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Diamond formation in reduced fluids and melts
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In the vicinity of the boundary between lithosphere
and astenosphere the value of fO, in the mantle rocks is
estimated at the level of FMQ-4 log units, and equilib-
rium fluid contains water and methane (Woodland,
Koch, 2003). At such low fO, values carbonates and
carbonate melts should be unstable in both eclogitic and
peridotitic parageneses (Luth, 1999). The results ob-
tained in (Woodland, Koch, 2003; Rohrbach, 2007) in-
dicate further decrease in redox potential at asteno-
spheric depths. Therefore for the most part of the upper
mantle the probable diamond-forming media could be
reduced fluids/melts.

Modeling of the diamond formation was performed
in the H,O-CH,4-C and Mg,Si04-H,0-CH,4-C systems at
6.3 GPa and 1200-1600°C with run duration of 40h.
Experiments were carried out using a multi-anvil high-
pressure apparatus of a “split-sphere” type (Pal'yanov et
al., 1997). A high-pressure cell (Fig. 1) in the form of
tetragonal prism, 21.1 x 21.1 x 25.4 mm in size, was
used. The temperature was measured in each experiment
using a PtRh;o/PtRhs thermocouple. Details on the pres-
sure and temperature calibration have been presented
elsewhere (Pal'yanov et al., 2002).
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Fig. 1. The high pressure cell: 1 — ZrO, container; 2 —
cylindrical graphite heater; 3 — PtRhy/PtRh3o thermo-
couple; 4 — Mo or Fe capsule; 5 — talc; 6 — Pt capsule
with sample; 7 — seed diamonds; 8 - MgO; 9 — ZrO,; 10
— Mo leads.

In the modern practice of experimental studies at
the mantle P-T parameters buffering of the hydrogen
fugacity is commonly made using a double-capsule
technique (Eugster, 1957). The application of the stan-
dard double-capsule methods at temperatures >1200-
14QO°C leads to saturation of the capsule walls with the
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components of the buffer resulting in the loss of their
chemical inertness. For buffering fH, we have modified
the double-capsule method by changing the outer cap-
sule made from a noble metal to thick-wall capsule from
molybdenum or iron (Fig. 1). In this case the outer cap-
sule acted as both container and buffer. The outer cap-
sule was loaded with two Pt capsules with samples,
which were isolated by talc. At P-T parameters of ex-
periments talc converted to a mixture ensta-
tite+coesite+H,O. This system was at subsolidus over
the entire range of applied temperatures (owing to low
oxygen fugacity) ensuring high water activity in fluid
phase in the outer capsule. A prolonged life time of the
buffer was provided by the low loss of hydrogen
through the thick-wall outer capsule, as well as by con-
siderable amount of water forming as a result of talc
decomposition.

In order to change fO, in the samples, while keeping
the hydrogen fugacity (fH,%) equal to hydrogen fugacity
of the buffer (szB), we changed the water content in the
charges (Whitney, 1972). Only in the case when H,O
fugacity in the inner capsule is equal to H,O fugacity in
the outer capsule, the following expression is true:
fozs:fOzB-

The assemblage of the capsules was made as fol-
lows. Starting materials: distilled water, stearic acid
(Ci6H360,), as well as graphite powder (Alfa Aesar,
99.9999% pure) and three cubo-octahedral diamond
seed crystals (size 0.3-0.5 mm) were loaded into inner
platinum capsules (5.0 mm in outer diameter and 0.2
mm thick of wall). To generate ultra-reduced fluids we
used a mixture graphite powder with anthracene
(Ci4Hyg) or docosane (Cy,Hyg). The capsules were placed
into a device with liquid nitrogen and sealed by arc
welding (the weighing losses under sealing were <0.5
mg). When the run was accomplished, power was
switched off. The quenching rate was about 200°C sec™.

The composition of the C-O-H fluid is commonly
calculated using equations of states (EOS) such as the
Redlich-Kwong EOS or any of a myriad of EOS devel-
oped for fluid calculations. In the present work calcula-
tions of the composition of fluid equilibrium with dia-
mond/graphite and estimations of oxygen fugacity in the
system were made through minimizing the Gibbs free
energy using a “Selektor” computer code (Chudnenko et
al., 1995; Karpov et al., 2002). The fluid was treated as
the ideal mixture of real gases CO,, CO, CH,4, H,0, H,,
029 C2H29 C2H4a C2H69 C3H4a C3H69 C3H8, C4H4a C4H69
C4Hg, C4Hyg, CsHj, and C4Hyy. Initial thermodynamic
parameters of gases (including hydrocarbons) were
taken from the g reid database available in the “Selek-
tor” code, and for diamond and graphite from (Holland
and Powell, 1990). Oxygen fugacities for the Mo/MoO,
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and Fe/FeO (IW) buffers at the studied range of P-T
conditions are shown in (Fig. 2). In the calculations of
fluid compositions the initial quantities of carbon were
always set in the excess to other components of the stud-
ied system.
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Fig. 2. Oxygen fugacity of buffer reaction as a func-
tion of temperature at 6.3 GPa.

