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Abstract: Although it is accepted that most natural diamonds crystallized from silicate melts, and P-T
conditions of their formation are estimated to be 900—1500°C and 50-60 kbar, no diamonds have been
synthesized at such “low” temperatures and pressures in silicate-carbon systems. We have synthesized dia-
monds in fayalite+graphite and magnetite+graphite mixtures by partial reduction of the samples with hydrogen
and metallic titanium at 1300—1400°C and 55-55 kbar. Hydrogen provided local reduction of the samples with
separation of metallic iron, which catalyzed the transformation of graphite into diamond. Iron reacted with
other elements and was not found in free state in the products of the experiments. Such experiments can be
regarded as a simplified model of the formation of some types of natural diamonds during the interaction of

reduced fluids with carbon-bearing mantle rocks.

Key-words: diamond, hydrogen, reduction, silicate, oxide, high pressure.

Introduction

Natural diamonds occur in silicate rocks, and the
majority of the inclusions in diamonds consist of
silicates and sulphides (Sobolev, 1974; Meyer,
1987; Bulanova et al., 1990), suggesting their for-
mation in silicate-sulphide-carbon media. Accord-
ing to geothermobarometric data, most diamonds
were formed at 900-1500°C and 50-60 kbar
(Boyd et al., 1985; Haggerty, 1986; Meyer, 1987;
Harris, 1992). However, experimental synthesis of
diamonds at these P-T conditions is only possible
in the presence of transition metals (Fe, Ni, Co,
etc.) melts, while diamond formation in other sys-
tems requires higher temperatures and pressures
(Wentorf & Bovenkerk, 1961; Chepurov et al.,
1987). In silicate-carbon systems, diamonds were
synthesized at 70-80 kbar and 1800-2200°C
(Arima ef al., 1993), but did not occur at 50-60
kbar and 1400-1600°C (Wentorf, 1966; Chepurov
& Sonin, 1987). Pressures about 70— 100 kbar are

necessary for diamond formation in the presence
of non-ferrous metals, oxides, carbonates, sul-
phates, or without catalyst-solvent (Table1). In
the (Fe, Ni)-S-C system, diamonds did not occur
at 65 kbar, 1700-1750°C and at 55 kbar, 1400-
1450°C, but they were formed at the same P-T
conditions under the influence of hydrogen (Che-
purov et al., 1994).

The presence work was aimed at the study of
possibilities of diamond synthesis at 50-55 kbar
and 1300-1400°C in the presence of iron-contain-
ing silicate and oxide phases, which would be re-
duced by hyrogen in the course of the experi-
ments.

Experimental procedures

The experiments were performed with multi-anvil
high-pressure equipment of the “split sphere” type
(Pal’yanov et al., 1990) at 45—55 kbar and 1300—
1400°C. The high-pressure unit consists of infu-
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Table 1. Minimum P-T conditions for synthesis of diamond in the presence of various catalysts-solvents.

Catalysts-solvent P T References
kbar °C
without 110 1300 Onodera et al., 1991
without 100 1800-1900 Hirano et al., 1982
Onodera et al., 1988
without 90 2200-2300 Hirano et al., 1982
ferrous metals 50 1250-1300 Bundy et al., 1961, 1973
(Fe, Mn, Ni, Co) Connon & Conlin, 1971
non-ferrous metals 65-80 1800-2000 Shulzhenko, 1990
(Cu, Zn, Al)
silicates 70-77 1800-1900 Arima et al., 1993
oxides 85-90 1830 Shalimov et al., 1993
oxides 90 2000 Shulzhenko & Getman, 1971
hydroxides 7 2000-2150 Akaishi et al., 1990a
carbonates 77 2150 Akaishi et al., 1990b
carbonates 80-100 1550-1800 Jenes et al., 1995
Litvin et al., 1997
sulphates 77 2150 Akaishi et al., 1990a

