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ABSTRACT

Diamond crystals from Siberian, Arkhangelsk, South African, Canadian and South American deposits were analyzed for
structurally bound nitrogen, hydrogen and “platelet” defectsusing infrared (IR) absorption spectroscopy. Wide variationsin total
nitrogen and hydrogen contents and in the state of nitrogen aggregation were established in diamond crystals from different areas
and deposits. On this basis, three groups were distinguished: (1) low-nitrogen, highly-aggregated-nitrogen diamond, (2)
intermediate diamond crystal's, and (3) high-nitrogen, poorly-aggregated-nitrogen diamond (occasional ly with high concentrations
of hydrogen and “platelets’). They represent, in general terms, three major stages of diamond formation: (1) the initial stage at
high P-T conditions, which occasionally occurs in super-deep areas (e.g., lower mantle and transition zone), (2) the main stage,
and (3) thefinal stage, which represents the latest episodes of magmatic evolution and is characterized by high oversaturation of
the crystallization medium and high internal temperature-gradients. These data may be used for “fingerprinting” of diamond, in
prospecting for new depositsin diamondiferous areas, and in the evaluation of diamond crystals from newly discovered deposits.
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SOMMAIRE

Unecollection de cristaux de diamant provenant des gisements de Sibérie, Arkhangel sk, Afrique du Sud, Canadaet Amérique
du Sud a été analysée par spectroscopie infrarouge afin d’ établir les teneurs en azote et en hydrogene, et la proportion de défauts
en“plaquettes’. Nousavonstrouvé de grandes variations en teneurs globales d’ azote et d’ hydrogéne, ainsi qu’ en état d’ aggrégation
de I'azote dans les cristaux provenant des différentes régions et de différents gisements. A la lumiéere de ces mesures, nous
distinguonstrois groupes: (1) diamant afaible teneur et degré d' aggrégation élevé d' azote, (2) diamant ayant des caractéristiques
intermédiaires, et (3) diamant a forte teneur et a faible degré d’ aggrégation d’ azote (et, dans certains cas, a teneurs élevées en
hydrogéne et en “plaguettes’). Ces trois groupes représenteraient, en termes généraux, trois stades majeurs de formation du
diamant: (1) le stadeinitial, ades conditionsde P et de T éevées, dans certains cas correspondant a des régions tres profondes du
manteau (par exemple, le manteau inférieur et la zone de transition), (2) le stade principal de croissance, et (3) le stadefinal, qui
représenterait |es étapes ultimes de |’ évol ution magmatique, avec sursaturation é evée danslemilieu de croissance et desgradients
de température internes importants. Ces données peuvent servir “d empreinte digitale” d'échantillons de diamant, dans les
programmes d’ exploration pour des gites nouveaux dans les régions diamantiféres, et dans |’ évaluation de cristaux de diamant
des gisements récemment découverts.

(Traduit par la Rédaction)
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INTRODUCTION

In the past decade, considerable progress has been
made in the investigation of optically active structural
defects (centers) in diamond (e.g., Evans 1992, Boyd et
al. 1994, 1995, Mendelssohn & Milledge 1995, Taylor
et al. 1996). Great success has been achieved in inter-
preting the nature of the structural defects in diamond
and in devel oping methods of estimating the concentra-
tions of impurity centers causing these defects. Our main
goal in this study is to systematically characterize and
identify distinctive features of the distribution of opti-
cally active defects in diamond crystals from different
areas, and further to interpret these features in relation
to particular conditions and different stages of forma-
tion of diamond in nature.

BACKGROUND INFORMATION

Historically, diamond has been grouped into two
types, | and Il (Robertson et al. 1934). On the basis of
the ultraviolet transparency and absorption in theinfra-
red (IR) spectra, type-l diamond contains nitrogen in a
number of different forms, whereas type-Il diamond is
considered a“ non-nitrogen” variety (i.e., containing less
than 20 at.ppm nitrogen, which is not detected by infra-
red spectroscopy). Type-I diamond was further subdi-
vided into type la and type Ib depending on the form
that the nitrogen takes within the structure of the indi-
vidual crystal. The nitrogen atoms in type-la diamond
are present in various aggregated forms, whereas in
type-1b diamond, they are dispersed in isolated substi-
tutional sites (i.e., one nitrogen atom replaces one
carbon atom in anumber of carbon sites). A good over-
view of this subject, along with representative infrared
(IR) spectra for each type of diamond, is given by
Scarratt & Fritsh (1992).

