Geochemistry International, Vol. 42, No. 11, 2004, pp. 1018-1032. Translated from Geokhimiya, No. 11, 2004, pp. 1157-1172.

Original Russian Text Copyright © 2004 by Sokol, Pal’yanov.
English Translation Copyright © 2004 by MAIK “Nauka/Interperiodica” (Russia).

Diamond Crystallization in Fluid and Carbonate-Fluid Systems

under Mantle P-T Conditions:
2. An Analytical Review of Experimental Data
A. G. Sokol and Yu. N. Pal’yanov

Institute of Mineralogy and Petrography, Siberian Division, Russian Academy of Sciences, pr. Akademika Koptyuga 3,

Novosibirsk, 630090 Russia
e-mail: SokolA @uiggm.nsc.ru
Received October 31, 2002

Abstract—This paper discusses recent experimental data on diamond crystallization in fluid (CO,—C, H,O—
CO,-C, H,0-C, CH4~H,0O-C, and CH4—H,—C) and carbonate—fluid (K,CO;-H,0-CO,—C, Na,CO5-H,0-CO,—C,
and CaMg(CO3),~H,0-CO,—C) systems under the thermodynamic conditions of diamond stability. The inten-
sity of diamond crystallization under 5.7-7.7 GPa and 1150-2000°C is a function of the temperature, the com-
position, and probably the pressure of the system. Spontaneous diamond nucleation and growth on seed crystals
is preceded by an inductive period, whose duration increases from several minutes to hundreds of hours as the
temperature decreases from 2000 to 1150°C. The stable habit of the crystallizing diamond is octahedral. In
terms of the experimental intensity of diamond crystallization, these fluid and fluid—carbonate systems are set
in the following order: K,CO;(Na,CO3)-H,0-CO,—C > CO,—C = H,0-CO,—C = H,0-C = CaMg(CO3),—
H,0-CO,—C > CH,—H,0-C > CH,4—H,—C. Metastable graphite can crystallize in them under 5.7 GPa and
1150-1420°C and under 7.7 GPa and 1400—1600°C. Our data show that, under upper mantle P-T conditions, C—O-
H fluids and fluids with a more complex composition (with alkali and alkali-earth carbonates) can serve both

as a carbon source and as a natural medium of diamond crystallization.

INTRODUCTION

Primary inclusions in natural diamond provide
important information on its crystallization medium.
The principal characteristics of the fluid regime in
which this mineral crystallizes were obtained by direct
in situ analyses. For example, inclusion compositions
in rims of the cubic diamonds from the Zhvaneng kim-
berlite pipe show that the fluid contained oxidized
gases (CO, and H,0O) and varying amounts of silicic
acid and alkali and alkali-earth carbonates [1, 2].
Cloud-like zones in diamonds from the Koffienfontein
kimberlite pipe host silicic, carbonate, and brine inclu-
sions. The latter consist of water, K and Na chlorides,
alkali-earth carbonates, and silicic acid [3]. Fluid inclu-
sions with elevated carbonate, water, SiO,, and alkali
concentrations were also found in metamorphic dia-
monds and diamond-bearing garnets [4, 5]. Newly
obtained facts point to a more considerable composi-
tional variability of mantle-derived fluids and suggest
their genetic relations to both mantle metasomatism
[2, 3] and natural diamond formation [2, 3, 6, 7].

Diamond crystallization in carbonate—carbon sys-
tems under the thermodynamic conditions of diamond
stability has been studied since the early 1990s [8—11].
Spontaneous diamond nucleation and growth on seed
crystals were studied in melts of alkali and alkali-earth
carbonates under P = 7 GPa and T = 1600-1700°C.

Diamond growth on seed crystals in the H,O—C exper-
imental system under 7.7 GPa and 2000-2200°C was
first reported in 1992 [12]. Spontaneous diamond
nucleation and growth on seed crystals in a C-O-H
fluid was studied over the past two—three years [13-20].
According to these experimental data, diamond can
crystallize in fluid and carbonate—fluid systems at
5.7 GPa and 1150-1420°C, 1i.e., under the P-T condi-
tions of diamond formation in the upper mantle [14, 19,
21-23].

Thus, new petrologic and experimental data are pre-
requisites for a deeper understanding of diamond crys-
tallization in the mantle. However, experimental data
on diamond crystallization in fluid systems are mostly
published in international materials-science journals
and remain unsystematic. Most of these data seem to
remain out of sight of researchers interested in the for-
mation of mantle diamond. Because of this, we formu-
lated the goal of this research as analyzing available
experimental data on diamond crystallization in fluid
and carbonate—fluid systems under the thermodynamic
conditions of diamond stability and, on this basis,
searching for regularities important for understanding
the genesis of diamond. The experimental data were
taken from the publications listed in the table.
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No. System composition P, GPa T, °C T, h Author, reference
1 H,0-C 7.7 1800-2200 0.3-2 Yamaoka et al., 1991 [12]
2 H,0-C 7.7 1700-2100 0.5-4 Hong et al., 1999 [13]

