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The first syntheses of diamond polycrystals in pyr-
rhotite–carbonic melts are reported in this communica-
tion. The results obtained are directly related to the
issue of diamond origin in the Earth’s mantle, because
pores in some natural polycrystalline varieties of dia-
mond contain not only silicate, oxide, metallic, and
other phases but also sulfide minerals [1, 2]. However,
the experimental data [3, 4] showed that natural sulfide
melts may serve (although, to a limited extent) as a
medium for the growth of diamonds, but the main role
belongs to carbonate–silicate (carbonatite) melts [5].

The main varieties of natural diamond polycrys-
tals—diamondite and carbonado—occur as separate
microcrystalline segregations and intergrowths with
diamond monocrystals. Polycrystalline diamond aggre-
gates occur in such intergrowths either within a dia-
mond monocrystal or as an outer shell of a monocrystal
[6]. These simple morphological observations suggest
that the same mantle substance and processes are
responsible for the growth of both diamond polycrys-
tals and monocrystals.

The term 

 

diamondite

 

 as a name of a monomineral
diamond rock was proposed in [1] for diamond poly-
crystals with syngenetic pore inclusions of mantle min-
erals similar to those in monocrystal samples [7], such
as garnet, clinopyroxene, sulfides, ilmenite, and others.
“Diamondite” is a generalized term for diamond variet-
ies, such as bort, balas, framesite, and “diamond aggre-
gate” [6]. Monocrystalline diamond and diamondite

were synthesized at a high pressure in the same carbon-
ate–silicate–carbonic melts [8–10], and diamondite
polycrystals ~2 mm in size were formed in a few sec-
onds. The composition of growth melts in these exper-
iments was set in compliance with mineralogical data
on composition of syngenetic inclusions in diamonds.
Carbonatites were also used. The experimental model-
ing of syngenesis of diamondite and primary garnet,
clinopyroxene, sulfide, carbonate, and other inclusions
allows us to consider the genesis of diamondite in the
framework of the concept of a carbonate–silicate
growth medium [11].

The origin of carbonado—diamond polycrystals
with a cryptocrystalline (granulomorphic) texture and
characteristic inclusions (native metals, oxides, sul-
fides, and others [2, 12])—is a matter of debate. The
formation of carbonado is attributed to such unlikely
phenomena as radioactive irradiation, shock metamor-
phism, specific tectonics, and so on (see review in [2]).
At the same time, the thorough examination of carbon-
ado-hosted syngenetic minerals demonstrates that they
all are similar to the minerals known as primary inclu-
sions in diamond monocrystals [2]. For example, zircon
of peridotitic affinity and rutile of eclogitic mineral
assemblage have been identified. This suggests that the
carbonate–silicate–carbonic diamond-forming melts
with the major (carbonate and silicate) and admixture
(sulfide, oxide, phosphate, chloride, and fluid) compo-
nents [5] might also be parental for carbonado. How-
ever, the primary phase and chemical compositions of
syngenetic inclusions in porous carbonado might be
altered by secondary reactions under strongly reducing
conditions buffered by carbon of carbonado.

Sulfides are among the most abundant primary inclu-
sions in natural diamond mono- and polycrystals. They
were considered the probable major parental diamond-
forming substance in the mantle for a long time [13].
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The subsequent high 

 

PT

 

 experiments [3, 4] have shown
that sulfide–carbonic melt solutions do serve as a high-
efficient substance for spontaneous nucleation of dia-
monds. Further experimental investigations of phase
relations in the garnet–pyrrhotite [4] and garnet–cal-
cite–pyrrhotite [14] systems under 

 

PT

 

 conditions of
diamond stability have shown that silicate, carbonate,
and carbonate–silicate melts are completely immiscible
with sulfide melts. It was established that solubility of
silicate and carbonate components in sulfide melts is
negligible under such conditions. This fact unequivo-
cally indicates that the syngenetic crystallization of dia-
mond together with silicate and carbonate minerals
from sulfide–carbonic melts is impossible in terms of
physical chemistry. Therefore, the hypothesis of sulfide
substance serving as a parental material for the forma-
tion of bulk of diamonds in kimberlites should be
turned down.

Nevertheless, the possibility of crystallization of
both mono- and polycrystalline diamonds from natural
sulfide–carbonic melts cannot be ruled out. However,
diamond of such origin must be free of syngenetic sili-
cate and carbonate inclusions.

The objective of this study was an experimental
investigation of the possibility of the formation of dia-
mond in sulfide–carbonic melts at high pressures and
temperatures. While choosing the composition of a sul-
fide medium, we took into consideration the experimen-
tal results on the high efficiency of pyrrhotite (

 

Fe

 

1 – 

 

x

 

S

 

)
melts for spontaneous nucleation and crystallization of
diamond [4]. Such melts with simple compositions are
representative components of mantle sulfide substances
involved in diamond formation.

