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ABSTRACT
We report for the first time experimental evidence for the nucleation and growth of

diamonds from carbonatitic melts by reduction in reactions with silicon metal or silicon
carbide. Experiments were carried out in the CaMg(CO3)2-Si and CaMg(CO3)2-SiC sys-
tems at 7.7 GPa and temperatures of 1500–1800 8C. No graphite was added to the run
powder as a carbon source; the carbonate-bearing melts supply the carbon for diamond
formation. Diamond grows spontaneously from the carbonatitic melt by reducing reac-
tions: CaMg(CO3)2 1 2Si 5 CaMgSi2O6 1 2C in the CaMg(CO3)2-Si system, and
CaMg(CO3)2 1 2SiC 5 CaMgSi2O6 1 4C in the CaMg(CO3)2-SiC system. Our results
provide strong experimental support for the view that some natural diamonds crystallized
from carbonatitic melts by metasomatic reducing reactions with mantle solid phases.
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TABLE 1. EXPERIMENTAL RESULTS

Run
Number

Temp
(8C)

Time
(minutes)

Starting composition Newly crystallized
diamond*

Weight gain
of seed (wt%)

CaMg(CO3)2-Si system
Without seed
MK-10 1800 60 0.61CaMg(CO3)2 1 0.39Si Yes (40 mm) -
MK-17 1600 240 0.61CaMg(CO3)2 1 0.39Si Yes (50 mm) -
With seed
MK-7 1800 60 0.89CaMg(CO3)2 1 0.11Si No 0.0
MK-12 1800 60 0.79CaMg(CO3)2 1 0.21Si Yes (30 mm) 0.1
MK-5 1800 60 0.79CaMg(CO3)2 1 0.21Si Yes (40 mm) 0.5
MK-8 1800 60 0.69CaMg(CO3)2 1 0.31Si Yes (40 mm) 0.1
MK-6 1800 60 0.61CaMg(CO3)2 1 0.39Si Yes (40 mm) 0.3

CaMg(CO3)2-SiC system
Without seed
MK-16 1800 60 0.60CaMg(CO3)2 1 0.40SiC Yes (50 mm) -
MK-15 1600 240 0.60CaMg(CO3)2 1 0.40SiC No -
MK-19 1600 480 0.60CaMg(CO3)2 1 0.40SiC Yes (40 mm) -
MK-18 1500 1440 0.60CaMg(CO3)2 1 0.40SiC Yes (90 mm) -
With seed
MK-2 1800 60 0.60CaMg(CO3)2 1 0.40SiC Yes (20 mm) 1.2
MK-1 1600 120 0.60CaMg(CO3)2 1 0.40SiC No 0.2
MK-3 1600 250 0.60CaMg(CO3)2 1 0.40SiC Yes (50 mm) 1.7

CaMg(CO3)2 system
With seed
MK-14 1800 60 CaMg(CO3)2 without Si or SiC No 0.0
Without seed
MK-11 1800 50 CaMg(CO3)2 without Si or SiC No -

*The maximum size of newly crystallized diamond is given in parentheses.

INTRODUCTION
It has been suggested that some diamonds

in Earth’s mantle crystallized from carbon-
atitic melts by reducing reactions and/or
formed from volatile (C-H-O) rich fluids
(Haggerty, 1986; Luth, 1993; Blundy et al.,
1991; Navon, 1999). Studies of inclusions
in natural diamonds suggest a genetic link
between diamond formation and volatile-
and alkali-rich mantle melts or fluids, broad-
ly similar to carbonatite to kimberlite com-
positions (Navon et al., 1988; Schrauder and
Navon, 1994; Bulanova et al., 1998; Izraeli
et al., 2001). Diamond can be synthesized
from graphite in the presence of nonmetallic
solvent catalysts such as carbonate melts
(Akaishi et al., 1990; Taniguchi et al., 1996;
Sato et al., 1999; Pal’yanov et al., 1999),
kimberlitic silicate melts (Arima et al.,
1993), C-O-H fluids (Akaishi et al., 2000;
Akaishi and Yamaoka, 2000), and CO2 flu-
ids (Yamaoka et al., 2002) under high-pres-
sure and high-temperature conditions in the
thermodynamically stable region of dia-
mond, suggesting a possible role of these
compounds in diamond formation in Earth’s
mantle. However, because graphite was a
part of the starting assemblage in all these
experiments, these do not provide a clear
demonstration for direct crystallization of
diamond from cabonatitic melts or fluid.
Here we report experimental results of nu-
cleation and growth of diamond from car-
bonatitic melts by reducing reactions in
graphite-free systems.

