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Abstract—An analytical review of the results of experimental studies of diamond crystallization and dissolu-
tion in systems with different compositions and mantle P— 7 parameters is presented. It is shown that the dia-
mond morphology and the set of defect-impurity centers depend to a great extent on the composition of crys-
tallization medium. Specific crystallomorphological and crystallochemical features of diamond that are typ-
ical of certain conditions are revealed. The genetic informativeness of some diamond characteristics and
possibility of their use as indicators of the composition of crystallization and dissolution media and oxygen
fugacity in diamond-origin processes are substantiated based on the experimentally established regularities in

the “conditions—properties” system.
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INTRODUCTION

An analysis of the data on the mineralogy of natural
diamond shows that crystals from different deposits
have fairly diverse characteristics (including morphol-
ogy, composition of the mineral and fluid inclusions,
and a set of defect-impurity centers), a fact suggesting
a wide variety of their formation conditions in nature.
Complex studies of diamonds from different regions of
the world made it possible to determine the main dia-
mond-containing paragenesises, the range of P—T
formation conditions, age, key characteristics of the
defect-impurity composition of diamonds, and regu-
larities of the isotopic carbon composition, as well as
to form a concept about diamond origin [1-20]. Of
prime importance are the data on the composition of
microinclusions in diamonds, because specifically
they give idea about the compositions of the diamond-
forming media [12, 21—31]. The case in hand is pri-
marily high-density fluids (containing carbonates, sil-
icates, chlorides, water, and CO,) and the fluids of the

C—O—H-—N system. Another important result is the
discovery of inclusions in diamonds, which serve as
indicators of redox conditions. A very broad range of
variation in the compositions was established: from
strongly reduced (iron, moissanite, iron carbides) [17,
32-36] to extremely oxidized (CO,, carbonates) [33,
37, 38]. There is no doubt that the crystallomorpho-
logical and crystallochemical features of diamond are
potential sources of information about its formation
conditions. However, the genetic informativeness of
these features has been substantiated to date in only
some particular cases. The main method for establish-
ing the crystallomorphological and crystallochemical
indicator characteristics of diamond is the experimen-
tal simulation of the natural processes of its formation,
dissolution, and thermobaric treatment in a maxi-
mally wide range of compositions and conditions.
Despite the fact that experiments on diamond crystal-
lization in the systems simulating natural diamond-
forming media have been actively performed in recent
years, the data on the real structure and properties of
diamonds obtained in these systems are still limited.

In this review, we analyze the results of experimen-
tal studies on diamond crystallization and dissolution
in systems of different compositions, aimed at reveal-
ing regularities of diamond crystallomorphological
features, characteristic of specific growth and dissolu-
tion conditions. The regularities of changes in the
defect-impurity structure of diamond have been con-
sidered in dependence of the composition of the
medium and the crystallization conditions. The
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Table 1. Forms of diamond growth in different media

Crystallization-medium composition Diamond growth forms References
Metal melts (Fe, Ni, Co, Mn) {111}, {100}, {110}, {311}, {511}, {711} [44—46]
Sulfide melts (FeS, (Fe, Ni)ySg) {111} [50, 51]
S—C system {100}, {111}, {411}, {944} [47—49]
CaCO; melt {533}, {955}, {755}, {211}, {322} [53, 54]
Carbonate—silicate (including kimberlite) melts {111} [60—65]
Ultrapotassium carbonate, carbonate—silicate, {111}, {100} [55—59]
and carbonate—chloride melts
Fluid media of the C—O—H system {111} [71-74]
Water-containing silicate melts {111} [75,76]
Water-containing carbonate and carbonate—silicate media {111} [57,59, 77, 78]
Na,CO;—C0O,—C system {111}, {100}, {hkk}, {hhl} [84]
P—C system {111}, {310}, {911} [66—68]
Mg—C system {100} [69]
Mg—C + Si (=2 wt %) system {111} [70]

potential of the revealed regularities and specific char-
acteristics of diamond as crystallomorphological and
crystallochemical indicators of the conditions of dia-
mond formation in natural processes is estimated.

1. DIAMOND CRYSTAL MORPHOLOGY
AS AN INDICATOR OF CRYSTALLIZATION
CONDITIONS

The morphology of natural diamonds is extremely
diverse and specific; this holds true for not only con-
trast (with respect to geodynamic formation condi-
tions) kimberlite and metamorphogenic diamonds but
also for different kimberlite pipes and different frac-
tions from the same deposit. For example, micro- and
macrodiamonds have significantly different morphol-
ogies [20, 39, 40]. The following two factors affecting
the morphology of different natural diamonds are
most often considered when reconstructing their for-
mation conditions: temperature and degree of super-
saturation of medium with carbon. A pronounced
temperature dependence of the change in diamond
morphology in the cube—cuboctahedron—octahedron
series was established in the early studies on diamond
synthesis in metal—carbon systems [41, 42] and con-
firmed repeatedly in later publications. A similar
dependence was also suggested for natural diamonds
[2]. The growth of morphologically different natural
diamonds with different degrees of structural quality,
depending on the degree of supersaturation of the
crystallization-medium with carbon, was described
in [43].

