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Abstract

We have experimentally studied the formation of diamonds in alkaline carbonate–carbon and carbonate–fluid–carbon

systems at 5.7–7.0 GPa and 1150–1700 �C, using a split-sphere multi-anvil apparatus (BARS). The starting carbonate and fluid-

generating materials were placed into Pt and Au ampoules. The main specific feature of the studied systems is a long period of

induction, which precedes the nucleation and growth of diamonds. The period of induction considerably increases with

decreasing P and T, but decreases when adding a C–O–H fluid to the system. In the range of P and T corresponding to the

formation of diamonds in nature, this period lasts for tens of hours. The reactivity of the studied systems with respect to the

diamond nucleation and growth decreases in this sequence: Na2CO3–H2C2O4�2H2O–C>K2CO3–H2C2O4�2H2O–C>>

Na2CO3–C>K2CO3–C. The diamond morphology is independent of P and T, and is mainly governed by the composition of the

crystallization medium. The stable growth form is a cubo-octahedron in the Na2CO3 melt, and an octahedron in the K2CO3 melt.

Regardless of the composition of the carbonate melt, only octahedral diamond crystals formed in the presence of the C–O–H

fluid. The growth rates of diamond varied in the range from 1.7 mm/h at 1420 �C to 0.1–0.01 mm/h at 1150 �C, and were used to
estimate, for the first time, the possible duration of the crystallization of natural diamonds. From the analysis of the experimental

results and the petrological evidence for the formation of diamonds in nature, we suggest that fluid-bearing alkaline carbonate

melts are, most likely, the medium for the nucleation and growth of diamonds in the Earth’s upper mantle. D 2002 Elsevier

Science B.V. All rights reserved.
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1. Introduction

In petrology, diamond is viewed, first of all, as an

indicator of high pressures and temperatures in deep-

level magmatic and metamorphic processes (Sobolev,

1977; Haggerty, 1999; Dobretsov and Kirdyashkin,

1998). The data from geothermobarometry of mineral

inclusions in diamonds indicate that most diamonds

formed at 5–6 GPa and 900–1500 �C (Sobolev,

1977; Meyer, 1987; Harris, 1992). The P–T condi-

tions of the diamond formation in metamorphic com-

plexes are also close to the above pressures and

temperatures (Sobolev and Shatsky, 1990; Dobretsov

and Kirdyashkin, 1998). Current models for the for-

mation of diamonds in nature are based mainly on the

synthesis of the information obtained from minera-

logical, petrological, and geochemical observations

(Sobolev, 1977; Meyer, 1987; Harris, 1992; Galimov,
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1991). However, the state and the composition of the

crystallization medium, the sources of carbon, the

mechanisms of the diamond growth, the typical time

durations of the diamond-forming processes, and the

redox conditions are issues still open to debate.

Most of the information about the diamond-form-

ing medium has been obtained from the studies of

inclusions in diamonds. It has been established that

the most common minerals trapped during the dia-

mond growth are sulphides, silicates, and oxides

(Sobolev, 1977; Meyer, 1987; Harris, 1992; Bulanova,

1995). The most important source of information

about the diamond-forming medium are the fluid-

and brine-inclusion studies on some varieties of dia-

monds (Navon et al., 1988; Navon, 1991; Izraeli et al.,

2001). Findings of carbonate inclusions in natural

diamonds (Bulanova, 1995; Wang et al., 1996; Sobo-

lev et al., 1997; Stachel et al., 1998) are, undoubtedly,

also of great importance. Recently reported occurren-

ces of mineral inclusions of majoritic garnet, ferroper-

iclase, and CaSiO3 perovskite in diamonds from São

Luiz (Brazil) and Guinea (West Africa) provide evi-

dence in favor of the lower-mantle origin for some

diamonds (Harte et al., 1999; Joswing et al., 1999;

Gasparik and Hutchison, 2000). These observations

form the basis for hypotheses about the possible range

of the P–T conditions and the environment suitable

for the formation of diamonds in nature. The most

commonly assumed medium for the crystallization of

natural diamonds is the silicate (Robinson, 1978;

Sunagawa, 1994) or sulphide (Bulanova et al., 1998)

melt. Many models suggest an active participation of

fluid in the crystallization of diamonds (Haggerty,

1986; Sobolev and Shatsky, 1990; Galimov, 1991;

Schrauder and Navon, 1994; Navon, 1999; Dobrzhi-

netskaya et al., 2001). It is also worth pointing out that

the P–T conditions in the thermodynamic stability

field of the diamond are viewed by many as quite

sufficient for diamonds to nucleate and grow, but the

evidence from experiments on the synthesis and

growth of diamonds suggests this to be a necessary

but not always a sufficient condition.

Successful synthesis of diamond by experiments at

high pressures and temperatures was achieved at the

end of the 1950s in metal–carbon systems. At 5–6

GPa and 1400–1600 �C, diamond started to crystal-

lize after several minutes at a graphite-melt interface

(Wentorf, 1974). The relatively high solubility of

carbon in the melts of such metals as Fe, Ni, Co,

Mn, and the very high rate of the graphite to diamond

transformation in these systems, formed the basis of

the approach used in the experimental studies on the

diamond synthesis before the 1990s. These proce-

dures for the diamond synthesis were automatically

extended to other chemical systems. On the basis of a

great number of short experiments, whole classes of

substances, including carbides, carbonates, chlorides,

sulphides, oxides, and various silicates (serpentine,

muscovite, biotite, etc.) were identified as the so-

called graphite-producing solvents of carbon (Wen-

torf, 1974). At the P–T conditions typical for the

formation of natural diamonds (5–6 GPa and 900–

1500 �C), diamond was synthesized in laboratories

only in metal–carbon systems and only at the highest

values of P and T of the above range. On the basis of

these experimental data, a hypothesis was proposed

that the transition-metal melts played the key role in

the formation of natural diamonds (Wentorf and

Bovenkerk, 1961). A great body of petrological,

mineralogical, and geological information obtained

from the diamondiferous assemblages, the composi-

tions of mineral and fluid inclusions, and geothermo-

barometry, were in a serious conflict with the

experimental data on the synthesis of diamonds.