As it follows from the thermodynamic calculations
(Fig. 3) the composition of the C-O-H fluid equilibrium
to diamond/graphite at 6.3 GPa and 1400-1600°C will
vary from CO,>>H,0, CO mixtures (at fO, near CCO
and FMQ buffers) through H,0>>CO,, CH4 mixtures (at
SO, “water maximum”, FMQ-2.5) to CH,~H,0>C,H¢s>
H,, mixtures (at fO, near IW, FMQ-4.5). At further de-
crease in oxygen fugacity, the concentration of CHy
should increase reaching 76 mol. %, H,O tend to zero,
and H, reach almost 6 mol.%. At 1200-1600°C water-
methane fluid equilibrium with the Mo/MoO, and
Fe/FeO buffers contained 24-6 wt% and 75-60 wt% of
methane, respectively.

In the H,O-C system at 1600°C and run duration of
40h the degree of graphite-to-diamond conversion (o)
was 100% (Fig. 4). At the same parameters in water-
methane fluid o decreased to 50%, and metastable
graphite crystallized. With temperature decrease to
1400°C, a sharply decreases to <1%. In fluid buffered
IW, nucleation of individual spontaneous diamonds was
established at 1600°C. The main phase crystallized was
metastable graphite. At 1200-1400°C diamond nuclea-
tion was not found and the rate of diamond growth on
seeds was very low.

In the samples containing ultra reduced fluid with
the ratio H/O>4, spontaneous diamond nucleation was
not observed. In experiments with long duration specific
dendrite diamond crystals were found on the walls of the
Pt capsules. No diamond growth on the seed crystals
was observed. In some cases, very thin diamond layers
were probably formed on the seed crystals, but the reso-
lution of the optical microscopes was not sufficient for
unambiguous identification of the diamond growth. Me-
tastable graphite crystallized in the form of flaky crys-
tals. The amount of the newly-formed graphite did not
depend on the system composition, but on the
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Fig. 3. Thermodynamic calculations of the C-O-H fluid
compositions at 6.3 GPa and 1600°C performed using a
“Selector” computer code.

content of fluid phase. In experiments with only graphite
charges no flaky graphite crystals were found. In the
samples with high amount of fluid generating sub-
stances, graphite druses were revealed on the capsule
walls and diamond seed crystals.

Thus, the highest catalytic ability of fluid with re-
spect to diamond formation at studied T-fO, parameters
was established at 1600°C and oxygen fugacity FMQ-
1+-2.5 log units (Fig. 4). In the Mo/MoO, buffered fluid
(CH4 = 10 wt.%) the degree of the graphite-to-diamond
transformation is considerably lower than in the H,O-C
system. In the IW buffered fluid (FMQ-5.5 log units,
CH,4 = 65 wt.%) diamond nucleation was not observed.
Only very slight diamond growth was fixed on the seeds
crystals.

In the Mg,Si04-H,0-CH,-C system at temperatures
of 1400-1600°C, and fO, corresponding to Mo/MoQO,
buffer, liquidus forsterite co-exists with the saturated
fluid melt. In this forsterite melt at 1600°C individual
spontaneous diamond crystals were formed on the sur-
face of Pt capsules, and at 1400°C only diamond growth
on seeds was established. In experiments with IW buffer
at 1200-1600°C, system did not melt and was repre-
sented by a fluid-forsterite subsolidus association. In the
methane-rich fluid diamond growth on seeds was found
only at 1600°C. At 1200-1400°C no diamond formation
was established.

In the studied range of conditions, diamond crystal-
lization has maximum intensity in aqueous fluids (Paly-
anov et al.,, 2007; Sokol, Palyanov, 2008). However,
with increasing depth, concentration of methane in equi-
librium H,O-rich fluid is likely to increase (Woodland,
Koch, 2003). This probably leads to, on the one hand,
extending the stability field of subsolidus fluid phase
due to increase in the melting temperature of rocks, and,
on the other hand, to decreasing intensity of diamond
formation. At low methane concentrations fluid is rather
effective media of diamond crystallization. With an in-
crease in CH, concentration in fluid, diamond crystalli-
zation is virtually terminated. This may account for the
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rarity of inclusions of hydrocarbons in natural diamonds
(Melton, Giardini, 1974; Tomilenko et al., 2001).
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Fig. 4. Degree of the graphite-to-diamond transforma-
tion (o) in the C-O-H fluid as a function of fO, and
temperature at P=6.3 GPa and 1=40 hrs.

Due to buoyancy, such fluids could migrate up-
wards through cratonic peridotite into less reduced envi-
ronments and generate multiple redox-fronts (Taylor,
Green, 1988). The oxidation of hydrogen and hydrocar-
bons within the range of the multiple redox-fronts would
result in the formation of an essentially aqueous fluid
and drastic decrease in carbon content in it. At fO, close
to the “water maximum” (Fig. 3) the fluid consists of
water for more than 95mol %. Consequently, almost all
carbon, which was contained in methane and hydrocar-
bons, upon oxidation would be released as C° and would
be exhausted for saturating H,O-rich fluid with elemen-
tal carbon and afterwards for diamond crystallization.
The nucleation of diamond and its subsequent growth in
the aqueous fluid, containing variable amounts of sili-
cate components, carbonates and alkalis proceed with
relatively high rates (Yamaoka et al., 2000; Sokol et al.,
2001; Palyanov et al., 2007; Sokol, Palyanov, 2008). In
this case, inclusions entrapped in diamond would have
an oxidized composition (Navon, 1999).
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