During the last decade, the diamond crystalliza-
tion in various systems (including model natural dia-
mond-forming media) has been thoroughly studied
experimentally (Table 1). It is of interest to analyze
these experimental data and reveal the main regulari-
Vol. 66
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ties of changes in the diamond morphology in depen-
dence of the crystallization conditions.

In the metal—carbon systems (the best studied ones
from the point of view of diamond synthesis), the
main growth forms are cube and octahedron; the addi-
tional ones are the rhombododecahedron faces and
faces of tetragontrioctahedra {311}, {511}, and {711}
[44—46]. With an increase in temperature, the habit of
diamond crystals gradually changes from cube to octa-
hedron. In the case of diamond synthesis in the S—C
system, cube faces are dominant, the {111} faces are
less frequent, and the {411} and {944} tetragontriocta-
hedra are rare (Fig. 1a) [47—49]. A systematic change
in the diamond morphology in the cube—octahedron
series with an increase in temperature (however, less
pronounced than in the metal—carbon systems) was
also revealed in this system. In the melts of sulfides of
pyrrhotite and pentlandite compositions, diamond is
crystallized only as an octahedron [50, 51]. Taking
into account the high P—T parameters of diamond
synthesis in the sulfide—carbon systems, one would
suggest that the octahedral form of diamond crystals
can be controlled by temperature. However, when sul-
fur is added to the metal—carbon melt, even at rela-
tively low temperatures (1400°C) the form of diamond
growth from the metal—sulfide melt is an octahedron
[52]. In the case of diamond crystallization from a car-
bon solution in the CaCO; melt, the main growth
forms are the {533}, {955}, {755}, {211}, and {322}
faces of a series of tetragontrioctahedra (Fig. 1b) [53,
54]. In the ultrapotassium carbonate, carbonate—sili-
cate, and carbonate—chloride melts, the diamond
habit is determined by the {111} and {100} faces
(Fig. 1¢c) [55-59]. In the carbonate—silicate melts
(including kimberlite ones), the stable diamond
growth form is an octahedron (Fig. 1d) [60—65].
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Fig. 1. Morphology of the diamond crystals obtained in different systems: (a) crystal with dominant {100} faces, S—C system;
(b) twin of diamond crystals of complex combination form, CaCO3;—C system; (c) cuboctahedron, K,CO3;—KCI—C system;
(d) octahedron, Mg,SiO4—H,0—C system; (¢) rhombododecahedral diamond crystal, Nij 7Fe, 3—H,0—C system; and

(f) antiskeletal diamond crystal, Nij 7Fe; 3—H,0—C system.

A morphology unusual for diamond was revealed
in the phosphorus—carbon system: the growth forms
were found to be the faces of octahedron, tetragon-
trioctahedron {911}, and tetrahexahedron {310} [66—
68]. A strong influence of impurities on the diamond
morphology can be illustrated by an example of the
Mg—C system, in which diamond is crystallized only
in the form of cubes [69]. However, when adding even
a small amount of silicon (Si > 2 wt %), a flat-face
octahedron becomes the only growth form [70]. Thus,
the data on diamond crystallization in fluidless melts
of different compositions show that the diamond mor-
phology depends to a great extent on the crystalliza-
tion-medium composition and a systematic depen-
dence of the crystal habit on temperature manifests
itself only in individual cases (metal and sulfur melts).
The data on diamond crystallization in the fluid
media of the C—O—H system indicate that only the
octahedral growth form is stable under these condi-
tions [71, 74]. Since most modern models of diamond
origin suggest an active role of fluids [2, 7-9, 16], it is
expedient to estimate the influence of fluids of the C—
O—H system on the diamond morphology. According
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to the existing experimental data, octahedron is the
stable growth form in water-containing silicate [59, 75,
76], carbonate—silicate [57, 59, 77, 78], carbonate
[55—57], and carbonate—chloride systems [57], which
model the composition of natural high-density dia-
mond-forming fluids.

Under natural conditions, the only flat-face dia-
mond form is also an octahedron. Natural diamonds
form either regular octahedra or crystals with lamel-
lar-step (differently pronounced) structures with
combination forms, up to crystals with a rhombodo-
decahedral habit. It was shown experimentally for the
metal—carbon system with H,O additives that these
diamond crystals are formed due to the antiskeletal
growth of {111} faces when impurities are adsorbed
[79, 80]. The morphology of antiskeletal diamond
polyhedra is determined by the habit of the initial crys-
tals, the structure of the lateral surfaces of growth pyr-
amids of the {111} faces, and their development sym-
metry (Figs. 1d, 1e) [79, 80].