sible oxides, which do not experience phase transi-
tions at the conditions of the experiments. For the
heating of the reaction volume, a tubular graphite
heater was used. Pressure during the experiments
was determined from changes of the electric re-
sistance of Bi and PbSe before the heating of the
high-pressure unit, and temperature was measured
with the help of PtRh thermocouples. The thermo-
couple and the pressure reading pickup were cali-
brated using graphite-diamond and quartz-coesite
phase transitions, and with melting temperatures
of metals in the high-pressure unit using the DTA
method. At the end of the experiment, the samples
were cooled at a rate of 100-150°C/s by the
switching off the voltage, without pressure re-
lease.

g
2
A
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-
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[
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Fig. 1. Bild-up of the run capsules. 1 — material under
study, 2 - metallic titanium or titanium hydride, 3 -
graphite, 4 — platinum ampoule.

The starting materials were chemically pure
graphite, hydrothermally synthesized fayalite
(Fe,Si04), magnetite (Fe;0,) prepared by the
heating of pure synthetic hematite in a flow of
aqueous hydrogen at 400°C, and natural ilmenite
(FeTiO3) from the Leningradskaya kimberlite pipe
(Yakutia). Experiments were conducted with
fayalite-graphite, magnetite-graphite and ilmenite-
graphite compositions. In order to obtained reduc-
ing conditions in the experiments, titanium hy-
dride and metallic titanium were used. Titanium
hydride was obtained by heating metallic titanium
in a hydrogen atmosphere at 700°C for 4 hours
(Sokol & Fedorov, 1988).

The powder of the initial phases (fayalite,
magnetite or ilmenite) and the reducing agent (ti-

1332

Raman Intensity
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Fig. 2. Raman spectrum of synthesized diamond. 1332
cm™! - diamond, 1580 cm™ - graphite.
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Table 2. Conditions and results of experiments of reducing of magnetite and fayalite (with graphite) at high P-T

conditions.
Exp. Pl |TH20)| t Starting composition Phase composition of the products of experiments
number kbar °C h sample reducing sample reducing agent
(+ graphite) agent
8004 45 1350 | 0.5 Mgt TiH, G, W, 1l TiH,, Ti, Ti;O,TiO
8008 55 1400 | 3.2 Mgt TiH, D, G, Car TiH,, Ti, Ti,O
8015 55 1300 | 6.0 Mgt TiH, Mgt, G TiH,, Ti
8016 50 1300 | 1.0 Fa TiH, D, 11, G, Fer, Sp, Car TiH,, Ti, Ti,O
8017 55 1400 | 3.0 Fa TiH, D, G, 11, Fer, Sp TiH,, Ti, Ti,O
8018 55 1300 | 6.0 Fa TiH, Sp, G, W (?) TiH,, Ti
8019 50 1300 | 3.0 Fa Ti D, 11, Fer, Co, Car Ti, Ti,O, TiO
8052 50 1300 | 3.0 Fa no Fa, G not determined
8025 55 1400 | 3.0 G Ti G Ti, Ti,O, TiO
8020 50 1300 | 1.0 1l TiH, 1, G TiH,, Ti, TiO;
Mgl — magnetite, Fa — fayalite, G — graphite, Il — ilmenite, W — wiistite, D — diamond, Car — iron carbide, Fer — ferrosilite,

Sp — iron spinel, Co — coesite.

tanium hydrode or metallic titanium) were put
into a graphite ampoule. The reducing agent had
no direct contact with the sample, being separated
from it by a graphite pellet. The graphite ampoule
was inserted into a platinum ampoule, which was
closed by arc-welding. The build-up of the run
capsule is shown in Fig. 1. In the course of experi-
ment, titanium hydride decomposed with gradual
release of hydrogen. The rate of decomposition
decreases abruptly with the increase of pressure
(Sokol & Fedorov, 1988). The produced hydrogen
and metallic titanium provided highly reducing
conditions in the reaction chamber.