Consequently, most petrologists lost interest in using

experimental data to explain the formation of dia-

monds in nature.

At the beginning of the 1990s, the first report

appeared about the synthesis of diamond in carbo-

nate–carbon systems at 7.7 GPa pressure and 2000 �C
or higher temperatures (Akaishi et al., 1990). Further

systematic investigations revealed the specific fea-

tures of the diamond crystallization in a kimberlitic

melt (Arima et al., 1993) and in alkaline and alkaline-

earth carbonate melts of different compositions

(Kanda et al., 1990; Taniguchi et al., 1996; Litvin,

1998; Pal’yanov et al., 1998a,b; Litvin et al., 1999;

Sato et al., 1999; Litvin and Zharikov, 2000). Most

experiments were short (typically 20–30 min) and

were carried out at fairly high P–T conditions: P� 7

GPa and T>1600–1700 �C. When the duration of the

experiments was increased to several hours, diamond

grew on seed in the Na2CO3 melt at 1650 �C (Kanda

et al., 1990). In experiments lasting for about 20 h at 7

GPa and 1700–1750 �C, and using alkaline and

alkaline-earth carbonates, Pal’yanov et al. (1998a,b,
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1999a) grew diamond crystals of up to 400–700 mm
in size, and showed that the nucleation of diamond is

significantly affected by time. Recently, Pal’yanov et

al. (1999b) experimentally confirmed that diamond

can crystallize in alkaline carbonate and carbonate-

fluid systems at the P–T conditions corresponding to

the formation of natural diamonds.

The purpose of this study was to experimentally

constrain the important factors controlling the crys-

tallization of diamond in model alkaline carbonate

and carbonate-fluid systems at the P–T conditions

corresponding to the formation of natural diamonds,

and to suggest the compositions of the most appro-

priate medium for the crystallization of diamonds in

nature.

2. Experimental procedure

Experiments were carried out using a ‘‘split-

sphere’’ multi-anvil apparatus with a 300-mm outer

diameter of the multi-anvil sphere (Pal’yanov et al.,

1997). The sphere consists of eight steel anvils

enclosing an octahedral cavity. An inner set of six

tungsten carbide anvils is located in the octahedral

cavity, and encloses a cubic cavity holding the cell

assembly. In this work, we used cells developed for

the growth of large diamond crystals. This type of

cells have a shape of a tetragonal prism 19� 19� 22

mm, and use a graphite heater, 9 mm in diameter and

15.8 mm in length. Pressure was calibrated at room

temperature by the change in the resistance of Bi at

2.55 GPa, and of PbSe at 4.0 and 6.8 GPa, and at high

temperatures by the graphite-diamond equilibrium

(Kennedy and Kennedy, 1976). Temperature was

measured in each experiment with a Pt6%Rh/

Pt30%Rh thermocouple whose junction was placed

inside the heater. The thermocouple was calibrated at

7 GPa by the melting of Ni, and at 5.7 GPa by the

melting of Ag, Au, and Al (Pal’yanov et al., 1997,

1998b). In some experiments, control ampoules were

used for reference, in addition to the sample ampoule,

for the crystallization of diamond in the well-studied

Ni–C system (A ampoule) and/or for substances with

known melting temperatures (B ampoule), as shown

in Fig. 1. The melting of metals (Ag, Au, and Al) was

detected from the change in the position of natural

diamond crystals, which were initially placed in the

center of a metal sample. When the melting of a metal

occurred, diamonds floated in the Ag and Au melts

and sank in the Al melt. The use of the control and

sample ampoules, which were symmetrically located

with respect to the hot spot of the cell assembly, made

it possible for a direct comparison of the P–T con-

ditions of the diamond synthesis in carbonate–carbon

systems with the well-calibrated data on the diamond

synthesis in the system Ni–C (Table 1). Based on the

previously published data (Borzdov and Popkov,

1983; Pal’yanov et al., 1997, 1998b) and the results

of the present work (Table 1), we estimated the

accuracy of the pressure and temperature measure-

ments to be at the level of F 0.1 GPa and F 20 �C,
respectively, at 5.7 GPa and 1150–1420 �C. For

experiments at 7 GPa and 1700 �C, the accuracy

was estimated to be F 0.2 GPa and F 40 �C. In a

series of systematic experiments that were previously

carried out to measure thermal gradients with two

thermocouples (Borzdov and Popkov, 1983; Pal’ya-

nov et al., 1997), we established that there was a

symmetric ‘‘low-gradient’’ zone with the diameter of

about 7 mm and the height of about 7 mm, located at

Fig. 1. The sample assembly used in this study: (1) ZrO2 + 20%NaCl

pressure medium; (2) thermocouple; (3) MgO+ 20% NaCl pressure

medium; (4) graphite heater; (5) graphite sample; (6) carbonate

sample; (7) Pt or Au ampoule; (8) seed crystal. A= control ampoule

for diamond growth in Ni–C; B = control ampoule for temperature

calibration by melting Au, Ag, or Al.
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the center of the heater. Within this zone, the temper-