Natural diamond crystals with a cubic habit do not
create flat-face forms. They are characterized by a cel-
lular structure of faces, as well as curvilinear zonality
Vol. 66
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Fig. 2. Cellular structure of the {100} faces of diamond crystals synthesized in alkaline carbonate system: (a, b) MgCO3—

N32CO3—Si02—C02—H20 and (C) Na2CO3—C02.

or fibrous structure [81, 82]. The conditions providing
cellular growth of the {100} faces of natural diamonds
of the cubic habit and formation of a fibrous structure
are still debated. There are scarce experimental data
[83, 84] on their formation in the carbonate—silicate
growth media enriched with a CO, fluid (Fig. 2). The
cellular surface structure on the {100} diamond faces,
formed by rounded hillocks, was found on the dia-
monds grown in an alkaline carbonate—silicate
medium containing a water-carbon fluid [83]. In
addition, diamond crystals with a structure of the
growth sectors of {100} faces that is similar to the
fibrillar structure of natural diamond cuboids were
grown in the Na,CO;—CO,—C system [84]. Experi-
ments on growing diamond crystals in the Na,CO;—
CO,—C system on natural dodecahedroids (which can
be considered as spheres) were carried out. As a result
of the regeneration of dodecahedroids, it was estab-
lished that cube and tetragon-trioctahedron faces,
rounded octahedron faces, and rough {110} surfaces
were formed in the initial growth stages. Rounded
polyhedra of the octahedral habit with rounded sur-
faces; tetragontrioctahedron {hkk}, trigontrioctahe-
dron {hhl}, and cube {100} faces; and specific vicinal
relief were formed in the final stage [84].

An analysis of the aforementioned data shows that
the diamond morphology is determined mainly by the
crystallization-medium composition. By an example
of diamond crystallization in the metal—carbon sys-
tem with addition of nitrogen-containing compounds,
systematic changes in the diamond morphology and
structural quality were also revealed [85]. An increase
in the nitrogen content in the crystallization medium
leads to systematic changes in crystal faceting: {111} >
{100}, {311}, {110} — {111} > {100}, {311} — {111} >
{100} (with the P— T'parameters maintained constant).
Simultaneously with changes in the crystal faceting,
the structural quality of diamonds changes signifi-
cantly according to the following scheme: single crys-
tals — block crystals with microtwins — aggregates of
block crystals and twins. With an increase in the nitro-
gen content in the crystallization medium, the density
of dislocations and twin lamellae in diamonds
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increases significantly, an anomalous birefringence
(caused by the internal stress) increases, and intense
capture of inclusions occurs.

Many of studies aimed at interpreting the forma-
tion conditions of morphologically different natural
diamonds are based on the concepts about the decisive
role of crystallization-medium supersaturation with
carbon [43]. Experimental implementation of dia-
mond crystallization conditions at different controlled
supersaturations with high P—7T parameters is a fairly
complex problem. The influence of supersaturation
on the diamond growth and morphology was revealed
using a metal—carbon system characterized by the
maximum carbon solubility [86]. The use of different
crystallization schemes and growth methods made it
possible to implement diamond crystallization at dif-
ferent supersaturations with a change in the linear dia-
mond-growth rate in a very wide range: from ~10~! um/h
to more than ~10* um/h. It was established that, at
weak supersaturations and low growth rates, the dia-
mond morphology is determined by the {110}, {111},
{100}, and {hkk} faces. With an increase in the super-
saturation and growth rate, the crystal faceting is
determined by only the cube and octahedron faces,
the ratio of which in this system depends on tempera-
ture. The sequence of a change in the external appear-
ance of crystals, related to the increase in supersatura-
tion and growth rate, was found to be as follows: nee-
dle-like crystals — bulk flat-face crystals, skeletal
crystals — dendrites — aggregative crystals — poly-
crystalline aggregates.

Based on the analysis of the data on the morphol-
ogy of diamonds synthesized in systems with radically
different compositions in a wide range of crystalliza-
tion conditions one can formulate the following main
regularities:

(i) the main factor affecting the diamond growth
forms and structural quality is the crystallization-
medium composition;

(ii) the dominant diamond-growth form in the sys-
tems modeling most of natural diamond-forming
media is octahedron;
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(iii) the variety of the morphology of diamond of
octahedral growth form is due to the impurity adsorp-
tion influence, which leads to the formation of
antiskeletal crystals;

(iv) crystals having cube faces with cellular or vici-
nal surfaces and fibrillar structure of the growth sec-
tors of {100} faces were experimentally obtained only
in specific alkaline carbonate and carbonate-silicate
systems containing a CO, fluid. Crystals of this type
can be indicators of the alkaline carbonate-containing
media with a dominant carbon fluid.