After the experiments, the Pt ampoule with the
sample was heated to 150°C, then pierced, and the
released gases were chromatographically ana-
lyzed, according to the technique decribed by
Osorgin et al. (1995). The solid products of each
run were examined by optical and scanning elec-
tron microscopy, X-ray diffraction and Raman
spectroscopy.

Results and discussion

Experimental conditions and results of phase anal-
yses of the samples are given in Tables 2 and 3. In
the case of fayalite and magnetite reduction, dia-
mond formed from graphite at common P-T con-
ditions of diamond synthesis in metal-carbon sys-
tems. Diamond was identified by its hardness, the
samples scratching tungsten carbide, by X-ray dif-
fraction and by Raman scattering spectra (Fig. 2).
Diamond was formed as imperfect octahedral
single crystals or as parallel intergrowths, 0.2 mm

Fig. 3. Diamond crystals synthesized by the reduction of
graphite mixtures with magnetite (a, x120) and fayalite
(b, X75).
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Table 3. Results of X-ray diffraction of experimental products.

8004 8008 8015 8016
d(A) I Phases | d(&) I Phases d(d) I Phases | 4 (&) 1 Phases
3.75 4 I 336 100 G,Car | 3.36 10 G 642 5 Fer
336 100 G (211 1 G, Car | 2.95 20 Mgt 1335 45 G
271 4 n 207 2 D,Car| 252 100 Mgt (321 20 Fer
2.57 3 1 203 2 Car 241 10 Mgt (290 100 Fer, Sp
249 7 W 1202 3 Car,G | 2.00 30 Mgt | 2.74 50 n
226 8 n 187 1 Car 1.71 15 Mgt |2.58 35 Fer
2,15 10 W 1168 9 G,Car| 1.6l 45 Mgt (254 25 )il
2.12 3 G 1.48 50 Mgt | 249 15 Sp
1.88 3 )il 229 10 Fer
1.70 2 I 223 10 n
168 4 G 2,12 10 Fer, G
1.52 3 w 2.06 40 D, Sp
201 15 G
199 15 Fer, Car
1.86 15 n
1.72 25 n
1.61. 10 Fer
1.53 40 Fer, G
1.50 15 )il
147 20 il
146 20 Sp
126 25 D
8017 8018 8019 8020
d(A) 1  Phases | da) I Phases d(A) 1 Phases | d(A) 1 Phases
336 60 G 475 15 Sp 3.74 4 1 3.72 35 )il
321 15 Fer |336 5 G 3.20 4 Fer | 337 70 G
290 20 Fer [291 15 Sp 3.10 5 Co {223 100 1
274 20 o, |[248 100 Sp, 3.02 5 Fer | 253 65 1
Fer W
2.58 5 Fer |2.37 10 Sp 290 3 Fer (223 30 1
2.54 5 1 217 10 W@ | 275 10 )il 1.86 50 )il
2.51 5 Fer |2.05 60 Sp 2,54 5 1 .72 75 )il
247 5 Sp (1.89 10 Sp 2.39 2 Car | 1.51 50 |
223 5 il 167 S Sp 226 1 Car | 146 20 I
2.13 5 Fer |1.58 25 Sp 224 2 1 133 10 )il
2,06 100 D 145 50 Sp 2.11 3 Car
1.72 5 )il 139 5 Sp 2.06 100 D
1.50 5 )il 2.04 3 Car
1.26 25 D 2.02 4 Car
1.98 2 Car
1.87 3 1
1.75 5 1
1.47 3 I
1.26 20 D
X-ray powder diffractometer DRON-3, Cuy_-radiation

in size (Fig. 3). They were located along the con-
tacts of the graphite pellet with the products of
fayalite and magnetite decomposition. The highest
degree of graphite transformation into diamond
(about 1/3 of the graphite pellet) and of fayalite
reduction was achieved when using metallic tita-
nium as reducing agent (exp. 8019, Tables 1 and 2).

