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Abstract

A comprehensive study of the Carnian diamonds of the Bulkur anticline in the northeastern Siberian craton has been
conducted. Two most common diamond types in the Bulkur area have been identified: scarred dodecahedroids and
crystals of varieties V-VII according to the Yu.L.Orlov classification. These groups are characterized by a lighter
carbon §'3C isotope composition from —19.6 to —24.7 %o, differing in morphology, concentration and forms of ni-
trogen aggregation, and composition of melt inclusions. Submicroscopic inclusions in diamonds of these groups
have been studied for the first time. Such inclusions in dodecahedroids are of less ferruginosity (12 and 31 wt.% FeO
on average) and more enriched in potassium (5.5 and 1.7 wt.% K20 on average) compared to diamonds of varieties
V-VII. It is concluded that the studied dodecahedroids with scars from the Carnian deposits of the Bulkur anticline
represent a separate type of diamonds characteristic to the northeast of the Siberian Platform. It is assumed that
the primary sources are Precambrian in age and that the diamonds entered the Triassic and younger placers as a
result of the erosion of Proterozoic coastal-marine deposits within the Precambrian protrusions, in particular on the
Olenek uplift.
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Introduction

The diamond potential of the Carnian stage deposits of the Upper Triassic age within the
Bulkur anticline along the left bank of the Lena River in its lower reaches was discovered in the
1970s and was intensively studied [1] (Fig.1). The diamond potential of the Carnian stage varies
laterally. The highest concentrations are found in the lower Lena region, where the placers of the
Bulkur anticline are distinguished by very high diamond potential, while their productivity de-
creases to the west and east of it [2]. The formation is represented by terrigenous rocks with abun-
dant marine fauna, the thickness of the formation varies from 10 to 100 cm. The formation comes
out on the day surface with its end and plunges to the west into the Predverkhoyansk trough at an
angle of up to 30° or more.

The diamond content within the formation fluctuates and reaches 13 ct/m?[3, 4]. Indicator minerals
of kimberlites without signs of mechanical wear and hypergene corrosion are abundant, which indi-
cates the proximity of the primary source [5, 6]. There are small amounts of diamond suite grains
among the pyropes [1]. This allowed us to assume the existence of a nearby kimberlite body (bodies)
with high diamond content. However, the exploration conditions, primarily the rapid subsidence of
the formation in the western direction under the sediments of the Predverkhoyansk trough, did not
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allow us to discover the primary source of
diamonds. Exploration criteria for diamonds
based on their satellite minerals are widely used
both within the Yakutian diamondiferous province
and in other territories promising for diamond
content [7, 8].

A large number of diamonds found in the
Bulkur anticline were studied in the Amakin ex-
pedition of the ALROSA and described in [9, 10].
The unusual nature of the diamond suite was
shown, up to 80 % of which have a light carbon
isotope composition, and a conclusion was made
about the unknown type of primary source. This
Fig.1. Schematic map of the location of diamond-bearing rocks situation is typical for the Anabar placers
of the Carnian stage within the northeast of the Siberian craton.  (Ebelyakh, Mayat, etc.), where, as in Bulkur, dia-

The Sare o0 the inset - the location of the area. monds that are completely atypical for kimberlite

e scheme is based on the article [19] . . : ) X .

bodies are associated with kimberlite minerals.

This contradiction was considered by the authors

in [11], where the polygenesis of diamonds is argued not only by typomorphism, but also by the types

of primary sources. It is assumed that the deposits of the Carnian stage are Late Triassic tuffites and

diamond potential is associated with them [12]. However, neither here nor in other places of the

Siberian platform have volcanic sources of these tuffs been found. As a result, the situation with the
diamond-bearing capacity of the Carnian stage remains unclear.

An additional study of the Carnian diamonds of the Bulkur anticline was undertaken to determine
their origin and routes of entry into these deposits. It is important to use an integrated approach to the
study of diamond, a mineral with a wide range of physicochemical, morphological and other features
that can collectively determine its typomorphism. It is generally accepted that mineral inclusions in
natural diamonds, captured by them during growth, reflect the geochemical features of the upper
mantle silicate substrate composition [13-16]. However, fundamental genetic information on the com-
position of the diamond-forming environment can be obtained based on the results of studying sub-
microscopic and nanosized inclusions captured by diamond at the initial stage of crystallization of
the diamond matrix [17, 18].

