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Carbonate reduction by Fe-S-O melts at high pressure and high temperature
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ABSTRACT

Diamond may form in the Earth’s mantle by recrystallization of graphite, by precipitation from a
C-bearing fluid, or by reduction of carbonate. The latter mechanism could result from interaction with
areduced fluid or another phase that would accommodate the oxygen produced by the reduction. One
possible such phase is a sulfide-bearing melt, given that sulfides are common inclusions in diamond.
Experiments at 1300 °C, 6 and 7.5 GPa successfully reduced magnesite in the presence of a eutectic-
composition Fe-S-O melt. Although graphite rather than diamond was produced by this reduction,
these experiments demonstrate that this mechanism is a viable mechanism for reducing carbonate to

carbon in the Earth’s mantle.
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INTRODUCTION

Diamonds have been synthesized since the 1950s from
graphite using molten transition metals as carbon solvents in
high-pressure, high-temperature experiments (Bovenkerk et al.
1959). These diamonds differ in morphology, inclusions, and
other characteristics from natural diamonds (Bulanova 1995),
and it is unlikely that these transition metal melts are the growth
media for diamonds in the Earth’s mantle. A major uncertainty
surrounding the formation of natural diamond is the source of
carbon: is it pre-existing graphite, reduced carbon such as CH,, or
oxidized carbon such as CO,, or carbonate? In large part, which
of these possibilities are viable depends on the oxidation state of
the mantle. Oxidation state is conventionally expressed in terms
of the oxygen fugacity (fo,) relative to buffer reactions such as
fayalite + O, = magnetite + quartz (FMQ) or iron + O, = wiistite
(IW). Areaction particularly relevant to the stability of carbonate
is enstatite + magnesite = forsterite + graphite or diamond + O,,
known as EMOG or EMOD depending on the carbon polymorph
(Eggler and Baker 1982). This reaction dictates whether carbon-
ate or elemental carbon will be stable in a peridotitic mineral
assemblage, which is generally accepted to constitute much of
the upper mantle (e.g., Green and Falloon 1998). Recent studies
of garnet + olivine + orthopyroxene equilibria of mantle-derived
xenoliths of samples from both the Kaapvaal and Slave cratons
document fo, values between EMOG/D and IW, with f,, gener-
ally decreasing with depth (Woodland and Koch 2003; McCam-
mon and Kopylova 2004). If these values are representative of
sub-cratonic mantle, then carbonate would not be stable in the
diamond stability field, at least in peridotitic parts of the mantle.
In eclogite, the other major rock type of the upper mantle, the
reactions that control the stability of diamond are different than
those for peridotite, so the relative stabilities of carbonate and
diamond in eclogite must be evaluated independently of their
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stability in peridotite (Luth 1993).

Experimental efforts to synthesize diamond in ways analo-
gous to nature can be categorized as (1) solvent-assisted recrys-
tallization of graphite, (2) oxidation of reduced carbon-bearing
fluids, or (3) reduction of oxidized carbon. The first group has
been the most extensively explored, with solvents or catalysts
(other than transition metal melts) such as kimberlitic melts
(Arimaetal. 1993), solid or liquid carbonate (Akaishi et al. 1990;
Taniguchi et al. 1996; Pal’yanov et al. 1999a, 1999b, 2002a; Sato
et al. 1999; Sokol et al. 2000, 2001a; Spivak and Litvin 2004;
Tomlinson et al. 2004), sulfide melts (Pal’yanov et al. 2001; Sato
and Katsura 2001), and both oxidized (CO,-H,0O) and reduced
(CH4-H,0) fluids (Yamaoka et al. 1992, 2000, 2002a, 2002b;
Akaishi and Yamaoka 2000; Kumar et al. 2000, 2001; Sun et al.
2000; Akaishi et al. 2000, 2001; Sokol et al. 2001b; Okada et al.
2002; Dobrzhinetskaya et al. 2004). To the authors’ knowledge,
no study has reported oxidation of a reduced, carbon-bearing
(e.g., CHy-rich) fluid to produce diamond in the absence of
graphite or another source of carbon. Reduction of carbonate by
interaction with reduced fluids (Pal’yanov et al. 2002b; Yamaoka
et al. 2002c¢), or with Si or SiC (Arima et al. 2002) have been
reported. Yamaoka et al. (2002¢) reduced CaCO; to graphite,
which then recrystallized to diamond at 7.7 GPa and 1500 °C,
by reaction with a CH,-H,O fluid. Pal’yanov et al. (2002b) re-
duced MgCO:s in the presence of SiO, (+Na,CO;) via influx of
H, into the capsule. Although CH,-H,O or even H, fluids might
be present in the mantle at fo, > IW, the presence of either Si
or SiC would require much lower oxidation states (Ulmer et
al. 1998). An alternative reducing agent is sulfide melt, given
the frequent occurrence of sulfide as an inclusion in diamond
(Bulanova 1995). We conducted initial experiments on FeS that
verified its melting temperature was too high to be molten at
the experimental conditions of interest (<1300 °C). Therefore,
we explored the possibility that the eutectic liquid in the Fe-S-
O system (Urakawa et al. 1987) could be a reducing agent for
magnesite, the carbonate stable in the diamond stability field in
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a peridotitic mineral assemblage. To simulate possible reactions
in the Earth’s mantle more realistically, orthopyroxene was in-
cluded in the samples so that MgO liberated by the reduction of
magnesite could react to form olivine via the reaction Mg,Si,05
+2 MgO =2 Mg,SiO,.