ature gradient did not exceed 10 �C/mm at 6 GPa and

1400 �C. The sample and the control ampoules were

symmetrically placed in this zone with respect to the

hot spot. It should be noted that we have used these

cells for a long time for growing large high-quality

diamonds by the temperature gradient method

(Pal’yanov et al., 1997). This provided an aditional

proof of the low thermal gradients in our cells, based

on the well-known experimental fact that the temper-

ature difference between the dissolution zone and the

growth zone for the growth of diamonds must be

approximately 30 �C, which is less than 10 �C/mm

(Burns and Davies, 1992). Otherwise, large high-

quality single crystals of diamond cannot be grown.

For the starting materials, we used Na2CO3 and

K2CO3 of purity no less than 99.9%, and graphite of

purity no less than 99.99%. Carbonates were annealed

at 500 �C for 2 h. After the preparation, the starting

materials were kept at 90 �C. In each experiment, three

seeds of synthetic diamond (cubo-octahedra) and three

seeds of natural diamond (flat-faced octahedra), ap-

proximately measuring 0.5 mm, were used. The start-

ing materials were placed into Pt ampoules and sealed

Table 2

Experimental results on the crystallization of diamond in the Na2CO3–C and K2CO3–C systems

Run number Initial composition Ampoule P (GPa) T (�C) Time (h) Diamond nucleation Diamond growth

N Size (mm) Morphology G h(100) h(111)

C-110 Na2CO3-Gr Gr 7 1700 0.3 � – – � – –

C-115 Na2CO3-Gr Gr 7 1700 2 + 100–300 111>100 + 20 30

C-113 Na2CO3-Gr Pt 7 1700 16.5 + 300–600 111>100 + 260 450

N-10 Na2CO3-Gr Pt 5.7 1420 10 � – – � – –

N-1 Na2CO3-Gr Pt 5.7 1420 20 � – – + 4 3

N-2 Na2CO3-Gr Pt 5.7 1420 30 + 5 111>100 + 18 20

N-3 Na2CO3-Gr Pt 5.7 1420 40 + 40 111 + 100 + 40 35

N-4 Na2CO3-Gr Pt 5.7 1360 40 � – – + 20 6

N-5 Na2CO3-Gr Pt 5.7 1300 40 � – – + 12 10

N-6 Na2CO3-Gr Pt 5.7 1250 40 � – – � – –

C-120 K2CO3-Gr Gr 7 1700 0.3 � – – � – –

C-125 K2CO3-Gr Gr 7 1700 2 + 90–180 111 + 4.5 20

C-124 K2CO3-Gr Pt 7 1700 7 + 200–350 111 + 16 75

K-1 K2CO3-Gr Pt 5.7 1420 30 � – – + 10 1

K-2 K2CO3-Gr Pt 5.7 1420 40 � – – + 15 3

K-3 K2CO3-Gr Pt 5.7 1300 40 � – – + 8 2

K-4 K2CO3-Gr Pt 5.7 1250 40 � – – � – –

K-5 K2CO3-Gr Au 5.7 1250 84 � – – + f 2 1

N (+)—nucleation of diamond was observed, (� )—not observed; G (+)—growth of diamond on seeds was observed, (� )—not observed;

h(100) and h(111)—thickness of the diamond layer on seeds (mm).

Table 1

Results from the calibration experiments

Run P T1 T2 Time Control Results

number (GPa) (�C) (�C) (h) ampoule
Synthesis of

diamond

Melting

X-1 5.7 1500 1600 20 NiC noa yes

X-2 6.0 1500 1600 20 NiC yes yes

X-3 5.5 1350 1420 20 NiC yes yes

Au – yes

N-1 5.7 1350 1420 20 NiC yes yes

Au – yes

N-2 5.7 1350 1420 30 NiC yes yes

N-3 5.7 1350 1420 40 NiC yes yes

Au – yes

N-4 5.7 1300 1360 40 NiC no no

Au – yes

N-5 5.7 1250 1300 40 Au – no

Ag – yes

N-6 5.7 1200 1250 40 Ag – no

Al – yes

NF-4 5.7 1100 1150 120 Ag – no

Al – yes

X-4 5.7 990 1030 20 Al – no

T1—temperature according to the emf of the thermocouple; T2—

temperature corrected according to the data on the melting of metals.
a Newly crystallized graphite was observed.
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by arc welding. For generating the C–O–H fluid, we

added to the samples, just before sealing, either oxa-

lic acid dihydrate (H2C2O4�2H2O) or distilled water

(H2O), or silver oxalate (Ag2C2O4) in quantities of 20,

20, and 40 wt.%, respectively.

The experimental results are shown in Tables 2 and

3. In all runs in which diamond grew on seed crystals,

the grown layer had minute black inclusions, and in

some cases, transparent inclusions of carbonate melt,

which made it easier to identify the grown layer. To

verify the obtained results, control experiments were

carried out in graphite containers and gold ampoules. In

all the experiments with fluid, the weight of the sealed

samples was measured before and after the runs. Only

those experiments in which the ampoules remained

hermetically sealed are reported in Tables 2 and 3. In

this case, intense release of vapor occurred during the

opening, resulting in the corresponding weight loss. An

exception were the runs with Ag2C2O4, in which case,

due to the formation of metallic Ag and its interaction

with platinum, no hermetically sealed ampoules were

preserved. The experimental products were studied by

X-ray analysis. Formation of small diamond crystals

was confirmed by Raman spectroscopy using an

OMARS 89 device. Graphite and diamond were also

studied using optical microscopes and an electron

scanning microscope (JSM-35).