In experiments with titanium hydride, dia-
monds were only formed with TiH; decomposi-
tion. In experiments 8015 and 8018, during which
only a minute part of TiH, decomposed (metallic
titanium present only in the form of a thin film at
the hydride surface), fayalite and magnetite were
not reduced, and diamonds did not occur. There
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Table 4. Results of chromatographic analyses of the gas phase in the reaction chamber after the experiments, and
calculated equilibrium composition of the fluid for P-T conditions (Table 2)-of the experiments.

Results of analyses *) Equilibrium fluid composition**)
Run content of gases H content of components
No (Mkg/mol.%) H+0 (mol.%) lgfoz
co, | Ho | #H | cH | CH. | N CO [ CO, | M0 | Hy | CHy |CoH |

8004 - 4.2/30 0.67/42 34727 0.16/1 031 090 0.09 0.08 35 6.9 5.5 14 -8.4
8008 - 1.5/65 - 0.64/31 0.12/1 028 0.80 0.1 0.3 64 43 30 0.6 6.9
8015 21 70/91 0.5/6 1.12 0.1/0.1 70 068 0.2 2.1 92 1.3 44 003 6.7
8016 - 33/75 - 0.33/7 6.2/16 1.52 056 076 0.1 0.5 75 32 21 03 -1.6
8017 - 8.8/24 1.2/2% 14/42 3.1/5 1.0 092 0.05 0.03 29 70 62 1.8 -3.0
8018 3.9/3 38/67 1.7/27 1.7/3 - 48 0.73 0.1 0.6 83 24 14 02 -72
8052 24/1.2 798/98.3 - 3.3/0.5 - 19 066 0.5 4.0 92 1.3 22 0.01 -6.7
8025 - 13/10 7.6/53 39/34 4.8/3 38 096 0.02 6E-3 15 7.6 75 23 -8.6
8020 - 44/58 3.0/35 3.9/6 0.9/1 3.6 0.79 0.1 0.3 67 3.8 28 0.6 -7.8

*) mol.% are given without regard of N2; C2Hm = C2H2 + C2Ha + C2Hg; CO is absent in the samples; analyses were

performed on heat conduction detectors, He carrier gas.

**) System C-O-H in equilibrium with diamond; the calculations were performed by minimization of free enthalpy (G)
according to the model of ideal mixture of real gases (Fedorov et al., 1992).

was, however, no fayalite in the products of the
experiments, because it transformed into spinel at
the given P-T conditions. Diamond was not
formed in the check run with fayalite without re-
ducing agent (exp. 8052), and in the case no iron-
containing compounds were used as initial mate-
rials (exp. 8025). It is not surprising that no
diamond formation was observed in the Ti-C sys-
tem, even at 70 kbar and 1600-1700°C (Kushta-
lova et al., 1989).

Ilmenite reduction and diamond formation did
not take place even with decomposition of TiH,
(exp. 8020). This can be explained by the fact that
ilmenite requires more reducing conditions (lower
fop values) in comparison with fayalite and mag-
netite (Fig. 4).

Apparently, diamond synthesis in experiments
8008, 8016 and 8019 is promoted by the catalytic
effect of metallic iron, thus decreasing the P-T
conditions for transformation of carbonaceous
compounds into diamond. Transition metals (Fe,

' Ni, Co, etc.) serve as catalyzers of the graphite-
diamond transformation: diamonds can only form
at pressures of 50 — 60 kbar in the presence of met-
al-catalyzers (Table 1).

Metallic iron is formed by reduction of the
samples by hydrogen, released during the decom-
position of TiH,, or through the action of metallic
titanium by binding the oxidizing components
(H,0, O,, CO, CO,) in the medium. The higher
degree of sample reduction in the runs with metal-
lic titanium, in comparison with those with tita-
nium hydride, is probably due to the higher oxida-

tion resistance of the latter. Titanium hydride did
not react directly (or reacted slowly) with oxygen
and water, hence sample reduction occurred only
during its decomposition.