3 Na,CO;-H,0-CO,—C 5.7 1150-1420 20-136 | Pal’yanov et al., 1999 [21]
K,CO;-H,0-CO,—C
4 CaMgSi,0s—H,0-CO,-C 7.0 1700-1750 4 Sokol et al., 1999 [21]
NaAlSi,0¢-H,0-CO,—C
5 CO,-C 7.7 1500-2000 0.5-27 Sun et al., 2000 [15]
6 H,0-C 7.7 1200-1500 24 Yamaoka et al., 2000 [25]
55 1200-1500 24
7 H,0-CO,-C 7.7 1400-2000 0.5-360 | Akaishi and Yamaoka, 2000 [16]
8 H,0-CO,-C 7.7 1300-1500 24-240 | Kumar et al., 2000 [17]
9 H,0-C 5.7 1300 84 Pal’yanov et al., 2000 [14]
H,0-CO,-C
CO,-C
CH,~H,-C
10 H,0-CO,-C 7.7 1600 0-24 Akaishi ef al., 2000 [18]
11 H,0-CO,-C 7.7 1500 24 Kumar et al., 2001 [26]
12 H,0-CO,-C 7.7 1500-1600 048 Akaishi ez al., 2001 [27]
H,0-C
H,0-CH,—C
13 CaMg(CO5),-H,0-CO,-C 5.7 1300-1400 42 Sokol et al., 2001 [22]
CaMg(COs5),-H,0-C
CaMg(C0O3),~CO,—C
14 H,0-C 5.7 1200-1420 42-136 | Sokol et al., 2001 [19]
H,0-CO,-C
CO,-C
CH,~H,-C
15 Na,CO;-H,0-CO,—C 5.7 1150-1420 20-136 | Pal’yanov et al., 2002 [23]
Na,CO;-H,0-C
Na,CO5;-CO,—C
K,CO;-H,0-CO,—C
K,CO;-H,0-C
K,CO5;—CO,—C
16 H,0-C 7.7 1500 1-33 Yamaoka et al., 2002 [20]
17 CO,-C 7.7 1500 1-24 Yamaoka et al., 2002 [28]
EXPERIMENTAL of 19 vs. 19 vs. 22 mm at the Laboratory of Crystalliza-

Preparatory to analyzing the experimental data, it is
expedient to touch upon some features of experiments
conducted at elevated P-T parameters. The experi-
ments listed in the table were carried out by two
research teams: on a modified Belt apparatus with a
working diameter of 32 mm at the Advanced Materials
Laboratory of the National Institute for Materials Sci-
ence (before 2001, NIRIM), Japan, and on a “split
sphere” multi-anvil apparatus with a high-pressure cell
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tion and Mineralogy of Diamond of the Institute of
Mineralogy and Petrology, Siberian Division, Russian
Academy of Sciences, Russia. Each of the laboratories
used a procedure adapted for their high-pressure equip-
ment. In the modified Belt experiments, pressure was
calibrated against Bi, Te, and Ba phase transitions. The
samples were heated on the basis of calibration curves
approximating the correlation between the power con-
sumption of the heater and the electromotive force of
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Fig. 1. Capsules and charging schemes used for the experimental diamond crystallization in fluid and carbonate—fluid systems:
(a) graphite-lined molybdenum capsule charged with fluid-generating matter [15, 16]; (b) graphite-lined molybdenum capsule
charged with a mixture of graphite powder, fluid-generating matter, and a seed crystal [12, 13]; (c) platinum capsule charged with
a mixture of graphite powder and fluid-generating matter [17, 18, 26-28] or charged only with fluid-generating matter [20]; (d) plat-
inum capsule charged with a mixture of graphite powder and fluid-generating matter and with a seed crystal [25]; (e) platinum cap-
sule charged with a graphite pellet, fluid-generating matter, and seed crystals [14, 19], or charged with a graphite pellet, fluid-gen-
erating matter with carbonate or silicate admixture, and seed crystals [21-24]; (f) gold capsule charged with a graphite pellet, fluid-
generating matter, and seed crystals [14], or charged with a graphite pellet, fluid-generating matter with a carbonate admixture, and
seed crystals [23]. /—molybdenum capsule; 2—graphite; 3—fluid-generating matter; 4—seed diamond crystal; 5—a mixture of
graphite and fluid-generating matter powders; 6—platinum capsule; 7—gold capsule.

the W5%Re/W26%Re [13] or Pt6%Rh/Pt30%Rh [17]
thermocouples. In the multi-anvil apparatus experi-
ments, the calibration was made against Bi and PbSe.
The  temperature @ was  determined by a
Pt6%Rh/Pt30%Rh thermocouple mounted in each cell
[23, 29]. Then, the thermocouple values were corrected
using the calibration curves constructed on the basis of
Al, Ag, Au, and Ni melting and the results of diamond
synthesis in the Ni—C system [23].

Diamond crystallization was performed in capsules
(Fig. 1) from molybdenum [13], platinum [18, 21], and
gold [19, 23]. The experimental fluids were generated
by silver oxalate (Ag,C,0,) and oxalic acid dihydrate
(H,C,0, - 2H,0) or anhydrous oxalic acid (H,C,0,),
water (H,0), glucose (C¢H;0¢), and anthracene
(C4H,). Note that silver oxalate used for the experi-
mental generation of a CO, fluid was thermally decom-
posed to give metallic silver. During long experiments,
silver penetrates into the walls of the platinum capsules,
which results in the failure of the capsule [19]. Accord-
ing to the recent report [28], PtO, can be used as a
source of oxygen for graphite oxidation and the gener-
ation of a CO, fluid. The capsules were charged by a
fluid generator mixed with graphite powder and, some-
times, seed diamond crystals [13]. In other experi-
ments, a two-layer infilling of capsules was used [14].
Carbon was generated by high-purity graphite. The
experiments were terminated by switching off the
power supply, after which the temperature decreased
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with a rate of 3.3°C /s in experiments on the Belt equip-
ment [13] and with a rate of 150°C /s in experiments on
the multi-anvil apparatus [30].