2. INDICATOR ROLE OF DEFECT-IMPURITY
CENTERS IN DIAMOND

One of potential sources of information about the
genetic history of diamond is the specificity of its
defect-impurity structure. It is well known that natural
diamonds are characterized by an unusually wide
spectrum of defect-impurity centers, which is related
to the wide range of variation in their formation con-
ditions and the post-growth history (including mantle
annealing and mechanical effects causing plastic
deformation). To date, a fairly large number of types of
impurities that can be incorporated isomorphically
into the diamond lattice have been found. Generally,
many defect-impurity centers can be formed in the
diamond structure even on the basis of a single chem-
ical element. For example, nitrogen, being the most
widespread impurity in diamond, can form up to sev-
eral tens of different centers. The main structural
impurities in natural diamonds are nitrogen, hydro-
gen, and boron. Defects caused by nickel and silicon
impurities have also been identified. The results of the
recent studies in this field indicate that defects related
to oxygen [87] and titanium [88] impurities can also be
present in natural diamonds. Along with the afore-
mentioned impurities, synthetic diamonds formed in
different growth systems were found to contain impu-
rity centers based on phosphorus, cobalt, germanium,
tin, and (presumably) iron [89] and oxygen [84].
Undoubtedly, the information about the specific fea-
tures of the internal structure of natural diamonds and
their defect-impurity composition constitutes an
immense data array, which is of fundamental impor-
tance for reconstructing the diamond formation con-
ditions. However, adequate interpretation of these
data calls for the knowledge of reliably established
relationships in the “conditions—properties” system.
In this context, the experimental studies of the crystal-
lization-conditions influence on the formation of
defect-impurity centers in diamond are of great
importance. Note that these studies are very import-
ant for not only Earth sciences but also for the inter-
disciplinary studies aimed at producing diamonds
with specific properties for high-tech applications.

As was noted above, nitrogen is the main structural
impurity in both natural and synthetic diamonds. The
form and concentration of nitrogen centers determine
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to a great extent many physical properties of diamond.
The main nitrogen centers are single substitutional
nitrogen atoms (C centers), atomic pairs (4 centers),
and more complex aggregates (B1 and B2 centers).
Most of synthetic diamonds obtained in conventional
metal—carbon systems contain nitrogen impurity
mainly in the form of C centers (Ib type). In contrast,
the overwhelming majority of natural diamonds (98—
99%) contain nitrogen impurity in the aggregated
form (Ia type). According to the generally accepted
annealing model of the formation of complex nitrogen
centers in diamond, the initial form of incorporation
of impurity nitrogen into the diamond lattice is C cen-
ters. Different defect aggregates, containing two (A4
centers); three (N3 centers); four (Bl centers); and,
possibly, more (B2 centers, voidites) nitrogen atoms,
are formed from these centers due to the thermally
activated diffusion during mantle annealing [90]. The
process of impurity-nitrogen aggregation can be sepa-
rated qualitatively into two stages. In the first stage, A
centers arise, from which more complex defects
(mainly Bl centers) are formed in the second stage
[91—96]. The main experimental studies of the pro-
cesses of formation of 4, Bl, B2, and N3 defects
(which are the main indicators of the influence of
high-temperature annealing) were performed by the
Evans’ research team (University of Reading, UK)
[91—94]. Modern popular methods for estimating the
time (geochronometer) and/or thermal (geother-
mometer) conditions of existing natural diamonds in
the mantle are based on the established regularities of
transformation of impurity nitrogen centers in dia-
mond upon high-temperature annealing.

Significant differences in diamonds are determined
by not only the form but also the concentration of
defect-impurity centers (primarily, nitrogen). Natural
diamonds are characterized by an extremely wide
range of impurity-nitrogen concentrations. Both
nitrogen-free crystals (£~1 ppm, type Ila) and dia-
monds with nitrogen concentrations of about 2000—
3000 ppm are known [97, 98]. The record values of the
impurity-nitrogen concentration in natural diamonds
(up to 5000 ppm) were found for the Kokchetav dia-
monds [99, 100]. Synthetic diamonds grown in
metal—carbon systems contain generally nitrogen
impurity in amounts of about 100—300 ppm [101].
Here, the source of this element is the nitrogen impu-
rity in the initial reagents and the atmospheric nitro-
gen, which is present in pores of materials and high-
pressure cell units. Crystals with maximum nitrogen
concentrations in the range of 1000—2000 ppm were
obtained in metal—carbon systems with addition of
nitrogen-containing compounds (NaN;, Fe;N, CaCN,,
etc.) [85, 102, 103]. It was established in [85] that, with
an increase in the nitrogen concentration (Cy) in the
growth system from 0.005 to 0.6 at %, growth of sin-
gle-crystal diamond passes to the formation of an
aggregate of block twinned crystals and then to crys-
tallization of metastable graphite. In the stage of sin-
Vol. 66
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gle-crystal growth, an increase in the Cy value causes
a rise in the nitrogen concentration in diamond from
200 to 1080 ppm. A further increase in Cy leads to the
formation of an aggregate of block crystals with a
nitrogen concentration of about 120—300 ppm.