3. Results and discussion

3.1. Diamond crystallization in the fluid-free systems

Na2CO3-C and K2CO3-C

At 7 GPa and 1700 �C, 20 min were insufficient for

the nucleation of diamond in the systems Na2CO3–C

and K2CO3–C (Table 2). For the runs that lasted for 2

h, the synthesis of diamond was detected at the

graphite–carbonate interface by both X-ray diffrac-

tion and optical microscopy. A complete transforma-

tion of graphite into diamond at these conditions

required about 11 h. It is worth noting that the

reactivity of the Na2CO3 melt for the diamond syn-

thesis was better than that of the K2CO3 melt. More-

over, in the Na2CO3 melt, diamond was crystallized as

cubo-octahedra, whereas in the K2CO3 melt, only

octahedra was formed. Additional data from kinetic

studies of diamond nucleation and growth were

reported earlier (Pal’yanov et al., 1998b, 1999a).

In the Na2CO3–C system at 5.7 GPa and 1420 �C,
a 10-h period was not sufficient either for the growth

or the nucleation of diamond. In a 20-h run, only the

initial stage of the diamond growth was observed. In a

40-h run, the number of formed crystals was 500–

600, with their sizes reaching 40 mm. Spontaneously

nucleated crystals were cubo-octahedra (Fig. 2d).

Table 3

Experimental results on the crystallization of diamond in the alkaline carbonate–carbon systems with C–O–H fluid

Run number Initial composition Ampoules P (GPa) T (�C) Time (h) Diamond nucleation Diamond growth

N Size (mm) Morphology G h(100) h(111)

NF-8 Na2CO3–H2C2O4�2H2O-Gr Pt 5.7 1420 5 � – – � – –

NF-5 Na2CO3–H2C2O4�2H2O-Gr Pt 5.7 1420 10 � – – + 3 < 2

NF-1 Na2CO3–H2C2O4�2H2O-Gr Pt 5.7 1420 20 + 13 111 + 20 14

NF-2 Na2CO3–H2C2O4�2H2O-Gr Pt 5.7 1360 40 + 65 111 + 60 45

NF-3 Na2CO3–H2C2O4�2H2O-Gr Pt 5.7 1250 40 � – – + 10 8

NF-6 Na2CO3–H2C2O4�2H2O-Gr Au 5.7 1200 136 + 3 111 + 4 2

NF-4 Na2CO3–H2C2O4�2H2O-Gr Pt 5.7 1150 120 + 4 111 + 3 1.5

KF-5 K2CO3–H2C2O4�2H2O-Gr Pt 5.7 1420 10 � – – � – –

KF-1 K2CO3–H2C2O4�2H2O-Gr Pt 5.7 1420 20 � – – + ~1 ~1

KF-2 K2CO3–H2C2O4�2H2O-Gr Pt 5.7 1250 40 � – – + 25 4

KF-3 K2CO3–H2C2O4�2H2O-Gr Pt 5.7 1150 120 + 2 111 + 1.5 1

NW-1 Na2CO3–H2O-Gr Pt 5.7 1420 40 + 4–7 111 + 18 8

KW-1 K2CO3–H2O-Gr Pt 5.7 1420 40 + 10 111 + 15 6

NA-1 Na2CO3–Ag2C2O4-Gr Pt 5.7 1420 40 + 100 111 + 120 8–10

KA-1 K2CO3–Ag2C2O4-Gr Pt 5.7 1420 40 + 70 111 + 100 10

N (+)—nucleation of diamond was observed, (� )—not observed; G (+)—growth of diamond on seeds was observed, (� )—not observed;

h(100) and h(111)—thickness of the diamond layer on seeds (mm).
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They were transparent, of light yellowish tint, and

located within carbonate at a distance of no less than

100–200 mm from graphite. The zone in the vicinity

of the graphite did not contain newly crystallized

diamond. Diamond growth on seed crystals took place

on the {111} and {100} faces (Fig. 2a–c). No growth

occurred on the seed crystals which were located in

graphite and had no contact with the carbonate melt.

This allowed us to estimate, by comparison, the

thickness of the grown layer. The thickness regularly

decreased with decreasing temperature (see Table 2).

At 5.7 GPa and 1420 �C, the induction period of the

diamond nucleation in the Na2CO3 melt was about 30

h, while the induction period preceding the diamond

growth was about 20 h. A decrease in temperature in

the 40-h experiments caused a regular decrease in the

thickness of the grown layer on both the {100} and

{111} faces. At temperatures below 1420 �C, a 40-h

period was insufficient for the nucleation of diamond.

In the K2CO3–C system, spontaneously nucleated

diamond crystals were not observed at 5.7 GPa.

Diamond growth on seed crystals took place at 1300

�C and higher temperatures. The main characteristics

of the diamond growth on seeds in the K2CO3–C

system were, in general, similar to those described

above for the Na2CO3–C system. The {100} faces

had rough surfaces formed by tetragonal pyramids

with octahedral faceting (Fig. 2e and f). In all cases,

the mirror-smooth octahedral faces exhibited triangu-

lar vicinal forms and growth layers (Fig. 2g and h).

