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ABSTRACT

Almost 600 diamond crystals from Western Russian kimberlite pipes of the Arkhangelsk area and Kola Peninsula and from
placer deposits of the Urals and Timan areas were studied with IR spectrometry methods, in order to evaluate the presence of
nitrogen and other impurity centers. The crystals differ in their total nitrogen contents and in the concentration of individual
structural impurities according to their provenance. There are differences in the temperature of formation of diamond from each
deposit: from 1075–1100°C for the Arkhangelsk suite to 1125–1150°C for the Timan and Urals suites. Diamond crystals with
octahedral zoning (tangential mechanism of growth) are characterized by the lowest contents of nitrogen, and have a rather
uniform distribution of impurity centers. Samples with combined mechanisms of growth demonstrate a paradoxical relationship
between temperatures of formation for the central and marginal zones of the crystals; temperatures calculated for the cores are
15–50°C lower than those estimated for the marginal zones. This paradox is caused by differences in the mechanism of growth.
Diamond crystals with octahedral zoning were formed under equilibrium conditions, whereas crystals with normal or combined
mechanisms of growth had a rate of crystallization probably higher than the rate of aggregation of nitrogen atoms in the crystals.
The latter were formed under non-equilibrium conditions. As a result, values of the temperature of formation determined by IR
spectroscopy are only realistic for those crystals that grew under equilibrium conditions. For crystals with normal and combined
mechanisms of growth, temperature values calculated from IR data may be unrealistic, as they also depend on the kinetics of the
crystallization process.
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SOMMAIRE

Nous avons examiné près de 600 cristaux de diamant provenant des pipes de kimberlite de la Russie occidentale, de la région
d’Arkhangelsk et de la péninsule de Kola, ainsi que des gisements de type placer des régions de l’Ourale et de Timan, par
spectrométrie infra-rouge afin d’en évaluer l’importance des impuretés, y compris l’azote. Les cristaux diffèrent dans leur teneur
totale d’azote et dans la concentration d’impuretés spécifiques dans la structure, selon leur provenance. Nous notons des
différences dans la température de formation du diamant dans chaque gisement, allant de 1075–1100°C pour la suite provenant
d’Arkhangelsk jusqu’à 1125–1150°C pour la suite provenant de Timan et des Ourales. Les cristaux ayant une zonation octaédrique
(mécanisme de croissance tangenciel) possèdent les teneurs les plus faibles en azote, et la distribution de leurs centres d’impuretés
est plutôt uniforme. Les échantillons ayant des mécanismes de croissance mixtes démontrent une relation paradoxale entre
température de formation du coeur et de la bordure des cristaux. Les températures calculées pour le coeur sont environ 15–50°C
plus faibles que celles pour les zones de bordure. Ce paradoxe refléterait les différences en mécanisme de croissance. Les cristaux
de diamant ayant une zonation octaédrique se sont formés sous conditions d’équilibre, tandis que pour les cristaux formés par
mécanisme de croissance normal ou combiné, le taux de croissance était plus rapide que le taux d’aggrégation des atomes d’azote
dans les cristaux. Ceux-ci témoignent de conditions de déséquilibre. Les valeurs de la température de formation estimées d’après
les spectres d’absorption infra-rouge ne sont réalistes que pour les cristaux dont la croissance était à l’équilibre. Pour les cristaux
formés par mécanisme de croissance normal ou combiné, les valeurs de température pourraient bien être non réalistes, parce
qu’elles dépendent aussi de la cinétique de cristallisation.

(Traduit par la Rédaction)

Mots-clés: diamant, azote, hydrogène, absorption infra-rouge, croissance cristalline, plateforme de l’Europe orientale, Russie.
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INTRODUCTION

Western Russia hosts a number of diamond depos-
its. They are located within the East European (Russian)
platform, mostly along its marginal zones. Among these
deposits are diamond pipes of the Arkhangelsk (East
European) diamond province (including the commercial
Lomonosov and Grib pipes) and diamond placers of
Timan and the western slope of the Urals (Fig. 1); the
primary sources of those placers are as yet unknown.

Most of the diamond crystals from the East Euro-
pean platform deposits have rounded habits (dodecahe-
droids and combination-type forms in the octahedron to
rhombic dodecahedron series), with octahedra, cubes,
cuboids and tetrahexahedroids present in minor
amounts.

Two distinct “populations” of diamond crystals have
been identified in the kimberlite pipes of the Lomonosov
deposit: (1) small (<1 mm), flat-faced octahedra, and
(2) larger, rounded dodecahedral crystals. Along with
this difference, the concentration of nitrogen structural

impurity in diamond also differs, which may be evi-
dence of differences in temperature of formation for the
diamond crystals in that suite, and possibly a sequence
of different stages in the formation of natural diamond
(Kaminsky & Khachatryan 2001). Our main objective
in this study is to thoroughly examine nitrogen centers
in diamond crystals from a number of deposits within
the East European platform, to gain further insight into
the conditions of their formation. For reliable genetic
interpretation, we used the results of our previous study
(Kaminsky & Khachatryan 2001); in addition, we ex-
amined the distribution of nitrogen centers in diamond
with zonal internal structures, paying particular atten-
tion to nitrogen impurities in diamond microcrystals.