DIAMOND CRYSTALLIZATION
Spontaneous Crystallization

Spontaneous diamond crystallization was examined
in experiments with a C—O—H fluid under 5.7-7.7 GPa
and 1200-2200°C (table). The synthesized diamonds
were colorless, gray, or pale yellow octahedral crystals
(Figs. 2a and 2b). Their size strongly depended on the
experimental temperature, duration, and fluid composi-
tion. For example, 2-h experiments in the H,O—C sys-
tem at 1900-2000°C gave crystals up to 200 um in size,
while similar experiments at 1700°C yielded 10- to
20-um crystals [13]. Relatively large elongated crystals
(up to 700 um) were synthesized in 2-h experiments in
the CO,—C system at 1800°C [15]. A decrease in the
experimental temperature resulted in a decrease in the
average size of diamond crystals. Crystals synthesized
in the 42-h experiment in the H,O-C system under
1420°C measured up to 100-300 um. Diamonds that
crystallized under the same experimental conditions in
CO,—C and CO,—H,0-C systems did not exceed
100 um, while those obtained in the 136-h run in the
CO,-H,0-C system at 1200°C were only 3—-4 um in
size [19]. The crystals synthesized in the 120-h experi-
ments with alkaline carbonate—fluid—carbon systems at
Vol. 42
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1500°C attained 2—4 um [21, 23]. Octahedral diamond
crystals (Fig. 2c) and dendritic aggregates up to 400 um
in size (Fig. 3) were formed on the walls of the plati-
num capsules during experiments with CO,—C,
CO,-H,0-C, and H,0-C systems under 7.7 GPa and
1500°C [20] and 5.7 GPa and 1200-1420°C [14, 19].

Diamond Nucleation

Upon attaining the experimental P—T conditions in
the ampoules with fluid, metastable graphite contained
in them started to dissolve, creating the supersaturation
necessary for the onset of spontaneous diamond nucle-
ation. Differing from the fluid in density, spontaneous
diamond crystals newly formed in the fluid volume
should sink. Hence, we can discuss the experimental
data only in terms of heterogeneous diamond nucle-
ation. Experiments in graphite capsules (Fig. 1a) under
7.7 GPa and 1400-2000°C resulted in heterogeneous
diamond nucleation on the capsule walls [15, 16].
Under the same P-T conditions, experiments in cap-
sules charged by a mixture of graphitic powder with
fluid-generating matter (Figs. 1b—1d) resulted in dia-
mond nucleation over the whole charge volume [12, 13,
17, 18, 25-28]. Heterogeneous nucleation was also
revealed on seed diamond crystals [13]. In experiments
with layered charges (Figs. le and 1f) under 5.7 GPa
and 1150-1420°C, heterogeneous diamond nucleation
occurred on seed crystals (Fig. 2b) [14, 19, 21-23]. The
distribution of spontaneous crystals in the experimental
products suggests that some of them probably nucle-
ated in the fluid volume. However, no spontaneous dia-
mond crystals were found on the graphite surface after
experiments under 5.7 GPa and 1150-1420°C.

In analyzing data on spontaneous diamond nucle-
ation, it is necessary to discuss the effect of capsule
composition on spontaneous diamond nucleation in
fluid systems. Although the effect of molybdenum cap-
sules was not specially studied, it was shown in [31]
that diamond nucleation in the alkaline-earth carbonate
system with a molybdenum foil begins at a lower (by
200°C) temperature than in the alkaline carbonate—car-
bon system. In graphite-lined molybdenum capsules,
the fluid-generating substance is not in direct contact
with molybdenum. Nevertheless, owing to its high
mobility, the fluid can contact the molybdenum capsule
walls, which is indirectly confirmed by the presence of
MoO,-containing products in some experiments [16].
Platinum capsule walls can also affect heterogeneous
diamond nucleation, as is evident from the distribution
of spontaneous crystals and dendritic diamond aggre-
gates on the walls after experiments under 5.7 and
7.7 GPa (Figs. 2c and 3) [14, 19, 20]. After experiments
in gold capsules under the same P-T conditions, spon-
taneous crystals were found on seed crystals but not on
the capsule walls [19, 23]. In general, this problem is to
be additionally studied.
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Fig. 2. Spontaneous diamond crystals: (a) complete graph-
ite—diamond transition (40-h experiment with CO,—H,0-C
system under P = 7.0 GPa and T = 1600°C); (b) on the sur-
face of a seed crystal (135-h experiment in the CO,—H,0-

C system under P = 5.7 GPa and T = 1200°C in a gold cap-
sule); (c) on the surface of the platinum capsule (42-h exper-
iment in the CO,—C system under P = 5.7 GPa and T =

1420°C).
Inductive Period

Under the thermodynamic conditions of diamond
stability, its spontaneous nucleation is preceded by a
time period, which was first revealed in experiments
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Fig. 7. Metastable graphite in capsules after (a) an 84-h experiment in the CO,—H,O-C system under P = 5.7 GPa and T = 1300°C
and (b) an 84-h experiment in the H,O—C system at P = 5.7 GPa and T = 1300°C.