The seed-grown diamond layers were considerably

thinner than in the Na2CO3–C system, but otherwise

the same.

The obtained results confirmed the earlier observed

differences in the reactivity of these systems at 7 GPa

and 1700� (Pal’yanov et al., 1999a). The differences

in the morphology of the diamonds, grown sponta-

neously at 1700 �C, were the same as those for the

diamonds grown on seeds in these systems at 1300–

1420 �C. These were evaluated from the change in the

ratio of the grown layer thicknesses h(100)/h(111),

which reflects the ratio of the growth rates of a cube

and an octahedron v(100)/v(111).

3.2. Diamond crystallization in the Na2CO3–C and

K2CO3–C systems with fluid

In the Na2CO3–H2C2O4�2H2O–C system, the

diamond formation was enhanced in comparison

with the fluid-free system (Tables 2 and 3). For

example, in the fluid-free Na2CO3–C system, dia-

mond nucleation did not occur in the melt at 1360

�C. In contrast, several thousand crystallization cen-

ters were observed in the same carbonate in the

presence of H2O–CO2 fluid. Diamonds were irreg-

ularly distributed in the carbonate melt, and in some

places, the number of the crystallization centers

reached only a few tens per square millimeter. No

diamonds formed in graphite. In addition to the

newly crystallized diamond, the carbonate melt con-

tained minute graphite crystals or their aggregates.

Spontaneously nucleated diamond crystals were

transparent, had a yellow tint, and were represented

by octahedra, their intergrowths, and twins (Fig. 3c).

Diamond growth on seeds took place on both the

{111} and the {100} faces. In some cases, sponta-

neously nucleated diamond crystals that were inter-

grown with seed crystals were present in numbers

reaching a few tens on a single crystal face (Fig. 3a

and b). The most active nucleation and intense

growth of diamond took place in the run NF-2 at

1360 �C. Spontaneous nucleation of octahedral dia-

mond crystals measuring 1–4 mm, and growth of

diamond crystals on the {111} and {100} faces,

occurred in experiments lasting 120 h at 1150 �C
(Fig. 3d).

In the K2CO3–H2C2O4�2H2O–C system, 20–40-h

experiments at 1250–1420 �C did not nucleate dia-

mond, but diamond grew on the {100} and {111}

faces of the seed crystals (Fig. 3e–g). Only in the run

KF-3 at 1150 �C and 120 h, both the spontaneous

nucleation and the diamond growth on seed crystals

occurred (Fig. 3h). In the runs with oxalic acid

dihydrate, newly crystallized graphite was observed

in the form of dispersed particles and small crystals,

which grew on the original graphite, the seed crystals,

and the walls of the Pt ampoules.

Fig. 2. Scanning electron micrographs of diamonds synthesized in the systems Na2CO3–C (a–d) and K2CO3–C (e–h): a general view of seed

crystals with overgrowth (a—run N-3; b—run N-2; e—run K-1); growth patterns on the (100) face of seed crystals (c—run N-2; f—run K-1);

spontaneously nucleated cubo-octahedral diamonds in carbonate melt (d—run N-3); growth patterns on the (111) face of seed crystals (g, h—

run K-2).
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Experiments of the series NF and KF (Table 3) can

be viewed as conducted in the presence of H2O–CO2

fluid, because oxalic acid dihydrate decomposes

under experimental conditions to H2O and CO2. Some

preliminary experiments on the effect of the fluid

composition on the diamond formation in alkaline

carbonate systems were carried out with water or

silver oxalate (Ag2C2O4), the latter decomposes under

experimental conditions to Ag and CO2 (Table 3).

Runs with H2O (NW-1 and KW-1) produced octahe-

dral diamond crystals, 10 mm in size. In the runs with

Ag2C2O4 (NA-1, KA-1) carried out at the same

conditions, we observed the growth of polycrystalline

aggregates of larger (up to 100 mm) octahedral dia-

mond crystals. The resulting crystal size and the

thickness of the diamond layers grown on seed

crystals (Table 3) indicate that the formation of

diamond in the carbonate–carbon system is much

more enhanced with the addition of Ag2C2O4 than

with the addition of H2O. These experimental results

suggest a potentially significant influence of the fluid

composition on the diamond nucleation and growth in

the carbonate melt, but additional studies would be

needed to address this in detail.

3.3. Induction period of the diamond crystallization

The new experimental results and the data from

previous studies (Pal’yanov et al., 1998a,b, 1999a,b;

Sato et al., 1999) suggest that the crystallization of

diamond in carbonate–carbon systems is character-

ized by a relatively long induction period preceding

the nucleation of diamond. This can be demonstrated

by the example of a rather well-studied Na2CO3–C

system. According to the data of Akaishi et al. (1990),

a complete transformation of graphite to diamond

occurred in 20 min at 7.7 GPa and 2200 �C. At 7
GPa and 1700 �C, no growth was observed in the

10- and 20-min runs, but in the runs at the same

conditions lasting for 2 h and more, the synthesis of

diamond did occur (Pal’yanov et al., 1999a). The

induction period of the diamond nucleation at these

conditions is about 1 h. The data from Table 2

indicate that at 5.7 GPa and 1420 �C, the first

crystallization centers of diamond appeared in no

less than 30 h. The dependence of the duration of the

induction period of the diamond nucleation on the

P–T parameters is shown in Fig. 4. Hence, the main

specific feature of the diamond crystallization in the

carbonate–carbon systems is the dependence of the

induction period of the reaction: graphite! solution

of carbon in carbonate melt! diamond, on temper-

ature and pressure. This is fundamentally different

from the metal–carbon systems in which diamond

crystallizes in a few minutes. In our opinion, this is

the reason why diamond was not previously obtained

in the carbonate–carbon systems (Wentorf, 1974),

and the carbonate melts were initially classified as

the graphite-producing type of carbon solvents. Re-

cent experimental results on the crystallization of dia-

mond in C–O–H fluid at 5.7–7.7 GPa and 1300–

2000 �C also indicate the existence of a prolonged

induction period that preceeds the nucleation of dia-

mond (Hong et al., 1999; Akaishi and Yamaoka, 2000;

Pal’yanov et al., 2000).