BACKGROUND INFORMATION

Robertson et al. (1934), pioneers in the examination
of structural defects (impurities) in diamond, identified
two types of crystals, I and II. Their ultraviolet trans-
parency and infrared (IR) absorption spectra revealed

FIG. 1. Sketch map of the diamond deposits in the East European (Russian) platform.
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that type-I diamond contains nitrogen in a number of
forms, whereas type-II diamond is considered to be “ni-
trogen-free” (probably containing less than 20 at.ppm
nitrogen, which is below the detection limits of IR spec-
troscopy). Type-I diamond was further subdivided into
type Ia and type Ib depending on the mode of occur-
rence or aggregation of the nitrogen within the struc-
ture. In type-Ia diamond, nitrogen is considered to be
present in various aggregated forms, whereas in type-Ib
diamond, nitrogen atoms are dispersed in isolated sub-
stitutional sites, such that in each structural defect, one
nitrogen atom replaces one carbon atom. Synthetic dia-
mond is mostly of Type Ib. A good overview of this
subject, along with representative IR spectra for each
type of diamond, is given by Scarratt & Fritsch (1992).

In type-Ia diamond, two major forms of aggregation
of nitrogen are found, A and B. Depending on the pre-
dominance of A or B centers, this type of diamond is
classified as type IaA and type IaB, respectively. The
majority of natural crystals belong to the transitional
type IaAB. According to present views, an A center re-
fers to a pair of neighboring atoms of nitrogen substi-
tuting for carbon (Davies 1976, Sobolev 1978), and a B
center implies a group of nitrogen atoms tetrahedrally
arranged around a vacancy (Bursill & Glaisher 1985).
Recent trends in diamond investigation have increas-
ingly involved the use of IR spectroscopy, which pro-
vides a means of assessing the concentrations not only of
nitrogen (A and B) impurity centers, but also of hydrogen
(H) centers and platelets (P centers), which are most
typical of kimberlite-hosted diamond (Woods 1986).

ANALYTICAL METHODS

IR absorption spectra of the diamond samples in our
study were recorded using the Specord M–80 spectro-
photometer (Carl Zeiss, Jena), with a beam condenser
operating within the spectral range of 4000 to 400 cm–1.
Spectral resolution is 6–10 cm–1. The relative error in
the concentration of nitrogen impurity is ±10 to 20%.
Local IR analyses of diamond crystals were made with
plates cut off along the [110] direction from rounded
crystals (dodecahedroids), which were selected from a
representative collection of Uralian samples of diamond.

In order to evaluate the concentrations of A and B
nitrogen centers, we used the analytical formulae of
Boyd et al. (1994, 1995), according to which the con-
centration of A + B nitrogen centers in diamond is di-
rectly proportional to IR absorption coefficient values
for the spectral peak at 1282 cm–1. As in most cases,
natural diamond belongs to the combined IaAB type;
we decided to follow the method of interpretation of
spectral characteristics proposed by Mendelssohn &
Milledge (1995). The relative proportions of the “plate-
lets” (P) and the hydrogen (H) structural impurities in
the diamond were estimated in this study in arbitrary
units, more precisely, in absorption coefficient values
measured, respectively, at 1365 and 3107 cm–1.

CHARACTERISTICS OF THE DIAMOND SAMPLES

In this study, we dealt with diamond crystals from
the following areas and deposits (Fig. 1, Table 1): 1)
kimberlites of the Lomonosov deposits (pipes:
Pomorskaya, Arkhangelskaya, Karpinsky–1 and
Lomonosov), 2) kimberlites of the Terskii Bereg from
the Kola Peninsula (pipe Yermakovskaya–7), 3) plac-
ers of the Northern Timan, 4) placers of the Middle
Timan, 5) placers of the Northern Urals (Vishera area),
and 6) placers of the Middle Urals (Koivo–Vizhai area).

In general, the number of diamond samples taken for
study, to represent each of the aforementioned areas,
varied from 15 to 159 crystals. The greatest quantity of
diamond crystals (414, including 37 microcrystals) was
selected from kimberlite pipes of the commercial
Lomonosov deposit. For these pipes, we examined rep-
resentative groups of diamond crystals of differing
grain-size, morphology and internal structure. Among
crystals exceeding 1 mm is a group of flat-faced octa-
hedral crystals with trigonal faces and rectilinear edges
(26 crystals). Diamond crystals of this type are present
in very minor amounts in comparison to dodecahe-
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droids. The +1 mm octahedra are similar in morphol-
ogy to the octahedra of diamond in the –1 mm size class.

The set of diamond crystals from the Yerma-
kovskaya–7 pipe (Terskii Bereg) consisted of 31 crys-
tals, with approximately equal proportions of +1 mm
crystals and –1+0.5 mm microcrystals. Diamond micro-
crystals from this pipe, like the diamond microcrystals
from the Lomonosov deposit, are dominated by octahe-
dra. However, the proportion of dodecahedroids among
the Yermakovskaya–7 microcrystals is also considerable.

Data on the distribution of optically active centers in
diamond from Northern Timan were partly obtained
during this study, and partly taken from Klyuev et al.
(1974, 1979) and recalculated using the method de-
scribed above. With the exception of the collection of
diamond crystals from Northern Timan (15 crystals),
suites from the other pipes and placers included in this
study are statistically representative: the proportion of
different morphological varieties of diamond in these

collections agrees with corresponding parameters of the
statistical distribution of habits according to the obser-
vations of Zakharchenko et al. (1993).