EXPERIMENTAL METHODS

The starting materials were a mixture of natural magnesite (Mt. Brussilof,
British Columbia, Canada), orthopyroxene (Mg no. =0.90) from a spinel lherzolite
(KR-37, Canil et al. 1990) from Kettle River, British Columbia (Table 1), and
Fe;,S:50, (molar proportions given by subscripts). The latter was a mixture of iron
powder (99.9%), FeS powder (99.9%), and Fe,05 (99.945%), all from Alfa/Johnson
Matthey. A series of experiments were conducted on the Fe;,S,50, mixture (ISO-
1) to confirm the melting temperature reported by Urakawa et al. (1987). These
experiments ensured that the Fe;S,,0, would be molten at the conditions of the
reduction experiments. The starting composition for the carbonate reduction experi-
ments (OMS-2) was a mixture of orthopyroxene, magnesite, and Fe;,S,,0, in 4:8:1
(molar) respective proportions. To confirm that the presence of Fe;(S,50, is required
for the reduction of magnesite, a sulfide-free experiment with just orthopyroxene
and magnesite in the same proportions as in OMS-2 was run.

Samples were loaded in MgO capsules, 2.3 mm outer diameter and 4.2 mm
long, with a sample volume of 1 mm diameter by 1.8 mm long. The loaded cap-
sules were dried at 120 °C for =14 h before being incorporated into the sample
assembly. The sample assemblies consisted of a semi-sintered MgO + 5% Cr,0;
octahedron of 18 mm edge length containing a stepped graphite furnace surrounded
by a ZrO, sleeve. Inside the furnace, an MgO sleeve separates the capsule from the
furnace, and MgO spacers above and below the capsule center it in the assembly.
A WysRes-Wy,Re,, thermocouple, housed in an alumina (99.98% purity) sleeve, is
inserted axially through the top MgO spacer. Prior to the experiment, the assembly
(without the sample capsule) is heated for an hour at 1000 °C in an N,-2%H, gas
flow to minimize possible adsorbed H,O. This assembly and drying procedure is
the same as that used in previous studies in this laboratory (e.g., Walter et al. 1995;
Luth 1997, 2001; Knoche et al. 1999).

All experiments were run in the USSA-2000 split-sphere multiple-anvil ap-
paratus in the C.M. Scarfe Laboratory for Experimental Petrology at the University
of Alberta. The pressure calibration was based on experimental brackets at 1000
°C of the quartz-coesite transition in SiO, at 2.95 GPa (Bohlen 1984), the garnet-
perovskite transition in CaGeO; at 6.1 GPa (Susaki et al. 1985), and the coesite-
stishovite transition in SiO, at 9.1 GPa (Yagi and Akimoto 1976), as detailed in
Walter et al. (1995). Based on the reproducibility of the calibration experiments,
the uncertainty in pressure is estimated to be ~0.5 GPa.