METHODS
Series of experiments were carried out in

the CaMg(CO3)2-Si and CaMg(CO3)2-SiC
systems at 7.7 GPa and temperatures of 1500–
1800 8C for 60–1440 min (Table 1) using a
modified belt-type high-pressure apparatus
with a 32-mm-diameter bore (Yamaoka et al.,

1992). Methods of pressure calibration and
temperature measurement were described pre-
viously (Akaishi et al., 1990). No direct con-
trol or estimation of oxygen fugacity was
made in this study. The starting materials with
various Si/C ratios (3.0–15.6) were carefully
prepared from highly pure synthetic calcite
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Figure 1. Sample assembly of high-pressure
experiments. 1—pyrophyllite, 2—NaCl, 3—
starting powder in Pt capsule, 4—graphite
heater, 5—steel ring, 6—NaCl with 10 wt%
ZrO2, 7—NaCl with 20 wt% ZrO2.

Figure 2. Scanning electron microscope
photographs of diamond (run MK-17). A:
Newly crystallized octahedral diamonds in
matrix of quench phases. B: Octahedral di-
amonds with spinel twin.

and natural magnesite from Victoria, Australia
(Brey et al., 1983), with 9-grade silicon metal
for the CaMg(CO3)2-Si system and with re-
agent-grade a-SiC (moissanite) for the
CaMg(CO3)2-SiC system (Table 1).

No graphite was added to the run powder
as a carbon source. The carbonate-Si or car-
bonate-SiC mixture was sealed into a Pt cap-
sule made of a platinum tube 6 mm in diam-
eter, 6 mm long, and 0.2 mm thick. The
capsule was packed in a dry NaCl pressure
medium and placed in the center of a graphite
heater in a high-pressure sample assembly
(Fig. 1). In some runs, a natural octahedral
diamond with an edge length of 0.8–1.0 mm
was placed in the center of the starting powder
in the run capsule. The run products were ex-
amined with optical microscope, scanning
electron microscope, X-ray diffraction, Raman
spectroscopy, and electron microprobe.

Weighing the run capsule before and after
the run checked the seal tightness during the
experiment. After the run, the run capsule was
soaked in hot water to remove the NaCl pres-
sure medium. No weight change was observed
in all run capsules, suggesting that the exper-
iments behaved as a closed system for ele-
ments, including C, Ca, Mg, Si, and O. This
conclusion is supported by the electron micro-
probe observation on the Pt run capsules, in
which no element except Pt was detected. To
check the carbon source for the newly crys-
tallized diamond in the run MK-10 in the car-
bonate-Si system, carbon isotope analysis for
d13C value was made on the diamond crystals,
a carbonatitic part of the run product, and the
starting material. The isotopic measurements
were carried out by the mass spectrometer
(MAT-250) at the Shizuoka University. The
d13C value of the diamonds ranges from
22.0‰ to 23.9‰, suggesting that these are
not in isotopic equilibrium, but the values are
broadly comparable to those of the starting
powder (23.01‰) and the coexisting carbon-
atitic melt (23.85‰). The data provide strong
support for the conclusion that the source of
carbon for the diamond was the carbonate, and
that the Pt capsule was impermeable to carbon

under the pressure and temperature conditions
employed in this study.