RESULTS

The Lomonosov suite

IR analyses were performed on 377 large (+1 mm)
crystals and 37 microcrystals (–1 mm) of diamond from
the Pomorskaya, Arkhangelskaya, Karpinsky–1 and
Lomonosov pipes. The total concentration of nitrogen
(Ntot) in the +1 mm diamond crystals varies from 10 to
2900 at.ppm, with peak values higher than 4000 at.ppm
in a few crystals from the Pomorskaya pipe. Samples of
nitrogen-free (i.e., type-IIa) diamond are rare; most of
them were found in the collection of crystals from the
Lomonosov pipe, where they account for not more than
5% of the suite. Diamond crystals with the highest val-
ues of Ntot occur in the Pomorskaya and Arkhangelskaya
pipes (Figs. 2, 3, 4). In the microcrystals, Ntot varies
from 20 to 1300 at.ppm.

In +1 mm crystals of diamond, nitrogen defects are
dominated by A centers, with the average proportion of
aggregated nitrogen (% NB) generally accounting for not
more than 30% of total concentration of the nitrogen
impurity. The bimodal distribution of diamond crystals
from the Lomonosov and Karpinsky–1 pipes, in plots
of concentrations of nitrogen A centers (Fig. 4, lines 25
and 26), suggest the presence of two distinct “popula-
tions” of macrocrystals of diamond in each of these
pipes. The high-nitrogen population mode in the
Karpinsky–1 pipe [NA = 1300 at.ppm, %B = 100 NB/
(NA + NB) = 13] correlates with the main modes for dia-
mond crystals from the Arkhangelskaya and Pomorskaya
pipes (Fig. 4, lines 27 and 28). As was shown in our
previous studies for the Pomorskaya and Lomonosov
pipes (Blinova et al. 1989), “small” (–1 mm) crystals
have a more uniform distribution of nitrogen impurity-
centers. These crystals are characterized by lower Ntot
values than macrocrystals and lower concentrations of
A centers (NA ≈ 260 at.ppm) (Figs. 3, 4), and higher
concentrations of aggregated nitrogen (%B = 40) and
hydrogen structural impurity (H = 4.4 cm–1). Figure 5
shows that average concentrations of impurities in –1
mm crystals falls outside the field of values typical of
the bulk of +1 mm diamond crystals from pipes of the
Lomonosov deposit. As regards the concentration of
nitrogen B centers, both small and large crystals with
trigonal faces from pipes of the Lomonosov deposit are
similar in NB to crystals from the Daldyn–Alakit area in
Yakutia (Fig. 4, lines 4–11).

A peculiar feature of the diamond crystals from the
Lomonosov deposit, which distinguishes them from
material from Yakutia and other regions, is their above-
average concentration of hydrogen structural impurities
(2.1–4.4 versus 0.2–1.9 cm–1).

FIG. 2. Distribution of diamond crystals from kimberlite pipes
of the Arkhangelsk region and Uralian placers according to
the concentration of nitrogen A centers in diamond crys-
tals. P represents the frequency of variation.
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Terskii Bereg

About 60 pipe-like, dike-like and stock-like
melilitites and, more rarely, mica kimberlite bodies are
known in Terskii Bereg area of the Kola Peninsula. The
Yermakovskaya–7 pipe included in this study is a mica
kimberlite.

Both, macro- (–2+1 mm) and microcrystals of dia-
mond (–1+0.5 mm) are found in the Yermakovskaya–7
kimberlite, the microcrystals being slightly more abun-
dant. Morphologically, the diamond crystals are domi-
nated by dodecahedroids and transitional habits.
Diamond values of Ntot vary widely, attaining 4700
at.ppm. In the majority of crystals, NA also varies quite
widely, with average values between 400 and 600
at.ppm (Figs. 3, 4), with highs at 3312 at.ppm and lows
of 6–46 at.ppm. B centers are present in Yerma-
kovskaya–7 pipe diamond in minor proportions, with
NB values typically between 57 and 171 at.ppm.

A peculiar feature of Terskii Bereg crystals is their
above-average concentrations of P and H centers, mak-
ing them similar to diamond from Arkhangelsk. In most

of the material from the Yermakovskaya–7 pipe, the
concentration of P centers varies between 1 and 28 cm–1,
with an average of approximately 10 cm–1. The concen-
tration of H centers attains 13–19 cm–1, with average
values between 2 and 4 cm–1. In general, diamond from
the Yermakovskaya–7 pipe is similar to +1 mm crystals
from the Lomonosov deposit.

Northern Timan

In this area, diamond crystals were found in recent
river alluvium, coastal-marine deposits and Devonian
conglomerates as far back as the 1970s (Klyuev et al.
1974, 1979, Kaminsky et al. 1976). However, only 15
crystals have been found (and studied).

Diamond crystals greater than 1 mm across from
Northern Timan are mostly dodecahedroids, whereas
among the –1 mm crystals, 50% are octahedra. A fea-
ture common of diamond in both size classes is its gen-
erally lower-than-average concentration of nitrogen A
centers. More than 70% of these crystals have NA not
higher than 300 at.ppm (Figs. 2, 4).

Middle Timan

We examined 22 crystals from recent alluvium and
Late Devonian conglomerates from Middle Timan.
Most of these crystals are +1 mm and rounded, of rhom-
bic dodecahedral habit.

As seen from IR spectroscopy data (Fig. 3), most of
the crystals, like those from Northern Timan, are char-
acterized by a lower-than-average concentration of ni-
trogen in A centers, although some crystals have
relatively high NA values (up to 900 at.ppm). The modal
amount of aggregated nitrogen is rather high, %B = 47
on average. The distribution of nitrogen centers at
Middle Timan is similar to that in diamond crystals from
the Daldyn–Alakit area in Yakutia (Figs. 4, 5).