In order to clarify the features of the crystallization environment and evolutionary changes during
the growth of diamonds presented in the Carnian stage deposits, this work is the first to study multiple
submicroscopic polyphase inclusions in these diamonds. Such studies are especially necessary for
diamonds in which mineral inclusions visible in the optical magnification range are rare. The isotopic
composition of carbon in diamonds, the concentration and forms of structural nitrogen impurity were
also studied.

Carnian stage

Samples and research methods

A total of 97 diamond crystals ranging in size from 1 to 4 mm from Carnian deposits of the Bulkur
anticline (lower reaches of the Lena River, Bulkur area) were studied (Fig.1). A characteristic morpho-
logical feature of the diamonds from this area is the predominance of typical dodecahedroids (51.7 %),
often cryptolayered and with sheaf-like striation, less often with shagreen and bands of plastic defor-
mation. On the surface of such crystals, as a rule, there are scars filled with secondary material, which
are a sign of magmatic etching. Of the total number of crystals, 35 % are classified as V and V11 varieties
according to the Yu.L.Orlov classification [20]. Such crystals have a gray to black color due to the pre-
sence of numerous fluid inclusions with amorphous carbon on their faces (Fig.2, j, k) [21, 22]. Laminar
crystals of octahedral and transitional octahedron — rhombododecahedron habit are rare (about 13 %)
(Fig.2, a-c). They are up to 1 mm in size and are represented by sharp-edge octahedrons. Two samples
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Fig.2. Typical diamond crystals of the studied collection
a-c — diamonds of the variety | according to Yu.L.Orlov: a, ¢ — a colorless octahedron
with polycentrically growing edges, b — curved dodecahedron; d-i — curved dodecahedron with deep scars
on the surface filled with ironification products; j, k — diamonds of V-VII varieties
with numerous dark-colored inclusions

are fragments of yellow cubic habit crystals (11 variety according to the classification of Yu.L.Orlov).
Such crystals are often found in diamond placers of Yakutia and the Urals [23]. An important charac-
teristic of the studied collection is the high content (more than 50 %) of whole and slightly damaged
crystals, but for most of them increased fracturing with products of exogenous ferruginization is noted.

In this work, crystals of the most common types of diamonds in the Bulkur area were selected
for detailed studies of microinclusions: dodecahedroids with scars and numerous dark-colored
inclusions (Fig.2, d-i), as well as diamonds of V-VII varieties (Fig.2, j, k). The internal structure of
the diamonds and the nature of the distribution of structural impurities in them were studied on plane-
parallel plates 90-170 um thick, cut mainly along the (110) plane.

The distribution of nitrogen and hydrogen impurities was determined from the spectra. The spec-
tra with an aperture of 50 pm were recorded in the range of 750-7500 cm™ at a resolution of 2 cm™
on a VERTEX 70 FT-IR spectrometer (Bruker) equipped with a HYPERION 2000 microscope.
Individual growth zones of the studied diamonds, as well as zones with a predominant location of
inclusions, were identified by the cathodoluminescence (CL) method using a LEO-1430VP scanning
electron microscope with an energy-dispersive X-ray spectrometer. The isotopic composition of car-
bon was determined with a Finnigan-MAT Delta mass spectrometer in the double-inlet mode after
oxidation of the sample in pure oxygen according to the method [24]. The measurement error of
the isotope ratio did not exceed £0.02 %o. The isotopic data are given relative to the international
standard PDB.

To study mineral inclusions, the crystals were grind in until the inclusion was brought to the surface
of the diamond matrix. Identification of some mineral phases was carried out by Raman spectroscopy
on a Horiba Jobin-Yvon LabRam HR800 device. The chemical composition of the inclusions was de-
termined using a MIRA 3 scanning microscope (TESCAN, Czech Republic). The phase composition
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of nanosized polyphase inclusions was studied by transmission electron microscopy (TEM) on a Philips
CM200 (LaBe) device at an accelerating voltage of 200 kV [25, 26].

