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The Formation of Graphite upon the Interaction
of Subducted Carbonates and Sulfur with Metal-Bearing Rocks
of the Lithospheric Mantle
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Abstract— Experimental studies of the Fe’—(Mg, Ca)CO;—S system were carried out during 18—20 h at
6.3 GPa, 900—1400°C. It is shown that the major processes resulting in the formation of free carbon include
reduction of carbonates upon redox interaction with Fe® (or Fe;C), extraction of carbon from iron carbide
upon interaction with a sulfur melt/fluid, and reduction of the carbonate melt by Fe—S and Fe—S—C melts.
Reconstruction of the processes of graphite formation indicates that carbonates and iron carbide may be
potential sources of carbon under the conditions of subduction, and participation of the sulfur melt/fluid may

result in the formation of mantle sulfides.
DOI: 10.1134/S1028334X16010190

Elements with a variable valence, such as Fe, S, and
C, play an important role in magmatic and metaso-
matic processes in the Earth’s mantle and have a key
influence on the redox evolution of mantle rocks,
melts, and fluids [1, 2]. As is shown in a number of
modern studies of the global geochemical cycles of C
and S [2—4], subduction is one of the main mecha-
nisms of transportation of oxidized S and C forms
into the reduced lithospheric mantle. In addition,
modelling of various scenarios in the behavior of C-
and S-bearing phases under the subduction environ-
ments are currently important [2, 3].

It is known that fO, in the different domains of the
subcratonic lithospheric mantle may range from
FMQ-1 to FMQ-5, however, with a basic tendency
towards a decrease in the oxygen fugacity with depth
[4, 5]. It is evident from experiments that the mantle
becomes reduced at a depth of ~250 km, and the val-
ues of fO, decrease to the field of Fe® stability [6]. The
probable interaction between the oxidized crustal
material and reduced deep-seated rocks is supported
by the data on inclusions in diamonds with the com-
position ranging from strongly reduced ones, such as
metallic iron, moissanite, carbides, and sulfides, to
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oxidized ones including carbonates and sulfates [7—
10]. The diamond-forming reactions of the interac-
tion between carbonates and Fe’-bearing mantle rocks
have been studied [11], whereas the data on the poten-
tial role of sulfur in redox interactions under subduc-
tion environments are still limited.

Experimental studies of the Fe’—(Mg, Ca)CO;—S
system were carried out on a multianvil split-sphere
high-pressure apparatus (BARS) [12] during 18—20 h
at a pressure of 6.3 GPa, a temperature range of 900—
1400°C. Natural magnesite and dolomite (in a mole
proportion of 8/1), Fe, and S (with a pureness of
99.99%) were used as the starting materials. The
weights of carbonates, Fe?, and S were 22, 43, and
8 mg, respectively. The traditional scheme of grinding
and homogenization of the starting reagents was
applied in ampoule preparation. Based on our previ-
ous experience in the study of sulfides and the mantle
P—T conditions [13], we applied graphite as an opti-
mal material for ampoules. The results of additional
experiments in ampoules from talc ceramics are given
in Table 1.

The phase and chemical compositions of the sam-
ples obtained were studied by the methods of energy-
dispersive spectroscopy on a Tescan MIRA LMU
scanning electron microscope and by microprobe
analysis (a Camebax-micro microprobe). Phase rela-
tions in the samples were studied by the method of
scanning electron microscopy. The composition of
iron-bearing phases, the valent state of Fe in them,
and the Fe distribution between the phases and non-
equivalent sites was analyzed by the method of Moss-
bauer spectroscopy. The methodology of measure-
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Table 1. Results of experiments in the Fe’—(Mg, Ca)CO;—S
system at 6.3 GPa and 900—1400°C (the data of energy-dis-
persive spectroscopy)