Synthetic diamond is commonly of type Ib. In type-
la diamond, two major nitrogen aggregates are found,
A and B. According to current ideas, the A nitrogen
center involves a pair of nitrogen atoms jointly replac-
ing asingle carbon atom (Davies 1976, Sobolev 1978),
whereas the B defect is an aggregate of nitrogen atoms
tetrahedrally arranged around a vacancy (Bursill &
Glaisher 1985). On the basis of the predominance of A
or B centers, this type of diamond is categorized into
two subdivisions, type |aA and type |aB, respectively.
The majority of natural diamond crystals belong to the
transitional 1aAB type.

Infrared spectroscopy provides a means of estimat-
ing the concentrations of nitrogen (A and B) and hydro-
gen (H) impurity centers and “platelets’ (P), i.e., the
optically active defects that are most characteristic of
diamond. The “platelets’ (P centers) are linear defects
several atoms thick (Woods 1986), and the H centers
are structural defects involving hydrogen (Sobolev &
Lisoivan 1971, Woods & Collins 1983). The increas-
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ingly widespread use of IR spectroscopy in the investi-
gation of natural samples of diamond was promoted
largely by the refinement of the analytical relationships
that are involved in the calculations of the concentra-
tion of A and B defects in diamond (Boyd et al. 1994,
1995).

The newly obtained data have proven to be of great
interest from a genetic standpoint as they provide a
much better insight into the conditions of diamond for-
mation. Of particular importance is an analysis of the
kinetics of transformation of nitrogen impurities based
on experimental dataand estimates of the time and tem-
perature parameters at the source (Evans 1992, Taylor
& Milledge 1995, Taylor et al. 1996).

Most present-day studies of impurities in diamond
contain dataon diamond parageneses and carbon isotope
composition (Taylor & Milledge 1995, Meyer et al.
1997, Menzies et al. 1998, Chinn et al. 1998, Davies et
al. 1999). These comprehensive studies have revealed
that occurrences of nitrogen-free (typella) and nitrogen-
poor (“low-nitrogen”) diamond crystals are related to
an ultramafic paragenesis, whereas in the eclogitic
paragenesis, diamond is characterized by ahigher-than-
average content of nitrogen. A peculiar feature of
diamond crystals from the Newlands and Jagersfontein
kimberlites in South Africa is an above-average
proportion of type-lla diamond crystals (up to 60% in
the Jagersfontein pipe), and the predominance of pure
type-l1aA diamond crystals and crystals with a low
degree of nitrogen aggregation among nitrogen-rich
diamond crystals (Menzies et al. 1998, Chinn et al.
1998). Examination of optically active defects in dia-
mond crystals of the newly discovered super-deep
paragenesis (with ferroan periclase + magnesium-sub-
stituted perovskite and other specificinclusions) reveals
that the diamond is predominantly of type Ila (Hutchison
et al. 1999, Harte et al. 1999, Davies et al. 1999,
Kaminsky et al. 2001).

Concurrent with the investigation of macrocrystals
of diamond (>1 mm), studies of structural defects in
microdiamonds (<1 mm or <0.5 mm) have been carried
out inthe past few years (Leeet al. 1995, Leahy & Tay-
lor 1997, Trautman et al. 1997, Shatsky et al. 1999).
The question of whether the microcrystals and
macrocrystals of diamond are related to different stages
of formation of diamond, or if they represent acommon
population of diamond with crystal size depending on
local conditions of growth, is still amatter of debate. A
remarkable feature of microcrystals of diamond in the
Arkhangelsk pipes in Russia is the high proportion of
octahedral crystals (Zakharchenko et al. 1996). A com-
parison of macrocrystals and microcrystals from Aus-
tralia and Yakutia reveals that the latter are also
characterized by a greater-than-average proportion of
octahedral crystals, as well as type-lla crystals
(Trautman et al. 1997).
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At present, the literature devoted to comparisons of
impuritiesin diamond from different localitiesis scant.
For the purposes of thisinvestigation, we have analyzed
IR spectra of several thousand diamond crystals, com-
piled and interpreted during the course of our studies of
the Siberian (Y akutian), Arkhangelsk, Uralian, South
African, Canadian, Venezuelan and Brazilian diamond
fields during the period 1980s — 1990s. This study
complements our previously published preliminary re-
sults on diamond crystals from these deposits (e.g.,
Blinova1987, Blinovaet al. 1985, 1989, 1991, Smirnov
et al. 1986, Kaminsky et al. 2000, 2001).