X-ray diffraction studies did not identify me-
tallic iron in the products of the experiments
(Table 3). Small quantities of Fe could be present
in some samples, but its reflections 2.03 A (I =
100), 1.433 A (20) and 1.170 A (30) are over-
lapped by reflections of other phases. In Table 4
the molecular composition of fluid is given, as
determined chromatographically in the reaction
chamber after the experiments. On the basis of
H/(O+H) atomic ratio values, the equilibrium
molecular composition of the fluid and fo, at the
P-T conditions of the experiments were estimated
using the method described by Fedorov et al.
(1992) and Osorgin et al. (1995). It was estab-
lished that the oxygen fugacity in the experiments
was higher than that for the W and IQF buffer
equilibria (Fig. 4). In such conditions metallic iron
is unstable and has to oxidize.

The obtained results allow to presume forma-
tion of metallic iron and diamond in a dynamic
regime in sample zones with local reduction.
Thereupon, metallic iron takes part in such chemi-
cal reactions, as, for example,

3Fe + C = FesC,

Fe + 2H,0 + TiO, = FeTiO; + H;,
2Fe + 2Ti + 30, = 2FeTiO;,

2Fe + 2H,0 + SiO; = Fe;Si04 + 2H,.
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Fig. 4. Values of lgfo2 calculated from H/(O+H) ratios
(Table 4) in experiments and lines of buffer equilibria at
50 kbar (solid lines) and 55 kbar (dashed lines). Buffers
IW (iron-wiistite) end IQF (iron-quartz-fayalite) are cal-
culated from expressions for I1gfo2, reported in Kadik &
Lukanin (1986); buffer IRI (iron-rutile-ilmenite) is cal-
culated from the equation of the chemical reaction 2Fe +
2TiO2 + O = 2FeTiOs.

The bulk metallic iron being bound in the com-
pounds, the diamond synthesis stops.

Implications

Today may scientists are convinced of the partici-
pation of fluids in the processes of diamond for-
mation. An opinion exists that diamonds have
formed in conditions close to the stability limits of
carbonates during reduction of CO and CO, (Ry-
abchikov er al., 1981). On the other hand, some
authors suggest strictly reducing conditions for
diamond formation, corresponding to a fluid of
hydrogen-methane composition (Marakushev,
1981; Nikolsky, 1981). However, most authors
allow a wide range of redox conditions (Mitchell,
1973; Haggerty, 1986; Kadik, 1988; Simakov,
~ 1988): from the conditions of moissanite forma-

tion up to the field of magnesite stability (Sima-
kov, 1988), or a more narrow range corresponding
to fo, values, from close to IW up to WM buffers
(Mitchell, 1973; Haggerty, 1986). There is no
doubt that diamonds with inclusions of native iron
(Bulanova et al., 1979, 1990; Sobolev et al., 1981;
Meyer, 1987; Garanin & Kudrayvtseva, 1990;

AL Chepurov et al.

Gorshkov et al, 1995, 1997) were formed in
highly reducing conditions; this is also true for
moissanite inclusions (Marshintsev, 1990); Leung
et al., 1996). Nevertheless, diamonds with such
inclusions are rare, and for most natural diamonds
it is impossible to determine the redox conditions
of their formation from their mineralogical char-
acteristics.

The experiments presented in this work, and
previous results for sulphide-carbon systems
(Chepurov er al., 1994) might be treated as a sim-
plified model for diamond formation in nature
through the influence of a reducing atmosphere on
carbonaceous silicate and sulphide rocks at high
static or dynamic P-T conditions. This model
probably reflects the process of formation of some
natural diamonds of the first generation, i.e., the
stage of transformation of non-diamond carbon
into diamond. Later on, as a rnule, these diamonds
were subjected to recrystallization and pressure-
thermal annealing, and they were partially dis-
solved and oxidized with the formation of crystals
of various habits, properties and sizes.
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