The main part of the analytical work was carried out at the Analytical Center for multi-
elemental and isotope research of the Siberian Branch of the RAS. Research using the transmis-
sion electron microscopy method was carried out at the GFZ Helmholtz Centre for Geosciences
(Potsdam, Germany).

Results and discussion

IR spectroscopy. According to the diamond classification [27, 28], all the studied samples belong
to the 1aAB type with impurity nitrogen in the form of A and B1. The IR spectra also show absorption
bands with maxima at 1370 and 1430 cm™, due to the presence of the B2 defect in diamonds [29],
and a peak at 3107 cm™, caused by hydrogen impurity, is often observed [30].

Based on the content and distribution of the structural nitrogen impurity, taking into account the
morphology of diamonds, four groups have been identified (Table 1). The first group of diamonds studied
can be classified as kimberlite based on the morphology of their crystals, the range of nitrogen content
and the degree of its aggregation with a high degree of probability. The second group, represented by a
yellow cuboid, corresponds to diamonds of the Il variety according to the Yu.L.Orlov classification [20].
The third group includes rounded colorless dodecahedroids with scars filled with secondary products.
Diamonds of this group predominate in the placer under consideration. They have a high content of
nitrogen impurity with a fairly high degree of aggregation. The fourth group is represented by typical
diamonds of the V-VII varieties according to the Yu.L.Orlov classification [20]. The groups differ sig-
nificantly from each other both in the total content of nitrogen impurity (from 47 to 1956 ppm) and in
the degree of its aggregation, which, along with differences in morphology, directly indicates the poly-
genicity of placer diamonds.

Table 1
Structural impurity composition of the studied diamonds
Sample number Zone N(A), ppm | N(B), ppm Niot, PPM B, % Diamond description

Kar-80 Center 64 7 71 10 Colorless dodecahedron
Rim 45 3 47 5
Center 290 185 474 39
Rim 413 307 720 43

Kar-19 Rim 503 346 849 a Colorless octahedron
Rim 437 272 709 38
Center 287 312 599 52

Kar-21 Rim 376 541 917 59 Colorless dodecahedron
Rim 404 523 928 56
Rim 239 157 397 40

Kar-78 Center 302 235 536 44 Colorless octahedron
Rim 427 80 507 16

Kar-101 Center 396 94 490 19 Colorless dodecahedron

Rim 100 0 100 0

Kar-16 Center 96 0 96 0 Yellow cuboid
Center 106 0 106 0
Center 866 300 1167 26 .

Kar-2 Rim 776 429 1205 36 Dodecahedron with scars
Center 776 398 1173 34

Kar-15A Rim 809 389 1197 32 Dodecahedron with scars

Rim 766 389 1155 34
Rim 771 447 1218 37

Kar-74 Rim 766 443 1209 37 Dodecahedron with scars
Center 807 355 1162 31
Center 825 315 1140 28 .

Kar-87 Rim 833 315 1148 27 Dodecahedron with scars
Rim 540 332 871 38 .

Kar-88 Center 535 337 872 39 Dodecahedron with scars
Rim 1667 286 1953 15
Rim 1642 315 1956 16 .

Kar-34 | Center 1609 329 1938 17 VI WETE)
Center 1543 286 1829 16
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End of Table 1

Sample number Zone N(A), ppm N(B), ppm Niot, pPpM B, % Diamond description
Rim 1328 315 1643 19
Kar-38 Rim 1345 372 1717 22 The variety V
Center 1180 472 1652 29
Rim 1490 272 1762 15
Kar-38a Rim 1302 269 1571 17 The variety V
Center 1289 409 1698 24

Defects in the crystal structure of diamonds are an indicator of crystallogenesis [31]. In the article [32],
the defect-impurity composition of diamonds from the Bulkur anticline was studied, where all the de-
scribed dodecahedroids were classified as variety | according to the classification of Yu.L.Orlov [20].