ANALYTICAL METHODS

IR absorption spectra of the diamond samplesin 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 ™.
Spectral resolution is 6-10 cm™. In addition, some of
the diamond crystals were analyzed at CSIRO, Sydney,
Australia using a technique described by Davies et al.
(1999). The relative error in the concentration of nitro-
gen appears to be +10 to 20%.

In those diamond crystals that only show individual
IR absorption bands related to the A- and B-type de-
fects, nitrogen concentrations are directly proportional
to IR absorption coefficient values at the 1282 cm
spectral peak:

Na = Ka * pioge = (16.5 1 at.ppm/cm™) puiog
(Boyd et al. 1994);

Ng = Kg * pos = (79.4 + 8 at.ppm/cm™) pizs,
(Boyd et al. 1995);

where Np and Ng are concentrations of the A and B
centers in at.ppm, respectively, K, and Kg are coeffi-
cientsfor the A and B centers, respectively, and p12s2 IS
the intensity of the absorption peak at the frequency
1282 cm L,

Most samples of natural diamond, however, belong
to the combined Type |aAB, where the A and B defects
occur together. In this case, in order to determine the
concentrations of different nitrogen centers, we used a
combination of the methods, proposed by Mendelssohn
& Milledge (1995), utilizing the diagrams presented by
Meyer et al. (1997). All our data, including those pub-
lished before 1995, were recalculated using this tech-
nique.

The relative proportions of the “platelets’ (P) and
the hydrogen (H) structural impurities in the diamond
were estimated in thisstudy in arbitrary units, more pre-
cisely, in terms of the absorption-coefficient values
measured, respectively, at 1365 and 3107 cmL. To our
knowledge, no one has yet managed to measure a rea
concentration of nitrogen in diamond.
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SAMPLES ANALYZED

We examined statistically and morphologically rep-
resentative sets of diamond crystals from kimberlite
pipes, sills and placers (30—200 samples from each
locality). Among the crystals studied were diamond
crystals from fifteen kimberlite pipes in the Malo—
Botuobinsk and Daldyn—-Alakit areas in Y akutia, from
the Arkhangelsk Province in Russig, from the Premier
pipe in South Africa, from pipe DO-27 in the Slave
Province, Canada, and from kimberlite sills in
Guaniamo, Venezuela. In addition, placer diamond crys-
tals from Yakutia, the Urals, Venezuela and Brazil
(Minas Gerais and Mato Grosso states) were analyzed.
Intotal, these comprise a collection of diamond samples
spanning five continents (Table 1).

ResuLTs

Satistical differences in the concentration
of impurity centers

The results of our analysis are presented in Table 1.
We report the average concentrations of structural de-
fects in diamond, which may vary widely both within
single deposits and regionally. In some zoned crystals
of diamond from the Urals and Arkhangel sk, there were
variationsinthetotal nitrogen content in different zones
from 140 to 1700 at.ppm (Blinova 1987, Zakharchenko
et al. 1996). Even greater variations were recorded in
the total nitrogen content between zonesin single crys-
tals from the Jagersfontein kimberlite, South Africa
(Chinn et al. 1998): from 20 to 3250 at.ppm. In such
zoned crystals, the nitrogen content in one of the zones
is predominant. For all zoned crystals, the integral ni-
trogen content was measured.

It is not unusual to find more than one group of dia-
mond crystals, with differing concentrations of optically
active defects, in a collection from a particular deposit.
When comparing suites of diamond from different de-
posits, one should use data on sets of crystalsrather than
single analyses. Weillustrate this point with curves dis-
playing the distribution of the A structural defectin dia-
mond from the Pomorskaya and Karpinsky-1 pipes of
the Arkhangelsk kimberlite province (Fig. 1). Two
populations of diamond are distinguished in these pipes
(aswell asin dl other pipes of the Arkhangelsk Prov-
ince): (1) macrocrystals (+1 mm), and (2) microcrystals
of diamond (-1 mm) (Zakharchenko et al. 1996). The
macrocrystals are characterized by A-defect contents
varying from 200 to 2500 at.ppm (Fig. 1). They have
different modes, with the Karpinsky-1 crystals at ap-
proximately 500 at.ppm, and the Pomorskaya crystals
at approximately 1300 at.ppm (Table 1). The micro-
crystals from both pipes are similar to each other in
termsof their concentrations of A defects, but differ sig-
nificantly from the macrocrystals in their generally
lower concentration of A defects. The microcrystals
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contain from 10 to 700 at.ppm of the A defect, with a
mode of approximately 250 at.ppm (Fig. 1). These
statistical differences are clearly seeninthedistribution
curves, whereas in each set there are diamond crystals
with 200-700 at.ppm of the A defect (Fig. 1).