Experiments were brought to run pressure, then heated at ~70 °C/min to run
temperature, and maintained at +5 °C. No correction for pressure was applied to
the Emf of the thermocouple. Temperature gradients within the sample capsule
are estimated to be <50 °C, based on two-pyroxene geothermometry (Walter et al.
1995). After the experiment, the run was quenched by turning off the power to the
furnace, followed by decompression over ~4 h.

After the run, the MgO capsule was extracted by cutting the furnace assembly
away from the capsule with a low-speed diamond saw. For the ISO-1 experiments,
which were conducted to constrain the melting temperature of the Fe;,S»,0, com-
position, the entire capsule was embedded in an epoxy plug. The plug was then
ground down to expose a longitudinal section through the capsule. To preserve
the texture as much as possible, the surface was repeatedly vacuum-impregnated
with epoxy during the grinding process once the capsule wall was breached. After
grinding and polishing, the samples were carbon-coated and examined with a JEOL
8900R electron microprobe, using backscattered electron imaging for textural

TaBLE 1. Composition of natural orthopyroxene KR-37 used in
experiments (wt%)
Sio, 55.74 (0.20)
TiO, 0.04 (0.03)
Al,0, 3.43(0.19)
Cr,05 0.39 (0.04)
FeO 5.92(0.01)
MnO 0.12(0.01)
MgO 33.91(0.12)
Ca0 0.56 (0.050
Na,O 0.04 (0.01)
NiO 0.10 (0.01)
Total 100.24 (0.23)
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examination and EDS for qualitative phase identification.

The sample treatment for the OMS-2 carbonate-reduction experiments was
more involved. Initially, we examined fragments of the charge on a JEOL 6301F
field emission scanning electron microscope, but the abundant sulfide and silicate
matrix made it difficult to ascertain the fate of the carbonate, so a sequential acid
treatment was developed. The initial step removed the bulk of the sulfide by addi-
tion of a 1:2 (v/v) mixture of hydrochloric and nitric acids to the samples in Teflon
vials and heating at ~70 °C for 30 min. We then treated the samples sequentially
with hydrofluoric acid to remove silicates, nitric acid to ensure all sulfide was
removed, and hydrochloric acid to remove carbonate. Resultant samples, and some
intermediate samples, were examined on the SEM, which is equipped with an EDS
detector capable of light element (C) detection.

To examine the textural relationships between the coexisting phases and to
analyze the phases in these experiments, we conducted a second series in which
the entire capsule was mounted in an epoxy plug and prepared in the same fashion
as the ISO-1 experiments for examination with the electron microprobe. Quantita-
tive analyses were obtained by WDS analysis with the JEOL 8900R microprobe.
Analyses were done at 15 kV accelerating voltage and beam currents (as measured
on a Faraday cup) of 15 nA for silicates and sulfides, and 7 nA for carbonates.
Standards used for olivine were Fo,; (Mg, Si) and fayalite (Fe) olivines. For garnet,
pyrope (Mg, Al Si), almandine-grossular (Fe), and grossular (Ca). For carbonate,
dolomite (Mg, Ca) and hematite (Fe). For ferroan periclase, periclase (Mg), hematite
(Fe). For sulfides, Fe metal (Fe) and pyrite (S).

FIGURE 1. Backscattered electron images of phase equilibrium
experiments on Fe;S,;0, to determine melting relationships. (a) 6 GPa,
900 °C (no. 3504): gray is Fe,S, white is Fe, and interstital black is Fe,O;
black regions on sides of image are the MgO capsule. (b) 6 GPa, 1000
°C (no. 3517): gray is Fe,S and white is Fe. Note dendritic texture of Fe.
Black regions on sides and top of image are the MgO capsule.
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RESULTS

The experimental run conditions and results are given in Table
2. The run products from the ISO-1 experiments on the Fe;,S,0,
composition showed a marked change in texture between 900
and 1000 °C. At 900 °C and below, the texture was granular, with
large grains of Fe,S and minor Fe,O, with interstitial Fe (Fig.
la). At 1000 °C and above, the experiments contained distinc-
tive metal dendrites in a quench mat of Fe-S-O (Fig. 1b). This
melting behavior is consistent with the work of Urakawa et al.
(1987), who found the eutectic at 930+10 °C at 6 GPa.