Some of the fluid-generating substances (oxalic
acid, glucose, and anthracene) decomposed, releasing
excess amorphous carbon [16, 19, 20]. The latter
recrystallized into graphite during the first hour, with
this process completed by the beginning of diamond
crystallization [20]. The decomposition of other fluid-
generating substances is not accompanied by carbon
release. In these experiments, graphite recrystallization
begins with the saturation of the system with carbon
owing to the dissolving of the initial graphite. Graphite
continues to crystallize after the beginning of diamond
growth on seed crystals. These experimental data show
that diamond can grow together with metastable graph-
ite on seed crystals in the CO,~C, CO,-H,0-C, and
H,0-C systems under 5.7 GPa. Optical and electron

GEOCHEMISTRY INTERNATIONAL  Vol. 42  No. 11

microscopic studies of the seed crystals after the
experiments revealed compromise boundaries
between these carbon phases (Fig. 8) [14, 19]. Never-
theless, it remains uncertain as to whether graphite
crystallization continued after the beginning of spon-
taneous diamond nucleation. The recrystallized
graphite showed evidence of dissolution only in
experimental products with a considerable grade of
carbon—diamond transition [20]. Otherwise, the
recrystallized graphite was not subjected to dissolu-
tion [14, 19].

Let us discuss the inductive period preceding dia-
mond nucleation in terms of the simultaneous crystalli-
zation of stable and metastable carbon phases. It is
demonstrated in [20] that the duration of the inductive
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Fig. 8. Compromise boundaries between diamond and metastable graphite on seed crystals: (a) on an {100} crystal face after a 42-h
experiment in the CO,—C system at P = 5.7 GPa and T = 1420°C, and (b) on a {111} crystal face after a 135-h experiment in the

CO,—H,0-C system at P =5.7 GPa and T'= 1200°C.

period does not depend on the presence of excess
atomic carbon in experimental systems, which is very
important for discussing changes in the carbon concen-
tration in fluids during the inductive period. According
to Yamaoki et al. [20], the carbon concentration in flu-
ids increases during the inductive period. Sokol et al.
[19] suggested that spontaneous graphite crystalliza-
tion is preceded by the saturation of the system with
carbon, and that this inductive period is shorter than the
inductive period before diamond crystallization. This
viewpoint is supported by thermodynamic data in
[34, 35], according to which the solubility of carbon

GEOCHEMISTRY INTERNATIONAL  Vol. 42

phases in a fluid decreases as follows: amorphous car-
bon — graphite — diamond. Therefore, as com-
pared with diamond, amorphous carbon and graphite
should crystallize in fluid systems with essentially
higher carbon concentrations. Hence, fluid systems
become carbon-oversaturated with respect to diamond
long before the termination of the inductive period pre-
ceding spontaneous diamond nucleation. Although
there are still insufficient data on the effect of pressure
on metastable graphite crystallization, graphite absence
from fluid systems under 7.7 GPa and temperatures

No. 11 2004
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Fig. 9. P-T characteristics of diamond growth in fluid and carbonate—fluid systems (the shaded field shows the composition of the
system in which diamond formation was experimentally studied). The conditions of natural diamond formation are plotted accord-
ing to [60—62]; the solidus curve of carbonatized lherzolite (CMAS. CO,) and the formation conditions of initial dolomitic melts

are according to [58, 59]; the subsolidus fluid zone is shown after [7]. Gr—graphite, Dm—diamond.

over 1600°C allows us to suggest that pressure affects
metastable graphite crystallization.

SOME ASPECTS OF DIAMOND FORMATION
IN THE UPPER MANTLE

The analysis of experimental data is a new approach
to many problems of mantle diamond formation. Based
on these data, the discussion of natural diamond crys-
tallization can be extended from the postulation of
common regularities to the analysis of probable mech-
anisms and kinetics. Subsequent experimental studies
of diamond crystallization in fluid and carbonate—fluid
systems and additional petrological data are necessary
to develop a theory for diamond formation in the mantle.

During the Earth’s evolution, mantle fluids have
played a very important role in the generation of
asthenospheric and lithospheric magmas and in the for-
mation of the atmosphere. The modes of occurrence
and concentration of volatile components in the mantle
are the matter of heated discussions [36—41]. The H,O
content in the primitive mantle is estimated at
1160 ppm [42]; and the CO, content is thought to be
230 to 550 ppm [43]. The average carbon concentration
in the mantle is estimated at 80 to 400 ppm, reaching
several hundred thousand ppm in some zones, as is evi-
dent from unique finds of diamond-containing kimber-
lites [39, 40]. Fluid components can accumulate in
mantle magmas. The H,O concentration of the primi-
tive mantle melts can vary over the interval of 1 to
2.9 wt % and can reach 4-8 wt % owing to fractional
crystallization [44]. Oxygen fugacity is a major factor
controlling the fluid composition in the C—O-H system.
Petrological and geochemical data suggest that oxygen
fugacity varies in the upper mantle over the interval
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from FMQ - 3 to FMQ + 1, occasionally to FMQ —
5 logarithmic units [45, 46]. Major components of flu-
ids with these oxygen fugacities must be H,O and CO,.
The oxidizing nature of mantle fluid is confirmed by
multiple data on inclusion compositions in deep-seated
minerals [47—49] and by finds of CO, inclusions in dia-
monds [1, 50, 51].