Variations in total concentration
of the nitrogen impurity

Regionally, from pipe to pipe and from one prov-
ince to another, concentrations of structural defects in
diamond vary even more than in the Arkhangel sk Prov-
ince. As can be seenin Figure 2, the total concentration
of nitrogen in diamond, Nt = Na + Np, varies from
close to zero to 1700 at.ppm depending of the prov-
enance. In single crystals, we found Ny values reach-
ing as high as 2800 ppm; these values are similar to
those reported by Meyer et al. (1997). For the statistical
estimates in the text below and in figures, we used Ny
modal concentrations and a range from —35% to +35%
of the mode value.

The diamond crystals studied can be subdivided on
the basis of their total nitrogen content into three groups
(Fig. 2). Group 1 consists of low-nitrogen diamond crys-
tals with Ny ranging from almost zero to 50 at.ppm.
This group includes diamond from the Juina area in
Brazil. It has minimal contents of nitrogen; by this cri-
terion, the majority of the crystals are of type lla
(Kaminsky et al. 2001). Group 2 includes diamond
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Fic. 1. Distribution of concentrations of A-type nitrogen

impurity in diamond from the Pomorskaya and Karpinsky-
1 pipes, Arkhangelsk Province.
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TABLE 1. EVALUATION OF OPTICALLY ACTIVE DEFECTS
IN DIAMOND FROM VARIOUS AREAS
Nitrogen, at. %
No. Deposit # N P H
A B Total
% cm’
Ave. 0 Mode* Ave. 0 Ave. O
Pipes of the Malo—Botuobinsk area, Yakutia, Russia
1 International 57 626 336 590 181 89 807 386 22 34 1.0
2 Sputnik 34 399 213 395 (95) 157 127 556 289 28 2.7 0.2
3 XXIII Congress
of CPSU 62 609 180 660 159 107 768 233 21 3.50.7
Pipes of the Daldyn-Alakit area, Yakutia, Russia
4 Aykhal 35 171 161 90 100 99 271 239 37 4306
5 Dalnaya 35 185 267 70 147 192 332 383 44 59 1.1
6 Komsomolskaya 39 315 267 165 180 176 495 380 36 10.8 0.9
7 Krasnopresnenskaya 43 291 275 110 192 140 483 341 40 76 1.7
8 Prognoznaya 40 244 277 90 184 206 428 433 43 7.6 0.9
9  Sytykanskaya 32 307 268 100 (610) 175 155 482 415 36 9.0 0.5
10 Udachnaya 39 295 242 110 (560) 133 94 428 302 31 4213
11 Zarnitsa pipe 36 514 374 145 (645) 288 260 802 526 36 9.1 1.9
Northeastern Yakutia, Russia
12 Triassic placers 43 640 425 425 409 2131049 550 39 7.3 0.6
Pipes of the Arkhangelsk Province, Russia
13 Arkhangelskaya 39 966 363 1200 326 2481292 431 25253 29
14 Karpinsky-1 77 698 646 500 300 221 998 475 30 6.1 3.4
15 Lomonosov 102 625 507 140 (645) 202 205 827 600 24 19.8 2.1
16 Pomorskaya 159 939 472 1300 356 3311295 656 28 6.5 39
Placers of the Urals, Russia
17 Middie Urals placers 55 548 340 925 (175) 264 175 812 380 33 8.0 06
South Africa
18 Premier pipe 19 262 227 100 205 173 467 343 44 10.0 nd.
Slave Province, Canada
19 Pipe DO-27 201 363 261 110 (430) 214 179 576 250 37 4.6 1.3
Placers from Coromandel, Minas Gerais, Brazil
20 Grotado Pimpim 34 234 155 230 277 163 508 266 54 63 0.6
21 Cor. Sto.Antonio—
Esp.Santo 32 269 141 200 351 242 620 319 57 83 04
22 Cor. Imbe 32 257 237 130 357 189 614 384 58 8.3 03
23 Cor. Criminosa 32 206 127 240(85) 280 176 486 290 58 5.5 0.8
Placers from Juina, Mato Grosso, Brazil
24 Rio Sao Luis 31 5 12 10 78 87 83 93 95 0202
25 Rio Vermelho 33 5 14 10 88 97 93 73 95 0402
26 Cor. Chicora 34 719 10 74 49 81 57 91 0302
Placers from Venezuela
27 Kimberlite silis 51 197 110 120 417 252 614 310 68 9.7 1.0
28 Quebrada Grande 40 226 114 150 480 251 706 352 68 12.3 1.3
29  Guaniamito 52 251 120 145 468 245 719 312 65 12.0 0.7
30 Chihuahua 33 220 128 115 463 193 683 255 68 13.1 0.6
31 Ringi-Ringi 33 220 113 175 485 260 705 292 69 123 0.6
32 La Centella 40 174 78 125 349 201 523 251 67 8909