Experiment 3548, which contained orthopyroxene and
magnesite but no sulfide, produced an assemblage of olivine +
magnesite + garnet (Table 2). No elemental carbon was observed
in this experiment. The presence of olivine, rather than orthopy-
roxene, may result from reaction of the starting orthopyroxene

TABLE 2. Experimental run conditions and results
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with the MgO capsule via a reaction such as Mg,S1,0¢4 (0px) + 2
MgO (capsule) =2 Mg,SiO, (olivine). The survival of magnesite
argues against production of olivine via the reaction Mg,Si,0¢
(opx) + 2 MgCO; (mgs) =2 Mg,SiO, + 2 C + 2 O,, as this reac-
tion would have consumed all the magnesite in the sample. The
extremely magnesian nature of the olivine (Table 3) may be a
result of incorporation of Fe into the MgO capsule as well as into
the coexisting garnet (Table 4) and carbonate (Table 5).

The presence of garnet is explicable because the starting
orthopyroxene contained Ca and Al, neither of which substitutes
readily into olivine. Garnet would form by a reaction such as
Mg,Si,0¢ (opx) + CaAlLSiO¢ (opx) = Mg,CaAlLSi;0y, (grt) (and
analogous reactions involving Fe?*) to host the Al and some of
the Ca. Partitioning of Ca between garnet and carbonate prob-
ably accounts for the more magnesian nature of the garnet in this

Starting composition Run number Pressure (GPa) Temperature (°C) Duration (h) Results

Fe;05,50, 3505 6 800 2 subsolidus

(1ISO-1) 3504 6 900 2 subsolidus
3517 6 1000 2 supersolidus
3503 6 1100 2 supersolidus
3497 6 1300 2 supersolidus

opx + mgs 3548 7.5 1300 24 (EMP) ol + mgs + grt

opx + mMgs + Fe;,S,0, 3516 6 1300 6 (SEM) gr + silicate

(OMS-2) 3546 6 1300 6 (EMP) ol + grt + Fe-per + gr + 2 sulfides
3523 6 1300 24 (SEM) gr + silicate
3545 6 1300 24 (EMP) ol + grt + Fe-per + gr + 2 sulfides
3524 7.5 1300 24 (SEM) gr + silicate
3547 7.5 1300 24 (EMP) ol + grt + Fe-per + gr + 2 sulfides
3525 7.5 1300 48 (EMP) ol + grt + Fe-per + gr + 2 sulfides

Note: Phase abbreviations: Fe-per = ferroan periclase, gr = graphite, grt = garnet, mgs = magnesite, ol = olivine.

TAaBLE 3. Average compositions of olivine in experimental run products

Run no. 3546 3545 3547 3525 3548

n 30 56 29 20 15

wt%

Sio, 39.18(0.58) 40.29 (0.53) 40.34 (0.55) 39.74 (0.26) 41.61(0.43)

FeO 13.60 (0.96) 11.05 (0.77) 11.20(0.36) 10.79 (0.45) 2.03(1.02)

MgO 46.92 (0.99) 49.26 (0.64) 49.34 (0.66) 48.55 (0.48) 55.56 (0.87)
Total 99.7 (0.75) 100.60 (0.70) 100.88 (0.79) 99.08 (0.48) 99.20 (0.74)

Cations per 4 O atoms

Si 0.982 (0.009) 0.987 (0.007) 0.986 (0.010) 0.988 (0.004) 0.992 (0.004)

Fe 0.285 (0.021) 0.227 (0.017) 0.229 (0.008) 0.224 (0.010) 0.041 (0.020)

Mg 1.752(0.030) 1.799 (0.017) 1.798 (0.017) 1.799 (0.012) 1.975 (0.024)
Total 3.019(0.009) 3.013(0.007) 3.014(0.011) 3.012(0.004) 3.008 (0.004)

Mg no. 86.0 (1.1) 88.8 (0.8) 88.7 (0.3) 88.9 (0.5) 98.0 (1.0

Notes: n = number of analytical points in average.

Numbers in parentheses are 1 G.