The Urals

Along the western slope of the Urals, the largest dia-
mondiferous placers occur in the Vishera area (North-
ern Urals) and in the Koivo–Vizhai area (Middle Urals).
The latter-mentioned placers are now mined out. Most
of the Uralian samples are fine- and crypto-lamellar
crystals with convex faces (dodecahedroids), many of
them being perfectly pure and clear. The Northern Urals
crystals differ from those the Middle Urals in weight,
crystal habit, surface features, coloration and UV lumi-
nescence characteristics (Gnevushev & Shemanina
1967).

According to our data, the Northern Urals diamond
crystals and the Middle Urals ones differ in their nitro-
gen concentration as well. In particular, the average to-
tal concentration of nitrogen impurity (Ntot) for Northern
Urals diamond is 858 at.ppm, whereas among the
Middle Urals suite, there are two distinct “populations”

FIG. 3. Distribution of diamond crystals from Timan and
Middle Urals placers to the concentration concentration of
nitrogen A centers in diamond crystals. P is defined as the
frequency of variation.
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FIG. 4. Groupings of diamond crystals from East European platform deposits based on concentration of nitrogen A centers,
taking into account data from Kaminsky & Khachatryan (2001). Brazil, Juina area: 1: Rio Sao Luis (n = 31), 2: Rio Vermelho
(n = 33), 3: Cor. Chicoria (n = 34). Daldyn–Alakit area of Yakutia: 4: Prognoznaja (n = 40), 5: Aykhal (n = 35), 6: Zarnitsa
(n = 36), 7: Dalnyaya (n = 35), 8: Sytykanskaya (n = 32), 9: Krasnopresnenskaya (n = 43), 10: Komsomolskaya (n = 39), 11:
Udachnaya (n = 39). Coromandel area in Brazil: 12: Grota do Pimpim (n = 31), 13: Cor. Sto. Antonio, Cor. Espirito Santo,
Cor. Charcao (n = 32), 14: Cor. Imbe (n = 31), 15: Cor. Da Criminosa (n = 32). Venezuela: 16: Kimberlite sills (n = 47), 17:
Quebrada Grande (n = 35), 18: Centella (n = 36), 19: Chihuahua (n = 30), 20: Ringi–Ringi (n = 30), 21: Guaniamito (n = 38).
Malo–Botuobiya area in Yakutia: 22: Sputnik (n = 34), 23: the XXIII Congress CPSU (n = 62), 24: International (n = 57).
Arkhangelsk area: 25: Lomonosov pipe (n = 102), 26: Karpinsky–1 (n = 77), 27: Arkhangelskaya (n = 39), 28: Pomorskaya
(n = 159). 29: Middle Urals placers (n = 55). 30: Pipe DO–27, Canada (n = 201). 31: Northeastern Yakutia, Triassic placers
(n = 43). Solid lines: main modes, dotted lines: additional modes.
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of crystals: (I) low-nitrogen diamond, and (II) high-ni-
trogen diamond (with average Ntot values of 520 and
1108 at.ppm, respectively). The concentration of nitro-
gen A centers in the first population varies from 20 to
350 at.ppm, whereas for the second population, NA is
between 650 and 1000 at.ppm (Figs. 3, 4, Table 1).

The two populations significantly differ from each
other in the amount of B nitrogen center: 52% for popu-
lation I and 23% for population II (Table 1). Average
concentrations of H centers also differ: 1.5 cm–1 for dia-
mond from the Northern Urals, 1.0 cm–1 for population-
I diamond of the Middle Urals, and 0.4 cm–1 for

population II (Table 1). On the basis of these character-
istics, placer diamond crystals of the Northern Urals and
population-II diamond crystals of the Middle Urals are
similar to diamond crystals from the Lomonosov deposit
kimberlites, whereas population-I crystals from Middle
Uralian placers are similar to placer diamond crystals
from the Coromandel area in Brazil (Figs. 2, 4, 5).

In order to examine the correlation between the char-
acteristics of nitrogen impurity centers and structural
features of diamond crystals, we thoroughly studied the
distribution of optically active centers in diamond plates
cut from seven dodecahedroids from the Northern Urals.

FIG. 5. Average temperatures of formation for crystals of diamond from different loca-
tions. Circles outline the Arkhangelsk, the Daldyn–Alakit and the Coromandel areas;
some locations are numbered: 1: Pomorskaya pipe, 2: Lomonosov pipe, 3: Karpinsky–
1 pipe, 4: Arkhangelskaya pipe, 5: microcrystals of diamond from all pipes, 6: large
octahedra with trigonal faces from all pipes. Isotherm curves for 1 and 3 Ga after Taylor
& Milledge (1995).
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These seven crystals were selected as typical represen-
tatives from several hundred diamond crystals from the
Northern Uralian placers. The internal structure of the
crystals was previously studied by Gurkina (1980) us-
ing the method of anomalous birefringence and X-ray
topography after Lang (1965).

Among the analyzed samples were representatives
of the following varieties of diamond (Fig. 6): 1) crys-
tals with layer-by-layer step-like octahedral zoning
(samples #49 and #5; Figs. 6A, B); 2) crystals with sec-
torial structure of almost the entire volume of the crys-
tal (samples #1 and #2; Figs. 6C, D); 3) crystals with
sectorial-zonal structures consisting of a cubo-octahe-
dral core (up to 20% of the crystal volume) and octahe-
drally zonal marginal areas (samples #36, #35 and #4;
Figs. 6E, F, G). During the final stage of evolution, each
of the diamond crystals, regardless of its internal struc-
ture, was transformed into a rounded dodecahedral crys-
tal as a result of resorption.