The results of the studies devoted to the synthesis
and characterization diamond in nonmetallic systems
(including model systems with compositions similar to
those of natural mantle diamond-forming media) are
of particular interest. A specific feature of nonmetallic
systems is that the growth of relatively large crystals
(with sizes necessary for spectroscopic studies) in
these systems calls for a much higher temperature
and/or duration of growth experiments than in the
case of metal—carbon systems. In addition, diamond
crystallization in some systems may occur only at rel-
atively high temperatures (~1700—1800°C). There-
fore, when interpreting the results, one must take into
account the fact that the defect-impurity structure of
diamond crystals was formed in this case under the
joint effect of the growth and annealing processes.

Below, we will consider the results of studying the
defect-impurity composition of the diamonds grown
in carbonate, carbonate—silicate, chloride, and sulfide
melts and in fluid and fluid-containing systems [50,
83, 104—106]. It should be noted that all experiments
were carried out without adding nitrogen-containing
compounds into the crystallization medium. It was
found [105] for the diamonds grown in the CaCO;—C
system (7 GPa, 1750°C) that the impurity-nitrogen
concentration in the crystals was varied in the range
from 600 to 1500 ppm, which significantly exceeds the
values characteristic of diamonds from metal—carbon
systems (Fig. 3). The dominant form of impurity
nitrogen is nitrogen pairs occupying neighboring sub-
stitution sites (4 centers), which is obviously due to the
relatively high crystallization temperature. Along with
the impurity nitrogen centers, defects caused by
hydrogen impurity (3107 cm™! center) were found in
the crystals studied. Hydrogen is known to be the sec-
ond (in abundance) impurity in diamond, and the
3107 cm™~! center is characteristic of most of natural
diamonds of the Ia type.

The diamonds crystallized from the carbon solu-
tion in melts of carbonates, chlorides, and sulfides at
relatively high temperatures (=1700°C) are character-
ized mainly by the presence of 4 centers and hydro-
gen-containing defects. High nitrogen concentration
in diamonds (from 500 to 1500 ppm) was observed in
all cases. With a decrease in the diamond-crystalliza-
tion temperature to 1400—1600°C in alkaline carbon-
ate—fluid and carbonate—silicate systems, formation
of A and C centers was observed, and a tendency to a
significant increase in the nitrogen-impurity content
in diamonds with a change in the crystallization-
medium composition from carbonate to carbonate—
silicate was revealed. Addition of H,O to carbonate
and carbonate—silicate systems decreased signifi-
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cantly the nitrogen concentration in diamond and led
to the crystallization of diamonds with a low nitrogen
content (<100 ppm) in the H,O—C system (Fig. 3).
Note that addition of H,O to the metal—carbon sys-
tems also decreased the nitrogen concentration in dia-
monds and gave rise to IR absorption bands due to
hydrocarbon inclusions [79, 80].

Thus, the experimental results showed that the
nonmetallic diamond-forming media provide more
favorable conditions for the nitrogen-impurity incor-
poration into the diamond structure (~1000 ppm) as
compared with metal—carbon systems (~150 ppm). In
addition, the incorporation of the hydrogen impurity
into diamond with the formation of the 3107 cm™!
centers was established for a large variety of nonmetal-
lic solvents (including carbonates, silicates, chlorides,
and sulfides).

The structural defects related to silicon impurity
are of great interest in view of their possible indicator
properties. To date, it has been reliably established that
the optically active center with a zero-phonon line
(ZPL) at 737 nm is related to the silicon impurity, and
its structure corresponds to a single Si atom occupying
a double semivacancy (SiV) site. This center was iden-
tified for the first time in diamonds implanted with sil-
iconions [107]. Afterwards, it was shown in numerous
studies that SiV centers are characteristic of the over-
whelming majority of diamond films grown by chem-
ical vapor deposition (CVD) [108, 109]. It is believed
that the silicon source in this case is silicon substrates
and/or quartz windows and other silicon-containing
units of reaction chambers, which are subjected to
plasma etching during diamond synthesis. The possi-
bility of doping diamond with silicon impurity during
growth in metal—carbon systems at high P— 7T param-
eters was demonstrated in [110]: it was found that dia-
mond crystals containing SiV centers can be obtained
in the Fe—Ni—C system by adding a nitrogen getter
(1-2% Ti, Zr) at a relatively high concentration of Si
additive (~10 wt %). It was shown recently that mag-
nesium-based systems are highly efficient for doping
diamond with silicon [69, 70]. It was revealed that the
diamond crystals synthesized in the Mg—C system are
characterized by intense photoluminescence due to
SiV centers. The maximum concentration of Sil cen-
ters in the synthesized diamonds was estimated to be
about 150—200 ppb, which is close to typical concen-
trations of SiV centers in silicon-doped CVD dia-
monds [111, 112]. It should be noted that the main
source of silicon in the experiments on synthesizing
diamond in the Mg—C system was the Si impurity in
the initial reagents with a total concentration of about
0.01—-0.02 wt %. Apparently, the extremely high effi-
ciency of diamond doping with silicon and formation
of SiV centers in magnesium-based systems is primar-
ily related to their ultra-reducing conditions at an oxy-
gen fugacity (fO,) lower than that of iron—wustite
(IW) buffer. This circumstance may explain the fact
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Fig. 3. IR absorption spectra of the diamonds synthesized in the (a) CaCO3;—C and (b) K,CO3;—Mg,CO3;—C systems [105].
The concentrations of nitrogen in the form of 4 centers (V) and C centers (N¢) and the total nitrogen content (Ny) are given
in atomic parts per million (ppm). The IR spectra are shifted along the vertical axis for clarity. (c, d) Dependences of the (c)
nitrogen impurity concentration and (d) absorption intensity of the peak at 3107 cm~ ! on the SiO, content in the SiO,—H,0—-C