TABLE 4. Average compositions of garnet in experimental run products

Run no. 3546 3545 3547 3525 3548

n 8 14 6 8 1

wt%

Sio, 39.20(0.39) 39.48 (0.25) 38.99(0.22) 39.29(0.27) 42.84

Al,0; 20.05 (0.45) 20.23(0.38) 17.18(1.42) 17.94(0.92) 23.18

FeO 7.04 (0.58) 6.51(0.64) 7.41 (0.45) 7.24(0.89) 3.76

MgO 6.28 (0.25) 6.23 (0.58) 11.12 (4.26) 7.00(1.31) 22.87

Ca0 26.09 (0.94) 26.51(1.26) 23.68 (2.83) 27.21(2.32) 5.44
Total 98.66 (0.61) 98.95 (0.41) 98.39(0.37) 98.69 (0.40) 98.10

Cations per 12 O atoms

Si 2.995 (0.013) 3.001 (0.016) 2.989 (0.027) 3.023(0.012) 3.029

Al 1.806 (0.032) 1.813(0.029) 1.553(0.134) 1.627 (0.073) 1.932

Fe 0.450 (0.036) 0.414 (0.040) 0.475 (0.029) 0.466 (0.055) 0.223

Mg 0.715 (0.027) 0.706 (0.065) 1.269 (0.482) 0.803 (0.145) 2411

Ca 2.136 (0.087) 2.159(0.108) 1.946 (0.238) 2.245(0.207) 0412
Total 8.102 (0.016) 8.093 (0.009) 8.234 (0.088) 8.164 (0.028) 8.005

Notes: Numbers in parentheses are 1 6. Garnet grains in 3548 were very small; only one satisfactory analysis was obtained.

n =number of analytical points in average.
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TABLE 5. Average composition of carbonate in run product of opx
+ magnesite experiment

Run no. 3548

n 6

wt%

MgO 39.63(0.52)

FeO 1.6 (0.49)

Ca0 5.35(1.12)
Total 46.58 (0.31)

Cation proportions

Mg 0.893(0.013)

Fe 0.020 (0.006)

Ca 0.087 (0.018)

Notes: n = number of analytical points in average.
Numbers in parentheses are 1 G.

experiment relative to those found in the OMS-2 experiments
(below), in which the carbonate decomposed to form graphite.

The initial three experiments (3516, 3523, and 3524) on the
OMS-2 orthopyroxene + magnesite + Fe;S,;0, composition,
in which the dissolution procedure was followed, all produced
hexagonal plates of carbon that we interpret to be graphite (Table
2, Fig. 2) by reduction of the magnesite. Qualitative analysis with
the EDS on the SEM confirmed these crystals were carbon.

Changing the run duration from 6 h (3516) to 24 h (3523)
at 6 GPa did not produce diamond rather than graphite. The ex-
periment at 7.5 GPa tested the possibility that overstepping the
graphite = diamond reaction by another 1.5 GPa would suffice to
crystallize diamond rather than graphite during the experiment,
but graphite precipitated in that experiment as well.

The second series of experiments on OMS-2 (3546, 3545,
and 3547) were conducted to elucidate the textural relationships
between the coexisting phases, and their compositions. All three
of these had identical textures (Fig. 3), with clusters of olivine +
garnet + ferroan periclase in a matte consisting of blebs of FeS
with intersitial sulfide of ~Fe,S composition (Table 6, Table
7). This interstitial sulfide displayed submicrometer dendritic
textures (Fig. 4), suggestive of quench crystallization. It is un-
clear, however, if the blebs of FeS are also a product of quench
crystallization or represent stable solid sulfide at the conditions
of the experiments.

The olivine in these experiments are magnesian (Fogs-Foy),
but less so than that produced in the opx + mgs experiment
described above. Similarly, the garnet compositions are more
calcic than that in the opx + mgs experiment (Table 4). These
differences are probably the result of the absence of magnesite
as a significant sink for Fe and Ca, as well as the presence of
sulfide (Table 6) and ferroan periclase (Table 7) that will influ-
ence the silicate compositions by partitioning of Fe and, in the
case of ferroan periclase, Mg as well.

Also present in these experiments are narrow crystals of
carbon (Fig. 3); we interpret their morphology to represent
cross-sections (at varying orientations) through the type of platy
crystals observed in the initial experiments (Fig. 2). As noted
previously, we interpret these crystals to be graphite based on
their morphology and composition.