Results of the local IR analysis of zonal diamond
crystals from the Northern Urals are presented in Table
2. Diamond crystals with octahedral zoning (samples
#49 and #5) have the lowest nitrogen contents and a
rather uniform distribution of nitrogen in the volume of
a crystal. In contrast, samples with sectorial and zonal-
sectorial structures show differences of the nitrogen
content in different areas of a crystal. This subject is
discussed in detail in the following section.

DISCUSSION

Temperatures and stages of diamond formation

As can be seen from Figures 2, 3 and 4, the diamond
crystals examined fall into two distinct groups on the
basis of concentration of nitrogen A centers: 1) Dia-
mond crystals from the kimberlite pipes Lomonosov,
Karpinsky–1 (low-nitrogen population), Yermakovsky–
7, all small (–1 mm) diamond crystals and octahedral
crystals with trigonal faces from the Lomonosov de-
posit, diamond crystals from placers of Northern and
Middle Timan, and population- I diamond crystals from
Middle Uralian placers (Fig. 4); all these occurrences
belong to Group-2 medium-nitrogen diamond identified
in Kaminsky & Khachatryan (2001). 2) Large crystals
of diamond from the pipes Pomorskaya, Arkhangel-
skaya and Karpinsky–1 (high-nitrogen population), and
population-II diamond crystals of the Middle Urals;
these crystals belong to Group-3 high-nitrogen diamond
identified in Kaminsky & Khachatryan (2001). Most of
the large crystals from the Lomonosov deposit differ
from diamond from Timan and Uralian placers in hav-
ing relatively high concentrations of hydrogen and low
modal abundances of aggregated nitrogen (B centers).

These nitrogen peculiarities relate to specific inter-
nal structural features of these diamond crystals, which
reflect the multistage character of their formation. Dia-
mond crystals of the Lomonosov deposit are character-

ized by a higher-than-average proportion of crystals
with normal or combined mechanisms of growth. Flat-
faced octahedral macrocrystals are quite rare (Zakhar-
chenko et al. 1993). In contrast, Uralian crystals,
according to data reported in Genshaft et al. (1977),
Gurkina (1980) and Beskrovanov (1992), are character-
ized by octahedral zoning resulting in the tangential
mechanism of growth.

The diagram proposed by Taylor & Milledge (1995)
allows us to estimate the temperatures of formation of
all diamond crystals from the deposits included in this
study. We assume that the “mantle residence time” is
the same in all cases, and we have taken a conservative
figure of about 3.0 Ga. According to this estimate, the
formation of diamond macrocrystals from pipes of the
Lomonosov deposit took place in the range 1080–
1090°C, and that of diamond microcrystals, at approxi-
mately 1125°C, i.e., almost 40°C higher (Fig. 5).
However, these observed differences, for octahedral
microcrystals and macrocrystals of diamond with trigo-
nal faces and large dodecahedroids, may be related to
kinetic factors. In some cases, the degree of nitrogen
aggregation (% NB) may disagree with actual values of
temperature of crystallization. This issue is treated be-
low in greater detail.

Nearly identical temperatures of formation (approxi-
mately 1200°C) were obtained for diamond from plac-
ers of Northern and Middle Timan (Fig. 5). Estimated
temperatures of formation of diamond from the North-
ern and Middle Urals (population II) are close to those
of diamond crystals from pipes of the Lomonosov de-
posit, and diamond crystals from the Daldyn–Alakit area
in Yakutia. Middle Uralian diamond crystals of popula-
tion I are similar in this respect to diamond crystals from
the Coromandel area in Brazil (Fig. 5).

Distribution of nitrogen centers in zoned
crystals and the problem of thermometry of
“non-equilibrium” diamond

Most of the crystals studied were analyzed as a single
entity, such that data on concentrations of nitrogen im-
purity were integral, characterizing the average amount
of optically active centers in the whole crystal. How-
ever, it is well known that crystals with zonal and zonal-
sectorial internal structures are common (e.g., Takagi
& Lang 1964, Orlov 1963, Gurkina & Miuskov 1971,
Lang 1974, Milledge et al 1989).

More than an order-of-magnitude variation in nitro-
gen concentrations and in degree of nitrogen aggrega-
tion in diamond crystals has repeatedly been observed
(Klyuev et al. 1969, Sobolev 1974, 1978, Suzuki &
Lang 1976, Taylor et al. 1995a, b, Davies et al. 1999,
Hauri et al. 1999). In general, those investigators related
such differences to variations in nitrogen and carbon
isotope composition. In our opinion, variations of nitro-
gen content and its aggregation are related to internal
structural features of the crystals.
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As was shown by Patel & Patel (1969), Tolansky
(1974) and Bokii et al. (1986), the most common inter-
nal structure of diamond crystals is octahedral zoning,
formed as a result of tangential, layer-by-layer growth.
This structure can be taken as an indicator of equilib-
rium conditions of diamond formation. This type of dia-
mond is represented in this study by crystals #49 and #5
from the Northern Urals (Figs. 6A, B).

On the basis of the internal structural features in
cubic diamond crystals, Moore & Lang (1972) proposed
an alternative model, involving a normal mechanism of
growth, which, they suggest, occurs by infilling of space
left by a branching columnar structure. Evidence of
normal growth, where found in a diamond, indicates that
the crystal formed in a strongly oversaturated medium,
with a high rate of growth, i.e., under non-equilibrium
conditions (Bokii et al. 1986).