* Additional mode is shown in brackets.
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samples from the majority of the deposits studied, in-
cluding the Y akutian pipes, deposits of the Guaniamo
area(Venezuela) and the Coromandel area (Brazil), with
total concentrations of the nitrogen structural impurity
varying between 50 and 1000 at.ppm. Although nitrogen
concentrations in diamond from the different localities
generaly differ, the respective ranges of concentration
do overlap, and there are transitions between them
(Fig. 2). Two subgroups may be distinguished among
these samples. Group 2a hastotal concentrations of the
nitrogen structural impurity from 50 to 400 at.ppm, and
includes diamond from the Premier mine (South Africa),

1737

diamond crystals from the Daldyn—Alakit kimberlite
pipesin Y akutia, and some Arkhangel sk crystals. Group
2b, with arelatively higher total nitrogen content (400—
1000 at.ppm), includes diamond crystalsfrom theMalo—
Botuobinsk pipes in Yakutia and the most of South
American crystals. Group 3 are high-nitrogen diamond
crystals from the Arkhangelskaya and Pomorskaya
pipes of the Arkhangelsk Province, which contain be-
tween 1000 and 1700 at.ppm of nitrogen.

In general, each region is characterized by diamond
crystals of one particular group. However, the
Arkhangelsk kimberlite province is an exception. Dia-
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Fic. 2. Rangesof variation in the content of structurally bound nitrogen (modes of Nyt = Na + Npg, a.ppm) in diamond crystals
from different areas. Concentration ranges of N are shown from —35% to +35% of the mode value: solid lines: main modes,
dotted lines: additional modes. Mode values are shown by short lines. Numbers correspond to the area numbersin Table 1.
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mond crystals from this area belong to two groups.
Diamond crystals from the Lomonosov pipe are predo-
minantly group-2a crystals, with N in the range 20—
420 at.ppm, whereas diamond crystals from the
Karpinsky-1 pipe belong to group 2b, and all diamond
crystals from the Arkhangelskaya and Pomorskaya
pipes are high-nitrogen group-3 stones (Table 1, Fig. 2).

Some localities (both kimberlites and placer depos-
its) are characterized by more than asingle mode in the
distribution of N value in diamond; they have a major
mode and an additional one. This points to the exist-
ence of a number of distinct populations in the deposit.

Variations of nitrogen content in A form

In some cases, the characteristic features of diamond
crystals may be better observed in Na than in Ni. The
Na concentration in diamond is obviously lower than
Niot. Among the localities considered, it varies from al-
most zero to 1500 at.ppm (Fig. 3). Aswith Ny values,
we used the mode values for construction of Figure 3.
In some areas, two modes were observed (Table 1).

Figure 3 demonstrates, in general, the same regulari-
ties in the distribution of N in diamond as Figure 2
doesfor Nyt Three groups of diamond crystals can thus
be distinguished: low-nitrogen (0-20 at.ppm Na), me-
dium-nitrogen (20-800 at.ppm, with two subgroups, 20—
300 at.ppm and 300-800 at.ppm), and high-nitrogen
(800-1500 at.ppm). Some of the diamond suites occupy
different positionsin Figures 2 and 3. For example, dia-
mond from the Coromandel area, Brazil, and those from
Guaniamo, Venezuela, plot as group 2ain Figure 3,
whereas they fall into the high to medium group 2b in
terms of total nitrogen content (Fig. 2). This reflects a
significantly higher degree of aggregation of nitrogen
impurity in the diamond crystals of the Coromandel and
Guaniamo (see below).

Other defect centers

“Platelets’” (P) and hydrogen (H) centers, like the
nitrogen defects, are important indicators of the condi-
tions of formation. In many kimberlite deposits, cubic
crystals of diamond with columnar internal structures,
reflecting the normal mechanism of crystal growth, oc-
cur. These crystal s are characterized by ahydrogen con-
tent greater than that of octahedral crystals of diamond,;
as arule, no P centers are detected in cubic crystals of
this sort (Plotnikova & Klyuev 1986, Blinova 1987). It
is noteworthy that crystals subject to normal crystal-
growth are not necessarily cubic in shape because at the
final stage of their formation, these crystals may be sub-
ject to dissolution or to achange in their growth mecha-
nism (Zakharchenko et al. 1996).