Considering the kinetic character of the diamond-

formation reactions in the carbonate–carbon systems,

the lowest temperature of 1420 �C, at which the

spontaneous nucleation of diamond took place, cannot

be viewed as minimal for the Na2CO3–C system. This

is because diamond growth on seed crystals proceeded

even at 1300 �C in the 40-h experiments. Hence, at

1300 �C, the induction period preceding the nuclea-

tion of diamond is probably longer than 40 h.

A comparative analysis of the results in Tables 2 and

3 shows that the alkaline carbonate melts containing

C–O–H fluid are more reactive than the fluid-free

alkaline carbonate melts with respect to both the

nucleation and the growth of diamond. Addition of

H2O–CO2 fluid to the K2CO3–C and Na2CO3–C

systems allowed to decrease the temperature of the

diamond nucleation and growth to 1150 �C, which is

Fig. 3. Scanning electron micrographs of diamonds synthesized in the systems Na2CO3–H2C2O4�2H2O–C (a–d) and K2CO3–H2C2O4�2H2O–

C (e–h): spontaneously nucleated octahedral diamonds on the (111) face of seed crystals (a, b) and in carbonate melt (c) (run NF-2);

spontaneously nucleated octahedral diamonds and growth patterns on the (100) face of seed crystals (d—run NF-4); a seed crystal (e) and

growth patterns on the (100) face (f) and (111) face (g) (run KF-2); growth layers and spontaneously nucleated diamonds on the (111) face of a

seed crystal (h—run KF-3).
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considerably lower than the minimal temperature of the

diamond synthesis in the metal–carbon systems. The

results showed that the reactivity in the studied com-

positions decreases in the following sequence:

Na2CO3 � H2C2O4 � 2H2O� C

> K2CO3 � H2C2O4 � 2H2O� C

HNa2CO3 � C > K2CO3 � C:

As seen from Tables 2 and 3, most experiments

were performed in Pt ampoules. At this stage of the

investigation, it is rather difficult to evaluate the

possible role of platinum in the diamond synthesis.

However, the results from the control runs C-115 and

C-125, performed in graphite ampoules, and the K-5

and NF-6 runs in gold ampoules, do not significantly

differ from the data obtained with Pt ampoules.

3.4. Diamond growth rate

At the P–T conditions of the diamond formation in

nature, the specific features of the diamond growth

were studied only in the metal–carbon systems. Two

major features were recognized: rather high rates of

the diamond synthesis and the dependence of the

diamond morphology on the P–T conditions (Wentorf,

1974; Burns and Davies, 1992). In this process of the

diamond synthesis from graphite in the presence of

transition-metal melts, linear growth rates are the high-

est and vary in the range from about 500 to 10000 mm/

h.When diamond is grown on seeds by the temperature

gradient method in the same systems, the growth rate of

high-quality single crystals is approximately 30 mm/h.

The data reported in Tables 2 and 3 allow a qual-

itative evaluation of the main trends of change in the

diamond growth rates in alkaline carbonate–carbon

systems with and without fluid, and in some cases,

exact values for the growth rates can be obtained. On

the basis of the available data, it is possible to estimate

the change in the rates of the diamond growth in a rather

wide range of temperatures from 2200 to 1150 �C.
From the data of Akaishi et al. (1990), the linear growth

rates in the Na2CO3–C system at 7.7 GPa and 2200 �C
vary from 100 to 1000 mm/h. According to our data

(Pal’yanov et al., 1999a) at 7 GPa and 1700–1750 �C,
the growth rate of the spontaneously nucleated dia-

mond crystals could reach 150 mm/h, whereas that of

the crystals grown on seeds is about 10–25 mm/h.More

accurate data for the growth rate estimates were

obtained by Pal’yanov et al. (1999b) at 5.7 GPa and

1420 �C (Fig. 5). The growth rates determined from the

slopes of the curves for the spontaneously nucleated

crystals and the seed-grown crystals were the same and

corresponded to 1.7 mm/h. For alkaline carbonate–

carbon systems with H2O–CO2 fluid, the induction

period at 1150 �C can be estimated by extrapolation.

Diamond growth rates in this case are 0.1–0.01 mm/h.

Apparently, as the temperature decreases from 2200 to

1150 �C, the growth rates decrease by four to five

orders. A simple estimate shows that in the range of

1420–1150 �C, the growth time for the growth of a 1-

carat diamond varies from 100 days to a few tens of

years. Taking the complicated growth history of natural

diamonds into account, including discontinuous

growth, these rates should be considered minimal. In

comparison, the growth of a diamond weighing 1 carat

in the metal–carbon systems requires about 100 h.