RESULTS
The addition of higher amounts of reduction

agents (Si or SiC) to the carbonate mixture, as
well as higher run temperature and longer run
duration, greatly enhanced the formation of
diamond (Table 1). No seed growth or nucle-
ation was observed in the run with the mini-
mum Si (run MK-7), but all runs with higher
amounts of Si contain newly crystallized di-
amonds. In the CaMg(CO3)2-SiC systems, all
runs at 1600 and 1800 8C contain newly crys-
tallized diamonds, except for two short time
runs at 1600 8C: 240 min for run MK-15 and
120 min for run MK-1. In run MK-1, we ob-
served growth on the seed, but no new nucle-
ation. Longer run duration (1440 min) in the
CaMg(CO3)2-SiC system led to spontaneous
nucleation of diamond, even at 1500 8C (run
MK-18).

To test the effect of the Pt capsule, dummy
experiments were carried out in which carbon-
ate powder was encapsulated in a Pt capsule
without the reduction agents (Table 1). After
the experiment (run MK-14 with seed dia-
mond at 1800 8C and 7.7 GPa for 60 min and
run MK-11 without seed at 1800 8C and 7.7
GPa for 50 min), no diamond nucleation or
seed growth was detected in run MK-14 and
there was no diamond nucleation in run MK-
11. The results confirm that Pt metal does not
act as a solvent catalyst in the experiments.

No silicon metal or SiC was identified in any
of the run products. The carbonatitic part of the
run products consists of a fine-grained crystal
aggregate. The aggregate is dominantly com-
posed of clinopyroxene, Ca-carbonate, and Ca-
Mg-carbonate. The clinopyroxene is nonstoi-
chiometric and has unusual compositions.
Dendritic or acicular morphology of these
phases indicates that these crystallized from the
carbonatitic melt during fast, nonequilibrium
quenching at high pressures. This conclusion is
supported by the fact that the liquidus temper-
ature of ;1450 8C at 7.7 GPa experimentally
estimated for the dolomitic carbonatite com-
positions (Dalton and Presnall, 1998) is consid-
erably lower than the temperature conditions of
this study (1500–1800 8C at 7.7 GPa).

In the runs with seed diamond, the seed di-
amonds are covered by a thin film of graphite
crystals (,1 mm thick) that is easily removed
from the diamond surface. In the runs without
seed diamond, we noted a rare amount of
graphite in the form of round to hexagonal
flaky crystals (,2 mm in diameter) set in a
carbonatitic matrix. Relatively higher amounts
of flaky graphite occur in the runs with shorter
run duration in which no diamond nucleation

and growth were detected (runs MK-1 and
MK-15).

No significant difference in morphology
was noticed between newly crystallized dia-
monds in both the CaMg(CO3)2-Si and
CaMg(CO3)2-SiC systems. The newly crystal-
lized diamonds, to 100 mm in diameter, have
well-developed {111} faces (Fig. 2). Some
isolated crystals are well-faceted octahedrons
(Fig. 2A), but most crystals exhibit a spinel-
type twinning (Fig. 2B). Seed diamonds show
a remarkable morphological change. These
have healed growth of fibrous crystals at the
corners and edges (Fig. 3A) and growth hill-
ocks with triangular shapes on the {111} fac-
es. The hillocks have sharp triangular, trun-
cated triangular, or rounded triangular shapes,
having both positive and negative orientation
to the original triangular {111} faces of the
seed crystal (Fig. 3B). This growth pattern dif-
fers from that of natural diamonds in which
triangular growth hillocks have the same ori-
entation as that of the triangle of the octahe-
dral face (Sunagawa et al., 1984; van Encke-
vort, 1992). In a rare case, however, growth
pyramids of triangular morphology of the seed
crystal clearly show growth steps similar to
those observed on natural diamonds (Suna-
gawa, 1984).