Rather commonly, diamond crystals demonstrate a
combined mechanism of growth (a combination of the
tangential and normal modes of growth), which is usu-
ally exhibited as a sectorial structure. This type of dia-
mond is represented in this study by crystals #1 and #2
(Figs. 6C, D), and it is also evident in the core of crys-
tals #36, #35 and #4 (Figs. 6E, F, G). Diamond crystals
#1 and #2 apparently grew entirely through the com-
bined mechanism of growth, i.e., under mainly non-
equilibrium conditions. In crystals #36, #35, and #4, the
central (core) zones have sectorial structures, which
means that they formed as a result of combined mecha-
nism of growth. The subsequent overgrowth of layers
of the octahedral faces upon the central cubo-octahe-
dral zones indicates that the final stage of growth was
characterized by equilibrium conditions.

As is known from IR spectroscopic studies of dia-
mond, crystals with normal and combined modes of
growth are characterized by a higher-than-average con-

tent of hydrogen, with maximum concentrations usually
confined to central zones of the crystal (Orlov et al.
1978, Bokii et al. 1986, Plotnikova & Klyuev 1986,
Blinova 1987).

As can be seen from Table 2, diamond crystals with
octahedral zoning (samples #49 and #5) are character-
ized by the lowest nitrogen contents, and have a rather
uniform distribution of %NB, Ntot and hydrogen. A de-
termination of temperature of formation using the
method proposed in Taylor & Milledge (1995) reveals
no difference between the core and the marginal zones
in these crystals (Table 2, Fig. 6).

In contrast, samples with sectorial and zonal-secto-
rial structures demonstrate a paradoxical relationship
between temperatures of formation for the central and
marginal zones of the crystals. For these cases, the tem-
perature of formation calculated for the core is 15–50°C
lower than that estimated for the marginal zones of these
crystals. It is a small difference, but it demonstrates an
obvious trend of increasing temperature of formation
from the core to the rim. However, even provided that
the temperature of the environment may have increased
during the latter stages of growth, the temperature of
formation of the outermost zone of a crystal plays an
important role in imposing an annealing temperature for
all the internal zones of this crystal. Hence, the tempera-
ture of formation of the outer (marginal) zone cannot be
higher than that of the internal zones of the same crys-
tal, as appears to be the case in samples #35, #4, #1 and
#2 (Table 2).

In our opinion, the distribution of nitrogen centers
in crystals with layer-by-layer octahedral (tangential)
zoning, which reflects slow crystallization under sub-
equilibrium conditions, can also be considered as an
equilibrium, reflecting an actual dependence on tem-
perature of formation. Unlike crystals of this sort, those
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with predominantly normal or combined mechanism of
growth are characterized by a high rate of crystalliza-
tion, probably higher than the rate of aggregation of ni-
trogen atoms. The zonal distribution of nitrogen

impurities indicates that the aggregation of nitrogen may
have occurred (at least partly) in the course of diamond
crystallization.

A B

C D
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FIG. 6. Features of an internal structure of diamond crystals
from the Northern Urals according to X-ray topography.
Crystals with layer-by-layer octahedral zoning: A: sample
#49, B: sample #5. Crystals with sectorial structure: C:
sample #1, D: sample #2. Crystals with combined, secto-
rial-zonal structure: E: sample #36, F: sample #35, G: sam-
ple #4. Figures in circles correspond to the areas of the lo-
cal IR spectral analysis; the results of the analysis are
shown in Table 2.

E F

G
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As a result, for the cases of predominantly normal or
combined mechanism of growth, we obtain non-equi-
librium, i.e., lower than actual modal amounts of nitro-
gen B centers and, respectively, lower than realistic
values of temperature of formation. In general, the in-
fluence of kinetic factors on the constitutional charac-
teristics of a mineral during the process of formation is
significant. For example, with feldspars, albite in low-
temperature, hydrothermal-metasomatic rocks is repre-
sented by its completely disordered, “high-temperature”
modifications (Rusinov 1965). High albite forms as a
result of metastable crystallization within the stability
field of the low-temperature polymorph (low albite),
with a rate of crystallization significantly higher than
the rate of structural ordering.

To summarize, temperature values determined by IR
spectroscopy are only realistic values for those crystals
that grew under equilibrium conditions. For crystals
with normal and combined mechanisms of growth, tem-
perature values calculated from IR data may be unreal-
istic, as they also depend on the kinetics of the
crystallization process.

The problem of thermometry for “small”
crystals of diamond

Taking into account the above discussions and limi-
tations on thermometry of “non-equilibrium” crystals of
diamond, it should be noted that our previous assump-
tion regarding the sequence of formation of diamond
crystals from the Arkhangelsk region (Kaminsky &
Khachatryan 2001) should be interpreted as being ten-
tative. We have deduced, from the distribution of nitro-
gen centers in diamond crystals, that temperatures of
formation of microcrystals of diamond from the
Lomonosov deposit are higher than those of macro-
crystals (+1 mm) from the same deposit. This view is
contrary to the opinion of some other investigators, as
deduced from the results of detailed examination of
crystal morphology (cf. Garanin & Posukhova 1995).

As was noted above, many of the +1 mm dodecahe-
droids formed through combined and normal mecha-
nisms of growth. Therefore, the temperature of
formation calculated from IR data may be lower than
real, in contrast to those temperatures determined for
octahedral macro- and microcrystals. There is no doubt
that this problem warrants further investigation, which
must include detailed examination of both the internal
structure and the composition of mineral inclusions in
microcrystals of diamond at Arkhangelsk.