system [106].

that, according to the data in the literature, Sil centers
are rare in natural diamonds. To date, there are only
several studies reporting the presence of Sil centers in
the photoluminescence spectra of few natural mantle
diamonds [113, 114] and nanodiamonds from meteor-
ites [115].

Some interesting results were obtained when study-
ing the diamonds synthesized in the Na,CO;—CO,—C
system, which corresponds to the oxidative conditions
with an oxygen fugacity in the range between the
“graphite(diamond)—CO” (CCO) oxygen buffer and
a value smaller than that for this buffer by 0.5 logarith-
mic units (CCO—0.5) [84]. The diamonds obtained at
relatively low temperatures (1300—1400°C) were
found to have unusual IR absorption spectra in the
defect-induced one-phonon region (Fig. 4). A band
peaking at about 1065 cm~', which was presumably
associated with oxygen-containing defects, dominates
in the spectra. An electron spin resonance analysis of
these crystals revealed some new centers, which can
also be assigned to defects whose structure contains
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oxygen atoms [116, 117]. In natural diamonds, defects
due to oxygen impurity have not been unambiguously
identified yet. Note that the revealed band at 1065 cm™!
lies in the frequency range, characteristic of silicate
inclusions in diamond; this circumstance may hinder
its identification to a certain extent. Currently, the
problem of oxygen defect-impurity centers in dia-
mond is being actively studied [118—120].

Thus, one can conclude the following:

(i) high nitrogen concentration (=1000 ppm) and
presence of hydrogen-containing centers (3107 cm™')
are indicators of nonmetallic diamond-forming
media;

(ii) low nitrogen concentration (50—200 ppm) and
occurrence of hydrocarbon inclusions are characteris-

tic of diamonds grown in metal—carbon systems
(tH,0);

(iii) SiV centers in diamonds are indicators of
reducing conditions (fO, < IW) and nitrogen-free
media;
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Fig. 4. (a) Typical photoluminescence spectrum of diamond crystals synthesized in the Mg—C system [69, 70]. R is the Raman
scattering peak for diamond. (b) Typical IR absorption spectra of diamonds synthesized in the Na,CO;—CO,—C system at tem-
peratures in the range of 1300—1400°C [84]. The IR spectra are shifted along the vertical axis for clarity.

(iv) oxygen-containing centers (1065 cm™') are
indicators of oxidative conditions (at fO, values rang-
ing between CCO and CCO—0.5 logarithmic units).

3. DIAMOND CRYSTAL MORPHOLOGY AS AN
INDICATOR OF DISSOLUTION CONDITIONS

A characteristic feature of natural diamond crystals
is their rounded shape. Currently, there is hardly any
doubt that the rounded shape of natural diamond is
the result of dissolution of flat-face diamond crystals
in kimberlite magma in the stage of its rise from the
mantle to the Earth’s surface. A detailed crystallo-
graphic description of these diamonds was provided by
Fersman [121], Shafranovskii [122], Kukharenko
[123], and Orlov [124, 125]. From a strictly crystallo-
graphic point of view, judging by the presence of edges
and vertices, these diamonds are rounded tetrahexa-
hedra or tetrahexahedroids [126, 127]. The variety of
tetrahexahedroids manifests itself in different surface
curvatures and angles between neighboring rounded
surfaces. The curvature of tetrahexahedroids is esti-
mated quantitatively according to the technique devel-
oped by Shafranovskii [122], who proposed to mea-
sure the angles of light triangles ABC, obtained on a
photogoniometer from rounded surfaces. Undoubt-
edly, the specific features of the rounded shape of nat-
ural-diamond crystals and details of their surface
Vol. 66
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microrelief reflect the diamond-dissolution condi-
tions and the specificity of real crystal structure, as was
confirmed experimentally by simulating the processes
of natural dissolution of diamond.