Inclusions in diamonds. Mineral and melt inclusions in dodecahedral diamonds with scars
and in diamonds of the V variety, which we identified in the Carnian stage deposits, were studied.
Visually, they are represented mainly by graphite, sulfides or dark-colored material. As a rule, such
inclusions reflect the composition of the diamond-forming substrate [33].

Dodecahedroids with scars. In the central growth zone of the dodecahedral crystal of diamond
Kar-15, multiple silicate inclusions of monoclinic pyroxene and garnet (Fig.3, a, b) in association
with nanosized polyphase crystal-fluid inclusions were recorded. These inclusions have extremely
small sizes, not exceeding 5 pm, a rounded shape, sometimes crystallographic faceting is manifested.
According to the chemical composition, they are represented by monoclinic pyroxene, garnet, mica
and polyphase formations. They are partially altered, as evidenced by the presence of chlorite and
other undiagnosed phases (Table 2). The chemical composition of garnets and pyroxenes varies
within insignificant limits. The inclusions of almandine-pyrope garnet belong to the lherzolite para-
genesis and are characterized by a low content, wt.%: Cr.0s 1.5, a typical amount of CaO for this
association of about 4.43, FeO 15.5 and MgO 14.9 [10]. According to the chemical composition, the
pyroxenes are divided into two groups based on the Na,O content. The first group includes pyroxenes
characterized by a relatively high content of the jadeite end member Na2O 3.6-4.8 wt.%, an increased
content of FeO and a stable admixture of Cr.0O3 about 1 wt.% (Table 2). In the second group of
pyroxenes, the Na>,O content does not ex-
ceed 1 wt.%. limenite was identified in as-
sociation with garnet and clinopyroxene,
wt.%: TiO2 49.1; FeO 42.1; Cr.03 0.98;
MnO 4.89; MgO 2.87 and mica with barium
impurity BaO 3.0-4.1. This is the first
finding of mica in a diamond with a high
barium content. The stable presence of ‘ oz v
barium in the diamond-forming environ- S um _—  20wm
ment is confirmed by the composition of the
polyphase nanosized inclusions recorded in
the central part of this diamond sample and
studied by the TEM method (Fig.3).

In nine samples of scarred dodecahe-
droids, the chemical composition of the
dark-colored substance (apparently, crys-
tallized melt) filling numerous microcracks
developed throughout the entire volume of
the sample was studied (Fig.4). This sub-
stance is a heterogeneous material enriched Fig.3. General view (a) of a polished diamond crystal Kar-15
in alumina, iron and potassium (Table 3), (Bulkur area, lower reaches of the Lena River);
as well as titanium. It was not possible to cathodoluminespent ir_nage (b); .BSE in_1age of the crystal centre (c);
identify individual phases of this initially the area oflncllusmns location (c) in enla.rgeq fragment (d)

. Cpx — clinopyroxene; Grt — garnet; Di — diamond
homogeneous, probably melt, substance in
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this work. However, the gross composition of inclusions in diamonds of this group given in Table 3
allows us to estimate the chemistry of the melt captured during crystallization. In general, it can be
characterized as an iron- and potassium-enriched aluminosilicate melt containing water and volatile
components and having the following average chemical composition, wt.%: SiO; 48-52; Al,03 27-30;
FeO 7-10; MgO is about 2, CaO is less than 1, K20 is on average 5.8-7.0. In the Kar-4 sample, more
than 10 wt.% potassium was recorded in all inclusions (Fig.5, Table 3). The presence of a large
number of fluid inclusions in the “northern” type dodecahedroids, especially in diamond crystals of
varieties V-VII, is shown in [21, 34].