Variationsin the concentration of Pand H centersin
diamond in comparison to their mode of nitrogen ag-
gregation are shown in Figures 4 and 5. Diamond from
the Arkhangelsk kimberlite province differs from dia-
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mond from the other regions included in this study by
their higher-than-average content of hydrogen impurity.
The Juina diamond crystals have the lowest concentra-
tions of “platelets’.

Nitrogen aggregation in diamond from different areas

Figures4 and 5 display the relationships between the
average concentrations of P and H centers and the pro-
portion of aggregated nitrogen [%Ng = 100Ng/(Na +
Ng)]. These diagrams allow discrimination between dia-
mond crystals both from provinces and different areas
within a common province. Diamond crystals from
pipes of the Daldyn—Alakit area differ from those of the
Malo-Botuobinsk areain Yakutia by their higher rela-
tive proportions of aggregated nitrogen (%Ng) and P
centers. The characteristic feature of South American
diamond crystals, from the Juina area, Brazil, is their
higher-than-average proportion of Ng, reaching up to
almost 100% nitrogen aggregation.

Diamond from the deposits included in this study
were divided into the following three groups, based on
proportion of aggregated nitrogen in their total content
of nitrogen impurity. Group 1, with a maximum pro-
portion (up to amost 100%) of aggregated nitrogen,
includes diamond crystalsfrom the Juinaarea. Group 2,
with a proportion of aggregated nitrogen intermediate
between those of groups 1 and 3 (35-75%), includes
diamond crystals from the Daldyn-Alakit area in
Y akutia and from Coromandel and the Guaniamo plac-
ers. Group 3, with a low relative proportion of aggre-
gated nitrogen (less than 35%), includes diamond
crystalsfrom the Ma o—Botuobinsk areain Y akutiaand
from the Arkhangelsk kimberlite province.

In general, these groups correlate with the groups
distinguished on the basis of nitrogen content (Figs. 2,
3). Diamond crystals with a high proportion of aggre-
gated nitrogen have the lowest total nitrogen content,
whereas those that are low in aggregated nitrogen are
generdly rich in total nitrogen. The main differences
are present in the Yakutian crystals. Crystals from the
Malo—Botuobinsk area, being moderate in their total
nitrogen content, seem to be the lowest in aggregated
nirogen.

Discussion

Estimation of temperature of formation
of diamond from different areas

The distinctions in distributions of the nitrogen im-
purity in diamond from different deposits, areas and
regions reflect dissimilar conditions of crystallization
and post-crystallization thermal histories. The calcula-
tions performed on the basis of experimental data on
transformations of nitrogen defects under high tempera-
tures and high pressures, revea that the degree of nitro-
gen aggregation in diamond depends on temperature,
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total content of nitrogen impurity, and the duration of
thermal action (e.g., Evans 1992, Taylor et al. 1996).
Onthe basis of calculations, a set of diagrams was con-
structed by Taylor et al. (1990), Taylor & Milledge
(1995) and Trautman et al. (1997) in order to estimate
the probable range of temperature of diamond forma-
tion, with a given “residence time in the mantle’, and
the probabl e age of the diamond-formation processwith
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known thermal parameters. We used amodified version
of the diagram used by Taylor & Milledge (1995) to
estimate the temperature of formation of the diamond
crystals studied, assuming an average age of 3 Ga
(Fig. 6).

According to our estimates, the highest temperatures
of formation (1250°C) are characteristic of the diamond
crystals from the Juina area. This coincides with a pro-
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Fic. 3. Ranges of variation of nitrogen content in A-type nitrogen impurity (modes of Na, at.ppm) in diamond from different
areas. Concentration ranges of N are shown from —35% to +35% of the mode value: solid lines: main modes, dotted lines:
additional modes. Mode values are shown by short lines. Numbers correspond to the area numbersin Table 1 and Figure 2.
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posed origin within the lower mantle for these diamond
crystals (Kaminsky et al. 2001). The general tempera-
ture of formation for diamond crystalsfrom the Daldyn—
Alakit area in Yakutia and from the Coromandel and
Guaniamo areasis between 1100 and 1150°C. However,
the temperature for the Guaniamo crystals may be un-
derestimated, because the mgjority of these crystals be-
long to the eclogitic association (Kaminsky et al. 2000),
which may suggest an age that is younger than 3 Ga
(according to the Taylor—Milledge diagram, the shorter
the duration of thermal action, the higher the tempera-
ture). In this case, the Guaniamo crystals may have
formed at a temperature ca. 1170°C. The lowest tem-
peratures of formation are associated with the deposits
of the Malo—Botuobinsk area in Y akutia and the pipes
of the Arkhangelsk kimberlite province; they vary be-
tween 1075 and 1100°C. The temperature of crystalli-
zation of diamond from the Arkhangel sk Province also
may be underestimated, owing to the fact that diamond
from this region formed essentially through the normal
mechanism of growth, which suggests relatively rapid
crystallization under the conditions of oversaturation