ACKNOWLEDGEMENTS

We are grateful to G.A. Gurkina, who kindly placed
at our disposal the same plates cut from Uralian dia-
mond crystals that were previously subjected to a study
of X-ray topography (Gurkina 1980). We thank O.D.
Zakharchenko and I.V. Polyakov, who also supplied a

number of diamond samples for this study. We are grate-
ful to J.W. Harris, who made a careful, constructive re-
view of the manuscript, as well as to the anonymous
referee. Ian Coulson and R.F. Martin helped us greatly
in editing the text.

REFERENCES

BESKROVANOV, V.V. (1992): Ontogeny of Diamond. Nauka
Press, Moscow, Russia (in Russ.).

BLINOVA, G.K. (1987): Structural impurities as indicators of
the mechanism of natural diamond growth. Sov. Phys.
Dokl. 36(6), 425-426.

________, VERZHAK, V.V., ZAKHARCHENKO, O.D., MEDVEDEVA,
M.S. & SOBOLEV, E.V. (1989): Impurity centers in diamond
crystals from two kimberlite pipes of the Arkhangelsk
diamondiferous province. Sov. Geol. Geophys. 30(8), 122-
125.

BOKII, G.B., BEZRUKOV, G.N., KLYUEV, YU.A., NALETOV, A.M.
& NEPSHA, V.I. (1986): Natural and Synthetic Diamond
Crystals. Nauka Press, Moscow, Russia (in Russ.).

BOYD, S.R., KIFLAWI, I. & WOODS, G.S. (1994): The relation-
ship between infrared absorption and A-defect concentra-
tion in diamond. Phil. Mag. B69(6), 1149-1153.

________, ________ & ________ (1995): Infrared absorption
by the B nitrogen aggregate in diamond. Phil. Mag. B72(3),
351-361.

BURSILL, L.A. & GLAISHER, R.W. (1985): Aggregation and dis-
solution of small and extended defect structures in type Ia
diamond. Am. Mineral. 70, 608-618.

DAVIES, G. (1976): The A nitrogen aggregate in diamond: its
symmetry and possible structure. J. Phys. C9, L537-L542.

DAVIES, R.M., O’REILLY, S.Y. & GRIFFIN, W.L. (1999):
Growth structures and nitrogen characteristics of Group B
alluvial diamond crystals from Bingara and Wellington,
Eastern Australia. In Proc. VIIth Int. Kimberlite Conf. 1
(J.J. Gurney, J.L. Gurney, M.D. Pascoe & S.H. Richardson,
eds.). Red Roof Design, Cape Town, South Africa (156-
163).

GARANIN, V.K. & POSUKHOVA, T.V. (1995): Morphology of
diamond crystals from kimberlites of Belomorye in rela-
tion to history of their formation. Zap. Vses. Mineral.
Obshchest. 124(2), 55-60 (in Russ.).

GENSHAFT, YU.S., YAKUBOVA, S.A. & VOLKOVA, L.M. (1977):
Internal morphology of natural diamond crystals. In Inves-
tigation of High-Pressure Minerals (Yu.S. Genshaft, ed.).
Publishing House of the Institute of Physics of the Earth,
Moscow, Russia (5-131; in Russ.).

GNEVUSHEV, M.A. & SHEMANINA, E.I. (1967): Some peculiar
features of Uralian diamond crystals and their probable
primary sources. In Minerals of Eruptive Rocks and Ores
of the Urals (A.N. Igumnov, ed.). Nauka Press, Leningrad,
Russia (27-40; in Russ.).

171 vol 41#1 février 03 - 13 3/24/03, 10:45182



DIAMOND CRYSTALS FROM THE EAST EUROPEAN PLATFORM 183

GURKINA, G.A. (1980): Research on the internal morphology
of spherical diamond crystals by the methods of X-ray
topography and birefringence. In Combined Studies on
Diamond Crystals (Yu.L. Orlov, P.F. Ivankin & F.V.
Kaminskiy, eds.). TSNIGRI Publishing House, Moscow,
Russia (43-51).

________ & MIUSKOV, V.F. (1971): Study of internal morphol-
ogy of natural diamond crystals by X-ray topographic
method. Almazi (Diamond), No. 11, 1-4 (in Russ.).

HAURI, E.H., PEARSON, D.G., BULANOVA, G.P. & MILLEDGE,
H.J. (1999): Microscale variations and C and N isotopes
within mantle diamond revealed by SIMS. In Proc. VIIth
Int. Kimberlite Conf. 1 (J.J. Gurney, J.L. Gurney, M.D.
Pascoe & S.H. Richardson, eds.). Red Roof Design, Cape
Town, South Africa (341-347).

KAMINSKIY, F.V., KLYUEV, YU.A., KONSTANTINOVSKIY, A.A.,
KOSTRYUKOV, M.S. & PIOTROVSKIY, S.V. (1976): Diamond
finds in Paleozoic rocks of the Timan ridge. Dokl. Acad.
Sci. USSR, Earth Sci. Sect. 228, 49-51.

KAMINSKY, F.V. & KHACHATRYAN, G.K. (2001): Characteris-
tics of nitrogen and other impurities in diamond, as revealed
by infrared absorption data. Can. Mineral. 39, 1733-1748.

KLYUEV, YU.A., DUDENKOV, YU.A., NEPSHA, V.I. & NIKOLAEVA,
T.T. (1974): Some characteristics of diamond crystals from
Northern Timan. Dokl. Acad. Sci. 218(6), 129-130.

________, KAMINSKY, F.V., SMIRNOV, V.I., EPISHINA, N.I.,
NEPSHA, V.I., PLOTNIKOVA, S.P. & SOBOLEV, V.K. (1979):
Diamond crystals of Northern Timan. In Minerals and Min-
eral Parageneses in Rocks and Ores. Nauka Press, Lenin-
grad, Russia (96-100; in Russ.).