Table 2
Composition of clinopyroxene and garnet microinclusions from the Kar-15 diamond of the Bulkur site, wt.%
sio, TiO, ALO; | cro; | FeO MgO ca0 Na,0 Total #Mg
Cpx
50.6 0.69 3.01 1.82 8.04 14.3 20.6 0.67 99.73 75.98
52.0 0.48 2.58 0.84 8.69 125 22.1 0.78 100 72.00
51.1 0.56 2.84 0.89 9.49 125 20.9 0.87 99.19 70.19
52.1 0.48 3.08 1.78 7.61 12.7 20.9 1.02 99.56 74.82
55.4 0.41 8.21 1.28 6.63 8.17 16.4 2.33 98.8 68.71
56.1 0.46 6.33 1.58 4.98 11.57 15.0 3.97 99.94 80.55
54.7 0.47 6.70 1.54 5.19 12.7 14.1 4.7 100.01 81.35
55.0 0.56 5.98 131 5.73 12.1 15.2 4,13 100.04 79.03
56.3 0.54 6.20 1.60 4.46 115 15.2 4,01 99.86 82.18
54.2 0.36 6.82 1.44 4.86 13.9 12.9 5.48 99.99 83.55
54.6 0.66 5.49 1.13 6.03 12.7 15.8 3.53 99.97 78.99
55.3 0.67 5.51 1.03 5.74 12.3 15.7 3.37 99.6 79.19
54.6 0.36 6.93 1.13 4.79 14.1 12.7 5.77 100.3 83.96
54.5 0.48 6.48 1.45 5.18 12.7 14.2 4.70 99.7 8141
53.8 0.66 5.1 1.21 6.19 13.7 15.4 3.84 99.92 79.79
55.1 0.61 5.56 0.97 5.82 12.7 15.6 3.64 99.91 79.52
54.7 0.37 7.03 131 451 13.7 12.7 5.62 100 84.41
54.9 0.21 6.72 151 5.03 12.6 14.2 4,75 99.92 81.69
55.0 0.18 6.92 1.34 4.27 141 12.7 5.71 100.2 85.47
55.1 0.51 6.37 1.42 5.23 121 145 4.48 99.68 80.41
54.6 0.56 5.9 111 5.95 13.1 14.6 4.07 99.92 79.71
55.1 0.39 6.75 1.36 5.07 13.2 13.2 4,94 99.95 82.22
51.6 0.52 3.94 1.54 7.87 16.7 171 0.72 99.99 79.07
515 0.51 3.73 1.77 1.74 154 18.6 0.83 100 77.99
51.7 0.53 3.77 1.58 7.37 15.3 19.0 0.65 99.99 78.76
51.7 0.62 3.76 1.55 7.46 15.1 19.1 0.79 100 78.28
515 0.59 4.34 1.15 7.49 14.6 19.7 0.63 100 77.65
52.0 0.56 3.8 1.27 8.02 17.3 16.2 0.80 99.99 79.37
50.5 0.45 3.08 1.46 10.7 147 18.1 0.95 99.99 71.08
51.2 0.76 3.97 1.63 7.23 15.1 19.3 0.77 99.98 78.82
51.2 0.92 4.12 1.69 7.85 15.0 18.4 0.76 99.86 77.25
53.3 0.41 6.12 1.22 9.26 12.0 134 4.23 100 69.83
52.0 0.33 3.69 1.63 8.23 18.4 14.9 0.78 99.99 79.90
51.3 0.45 3.52 1.24 9.12 15.3 18.9 0.54 100.3 7491
Grt
42.3 0.25 21.1 15 155 14.9 4.43 99.99 63.2
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20 um

Fig.4. Micrographs of dodecahedral habit diamond crystals with scars
and partially crystallized melt inclusions: a sample Kar-34
in the BSE radiation (a), enlarged fragment of inclusion (b);
a sample of Kar-30 in the BSE radiation (c), enlarged fragment of inclusions (d);
a sample Kar-11 in cathodoluminescence (e);
enlarged fragments of the Kar-11 sample (f-h).
The numbers indicate the chemical analyses corresponding to the dots in Table 3

Under conditions of decreasing temperature, phases of different composition are separated
from the melt. In sample Kar-111, multiple separations of Ti-containing phases, including rutile,
are clearly recorded (Fig.5, Table 3). Heterogeneity was also revealed in sample Kar-30. Table 3
shows two groups of compositions. In the first case (points 2, 5, 6), the composition is enriched in

