized by high FeO content, up to 29.9 wt.%
(Fig. 9, Table 2). For such concentrations of Fe in the Fe,
Mg-garnet and with the excess mixing energy,WFe–Mg

Grt of
0.8 kJ mol−1 (Holland, Powell, 1998), the activity of
pyrope, as follows from our calculations, decreases to a
(Prp)=0.009. This implies that, in the presence of Fe-
containing garnets, decarbonation reaction (1) could
occur even at the temperature as low as 1250 °C. Transfer
of iron from pyrrhotite to garnet proceeded via the
reactions of pyrrhotite oxidation. As a result, sulfide was
depleted with iron and enriched with sulfur. Almandine
garnet formed by the scheme:

0:33xd Al2O3 þ xd SiO2 þ FeS
þ0:5xd O2→0:33xd Fe3Al2Si3O12 þ Fe1−xS; ð2Þ

where xN0. For the calculations we used a simplified
reaction in the form:

3SiO2 þ Al2O3 þ 3FeSþ 1:5O2↔Fe3Al2Si3O12 þ 1:5S2

ð3Þ

In the low-temperature experiments, at 1250–1400 °C,
where sulfide did not melt, conditions for the magnesite
decarbonation via reaction (1) were realized only within
the reaction zones, enriched with Fe2+ (Fig. 3). In
experiments, carried out at higher temperatures, 1600–
1800 °C, decarbonation occurred throughout the carbon-
ate–oxide ampoule. Based on the experimental results, we
suggest that in addition to the main reaction (1), following
decarbonation reactions also took place:

MgCO3 þ SiO2↔MgSiO3 þ CO2 ð4Þ

MgCO3 þMgSiO3↔Mg2SiO4 þ CO2

ðNewton and Sharp; 1975;Wyllie et al:; 1983Þ ð5Þ

Let us now consider the reduction of CO2 with the
formation of elemental carbon. Thermodynamic calcu-
lations show that diamond and graphite can form via
CO2 reduction by sulfide (Fig. 11):

3SiO2 þ Al2O3 þ 3FeS þ 1:5CO2

¼ Fe3Al2Si3O12 þ 1:5C þ 1:5S2 ð6Þ

Taking into consideration the pyrrhotite composition
from run at 1250 °C, this reaction can take the form of:

FeS þ 0:0367Al2O3 þ 0:11SiO2

þ 0:055CO2→Fe0:89S þ 0:0367Fe3Al2Si3O12

þ 0:055C

ð7Þ

In experiments at 1250–1400 °C, the formation of
carbon by the reaction (6) was localized within the
reaction zone. At higher temperatures, 1600–1800 °C,
the process of the elemental carbon formation took place
throughout the entire reaction volume. It is necessary to
note that in this temperature range CO2 was reduced to
elemental carbon by sulfide melt. Reaction (6) took
place at fO2 close to CCO buffer (Fig. 11). As a result,
sulfide melt was enriched with sulfur, and crystallized as
pyrite–pyrrhotite aggregates during quenching.

The decarbonation reactions, releasing CO2, trans-
port of Fe from sulfide to the carbonate–oxide substrate
and CO2 reduction took place almost in parallel. This
caused the formation of intergrowth aggregates of
graphite and garnet (Fig. 8b) and graphite inclusions
in garnet crystals. Fluid, composed mainly of CO2, was
the media, which could provide transport of the
components. The occurrence in the cavities of euhedral
crystals of garnet, coesite, graphite and diamond, as well
as pyrite spheres, are evidence for their crystallization
from fluid, and, consequently, for significant solubility
of these phases in CO2-fluid at the experimental
conditions.