________, RYKOV, A.N. & KHOSAK, L.A. (1969): Examina-
tion of a peculiar case of heterogeneous nitrogen distribu-
tion in a diamond crystal. Almazi (Diamond), No. 5, 5-9 (in
Russ.).

LANG, A.R. (1965): Diamond. In Direct Methods of Studying
Defects in Crystals (A.M. Yelistratov, ed.). Mir Press,
Moscow, Russia (259-267; in Russ.).

________ (1974): On the growth-sectorial dependence of
defects in natural diamonds. Proc. R. Soc. London
A340(1621), 233-248.

MENDELSSOHN, M.J. & MILLEDGE, H.J. (1995): Geologically sig-
nificant information from routine analysis of the mid-infra-
red spectra of diamond crystals. Int. Geol. Rev. 37, 95-110.

MILLEDGE, H.J., MENDELSSOHN, M.J., BOYD, S.R., PILLINGER,
C.T. & SEAL, M. (1989): Infrared topography, carbon, ni-
trogen isotope distribution in natural, synthetic diamond
crystals in relation to mantle processes. In Diamond Work-
shop. Proc. Int. Geol. Congress (55-60).

MOORE, M. & LANG, A.R. (1972): On the internal structure of
natural diamond of cubic habit. Phil. Mag. 26(6), 1313-
1325.

ORLOV, YU.L. (1963): Morphology of Diamond. Akademia
Nauk Publishing House, Moscow, Russia (in Russ.).

________, DUDENKOV, YU.A. & SOLODOVA, YU.P. (1978): Fi-
brous growth, IR spectra and carbonate inclusions in cubic
diamond crystals. In New Data on Minerals in the USSR.
Nauka Press, Moscow, Russia (109-112; in Russ.).

PATEL, A.R. & PATEL, M.M. (1969): Studies on the dode-
cahedral face of diamond. Am. Mineral. 54, 1324-1329.

PLOTNIKOVA, S.P. & KLYUEV, YU.A. (1986): Optical absorp-
tion and luminescence of diamond crystals with a fibrous
structure. Mineral. Zh. 8(2), 31-38 (in Russ.).

ROBERTSON, R., FOX, J.J. & MARTIN, A.E. (1934): Two types
of diamond crystals. Philos. Trans. R. Soc. London
A232(719), 463-535.

RUSINOV, V.L. (1965): Disordered hydrothermal albite and its
petrographic importance. Dokl. Akad. Nauk SSSR 164(2),
410-413.

SCARRATT, K. & FRITSCH, E. (1992): A note on diamond types.
Gems & Gemology, Spring 1992, 38-42.

SOBOLEV, E.V. (1974): Impurity nitrogen in natural diamond
crystals. In Geology and Prognostication of Diamond De-
posits. Third All-Union Conf. (Moscow), Extended Abstr.
(52-54; in Russ.).

________ (1978): Nitrogen centers and crystal growth of
natural diamond. In Problems of Lithosphere and Upper
Mantle Petrology (V.S. Sobolev, ed.). Nauka Press,
Novosibirsk, Russia (245-255; in Russ.).

SUZUKI, S. & LANG A.R. (1976): Internal structures of natural
diamond crystals revealing mixed-habit growth. In Dia-
mond Res., Suppl. Industr. Diamond Rev., 39-47.

TAKAGI, M. & LANG. A.R. (1964): X-ray Bragg reflection, spike
reflection and ultra-violet absorption topography of diamond
crystals. Proc. R. Soc. London A281(1386), 310-322.

TAYLOR, W.R., BULANOVA, G.P. & MILLEDGE, H.J. (1995a):
Quantitative nitrogen aggregation study of some Yakutian
diamond crystals: constraints on the growth, thermal, and
deformation history of peridotitic and eclogitic diamond
crystals. In Sixth Int. Kimberlite Conf. (Novosibirsk), Ex-
tended Abstr., 608-610.

________, KIVIETS, G., GURNEY, J.J., MILLEDGE, H.L., WOODS,
P.A. & HARTE, B. (1995b): Growth history of an eclogitic
diamond from the Vaal Valley kimberlite, South Africa –
an infrared, cathodoluminescence and carbon isotope
study. In Sixth Int. Kimberlite Conf. (Novosibirsk), Ex-
tended Abstr., 617-619.

________ & MILLEDGE, H.J. (1995): Nitrogen aggregation
character, thermal history and stable isotope composition
of some xenolith-derived diamond crystals from Roberts
Victor and Finch. In Sixth Int. Kimberlite Conf. (Novosi-
birsk), Extended Abstr., 620-622.

171 vol 41#1 février 03 - 13 3/24/03, 10:45183



184 THE CANADIAN MINERALOGIST

TOLANSKY, S. (1974): A comparison of synthetic and natural
cuboctahedral diamond crystals. In Synthetic Diamond in
Industry. Naukova Dumka Press, Kiev, Ukraine (36-41; in
Russ.).

WOODS, G.S. (1986): ‘Platelets’ and the infrared absorption of
type Ia diamond crystals. Proc. R. Soc. London A407, 219-
238.

ZAKHARCHENKO, O.D., BITKOV, P.P. & BAKULINA, L.P. (1993):
Diamond from placers of Middle Timan. Mineral. Zh.
15(4), 28-37 (in Russ.).

Received July 14, 2002, revised manuscript accepted
January 7, 2003.

171 vol 41#1 février 03 - 13 3/24/03, 10:45184