The starting materials were composed of mixtures
of pyrrhotite and spectrally pure graphite powders
(weight proportion 3 : 2). The pyrrhotite had the aver-
age composition of 52.79 at % Fe and 47.21 at % S
(table), whereas the graphite was of analytical quality.
The mixtures were homogenized by their grinding with
alcohol in a WC–Co hard alloy mortar. High pressures
and temperatures were created in an anvil-with-hole
apparatus with the container made of lithographic lime-
stone. The resistive tubular heater (height 7.2 mm, outer
diameter 5 mm, and inner diameter 3 mm) was also
made of graphite of the analytical quality. The experi-
mental technique is described in [3]. The sulfide–car-
bonic mixtures were pressed into heater holes subse-
quently closed at both ends with graphite disks 1 mm
thick. Pressure and temperature were determined by
calibration curves based on reference phase transition
of bismuth (pressure) and by measurements based on
the 

 

Pt

 

70

 

Rh

 

30

 

/Pt

 

94

 

Rh

 

06

 

 thermocouple (temperature). The
pressure correction for high temperature was based on
the experimental curve of graphite–diamond equilib-
rium obtained by S. Kennedy and G. Kennedy. The
accuracy of pressure and temperature determinations
was 

 

±

 

0.1 GPa and 

 

±

 

20

 

°

 

C, respectively. After quenching
at a rate of ~300

 

°

 

C/s, the samples were removed and

split up. The SEM and microprobe examinations were
performed on chip surfaces with carbon sputtering at
the Institute of Experimental Mineralogy with partici-
pation of A.N. Nekrasov and K.V. Van on a CamScan
M2300 (VEGA TS 5130MM) electron microscope
equipped with a Link INCA Energy microprobe.

Diamond polycrystals formed at the contact of the
graphite heater-ampule with the melted sulfide–graph-
ite mixture at 6.7 GPa and 1660

 

°

 

C after 4 min (sample
1/1184). Figure 1 shows the sample after the run. The
polycrystalline intergrowth consists of skeletal octahe-
dral diamond crystals and their spinel twins. The pale
substance in the polycrystalline diamond aggregate is a
quenched growth (parental) sulfide melt. Its composi-
tion is given in the table. The solidified sulfide melt
retains close contacts with growing diamond faces and
tightly fills up holes between skeletal edge jugs and the
interstitial spaces between the intergrown diamond
microcrystals. This fact clearly indicates that the dia-
mond microcrystals formed in the sulfide–carbonic
melt.

Figure 2 shows the “sulfide-synthetic” diamond
polycrystals after the removal of the parental sulfide
substance by acid leaching. Polycrystals consist of dia-
mond octahedrons and spinel twins varying from 1 to
100 

 

µ

 

m in size. Figure 2a demonstrates a star-shaped
intergrowth formed as a result of cyclic twinning. This
type of morphology, well known for natural diamonds
[6], has been recorded for the first time in a sulfide
medium. Figure 2b shows the characteristic “cryptoc-
rystalline” forms of distorted diamond microcrystals

 

Chemical compositions of the quenched sulfide melt (growth
substance for diamond polycrystals) and starting natural pyr-
rhotite, at %

Sulfide melt Natural pyrrhotite from the 
Dalnegorsk deposit, Primorye

S Fe S Fe

50.22 49.78 53.86 46.14

55.47 44.53 52.74 47.26

55.59 44.41 52.99 47.01

55.17 44.83 52.57 47.43

55.63 44.37 52.53 47.47

52.44 47.56 52.70 47.30

51.88 48.12 52.69 47.31

52.47 47.53 52.87 47.13

51.82 48.18 52.79 47.21

52.05 47.95 52.83 47.17

52.13 47.87 52.69 47.31
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without distinct edges. Their formation is likely related
to the much higher degree of oversaturation of sulfide
melt with dissolved carbon and the consequent
extremely high (“avalanche”) rates of crystallization.

The edged skeletal forms of octahedral microcrystal
faces are most typical in diamond polycrystals (Figs. 1,
2a, 2c). Sporadic smooth faces are likely related to the
final (slower) stage of crystallization. During the layer-
by-layer growth, the layers grow on skeletal faces near
apices and edges. Then they spread toward the center with
the formation of flat steps of variable width (Fig. 2c). Sev-
eral fronts of crystallization can develop simulta-
neously. Their intersections and superpositions produce
a complex sculpture with triangular projections and
deeps oriented parallel to (111).