It is worth of considering if other processes could
lead to crystallization of graphite and diamond in our
experiments. It was found previously that in prolonged
experiments with CO2-fluid at high P–T parameters,
crystallization of graphite due to CO2 reduction
frequently occurred (Jakobsson and Oskarsson, 1994;
Brooker et al., 1998). This process is caused by the
diffusion of hydrogen through the capsule walls.
Intensity and direction of hydrogen diffusion depend
on the fluid composition, material of the capsule,
hydrogen fugacity in the cell materials and run duration.
In this connection, for the experimental investigation of
carbonate–silicate reactions, a double capsule buffering
method is often applied. The purpose of this method is
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to preserve low hydrogen fugacity in the sample and
thus to prevent the reduction of carbonates and CO2 by
hydrogen (Brey et al., 1983). However, it is impossible
to apply this method for studying sulfide-containing
systems at relatively high temperatures. Previously we
have studied the decarbonation reaction in the MgCO3–
SiO2–Al2O3 system at 6.0 GPa and 1600 °C without
buffering (Pal'yanov et al., 2005b). When Pt-capsules
were opened after 40 h experiments it was established
that gaseous phase, consisted mainly of CO2, contained
from 6.4 to 11.8 mol% H2O. Concentration of gaseous
phase in the system was up to 2.4–3.4 wt.%. Therefore,
it is possible that in experiments performed in the
present study, hydrogen could spontaneously diffuse to
the sample. A direct indication of hydrogen presence in
the reaction volume is the observation of hydrogen-related
absorption features in the IR spectra of the crystallized
diamonds. However, the amount of carbon released due to
CO2 reduction by diffused-in hydrogen was too small
to produce a significant supersaturation of the system,
required for diamond nucleation (Pal'yanov et al., 2005b).
Our calculations show that at T=1250 °C the concentra-
tion of H2O (the product of reaction of H2 with CO2) in
the fluid phase of the MgCO3–Al2O3–SiO2–FeS–C
system (containing 0.1 wt.% H2) is 25 wt.%, and
at T≥1350 °C it decreases to 6 wt.% (Table 4).

The composition of silicates, formed in the studied
system, depends on the specific features of the processes
considered above. The established trends of Fe-content
in garnets are determined, first of all, by the change of
sulfur concentration in sulfide (sulfide melt), redox
potential in the system and by the degree of magnesite
decarbonation. Earlier, in experiments at 5.0 GPa and
1800–2200 °C, it was shown that with an increase in the
content of sulfur in sulfide melt to a value higher than
that of FeS stoichiometry, the partition coefficient of Fe
between sulfide and silicates (Dsulf/sil) increased (Jana
and Walker, 1997). In the present experiments, small
volume of the reaction zone and slight oxidation of
pyrrhotite at 1250–1450 °C did not lead to a significant
increase in sulfur concentration in sulfide (Fig. 9c),
resulting in low Dsulf/sil and, hence, high Fe-content in
garnets (Fig. 9a). At temperatures of 1600–1800 °C, due
to high degree of MgCO3 decarbonation and consider-
able increase in sulfur concentration in sulfide melt, Fe-
content in silicates decreased to 9–13 wt.%.

In experiments with the (MgO+BN) isolation
sleeves, oxygen fugacity in the samples was close to
IW buffer (Wendlandt and Huebner, 1982). Low oxygen
fugacity in the system resulted in low Fe-content in
silicates (Fig. 9a). Oxidation of pyrrhotite did not take
place and sulfur concentration in sulfide did not increase
(Fig. 9c). CO2 formed through magnesite decarbonation
was reduced to carbon by interaction with boron nitride.
BN oxidation products (Mg3B2O6 and Mg2B2O5) were
found by X-ray analysis.

Finally, it is reasonable to suppose that the most
probable mechanism of diamond (or graphite) crystal-
lization in the experiments with the (MgO+G) isolation
sleeves was as follows. CO2-fluid produced through the
decarbonation reactions, dissolved the initial oxides,
sulfide, carbonate and newly formed silicates. Reduced
carbon was also dissolved in CO2 and after supersatu-
rated carbon solution was formed in the fluid, it became
possible for diamond or metastable graphite to crystal-
lize in the cavities or intergranular space of the silicate or
silicate–sulfide matrix. Saturation of the fluid with
carbon to a level necessary for diamond or graphite
crystallization to start was achieved through the
oxidation–reduction reactions between sulfide and
CO2. Surplus quantity of sulfide in experiments
provided gradual and continual saturation of the system
with carbon.