The hypothesis by V. S. Sobolev [52] that fluid is an
important source of carbon during diamond formation
in the mantle is currently adopted practically univer-
sally [53-56]. However, only a few modern models for
diamond formation consider H,O- and CO,-saturated
carbonate-containing melts—fluids to be a medium of
diamond crystallization [2, 6, 57]. In this context, it is
interesting to compare the experimental results with
petrologic data on the probable medium in which dia-
mond crystallizes in the mantle. Available experimental
data on diamond crystallization in fluid and carbonate—
fluid systems are plotted in Fig. 9, along with the prob-
able zones of an initial dolomite melt [58, 59] and an
H,O0 fluid [7] separated on the lherzolite—-CO, solidus
[58]. It is worth noting that the solidus temperatures of
the systems under the pressure of natural diamond for-
mation can vary over the interval from about 1200°C
(peridotite in the presence of H,0—CO, fluid) [63] to
1350°C (lherzolite in the presence of CO, fluid) [59].
According to [7], the lherzolite—-H,0-CO, system
under P > 7 Gpa reaches the second critical point, and
the solidus disappears in this zone, i.e., the difference
between the subsolidus fluid and the melt must disap-
pear. The H,O fluid zone in the mantle at low tempera-
tures is bounded by the stability fields of hydrous
phases [38, 41]. At temperatures exceeding the zone of
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initial dolomitic melts, kimberlite-like magmas must be
molten from the mantle [59].

According to Wyllie and Ryabchikov [7], the zones
depicted in Fig. 9 correspond to two types of fluid
inclusions in cubic diamond crystals with a rim. These
inclusions vary in composition from carbonatite to
water-rich with high K,O and SiO, concentrations [2].
Similar carbonatite and brine inclusions were also
revealed in the cloudlike zones of octahedral diamond
crystals from the Koffifontane kimberlite pipe [3]. Note
that cubic diamonds with a rim belong to the eclogite
mineral assemblage [2], whereas brine inclusions were
revealed in diamonds with inclusions of both eclogite
and peridotite mineral assemblages [3]. The presence
of the polyphase assemblages and their composition
suggest that all mineral phases from the fluid inclusions
were completely dissolved in the fluid under mantle
conditions [2]. Diamonds crystallized in mantle fluids
with a high K content, as is evident from K-pyroxene
inclusions in diamonds from kimberlites [64] and dia-
mond-bearing metamorphic rocks [55, 65].

Experimental data show that fluids with a high K
content can be generated in the mantle. The solubility
of silicates in the H,O fluid depends on the silicate
compositions and the P-T conditions [66—70]. The
Si0, concentration in the fluid in equilibrium with solid
Si0, can be 35 wt % at 3 GPa and 1100°C [66]. Under
similar conditions, the olivine solubility is much lower
[67]. According to the experimental data by Stalder
et al. [68], at 6-9 GPa and 1100-1200°C an H,O fluid
in equilibrium with enstatite and forsterite can contain
20-40% silicate. The K,O concentration in an aqueous
fluid in equilibrium with phlogopite under 3 GPa and
1100°C can reach 25 wt % [69]. Experimental data on
the K partition between melt and pyroxene [71, 72] def-
initely indicate that the K,O concentration in the region
of K-pyroxene crystallization could reach 30 wt % [72].
In turn, carbonate-rich melts can be products of the par-
tial melting of carbonatized peridotites [7] and carbon-
atized lherzolites [58, 59]. According to these data, car-
bonate melts of dolomite composition are formed under
3-7 GPa and temperatures slightly exceeding the soli-
dus [7, 58]. When the degree of carbonatized lherzolite
melting is below 1% (6 GPa, 0.15 wt % CO,), the melt
composition changes from almost carbonate (5 wt %
Si0,) at subsolidus temperature to kimberlite (>25 wt %
Si0,) at 70-100°C above the solidus [59].

The analysis of experimental data from [60-62] in
Fig. 9 suggests that diamonds can crystallize from flu-
ids under the P-T conditions of upper mantle ultraba-
sites and eclogites, i.e., under 5-6 GPa and 900-
1500°C. The spontaneous nucleation and growth of
diamond in CO,, CO,-H,0, and H,O fluids was exper-
imentally studied under 5.7 GPa and 1200-1420°C
[14, 19] and under 7.7 GPa and 1400-2000°C [13, 15-18,
25-27]. Thermodynamic calculations show that dia-
mond crystallization is possible over a wide Eh inter-
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val, spanning >4 logarithmic units of oxygen fugacity
(from the CCO buffer to reducing conditions stronger
than the IW buffer) [73]. Moreover, diamond formation
was experimentally studied in alkaline carbonate—-H,0O—
CO,—C[21, 23] and dolomite—-CO,—H,0-C [22] systems
modeling the compositions of diamond-hosted inclu-
sions in the rims. These studies revealed that the addi-
tion of alkalis to the fluid systems causes diamond
nucleation and growth at 5.7 GPa and 1150°C [21, 23].
The kinetic relations identified in the diamond-forming
processes suggest that diamond nucleation is also pos-
sible at lower temperatures, if the duration of this pro-
cess is longer [21]. Based on experimental data for the
alkaline carbonate—-H,0—-CO,—C system under 1150—
1420°C, the growth period of a 1-karat diamond crystal
in the mantle is estimated as ranging from 100 days to
one year [23]. Diamond formation in kimberlite-like
magmas under higher P-T conditions can be experi-
mentally modeled by diamond crystallization in the
CaMgSi,04-H,0-CO,—C and NaAlSi,04.H,0-CO,—C
systems under 7 GPa and 1700-1750°C [24]. An
important role of the fluid phase in diamond crystalliza-
tion under ultrahigh-pressure metamorphism was dem-
onstrated using the examples of pyroxene—carbonate
and garnet—pyroxene diamond-containing rocks of the
Kokchetav massif [74]. In experiments under
5.7-7.0 GPa and 1420-1700°C, only the pyroxene—car-
bonate rock with a considerable content of H,0-CO,
fluid showed partial melting and provided conditions
necessary for spontaneous diamond nucleation and
growth.