The formation of diamond polycrystals indicates
that, like carbonate–carbonic and carbonate–silicate–
carbonic melts, the sulfide–carbonic melts are highly
efficient diamond-forming substances. In the sulfide–
carbonic system, spontaneous crystallization of dia-
mond with the formation of polycrystalline aggregate
proceeds at a high pressure (6.7 GPa) immediately after
melting of the starting pyrrhotite–graphite mixture at
eutectic and higher temperatures. This is caused by
oversaturation of sulfide melt with carbon relative to
diamond because of a higher solubility of graphite
(thermodynamically unstable phase in the 

 

PT

 

 field of
diamond stability) in comparison with diamond (ther-
modynamically stable phase) at the same temperatures
and pressures. Consequently, dissolution of the unsta-
ble graphite phase (source of carbon) in sulfide melt
produces the labile (oversaturated with respect to dia-
mond) carbon solution. The formation of diamond

polycrystals testifies to very high degrees of oversatura-
tion and high densities of diamond phase nucleation,
resulting in the simultaneous appearance of numerous
nuclei, their fast growth, and intergrowth of crystallites.
The dissolved carbon is transferred by diffusion mech-
anism to the growing faces with a high rate, so that
polycrystallites ~1 mm in size are formed over a few
seconds.

Microprobe analyses of the quenched sulfide melt at
contacts with diamond polycrystallites (table) con-
firmed that its composition fits pyrrhotite. Sulfides are
retained as individual substances in runs up to 4 min
long. We did not establish reduction of sulfide to ele-
mentary iron and appearance of free sulfur or its oxy-
gen-bearing compounds. This fact serves as evidence
for stable redox conditions. The buffering is provided
by the sulfide–carbon (graphite and/or diamond) sys-
tem. It is noteworthy that sulfides are also stable with
respect to reduction–oxidation at contacts with the
parental carbonate–silicate substances [14].

Sulfide and homogeneous carbonate–silicate melts
reveal complete immiscibility at 

 

PT

 

 parameters of dia-
mond stability [14, 15]. Therefore, sulfide melts may
occur as mechanical inclusions in diamond-forming
parental carbonate–silicate (carbonatite) magmas. Car-
bon derived from mantle sources can dissolve simulta-
neously in carbonate–silicate melts and sulfide melt
inclusions therein. When the concentration of oversatu-
rated carbon solutions attains the labile state, the spon-
taneous nucleation and growth of natural analogues of
carbonate-synthetic and sulfide-synthetic diamonds
may occur simultaneously in both melts. Our previous
and current experimental studies have shown that the
formation of diamond polycrystals may be provided by
growth substances similar to those in the case of dia-
mond monocrystals. However, the common practice of
crystal growth suggests that the formation of polycrys-
talline aggregates requires a higher concentration of
labile carbon solutions in growth melts than for the
spontaneous crystallization. The occurrence of diamon-
dite and carbonado indicates that such concentrations
most likely are achieved under natural conditions.

Several scenarios of origination of the highly over-
saturated carbon solutions may be proposed for both
carbonate–silicate and sulfide melts.

Increase in oversaturation of the saturated or slightly
oversaturated melts with dissolved carbon may be
caused by a fast change of pressure and/or temperature.
This may occur, for instance, during the rapid propaga-
tion of magmatic melt in the relatively low-pressure
region and at contacts with colder mantle rocks. Natural
diamond polycrystals may form at contacts of dia-
mond-bearing carbonate–silicate and sulfide melts with
metastable graphite in the mantle. The presence of the
metastable graphite is supported by findings of peridot-
ite and eclogite xenoliths with graphite or graphite in
combination with diamond [7]. However, it should be
kept in mind that typomorphic attributes of natural

 

100 

 

µ

 

m

 

Fig. 1.

 

 A skeletal crystal grown in pyrrhotite–carbonic melt
(microphotograph taken after run).
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counterparts of carbonate-synthetic and sulfide-syn-
thetic diamonds must differ because of the expected
discrepancies in their admixture compositions and
physical properties, on the one hand, and in the compo-
sition of syngenetic inclusions, on the other.

CONCLUSIONS

(1) For the first time we have synthesized diamond
polycrystals from the pyrrhotitic sulfide melt highly
oversaturated with carbon at 6.7 GPa.

(2) The sulfide-synthetic diamond polycrystals rep-
resent intergrowths of skeletal (edged) or cryptocrystal-
line microdiamonds (1–100 

 

µ

 

m in size) and their
spinel-type and occasional star-shaped polysynthetic
twins. Diamond polycrystals contain syngenetic sulfide
inclusions.

(3) Experimental results demonstrate that natural
counterparts of sulfide-synthetic diamond polycrystals
can form under specific conditions of mantle sulfide
melts highly oversaturated with dissolved carbon, in
particular, at contacts with the mantle graphite.
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Fig. 2. 

 

(a) Star-shaped polysynthetic twin in diamond poly-
crystal, (b) “cryptocrystalline” diamond polycrystal, and
(c) products of layer-by-layer growth of skeletal microcrys-
tals in diamond polycrystalline aggregate.
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