Overall, the results indicate that the dia-
mond is formed from the carbonatitic melt by
reducing reactions of the following form:
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Figure 3. Differential interference micro-
graph of {111} face of seed diamond. A: Re-
sorbed dull edge of seed crystal was sharp-
ened after run by newly grown fibrous
diamonds (run MK-8). B: Triangular growth
hillocks having both positive and negative
orientation to {111} faces of seed (run MK-
5).

CaMg(CO3)2 1 2Si 5 CaMgSi2O6 1 2C in
the CaMg(CO3)2-Si system and CaMg(CO3)2

1 2SiC 5 CaMgSi2O6 1 4C in the
CaMg(CO3)2-SiC system.

DISCUSSION
Although temperatures in the experiments

(1500–1800 8C) are somewhat higher than
those estimated for diamond formation (950–
1500 8C) (Haggerty, 1986), our results provide
an important link for deciphering the genesis
of diamond in Earth’s mantle. This study pro-
vides strong experimental support for the view
that some natural diamonds crystallized from
carbonatitic melts by metasomatic reducing
reaction with mantle solid phases (Navon,
1999). Although a-SiC (moissanite) and b-
SiC are reported as inclusions in natural dia-
monds (Moore et al., 1986; Leung et al.,
1990), and silicon metal was reported as an
inclusion of moissanites in kimberlites (Math-
ez et al., 1995), these are very rare and rep-
resent extremely reducing conditions in
Earth’s mantle. Nevertheless, it is probable
that carbonate may be reduced under less ex-
treme conditions (Luth, 1993; Blundy et al.,
1991; Bulanova et al., 1998).

Akaishi et al. (2000) studied diamond crys-
tallization processes in the supercritical H2O-
CO2 fluids at 7.7 GPa and 1600 8C, and ob-

served that flaky graphite crystals, similar to
those of our study, first crystallized from and
coexisted with supercritical fluids, then trans-
formed into diamond after a substantial incu-
bation period. Akaishi et al. (2000) suggested
that the incubation period is probably the in-
duction time, which determines the diamond
formation in the fluid systems. In this study,
relatively larger concentrations of graphite
crystals occurred in the runs with shorter du-
ration, in which no diamond nucleation and
growth were detected. The spontaneous dia-
mond growth occurred after a substantial in-
cubation period. The metastable graphite
would be a quench phase that crystallized
from excess carbon dissolved in the carbonate
melt at higher temperatures. Alternatively, the
graphite could be a precursor that first crys-
tallized from the carbonatitic melt, and was
the substrate on which diamond crystallized
after a substantial incubation period via a
mechanism similar to that suggested by Aka-
ishi et al. (2000).

Graphite microinclusions, located in the ge-
netic center of Yakutian diamonds, were de-
scribed by Bulanova et al. (1998). The graph-
ite is closely associated with metallic iron,
wüstite, and carbonate phases. They suggested
nucleation of the Yakutian diamonds on the
matrix of graphite–metallic iron-wüstite in the
presence of carbonate-rich fluids or melts. Our
experimental results support the genetic model
proposed by Bulanova et al. (1998) for the
Yakutian diamonds.

Recent high-pressure melting experiments
suggest that the incipient melt of a carbonate-
bearing mantle peridotite is carbonatitic in
composition (Dalton and Presnall, 1998; Mar-
tinez et al., 1998). Analyses of fluid inclusions
in natural diamonds indicate that carbonatitic
melts or fluids were present during the for-
mation of some natural coated diamonds (Na-
von et al., 1988; Schrauder and Navon, 1994;
Izraeli et al., 2001). It is noteworthy that the
diamond seed crystals have fibrous growth on
them (Fig. 3), morphologically similar to the
carbonate-bearing coated diamonds (Navon et
al., 1988). The experiments reported here
demonstrate that diamond grows spontaneous-
ly from such melts and that carbonate-bearing
melts actually supply the carbon for diamond
formation. The extremely low viscosity of car-
bonate-bearing melts (Dobson et al., 1996) al-
lows them to percolate easily through mantle
rocks, to transport the carbon into more re-
duced host mantle regions, and to crystallize
diamond by reducing reactions.
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