3.5. Diamond morphology

Pal’yanov et al. (1998b, 1999a) reported that the

diamond morphology depended on the composition of

Fig. 4. Dependence of the induction period preceding diamond

nucleation on temperature for the Na2CO3–C system, according to

the data of: (1)—Akaishi et al. (1990); (2)—Pal’yanov et al. (1999a);

(3)—this work. s is the run duration. Symbols show if the spon-

taneous nucleation of diamond was observed (solid) or not (open).
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the alkaline carbonate medium. At 7 GPa and 1700

�C, diamond crystallized as cubo-octahedra in the

Na2CO3–C system, and predominantly as octahedra

in the K2CO3–C system. Table 2 shows that cubo-

octahedra formed in the Na2CO3–C system also at 5.7

GPa and 1420 �C. If diamond grows on seeds, the ratio

h(100)/h(111) remains proportional to v(100)/v(111) in

this system up to 1300 �C, and corresponds to the

v(100)/v(111) ratio typical for cubo-octahedra. For the

runs of the ‘‘K’’ series in Table 2, spontaneously nuc-

leated crystals were not found at 1300–1420 �C, but in
the runs with crystals grown on seeds, the ratios h(100)/

h(111) and v(100)/v(111), corresponded to an octahe-

dron. Thus, for the fluid-free alkaline carbonate sys-

tems, diamond morphology mainly depends on the

composition of the crystallization medium. In the range

of 1300–1750 �C, the stable growth formed in the

sodium carbonate melt is a cubo-octahedron, but is an

octahedron in the potassium carbonate melt. In the

presence of H2O–CO2 fluid, diamond forms only octa-

hedra at 1150–1420 �C, regardless of the composition

of the carbonate melt. In the runs NW-1 and KW-1

(Table 3), in which alkaline carbonates were used with

H2O, and in the presence of CO2 fluid (runs NA-1 and

KA-1), diamond also crystallized as octahedra. Hence,

the diamond morphology in the studied systems is

mainly governed by the crystallization medium, and

does not depend on the P–T conditions in the inves-

tigated range.

4. The medium for the formation of diamonds in

the mantle

Analyses of mineral and fluid inclusions in natural

diamonds suggest a multi-component crystallization

medium with wide variations in compositions, but the

problem is how to identify which particular com-

ponents of the natural system are responsible for the

dissolution and transport of carbon that ultimately

favor the nucleation and growth of diamonds in the

mantle. As previously mentioned, the most common

inclusions in diamonds are sulphides, silicates, and

oxides. However, there are no reliable experimental

data suggesting the possibility of the diamond nuclea-

tion and growth in the sulphide–carbon, silicate–car-

bon, or oxide–carbon systems at the P–T conditions

corresponding to the formation of natural diamonds.

The issue is also complicated by the fact that the bulk

composition of the inclusions does not always ade-

quately reflect the crystallization medium, because of

the possible effect of selective entrapment of the inclu-

sions during the diamond growth in heterogenous

multi-component systems (Pal’yanov et al., 1997).

The available experimental data on the diamond

nucleation and growth summarized in Fig. 6 provide

the evidence suggesting that the fluid-bearing alkaline

carbonate melts are the medium responsible for the

formation of diamonds in the mantle. The formation of

diamonds is possible under the mantle conditions from

alkali-enriched H2O–CO2 fluids, as shown by this and

other experimental studies (Pal’yanov et al., 1999b).

Spontaneous nucleation of octahedral diamond crys-

tals, 1–4 mm in size, and the growth of diamonds on the

{111} and {100} faces of seed crystals took place in

120-h runs at 1150 �C. Since the kinetics significantly
affect the formation of diamonds in carbonate–carbon

systems, diamond nucleation should be possible at

lower temperatures in longer experiments.

It is generally agreed that the redox state of the

lithospheric and asthenospheric mantle corresponds to

Fig. 5. Dependence of the thickness of the diamond growth layers on

the (111) faces on the run duration at 1420 �C and 5.7GPa: (1) growth

on seeds in the system Na2CO3–H2C2O4�2H2O–C; (2) growth on

seeds in the Na2CO3–C system; (3) average half-thickness of

diamond crystals spontaneously nucleated in the Na2CO3–C system.
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the stability field of carbonates. The oxygen fugacity of

the upper mantle varies with increasing depth from

FMQ+1 to FMQ-3, and in some cases, up to FMQ-5

log units (Wood et al., 1990; Ballhaus, 1993). The main

fluid components in the upper mantle are H2O and CO2

(Wood et al., 1990; Navon, 1991; Ballhaus, 1993;

Wyllie and Ryabchikov, 2000). A direct evidence for

the presence of a fluid with a composition similar to the

proposed diamond-forming medium is provided by the

data on alkali-enriched hydrous and carbonatic mantle

fluids in fibrous diamonds from Jwaneng (Schrauder

and Navon, 1994) and brine inclusions in diamonds

from Koffiefontein (Izraeli et al., 2001). Fluids of this

composition could form by partial melting of the

aphanitic group II kimberlite (Yamashita et al., 1998).

An experimentally studied melt-fluid system at 900 �C
was composed of 31.79% CO2, 28.09% K2O, 9.21%

H2O, and 3.34% SiO2. According to the data obtained

by Ryabchikov and Boettcher (1980) at 3.0 GPa and

1100 �C, the concentration of potassium in H2O fluid

equilibrated with phlogopite could reach 25 wt.%.