During the last three decades, a significant amount
of experimental data on simulating the natural disso-
lution of diamond have been accumulated. It was
proven unambiguously that diamond tetrahexahe-
droids are formed during dissolution of flat-face dia-
mond crystals in water-containing carbonate, silicate,
and carbonate—silicate melts or fluids in wide ranges
of temperatures and pressures (Figs. 5a, 5b) [128—
137]. Complete absence of water in a system leads to
the formation of either rounded specific crystals in
carbonate melts (Figs. 5c¢, 5d) [137] or trigon-triocta-
hedroids in silicate melts [128]. These dissolution
forms are extremely rare in natural diamonds. It was
found experimentally that dissolution of natural dia-
mond occurred in a wide oxygen fugacity range: from
the reducing conditions corresponding to the IW buf-
fer [ 138] to the oxidative conditions close to the hema-
tite—magnetite buffer [139]. This range corresponds to
the existing estimates of possible fugacity of kimber-
lites [140]. In more reducing conditions, at the fO,
value close to that of Ti—TiO, buffer, trigon-trioctahe-
dral forms occur (Fig. 5¢) [131]. The diamond dissolu-
tion in the carbonatite melt in the presence of Fe’*
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Fig. 5. Experimentally found dissolution forms of octahedral crystals of natural diamond in the following media: (a, b) water-
containing carbonate and carbonate—silicate melts, (c) CaCO3 melt, (d) carbonate melts + CO,, (e) dissolution in fluid at an fO,
value close to that for the Ti—TiO, buffer, and (f) carbonatite melt + Fe,O3.

induces the formation of corrosion sculptures [139],
characteristic of the late stages of natural-diamond
resorption (Fig. 5f).

It was shown experimentally that the curvature of
rounded surfaces of tetrahexahedroids is related to the
habit of the initial flat-face crystals and serves an indi-
cator of the degree of their dissolution (preservation
degree) [130, 133]. The evolution of dissolution forms
was investigated for the three main habit types of nat-
ural diamond crystals: octahedron, rhombohedron,
and cube (Fig. 6). It was established that diamond
crystals pass through three evolution stages during dis-
solution. In the first stage, transition flat-face/curved-
face forms occur, and relict faces of growth forms are
retained on the crystals. In the second stage, tetra-
hexahedroids with rounded surfaces of various curva-
tures (depending on the habit of the initial diamond
crystals) are formed. Based on the exterior similarity
with flat-face crystals, they were referred to as octahe-
droids, dodecahedroids, and tetrahexahedroids (or
cuboids), respectively, in the literature on natural dia-
monds [124]. In the final dissolution stage, tetrahexa-
hedroids with constant curvatures AB = 36°07’, CD =
13°15”, and DD' = 13°15" are formed. In this stage,

CRYSTALLOGRAPHY REPORTS

crystals are dissolved without any significant changes
in morphology, a fact indicating that they achieved a
stationary diamond dissolution form (Fig. 6). In the
literature on natural diamonds, this type of tetrahexa-
hedroids is referred to as “Ural-type dodecahedroid”
or “Brazil-type dodecahedroid” [123, 124]. As follows
from Fig. 6, the transition from the first to the second
stage and the formation of stationary dissolution form
for crystals with different initial habits occur at differ-
ent degrees of dissolution. This difference is related to
the degree of deviation of the initial crystal form from
the stationary diamond-dissolution form in the system
under study. The revealed dependence of the mor-
phology of diamond crystals on the loss of their initial
mass (degree of dissolution) [130, 133] is of interest for
practical problems of estimating the diamond-bearing
potential of bedrock deposits.

Natural rounded diamonds also exhibit a large
variety of surface sculptures. Generally, the surfaces of
rounded diamonds contain various microrelief ele-
ments (including trigonal or hexagonal pits, ditrigonal
and shield-like layers, drop-like hillocks, striation of
various intensity, and other textures) [123, 125, 127,
141, 142]. Some crystals have macroscopically smooth
Vol. 66
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Fig. 6. Schematic of the crystallomorphological evolution of diamond crystals during dissolution in water-containing carbonate

and silicate melts (according to the data of [ 130, 133]).

glossy surfaces. The reasons for the variety of sculp-
tures on rounded natural diamonds are still insuffi-
ciently understood. For example, it was shown in [ 143]
that the significant changes in the surface relief of nat-
ural diamonds may be related to the difference in the
catalytic activity of ions involved in the natural-
resorption process. It was shown that sculptures on the
surfaces of natural diamond may be indicators of both
the dissolution conditions and specific features of the
internal structure of diamond crystals.