Octahedron is the stable growth habit of diamond in
all experimentally studied fluid and carbonate—fluid
systems. At the same time, the habit of diamond crys-
tallizing in dry carbonate systems is mostly controlled
by the composition of the carbonate. In the Na,CO;—C
system under 5.7 GPa and 1420°C and 7.7 GPa and
1700°C, diamond crystallized in the form of cuboctahe-
drons, whereas, under similar P-T conditions, octahe-
dral diamond crystals are formed in the K,CO;—C sys-
tem [23]. In the alkaline earth carbonate—carbon sys-
tem, the habit of synthesized diamonds is a
combination of octahedron, cube, and trapezohedron
[11]. Natural diamonds usually have an octahedral
habit, which suggests that their crystallization medium
contained much fluid. Nevertheless, natural diamonds
are also found in other habits, which is probably
explained by the fact that their crystallization medium
was locally fluid-poor, and that the composition of its
carbonate—silicate component could significantly vary.

Graphite inclusions are often found in natural dia-
monds and diamond-containing xenoliths [60, 62]. The
crystallization characteristics of these diamonds and
the origin of their graphite inclusions have been
actively discussed. Experimental data show that the
presence of graphite cannot serve as a criterion of the
P-T conditions thermodynamically different from the
field of diamond stability, and metastable graphite with
Vol. 42
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or without diamond can crystallize from fluids in the
thermodynamic field of diamond stability [4, 16, 19,
21, 27].

According to the isotopic data [18, 27], carbon
transport to diamond crystals growing in a fluid can be
mediated by redox reactions involving CO,, CH,, and
graphite. Carbon isotopic fractionation between graph-
ite and CO, is explained by the isotopic reaction *C +
12C0O, ="2C + 13CO, [18]. These are the first experimen-
tal data to show that the fluid plays an important role in
carbon transport to growing natural diamonds.

Data on diamond formation during carbonate—sili-
cate interaction [75] and carbonate reduction by silicon
or silicon carbide [76] are important for studying the
probable carbon sources and fluid role. It is shown in
[75] that magnesite reacts with coesite and enstatite
under 6-7 GPa and 1350-1800°C in the presence of
hydrogen diffusing into the platinum capsule. The experi-
mentally produced assemblages were magnesite + ensta-
tite + diamond + fluid * coesite and magnesite +forster-
ite+ diamond + fluid * enstatite, and the isotopic com-
position of the synthesized diamond (8'*C = —1.27%o)
is comparable with the isotopic composition of the ini-
tial magnesite (8"3C =-0.2%o). Diamond also crystal-
lized from carbon generated by dolomite reacting with
metallic silicon or silicon carbide under 7.7 GPa and
1500-1800°C [76].

Hence, experimental data constrain the principal
physicochemical characteristics of diamond crystalli-
zation in fluid and carbonate—fluid systems under upper
mantle conditions. It is very important that experimen-
tal data obtained at different laboratories in different
high-pressure equipment under widely varying P-T
conditions correlate with one another. Analysis of these
data allowed us to find the most general relations char-
acterizing diamond crystallization, which are interest-
ing for petrologists studying the mantle.

CONCLUSIONS

(1) The intensity of diamond crystallization in the
thermodynamic field of its stability is a function of tem-
perature, composition, and probably pressure. Sponta-
neous diamond nucleation and growth on seed crystals
under 5.7-7.7 GPa and 1150-2000°C is preceded by an
inductive period. The duration of this period increases
nearly exponentially from several minutes to hundreds
of hours as temperature decreases from 2000 to
1150°C. In terms of the intensity of diamond crystalli-
zation, the fluid and fluid—carbonate systems can be
arranged in the following sequence: K,CO;(Na,CO;)—
Hzo—COZ—C > COz—C = HzO-COz—C = HzO—C =
CaMg(CO;),-H,0-CO,~C > CH,—H,0-C > CH,4-
H,—C.

(2) Octahedron is the stable habit of crystallizing
diamond in fluid and carbonate—fluid systems under
widely varying pressure (5.7-7.7 GPa) and temperature
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(1150-2000°C). Under these experimental conditions,
diamond crystals grow according to the tangential
mechanism.

(3) In fluid and carbonate—fluid systems, metastable
graphite crystallizes together with diamond in the ther-
modynamic field of diamond stability, under 5.7 GPa
and 1150-1420°C and under 7.7 GPa and 1400-
1600°C. Diamond and metastable graphite simulta-
neously grow on seed crystals in CO,—C, H,0—-CO,—C,
and H,0O—C systems under 5.7 GPa.