Qualitative analysis with the EDS on the SEM confirmed
that the rod-like crystal sections observed in the polished probe
sections (Fig. 3) are carbon. An EDS spectrum of one of the
crystals from Experiment 3525 is shown in Figure 5, with a
spectrum of the interstitial Fe,S material for comparison. The
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FIGURE 2. (a) SEM image of hexagonal plates of graphite intergrown
with silicates from 6 GPa, 1300 °C, 6 h experiment (no. 3516). Sample
treated with HCI-HNO; only. (b) SEM image of plates of graphite from
the same experiment after sequential acid treatment. (¢) SEM image of
plates of graphite from 6 GPa, 1300 °C, 24 h experiment (no. 3523) after
sequential acid treatment.
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FIGURE 3. Backscattered electron image of textures and phases
present in Experiment 3525. Identical textures were observed in other
OMS-2 experiments that were imaged with the electron microprobe and
SEM. Because of the wide range of mean atomic weights of the phases,
the same area is shown in the top and bottom images with different
grayscales to resolve the silicates and carbon (top) and the sulfides
(bottom). The top image shows the textural relationships of the olivine
(ol), garnet (grt), ferroan periclase (fp), and graphite (gr). Note the thin
nature of the graphite “rods,” which are interpreted to be cross-sections
of sheet-like crystals as seen in Figure 2. The bottom image illustrates
the relationship between the “blebs” of FeS (b) and the interstitial (i)
material of ~Fe,S composition.

GUNN AND LUTH: CARBONATE REDUCTION AT HIGH PRESSURE

FIGURE 4. Backscattered electron image of Experiment 3525,
showing submicrometer dendritic intergrowth in interstitial sulfide. See
text for discussion.

TABLE6. Average compositions of sulfides in experimental run

products
Run no. 3546 3546 3545 3545
blebs interstitial blebs interstitial
n 9 10 22 18
wt%
Fe 63.38 (0.53) 77.68 (0.41) 63.43 (0.37) 76.82(1.08)
S 35.94(0.31) 21.33(0.35) 36.06 (0.31) 21.98 (0.84)
Total  99.32(0.36) 99.01 (0.36) 99.49 (0.25) 98.80 (0.37)
Atomic proportions
Fe 50.306 (0.398)  67.646 (0.433)  50.243 (0.338) 66.742(1.148)
S 49.694 (0.398) 32.354(0.433) 49.757 (0.338) 33.258(1.148)
TABLE 6. Continued
Run no. 3547 3547 3525 3525
blebs interstitial blebs interstitial
n 21 16 14 12
wt%
Fe 63.27 (0.25) 77.81(1.44) 63.71 (0.45) 78.8 (0.70)
S 35.95(0.26) 21.07 (1.31) 36.20 (0.42) 20.55 (0.63)
Total 99.21(0.19) 98.88 (0.30) 99.91 (0.44) 99.35(0.32)
Atomic proportions
Fe 50.255 (0.264) 67.965 (1.723) 50.259 (0.410) 68.759 (0.835)
S 49.745 (0.264) 32.036 (1.723) 49.741 (0.410) 31.241 (0.835)

Notes for both parts of Table 6: n = number of analytical points in average.
Numbers in parentheses are 1 G.

TABLE 7.  Average compositions of ferroan periclase in experimental
run products

Run no. 3546 3545 3547 3525

n 15 13 17 7

wit%

MgO 45.47 (0.35) 49.32(1.28) 45.59 (0.63) 49.35(1.11)

FeO 53.80 (0.47) 50.03 (1.43) 54.33 (0.90) 51.67 (0.97)
Total  99.26 (0.46) 99.35 (0.66) 99.92(0.68)  101.02(0.43)

Cation proportions:

Mg 0.601 (0.003) 0.637(0.012)  0.599(0.007)  0.63 (0.009)

Fe 0.399 (0.003) 0.363 (0.012) 0.401 (0.007) 0.37 (0.009)