One of widespread relief elements of the flat- and
curved-face forms of natural diamond are ditrigonal
and shield-like layers on the relict {111} faces. It was
unambiguously established that these layers (as well as
the tetrahexahedroid crystal form on the whole) are a
reliable indicator of diamond dissolution in the pres-
ence of water. For example, the presence of as little as
0.38 wt % water in a lamproite melt leads to diamond
dissolution by ditrigonal layers along the {111} faces
[129]. Another widespread relief element on {111}
faces are triangular pits, oriented oppositely with
respect to the octahedral-face contour. In the litera-
ture on natural diamonds they were referred to as
“negative trigons” [144]. It was established that trian-
gular etching pits on the {111} faces are located at the
dislocation outcrops [145]. Sometimes hexagonal
etching pits and positively oriented triangular pits are
observed on natural diamond crystals. The experi-
ments performed in gas media at high pressure showed
that the trigon orientation is controlled by temperature
and oxygen fugacity [ 146]. It should be noted that pos-
itive trigons become stable at a low temperature and
under more oxidative conditions. However, an experi-
mental study of the diamond dissolution in model
fluid-containing carbonate—silicate melts revealed
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that the orientation of trigons is determined by the
CO, content in the composition of volatile compo-
nents of the dissolution medium and is independent of
temperature and the fO, value [131, 134, 138]. The tri-
gon orientation changes with a change in the
C0,/(CO, + H,0) ratio from 0.87 (formation of pos-
itive trigons) to 0.81 (formation of negative trigons)
[134].

As was noted above, rounded surfaces of tetrahexa-
hedroids of natural diamond are characterized by a
large variety of microrelief features. A widespread ele-
ment of the relief of natural diamond tetrahexahe-
droids is drop-like hillocks. Depending on the size,
shape, and elongation of hillocks, their clusters form
shagreen, block, or serrate types of microrelief on
rounded surfaces. It was established experimentally
that drop-like hillocks are characteristic microrelief
forms of dissolution surfaces of mosaic diamonds,
which are related to heavily stressed regions in crystals
[135]. Thus, drop-like hillocks reflect primarily the
specific features of the real structure of diamond crys-
tals. Cutting hatching on tetrahexahedroids, which is
related to the outcrops of plastic deformation bands in
diamond onto the crystal surface, is also an indicator
of the internal structure of diamond crystals [127].
The sectorial and zonal structures of diamond crystals
also manifest themselves on rounded dissolution sur-
faces as specific positive and negative relief forms
[147].

It was also experimentally found that the relief of
rounded surfaces of natural-diamond tetrahexahe-
droids can also be an indicator of the redox conditions
of natural-diamond dissolution in a kimberlite melt.
The experiments on dissolving diamond in model
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compositions of primary kimberlite magmas, which
were in equilibrium with lithospheric peridotite,
demonstrated that tetrahexahedroids have signifi-
cantly different surfaces in dependence of the oxygen
fugacity [139, 148]. Under moderately oxidative con-
ditions, at the fO, values corresponding to Re—ReO,
buffer, the surfaces are covered with a thin regular stri-
ation. At higher fO, values (corresponding to the mag-
netite—hematite buffer), the tetrahexahedroid surfaces
are more roughly sculptured; they are formed due to
the alternation of relatively smooth rounded surfaces
of relief portions with irregular steps and very elon-
gated hillocks. Both structural types of rounded sur-
faces are characteristic of natural rounded diamonds
and can be indicators of oxygen fugacity in kimberlite
magma.

Having summarized the review of experimental
studies aimed at simulating the natural dissolution of
diamond, one can draw the following main conclu-
sions:

(i) the dissolution forms of a majority of natural
diamonds (octahedroids, dodecahedroids) are indica-
tors of partition of water-containing silicate and car-
bonate—silicate media in dissolution processes;

(ii) dissolution of natural diamond occurs in a wide
range of oxygen fugacities: from the reducing condi-
tions corresponding to the IW buffer to the oxidative
conditions corresponding to the hematite—magnetite
buffer;

(iii) the surface curvature of rounded natural dia-
monds is an indicator of the degree of their dissolution
and can be used to estimate the diamond integrity and
efficiency of ore bodies;

(iv) specific features of the microrelief of rounded
surfaces of natural diamond reflect the dissolution
conditions and specificity of the real crystal structure.

CONCLUSIONS

The analysis of the experimental results showed
that some specific crystallomorphological and crystal-
lochemical characteristics of diamonds are typical of
certain diamond crystallization and dissolution condi-
tions. The experimentally established regularities in
the “conditions—properties” system make it possible
to substantiate (with different probabilities) some dia-
mond characteristics as indicators of the composition
of crystallization and dissolution media and oxygen
fugacity in the processes of diamond genesis. It is quite
possible that there may be exceptions for some quali-
tative regularities. The main conclusions formulated in
the end of each section, are based on the existing
experimental data. We believe them to be useful for
researchers in the fields of diamond mineralogy and
interpretation of extremely complex questions of nat-
ural-diamond formation. Systematic and purposeful
studies in experimental diamond mineralogy are
undoubtedly urgent. In future, they will make it possi-

CRYSTALLOGRAPHY REPORTS

ble to solve a wider range of inverse problems: recon-
struction of the formation conditions of various natu-
ral diamonds on the basis of their indicator properties.
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