(4) Diamond can crystallize in fluid and fluid-con-
taining systems under the P-T conditions of the upper
mantle. For mantle rocks, H,O or H,0—-CO, alkali-sat-
urated fluid is likely to play an important role in the
nucleation and growth of natural diamond under sub-
solidus temperatures, whereas a fluid-containing dolo-
mite melt plays an important role under above-solidus
temperatures.
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Fig. 3. Dendritic diamond aggregate on the surface of the
platinum capsule (42-h experiment in the CO,—C system at

P =5.7GPaand T = 1420°C).
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Fig. 4. Onset of diamond nucleation as a function of tem-
perature in fluid and fluid-carbonate systems at (a) 7.7 GPa
and (b) 5.7 GPa.

with the carbonate—carbon system [11, 32, 33]. A simi-
lar phenomenon was also studied in the alkaline car-
bonate—fluid—carbon [21] and fluid [16, 18-20] sys-
tems. As is evident from Figs. 4a and 4b, the inductive
period of fluid and carbonate—fluid systems under 7.7
and 5.7 GPa increases almost exponentially with
decreasing temperature. The graphite—diamond conver-
sion as a function of the experiment duration was stud-
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ied in detail by Akaishi et al. [18] in fluid systems under
7.7 GPa and 1600°C and by Yamaoka et al. [20] in fluid
systems under 1500°C (Fig. 5a). Spontaneous diamond
nucleation in H,0-CO, and H,O fluids under these
experimental P-T conditions was preceded by an 8- to
10-h inductive period, after which the degree of the
graphite—diamond transition (o) drastically increased.
The fluid and carbonate—carbon systems are similar in
the o dependence on time (Figs. 5a and 5b), which sug-
gests a common nature of their inductive periods. Nev-
ertheless, carbonate—carbon systems with an intro-
duced fluid show a shorter inductive period. For exam-
ple, the inductive period in the Na,CO;—C system under
5.7 GPa and 1420°C is 1.5 times longer than in the
Na,CO;-H,0-CO,—C system under the same experi-
mental conditions [23]. Moreover, the introduction of
H,0 or H,0-CO, fluid into the CaMg(CO;),—C system
that produces no diamond under 5.7 GPa and 1420°C
causes melting and spontaneous diamond nucleation in
the 42-h experiments [22]. In addition, the duration of
the inductive period decreases with a change in the ini-
tial ratio of the fluid-generating matter to graphite. An
increase of the C,H,0,/graphite mole ratio from 0.1 to
1% results in an increase of the graphite—diamond con-
version from 20 to 90% [26].

Because different schemes were used in charging
capsules for the experiments under 5.7 and 7.7 GPa, we
cannot draw an unambiguous conclusion about the
dependence of the inductive period on pressure. How-
ever, some facts allow us to suggest the existence of this
dependence. For example, a weak diamond peak was
revealed in the X-ray spectrum of a sample synthesized
in a 24-h experiment in the H,O-C system under
7.7 GPa and 1400°C, and no diamond crystallized in a
similarly charged capsule under similar experimental
conditions, except a pressure of 5.5 GPa [25]. However,
spontaneous diamond nucleation occurred in the H,0-C
system under 5.7 GPa and 1420 and 1300°C in 42- and
84-h experiments, respectively [19]. Based on these
data, we suppose that the duration of the inductive
period of spontaneous diamond nucleation in the fluid
systems increases with decreasing pressure.

According to Akaishi and Yamaoka [16], a long
inductive period can be explained by the fact that dia-
mond-generating systems have to pass through three
preliminary stages, including (1) the generation of a
C—O-H fluid by the decomposition of the fluid-produc-
ing reactant, (2) graphite dissolution in the fluid, and
(3) the formation of a carbon-supersaturated fluid.
Excess atomic carbon is released by some fluid-gener-
ating substances (for example, glucose) under the
experimental P—T conditions, and the generated fluid
should be carbon-supersaturated. However, experimen-
tal data show that complete graphite conversion under
7.7 GPa and 1500°C in the presence of glucose
(C¢H,0¢, which decomposes into water and atomic
carbon) and water is characterized by similar time
intervals [20, 25, 27]. These data allow us to suggest
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Fig. 5. Degree of the graphite—diamond transition () as a function of the experiment duration in systems (a) H,O-CO,—C [18] and

H,0-C [20] and (b) alkaline carbonate—carbon [32].

that fluid saturation with respect to carbon is not a lim-
itative stage determining the duration of the inductive
period.

Fluid Composition

The composition of the generated fluid can notably
affect the rate of diamond formation. Graphite was
completely converted to diamond in the 17-h experi-
ment with a H,O-CO, fluid under 7.7 GPa and 1600°C
and in the 33-h experiment with a H,O fluid at 1500°C,
whereas only single diamond crystals were formed in
the 48-h experiment with a H,O—CH, fluid at 1500°C
[27]. Analysis of the experimental data on diamond for-
mation at 5.7 GPa and 1300°C [14] and at 1200°C and
1420°C [19] revealed that the intensity of this process
changes with the following fluid composition order:
H,0-C = H,0-CO,—C = CO,—C > CH, + H,—C. Note
also that those experimental studies did not find any
essential difference between the intensities of sponta-
neous diamond nucleation and diamond growth on seed
crystals in CO,, CO, + H,O, and H,0O fluids. Con-
versely, the intensity of diamond formation in a CH,—H,
fluid was very low. No spontaneous diamond nucle-
ation occurred in this fluid at 1200-1420°C for 136 h,
and growth layers on seed crystals with a thickness less
than 1 pm were formed only at 1300-1420°C [19].