5. Summary and conclusions

The results of experiments performed in the present
study are evidence for a particular role of sulfides — as
an agent able to reduce CO2 to elemental carbon:
diamond or graphite. It is important that sulfides act as
reducing agents both in melted and solid states. As a
result of the carbonate–oxide–sulfide interaction in the
MgCO3–SiO2–Al2O3–FeS system, diamond or graph-
ite form in association with garnet, orthopyroxene,
coesite and sulfides (pyrrhotite and pyrite). The source
of carbon for diamond and graphite is MgCO3. Taking
into account the abundance of sulfides in diamondifer-
ous mantle xenoliths, and in inclusions in diamonds
from kimberlites, the model of diamond formation,
which accounts for the reducing role of sulfides, may be
of relevance to the diamond genesis in the mantle.
Findings of sulfides in micro-inclusions in metamorphic
diamonds (Hwang et al., 2001, 2003) suggest that this
model may also hold for UHP metamorphic processes.

It is found that the composition of sulfides changes in
the course of carbonate–oxide–sulfide interaction.
Pyrrhotite is enriched with S and depleted with Fe,
and, in case of sulfide melt, pyrite and pyrrhotite form
during quenching. Therefore, findings of sulfides with
relatively high S/(S+Me) ratios (Klein-BenDavid et al.,
2003) or pyrite in diamondiferous xenoliths (Ragozin
et al., 2006) or in inclusions in diamond (Bulanova et al.,
1982; Deines and Harris, 1995) may be taken as
indicators of the processes investigated in this study.
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The carbonate–oxide–sulfide interaction, studied in
this work, can be considered as one of the possible
scenarios of the mantle metasomatism. CO2-fluid,
formed via the decarbonation reactions, acts as a
metasomatic agent, providing transport of dissolved
components, including silicates, carbonates, sulfides
and carbon. The role of CO2 as one of the prevailing
components of the deep fluids has been discussed in a
number of studies (Andersen and Neumann, 2001;
Scambelluri and Philippot, 2001). Findings of CO2

inclusions in diamond (Schrauder and Navon, 1993) are
direct evidence for the existence of CO2 in the mantle.

Finally, summarizing the results of the present study,
the following conclusions can be made:

1. Interaction in the MgCO3–SiO2–Al2O3–FeS system
proceeds via reactions of decarbonation and reduction
of CO2 to elemental carbon, finally, resulting in the
formation of an association ofMg,Fe-silicates, sulfides
and graphite or diamond. The source of carbon for
diamond and graphite is the initial carbonate.

2. In the course of carbonate–oxide–sulfide interaction
sulfides act as reducing agents irrespective of their
aggregate state. Due to formation of Mg,Fe-silicates,
considerable enrichment of pyrrhotite with sulfur and
depletion with iron take place. At temperatures
higher than pyrrhotite liquidus, sulfide melt crystal-
lizes during quenching as pyrite and pyrrhotite, and
at temperatures lower than the liquidus, pyrrhotite
stoichiometry changes from FeS to Fe0.85S.

3. Diamond or graphite crystallize from CO2-dominat-
ed fluid, supersaturated with carbon and contained
dissolved silicates, oxides and sulfides. The driven
force of the elemental carbon crystallization is the
oxidation–reduction reactions occurring under car-
bonate–oxide–sulfide interaction.

4. The stable growth form of diamond produced in the
experiments is octahedron. Diamond crystals are
found to contain nitrogen impurity in single substitu-
tional (C-centers) and paired (A-centers) forms with
concentrations of 1050–1150 ppm and 350–450 ppm,
respectively, as well as hydrogen-related centers.

5. The investigated processes andmechanisms of diamond
formation in the course of carbonate–oxide–sulfide
interaction can be one of the possible models of the
diamond genesis in the processes of mantle metasoma-
tism or UHP metamorphism of crustal material.
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