Notes: n = number of analytical points in average.
Numbers in parentheses are 1c.
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FIGURE 5. Energy-dispersive spectrum of interstitial Fe,S phase (top
spectrum, offset by 60 counts vertically to avoid overlap) and graphite
(bottom spectrum) from Experiment 3525. The diameter of the activation
volume of the beam is wider than the cross-section of the graphite crystal,
so there are contributions in this spectrum from the surrounding sulfide
and silicate material. Inset shows low-energy region at expanded scale,
showing the C peak in the graphite and the O peak in the sulfide.

presence of Fe, S, and Si peaks in the former spectrum is a result
of the small cross-section of the crystal (~1 wm) relative to the
predicted diameter of the activation volume (~3 wm at the 20
kV accelerating voltage used). The additional peaks therefore
represent contributions from surrounding sulfide and silicate
phases. A noteworthy feature of the Fe,S spectrum is the pres-
ence of an oxygen peak (inset, Fig. 5), confirming that O did
dissolve in the sulfide melt.

Di1SCUSSION

The results of this study demonstrate that a Fe-S-O melt is
capable of reducing carbonate to elemental carbon, and hence
is capable of dissolving sufficient oxygen to allow this process
to occur, via reactions such as:

2 MgCO; (Mgs) + Mg,Si,04 (Opx) = 2 Mg,SiO, (Ol) + 2 C
(Gr) + 2 O, (in Fe-S-O melt), or

2 MgCO; (Mgs) = MgO (ferroan periclase) + C (Gr) + 2 O,
(in Fe-S-O melt)

at temperatures appropriate for the mantle. The former reaction
is more relevant to the mantle, but the latter reaction may have
contributed in the experiments because the MgO capsule may
have imposed a silica activity via the reaction Mg,SiO, = 2
MgO + SiO, at which orthopyroxene would not be stable. Both
of these possible reduction reactions occur at more oxidizing
conditions than those calculated from garnet-olivine-orthopyrox-
ene equilibria in mantle-derived xenoliths from diamondiferous
mantle beneath southern Africa and northern Canada (Fig. 6).
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FIGURE 6. Location of possible reduction reactions in T-f,, space
calculated with THERMOCALC 3.23 (Holland and Powell 1998) at 6
GPa. Oxygen fugacity expressed in log units relative to the calculated
log(fo,) of the fayalite-magnetite-quartz reaction. Reactions: 1-Mg,Si,05
+ 2 MgCO; = 2 Mg,SiO, + 2 C + 2 O, (Eggler and Baker 1982); 2
—MgCO; =MgO + C + O,. In both cases, “D” and “G” refer to diamond
and graphite polymorphs, respectively. For reference, the location of the
IW reaction (2x Fe + O, = 2 Fe,0) is plotted, using the equation from
Ballhaus et al. (1991). For comparison, calculated oxygen fugacities
from garnet-bearing peridotites from southern Africa (circles, Woodland
and Koch 2003) and from northern Canada (triangles, McCammon and
Kopylova 2004) are shown for samples with calculated pressures of
5.9-6.4 GPa.

Neither of these reactions require oxidation states lower than
those observed in these two studies, unlike those required by
the presence of Si or SiC.

Although the run conditions were in the diamond stability
field (Kennedy and Kennedy 1976; Bundy et al. 1996), the ex-
periments produced graphite rather than diamond. This result was
independent of differing run times (6-24 h at 6 GPa and 1300
°C), and of increasing pressure from 6 to 7.5 GPa to overstep
the graphite-diamond reaction further. The occurrence of meta-
stable graphite instead of diamond has been observed in previous
studies at higher temperatures. For example, in the reduction of
carbonate by moissanite at 7.7 GPa (Arima et al. 2002), abundant
graphite formed in short duration runs; 8 h at 1600 °C and 24 h
at 1500 °C was needed to nucleate diamond in that system. In
their study of reduction of CaCO; by CH,-H,O fluid, (Yamaoka
et al. 2002c) observed graphite formation within 1 h at 7.7 GPa
and 1500 °C, with the graphite transforming to diamond after 12
h. Although such recrystallization may occur in longer-duration
experiments in the present system, we note that 48 h at 7.5 GPa
and 1300 °C was insufficient for such recrystallization to occur
(Table 2, Experiment 3525). On the basis of the production of
graphite, however, we still conclude that sulfide-rich melts are a
potential reducing agent for carbonate in the Earth’s mantle.
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