and high temperature-gradients. This hypothesis may
also apply to diamond crystals from the Malo—
Botuohinsk area, as many of these show cube-octahe-
dral central growth-zones. Temperature estimates vary
within diamond from a single area or deposit, although
there is some overlap. Thisfact, together with the vary-
ing character of the distribution of structural defects,
point to a discontinuous, multistage process of forma-
tion.

One should understand that the cal culated values of
temperature are approximations based on the assump-
tion that diamond formation occurred at 3 Ga ago. The
real temperatures may be different, as has been demon-
strated above for some areas (Guaniamo and the
Arkhangelsk Province). We propose that in the Juina
area, the temperature of formation of diamond was sig-
nificantly higher than the calculated 1250°C, because
the mantle adiabat at a depth of 660 km is thought to be
at 1650°C (Ito & Katsura 1989). The diamond crystals
from Juina thus are likely to be significantly younger
than 3 Ga. Development and application of new miner-
alogical geothermometers for super-deep mineral
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Figure 4.

associations will be of great assistance in future studies
of diamond.

Nitrogen impurity in diamond and stages of formation

The multistage formation of natural diamond was
established on the basis of zonal textures in birefrin-
gence, ultraviolet absorption, X-ray topographic and
cathodoluminescence studies (e.g., Tolansky 1955,
Orlov 1963, Takagi & Lang 1964, Gurkina & Miuskov
1971, Lang 1974, Milledge et al. 1989). Recently, sev-
eral generations of diamond were distinguished among
crystals recovered in some kimberlite pipes (e.g.,
Bulanova et al. 1999, Spetsius 1999).

On the basis of these data and the distribution of ni-
trogen-impurity centers in the crystals studied, three
main stages are generaly distinguished in the process
of formation of diamond in nature. The diamond crys-
tals related to these stages differ in the character and
distribution of their structural defectsand intherelative
proportions of the different species of defects.

correspond to the numbers in Table 1 and

In the early stage, diamond formation proceeded at
a maximum depth, in some cases, as deep as the lower
mantle or transition zone. The set of super-deep min-
eral inclusions comprises ferroan periclase, perovskite-
group phases, native iron, nickel, majorite and other
mineralsformed at super-high pressure and temperature
(Harte et al. 1999, Kaminsky et al. 2001). Diamond
crystals of the early stage are commonly nitrogen-free
(typella).

During the main stage, diamond formation pro-
ceeded in the upper mantle, and produced diamond as-
sociated with ultramafic and eclogitic parageneses.
Nitrogen-free diamond crystals are less common here,
al of them being genetically related to the ultramafic
paragenesis. Diamond crystals from ultramafic xeno-
liths, as well as diamond crystals with minera inclu-
sions of ultramafic paragenesis, are in part of type lla
and in part low-nitrogen crystals. Diamond crystals of
the eclogitic paragenesis are usually richer in nitrogen
than “peridotitic” diamond. Most of the diamond
crystalsrelated to the main stage of diamond formation
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have total concentrations of nitrogen impurity varying
between 50 and 1000 at.ppm (Fig. 2). In this respect,
we highlight two subgroups of diamond with mineral
inclusions of eclogitic paragenesis from the Roberts
Victor pipe (Harris & Spear 1986) and from the Jwaneng
pipe (Cartigny et al. 1998). These diamond crystalswere
subdivided into two groups on the basis of their nitro-
gen content: (a) type-lla diamond crystals and crystals
close to them (i.e., those with less than 150 at.ppm ni-
trogen contents), and (b) diamond crystals with total
nitrogen contents varying between 150 and 450 at.ppm.