Runno. | 7,°C | t,h 0%1?12%%?1116 Phases

1623-1 900 | 18 Gr Po, Mws, Coh,
Carb, Gr

1603-1 1000 | 18 Gr Mws, Po, Coh, Gr

1620-1 1100 | 18 Gr Mws, Po, Gr

1593-1 1100 | 20 Ta Mws, Po, Ol, Gr

1619-1 1200 | 18 Gr Mws, Po, Gr

1592-1 1200 | 20 Ta Po, OI, Gr

1599-1 1300 | 18 Gr Mws, L, L,, Gr

1618-1 1400 | 18 Gr Mws, L;, L,, Gr

Hereinafter, Po, pyrrhotite; Mws, magnesiowiistite; Coh, cohenite;
Carb, Fe, Ca, Mg carbonate; Gr, graphite; L;, Fe—S—O melt; L,,
Fe—S—C melt; Ol, olivine; Ta, talc ceramics.

ments and analysis of the Mossbauer spectra is
described in detail in [14].

The results of experiments and the chemical com-
positions of the phases are given in Tables 1-3. It is
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observed that the Fe®—carbonate—S interaction at the
lowest temperatures (900 and 1000°C) results in the
formation of an association of pyrrhotite + Fe3*-bear-
ing magnesiowlistite + graphite + cohenite =+
Fe,Ca,Mg-carbonate (Figs. 1a and 2). The main pro-
cesses occurring at 900—1000°C include the interac-
tion between the Fe and S melt/fluid resulting in crys-
tallization of pyrrhotite and redox reactions between
Mg,Ca-carbonates and Fe [11]. The interaction
between carbonates and Fe® proceeds by the scheme
3(Mg, Ca)CO; + 5Fe’ — 3(Fe, Mg, Ca)O + Fe,C
+ 2(Fe, Ca, Mg)CO;, (1)
whereas the newly formed carbide interacts with car-
bonate with the formation of an association of magne-
siowlistite and graphite:
3(Mg, Ca)CO;+ 2Fe;C — 9(Fe, Mg, Ca)O + 5C°. (2)
It is established that C° may appear in the form of
graphite in the course of carbon extraction from car-
bide upon interaction with the S melt/fluid:
2Fe;C + 3S, — 6FeS + 2C°. 3)
As is shown by the method of Mossbauer spectros-
copy, magnesiowiistite formed in association with
graphite contains ~4 at % Fe3*, which provides evi-

Table 2. Compositions of oxide and carbonate phases obtained in the course of Fe’—carbonate—S interaction (data of micro-

probe analysis)

Composition, wt % Composition, arb. units

Run no. |7, °C| Phase | N n(0O)

FeO | MgO | CaO | CO, | Total Fe Mg Ca C Total
1623-1 | 900|Mws | 17 [77.207,[20.727| 185 | — | 9985 | 1 [0.664 [0.325 [0.02,, | — [1.000
1603-1 [1000| Mws | 14 7587, [21.1¢) | 2.55| — | 99.53 | 1 [0.6504[0.33:, [0.0306| — |1.000
1620-1 [1100| Mws | 13 {7644 [20.35) | 2.8 — | 99.53 | 1 [0.6604(0.3104|0.0305 — |1.000
1599-1 [1300| Mws | 12 {77.35, [21.9¢ | 017 — | 994 | 1 [0.660(0.340,,]0.001,)| — |1.000
1618-1 [ 1400| Mws | 10 |76.8.14) [22.71)| 0.08;,| — | 99.64) | 1 [0.65, [0.354, [0.002,| — |1.000

Here and in Table 3, the average compositions are given; N is the number of analyses; 1c standard deviation is given in parentheses (77.2(27)

means 77.2 £ 2.7 wt %); n(0O) is the number of oxygen atoms.