Nowadays, a concept is evolving that the influence of

the carbonate melts/fluids is the cause of the metaso-

matic reworking of mantle rocks (Green and Wallace,

1998; Haggerty, 1999). The temperature range of these

processes seems to be rather wide, and the composi-

tions of the metasomatic melts/fluids could vary with

increasing temperature from alkali-enriched H2O–CO2

fluids (Ryabchikov and Boettcher, 1980; Perchuk and

Lindsley, 1982; Perchuk and Yapaskurt, 1998;

Schrauder and Navon, 1994) to dolomitic melts (Green

and Wallace, 1998; Ryabchikov et al., 1989; Kogarko

et al., 1995).

However, some measurements of the oxygen

fugacity in natural diamonds indicate that the ancient

lithospheric mantle had the oxygen fugacity suffi-

ciently low for iron to be present as metal (Kadik,

1997). Thus, at early stages of the Earth’s formation,

native Fe–Ni melts could have been the diamond-

forming medium. Experimental data on the diamond

crystallization obtained during the studies of the

metal–carbon systems indicate highly reducing con-

ditions during the synthesis and growth of diamond.

Studies of the fluid inclusions in synthetic diamonds

revealed that they essentially had a hydrocarbon

composition (Tomilenko et al., 1998). Minor amounts

of hydrogen–methane fluid were found after experi-

ments on the diamond growth in the Fe–Ni–C

system, carried out with platinum ampoules (Sokol

et al., 2000). Hence, the fluid regimes of the diamond

crystallization in metal–carbon and carbonate–carbon

systems fundamentally differ (Sokol et al., 2000).

Important characteristics of the diamond formation

in metal–carbon systems are the strongly reducing

character and the low concentration of the fluid phase.

It was experimentally shown that the addition of even

minute amounts of H2O to the metal–carbon systems

completely inhibits the formation of diamond and

leads to a metastable growth of graphite crystals in

the thermodynamic stability field of diamond (Pal’ya-

nov et al., 1997).

Thus, the available experimental results and the

information obtained from petrological and minera-

logical observations of natural samples are not in

conflict. We think that the nucleation and growth of

diamonds in nature result from processes that supply

carbon to the crystallization medium or cause a

decrease of the carbon solubility in it. A source of

carbon for the diamond crystallization could be redox

reactions between the components of fluid, fluid and

carbonate, carbonate and silicates (Brey et al., 1983;

Yaxley and Green, 1994; Wyllie, 1995; Haggerty,

1999). Changes in the P–T conditions or the oxygen

Fig. 6. The P–T conditions of formation of natural diamonds and the

experimental conditions resulting in the crystallization of diamond in

carbonate–carbon systems. Data from Akaishi et al., 1990; Arima et

al., 1993; Dalton and Presnall, 1998; Litvin et al., 1999; Pal’yanov et

al., 1998b, 1999a, 1999b, this work; Taniguchi et al., 1996.
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fugacity could be the driving forces for the diamond-

forming reactions. Experimental studies of these dia-

mond-forming reactions have just started and will

most likely yield new interesting results.

5. Conclusions

We showed that the crystallization of diamond in

alkaline carbonate–carbon systems is characterized,

first of all, by an induction period preceding nuclea-

tion and growth. The duration of the induction period

depends to a great extent on the P–T conditions and

strongly increases with decreasing P and T. At the P–

T conditions corresponding to the formation of dia-

monds in nature, the duration of the induction period

is tens of hours. The duration preceding the nuclea-

tion and growth can be reduced by adding a C–O–H-

fluid to the system. In general, the nucleation and

growth of diamonds are more active in the fluid-

bearing alkaline carbonate systems than in the fluid-

free systems. The reactivity of the studied systems

with respect to the nucleation and growth of dia-

mond decreases in the following sequence: Na2CO3–

H2C2O4 �2H2O – C>K2CO3 – H2C2O4 �2H2O –

CHNa2CO3–C>K2CO3–C.

The growth rates of diamonds in the studied

systems heavily depend on the temperature, and

decrease approximately by four orders from 2200 to

1150 �C. At the P–T conditions corresponding to the

formation of diamonds in nature, the diamond growth

rates change from 1.7 mm/h at 1420 �C to 0.1–0.01

mm/h at 1150 �C, suggesting that the possible growth

rates for diamond in natural processes could vary from

hundreds of days to a few tens of years.

Contrary to the existing concepts about the pre-

dominant dependence of the diamond morphology on

the P–T conditions of crystallization, based mainly on

the experiments in metal–carbon systems, the dia-

mond morphology in alkaline carbonate–carbon sys-

tems is independent of the P–T conditions in the

investigated range. The main factor controlling the

ratio of the growth rates of different diamond faces in

the studied systems is the composition of the crystal-

lization medium (the composition of the carbonate

melt and the presence of the C–O–H fluid). The stable

crystal form in the sodium carbonate melt is a cubo-

octahedron, and an octahedron in the potassium car-

bonate melt. Only octahedral diamond grows in the

presence of the C–O–H fluid.

The observed occurrence of carbonate minerals in

the diamondiferous rocks of the magmatic and meta-

morphic origin, elevated contents of alkalies (mainly

K and Na) in deep-level diamondiferous assemblages,

essentially alkaline and H2O–CO2 compositions of

mantle fluids, in combination with the obtained exper-

imental data, suggest that fluid-bearing alkaline car-

bonate and carbonate–silicate melts are the most

probable medium for the formation of diamonds in

nature. These melts/fluids are able to dissolve carbon,

transport it, and serve as the medium for the nuclea-

tion and growth of diamonds at the P–T conditions

corresponding to the formation of natural diamonds.
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