The final stage of diamond formation evidently im-
mediately preceded the emplacement of the kimberlitic
magmas. The normal mechanism of growth, which is
typical of diamond related to this stege, suggests high
oversaturation of the crystallization medium and high
internal temperature-gradients. Therefore, mineral
chemistry of the inclusions captured by the diamond in
the course of their fast growth may reflect awide range
of temperatures, probably beginning from temperatures

of the upper mantle typical early on, followed by rap-
idly reducing temperatures, reflecting cooling. This is
made clear by the eclogitic paragenesis of mineral in-
clusions in cubic crystals of diamond with normal
growth and by the abundance of cubic crystalsin kyan-
ite-bearing eclogitic xenoliths (Bulanova et al. 1993).
Most of the diamond crystals related to this stage of
growth have high total concentrations of nitrogen de-
fects (>1000 at.ppm; Fig. 2), whereas the relative pro-
portion of aggregated nitrogen (%Ng) in these crystals
islow (as arule, less than 35%).

The bulk of known diamond crystals from a
kimberlitic host-rock are related to the main stage of
diamond formation. However, there are some deposits
with a predominance of diamond crystals related to the
early stage (such asthe unique deposit of the Juinaarea,
Brazil), and deposits with a considerable proportion of
diamond crystalsrelated to the final stage (e.g., the pipes
of the Arkhangelskaya and Pomorskaya fields in the
Arkhangelsk kimberlite province). In some diamond
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impurity in diamond from pipe DO-27, Slave Province,
Canada.

deposits, all three diamond groups may be observed,
implying that diamond crystals have been formed in a
given deposit in severa stages.

As an example of multiple groups of diamond in a
single deposit, let us consider the Pomorskaya pipe,
Arkhangelsk Province. As mentioned above, this pipe
contains both microcrystals and macrocrystals of dia-
mond (Fig. 1). Assuming that they both have had the
same residence time (3 Ga) under high-P, high-T con-
ditions (from the Taylor-Milledge diagram), it follows
that the average temperature of crystallization of micro-
crystals of diamond should be approximately 40-50°C
higher than that of the macrocrystals (Fig. 6). The main
stage of diamond formation, judging by the small size
of the diamond crystals, thus was briefer than the final
stage; the latter process seems to be dominant in the
crystallization of diamond crystalsfrom the Pomorskaya
pipe.

Among the diamond crystals from the Malo—
Botuobinsk area, crystalswith mineral inclusions of the
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ultramafic suite show lower than usual concentrations
of nitrogen A-type defects (Bilenko 1982). According
to our data, diamond crystals in ultramafic inclusions
from the Sputnik pipe, Malo-Botuobinsk area, have
doubl e the aggregation ratio (%B), compared to the rest
of thediamond crystals (55 versus 28, Fig. 6). The Sput-
nik diamond crystals within ultramafic inclusions thus
formed at higher temperatures (1140°C at 3 Ga), com-
pared to the remainder of the crystals (1100°C at 3 Ga,
Fig. 6). It islikely that both high- and low-temperature
crystals appeared during the main stage of diamond for-
mation. Both popul ations are predominantly octahedral
crystals with atangential mechanism of growth.

Two populations of diamond have been identified,
based on the IR absorption data, from pipe DO-27 in
the Lac-de-Gras area, Slave Province, Canada. They
exhibit a number of significant distinctions (Fig. 7).
Diamond crystals of the first population are low in ni-
trogen; they form a continuous serieswith nitrogen-free
type-lla diamond crystals, which comprises approxi-
mately 5% of the diamond crystalsin pipe DO-27. Dia-
mond crystals of the second population differ from the
first by having an above-average total nitrogen content
and a lack of “platelets’. According to their morphol-
ogy, they are likely to have formed through the normal
mechanism of growth. An estimation of crystallization
time and temperature yielded 1130°C at 3 Ga for low-
nitrogen diamond of thefirst population, and 1080°C at
3 Gafor diamond of the second population (Fig. 6). On
this basis, diamond crystals of the first population can
be related to the main stage, and those of the second
population, to the final stage of diamond formation. In
addition to thetwo populations, thereis probably athird
one, the earliest stage, in pipe DO-27, asis evident in
the minor proportion of nitrogen-free crystalswith min-
era inclusions of the super-deep paragenesis (Davies et
al. 1999). As such, we can assume the presence of al
three diamond groups in pipe DO-27, representing the
three main stages of their formation.

The data obtained in this study may be used for “fin-
gerprinting” purposes, in prospecting for new deposits
in diamondiferous areas, and in the evaluation of dia-
mond crystals from newly discovered deposits.
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