Table 3. Compositions of sulfide phases obtained in the course of Fe’—carbonate—S interaction (the data of microprobe analysis

and energy-dispersive spectroscopy)

Composition, wt %
Run no. T, °C Phase N
Fe S (0] Total

1623-1 900 Po 11 63.4, 36.2(3 — 99.685,
1603-1 1000 Po 10 63.33, 36.3(1) — 99.64)
1620-1 1100 Po 12 63.33, 36.3(1) — 99.64)
1619-1 1200 Po 14 63.33) 36.2(, — 99.64)
1599-1 1300 L, 15 64.75) 30.6(y) 4.0, 99.4)

L, 15 66.0(3 35.1s, - 99.7)
1618-1 1400 L, 15 65.4, 29.24) 5.4 100.0,

L, 15 78.6(2) 21.25 — 99.8(2)
DOKLADY EARTH SCIENCES Vol. 466 Part 1 2016



90 BATALEVA et al.

Fig. 1. SEM images: (a) polycrystalline aggregate of mag-
nesiowlistite, cohenite, pyrrhotite, and graphite (1000°C);
(b) magnesiowlistite and graphite crystals in a quenched
aggregate (1300°C); (c) texture of quenched aggregate.
Po, pyrrhotite; Mws, magnesiowlistite; Coh, cohenite;
Gr, graphite; L, Fe—S—O melt; L,, Fe—S—C melt.

dence for a probable redox interaction between mag-
nesiowlistite and cohenite. This interaction results in
Fe disproportionation:

(Fe, Mg, Ca)O + Fe;C — (Fe**, Fe**, Mg,Ca)O + C°. (4)

At 1100—1200°C, carbonates and Fe carbide are
exhausted completely due to reactions (1)—(4) result-
ing in the formation of an association of pyrrhotite +
Fe’*-bearing magnesiowlstite + graphite. At 7 >
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Fl% 2. Mossbauer spectra of the samples obtained during
—carbonate—S interaction.

1300°C, the processes of interaction in the Fe—car-
bonate—S system result in crystallization of Fe3*-bear-
ing magnesiowlistite and graphite and in the formation
of two melts: Fe—S—O and Fe—S—C (Figs. 1b and lc,
Table 3). As is evident from the data of Mossbauer
spectroscopy, a microdendritic aggregate of pyrrhotite
and wistite crystallizes from the Fe—S—O melt, and a
microdendritic aggregate of Fe (with dissolved car-
bon) and pyrrhotite is formed from the Fe—S—C melt
upon quenching (Fig. 1¢). It is known that the forma-
tion of two immiscible melts (Fe—S and Fe—S—C) is
observed in the Fe—S—C system at the same P—T
parameters [15], whereas the reduced Fe—C melt and
oxidized carbonate melt are formed in the carbonate—
Fe system [11]. In the case of the more complex sys-
tem Fe—carbonate—S, the carbonate melt participates
in redox reactions with sulfide and metal—sulfide
melts, which results in the formation of Fe—S—O and
Fe—S—C melts, as well as in crystallization of Fe3*-
bearing magnesiowlistite and graphite.

Reconstruction of the processes of Fe—carbonate—
S interaction shows that oxidation of Fe carbide in the
redox interaction with carbonate (2) is the basic
mechanism of graphite crystallization at 7'< 1250°C.
Extraction of carbon from Fe carbide upon interaction
with S melt/fluid (3) and the redox interaction of
cohenite with magnesiowilistite (4) may be considered
as additional scenarios of the formation of graphite in
association with Fe3*-bearing magnesiowiistite and
pyrrhotite. It is established that the formation of
graphite at higher temperatures proceeds through
reduction of the carbonate melt by Fe—S and Fe—S—
C melts.

Thus, the data obtained allow us to consider car-
bonates and Fe carbide as likely sources of carbon in
the processes of graphite formation under the condi-
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tions of subduction of oxidized crustal material into
the reduced lithospheric mantle. The interaction
between Fe’ and carbonates in the presence of S-bear-
ing melts/fluids resulting in the formation of elemen-
tary carbon in association with pyrrhotite and magne-
siowlistite may be indicated by finds of polymineral
inclusions in diamond represented by associations of
sulfide + graphite, carbide + graphite, and wiistite +
carbide + graphite [10]. It is established that the role of
S in this interaction is not limited to the formation of
mantle sulfides, but includes direct participation of S
melts/fluids in the formation of free carbon, as well as
the formation and redox evolution of Fe—S—O and
Fe—S—C melts.
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