Na,CO;- or K,CO;-containing fluid systems under
5.7 GPa are characterized by the shortest inductive
period and the highest intensity of diamond formation
(Fig. 4b) [21, 23]. Systems with dolomite and H,0-CO,
or H,O fluid showed an activity comparable to the
activity of compositionally similar C-O-H fluid [22].
Thus, the intensity of diamond formation in fluid and
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carbonate—fluid systems under close to natural P-T
conditions changes in the following order of fluid com-
position: K,CO3(Na,CO5)-H,0-CO,—C > CO,-C =
H,0-C0O,-C = H,0-C = CaMg(CO;),~H,0-CO,—-C >
CH,—H,0-C > CH,—H,-C.

Diamond Growth on Seed Crystals

Diamond growth on seed crystals in the H,O-C sys-
tem was first studied in 1992 [12]. The experiments
were conducted under 7.7 GPa and 2000-2200°C for
tens of minutes, and the weight increase of the seed
crystals was as great as 70%. The growth layers on the
seed crystals contained multiple graphite inclusions.
Comprehensive experimental studies of fluid systems
under 5.7 GPa and 1150-1420°C revealed that the rate
of diamond growth in oxidized fluids (CO,, CO, + H,0,
and H,0) was higher than in reduced fluids (H,O + CH,
and CH, + H,), provided that their experimental tem-
peratures were identical. For example, the rate of dia-
mond growth in the H,0O—C system at 1420°C is tens of
times higher than in the CH,—H,—C system [19]. The
experimentally grown diamonds are colorless or gray
with a slight yellowish tint. Their micromorphology
indicates the tangential mechanism of crystal growth in
the fluid systems (Fig. 6) [14]. The persistent habit of
the crystallizing diamond is octahedral [14, 19]. The
{100} faces of the cuboctahedral seed crystals are
unstable under these conditions, which results in their
regeneration to faces {111} and the formation of octa-
hedral apexes on cubic faces (Fig. 6b). A comparative
analysis of the data obtained in experiments under 5.5
and 7.7 GPa and 1300-1500°C [14, 19, 25] revealed
that the diamond morphology did not depend on tem-
perature. The octahedral habit of the crystallizing dia-
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Fig. 6. Growth surface microtopography of seed diamond
crystals: (a) an image of a seed crystal after a 42-h experi-
ment in the CO,—C system under P = 5.7 GPa and T =

1420°C; (b) regeneration of a {100} crystal face after a 42-h
experiment in the CO,—C system at P = 5.7 GPa and

T =1420°C; (c) growth layers on a {111} crystal face after
a 135-h experiment in the H,O-C system at P = 5.7 GPa and

T =1200°C.

mond is most likely stable under widely varying pres-
sure, temperature, and composition of C—O-H fluid
[19]. However, in the CH,—H,—C system, the thickness
of growth layers on seed crystals did not exceed 1 um,
and, hence, the habit of the crystallizing diamond is
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unlikely to be stable in this system. Moreover, as was
mentioned above, capsules with a CO, fluid generated
by Ag,C,0, were probably depressurized in the course
of long-lasting experiments. Unfortunately, diamond
growth on seed crystals was not studied in experiments
with PtO, as the fluid-generating substance [28].

The stable habit of crystallizing diamond in alkaline
carbonate—fluid—carbon systems under 5.7 GPa and
1150-1420°C is octahedral, regardless of the carbonate
and fluid compositions [21-23]. According to [23], the
rate of diamond growth in these systems decreases
from 0.1 to 0.01 um/h with decreasing temperature
from 1420 to 1150°C. Diamond layers overgrowing
seed crystals at 1150°C for 120 h had a thickness of up
to several micrometers [21]. In the 42-h experiments in
the dolomite—H,0—-CO,—C system under 5.7 GPa and
1300-1420°C, diamond growth on seed crystals was
10-15 pm on {111} faces and up to 55 um on {100}
faces [22]. Note that the thickness of a growth layer is
understood as the overall thickness of the diamond
layer formed on a seed crystal during the whole exper-
iment.

Our data show that diamond growth on seed crystals
is preceded by an inductive period, whose duration
probably also depends on the temperature, pressure,
and composition of the system. Nevertheless, this
inductive period is briefer than the inductive period of
spontaneous diamond nucleation, i.e., the diamond for-
mation in fluid and fluid—carbonate systems begins
with diamond growth on seed crystals and is then
accompanied by spontaneous diamond formation [19-
23, 25]. According to Yamaoki et al. [25], no spontane-
ous diamond nucleation occurred in 24-h experiments
in the H,O—C system under 5.5 GPa and 1300-1500°C,
while the diamond growth on seed crystals took
place. Nevertheless, spontaneous diamond nucle-
ation was revealed in 24-h experiments at 7.7 GPa
and 1400°C, whereas diamond growth on seed crys-
tals also occurred at 1300°C. In 42-h experiments in
the dolomite-H,0-CO,—C system under 5.7 GPa,
spontaneous diamond nucleation was identified only
at 1420°C, whereas diamond growth on seed crystals
occurred at 1420 and 1300°C [22].

Crystallization of Metastable Graphite

In the thermodynamic field of diamond stability,
metastable graphite crystallization from a C—O-H fluid
occurs over a wide interval of compositions, pressure,
and temperature. Graphite nucleation and subsequent
growth in different forms (fine flakes, aggregates up to
100-200 pm, and tabular crystals up to 50 um) were
noted in all experiments under 5.5 and 5.7 GPa and
1150-1420°C (Fig. 7) [14, 19, 21, 23, 25]. However,
graphite flakes up to 10 um crystallized in the CO,—
H,0-C and H,0-C systems under 7.7 GPa only at tem-
peratures not exceeding <1600°C [16, 18, 20].
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