SiOz, Al,O3 and K>O; in the second (1, 3, 4), a decrease in the content of SiO2, Al,O3 and K20 is
observed with a significant increase in iron.
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Fig.5. Micrographs of rounded diamonds containing inclusions of a partially crystallized
melt enriched in titanium, iron, and aluminum: a — general view of the Kar-111 sample; b, c — BSE image;
d, f— general view of the Kar-4 sample and melt inclusions inside it;
e —enlarged fragment of inclusion b; Rt — rutile; Fe, Ti-oxide — Fe- and Ti- oxides.
The compositions of the individual phases are shown in Table 3

The process of transformation of aluminosilicate melt is shown most clearly using the example
of two types of diamonds: dodecahedroid with scars Kar-10-17 and diamonds of the V variety
Kar-81 and Kar-82 (Fig.6). All the separated phases in the radiation of backscattered electrons differ
in color (lighter and darker). In the first case, the formed phases are subdivided into three groups by
chemical composition. The dark part in the given inclusions has a uniform chemical composition,
wt.%: SiO2 42.0-44.1; Al>O3 26-27.1; FeO 14.2-16.9; MgO 2.15-2.54; K>O 4.73-5.46. Light zones
are characterized by an average 2.03-2.17 wt.% and a low 0.50-0.87 wt.% KO content. They show
a sharp increase in FeO, on average up to 40 wt.% (Table 4).

Diamonds V-VII according to Yu.L.Orlov classification. Melt inclusions in diamonds of the
V-VII variety (Fig.6, d, e) are characterized by a low potassium content, not exceeding 2 wt.% KO,
and a high enrichment of iron from 25.2 to 34.6 wt.% FeO (Table 4). A distinctive feature of their
composition is the stable presence of sulfates and chlorine (possibly chlorides). The main differences
in the chemical composition of melt inclusions of the considered types of diamonds are shown in
Fig.7. Melt inclusions in diamonds of dodecahedral habit with scars are more enriched in potassium,
silica and aluminum, and in diamonds of the V-VII varieties such inclusions are distinguished by a
higher iron content in the composition.

In the diamond of the V-VII varieties Kar-2, the TEM method recorded carbonatite polyphase
nanosized inclusions of low-magnesium composition, represented by phases of SiO», apatite, Ba,
Sr-carbonate, Mg, Fe, K-silicate (not diagnosed) and multiple fluid vacuoles. Amorphous silica was
also noted in this sample. Similar inclusions in alluvial diamonds of this type from the northeast of
the Siberian craton are described in the article [34].

The source of such low-magnesium carbonatite melts-solutions could be subducted rocks of
the oceanic and partially continental crust. Enrichment of such inclusions with incompatible ele-
ments may indicate the seepage of salt fluids enriched in Ba, Sr, P, Ti, K, CI, through carbonated
eclogites.
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Chemical composition of melt matter in the rounded diamond with scars and diamonds

fragments 1 and 2; d, e — inclusions in V-VII
varieties diamonds (Kar-81 u Kar-82). The numbers indicate the
points, the chemical compositions of which are given in Table 4

Fig.6. BSE images of rounded diamonds

of the “northern” type:
a —a sample Kar-10-17 (general view); b, ¢ — enlarged

of the V-VII varieties (the Bulkur site), wt.%

Table 4

Kar-10-17 (rounded diamond with scars)

Inclusion (fragment) 1

Inclusion (fragment) 2

Components - -
The dark part The light part The dark part The light part
1 3 5 6 2 4 7 1 2 3 4 5
SiO2 42.3 42.0 42.8 44.1 275 26.6 20.1 42.9 42.2 51.8 32.2 34.2
Al20s 26.0 26.2 26.9 27.1 195 19.3 11.3 26.4 26.7 215 23.1 23.6
FeO 16.8 16.9 15.7 14.2 36.7 37.7 63.6 16.3 16.6 16.2 318 29.2
MgO 2.54 2.45 2.28 2.15 3.14 3.19 n/d 2.32 2.39 1.86 3.26 3.49
Ca0 0.33 0.34 0.32 0.30 0.31 0.38 n/d 0.42 0.43 n/d 0.31 0.35
K20 4.95 491 5.02 5.46 0.87 0.50 211 4.83 4.73 8.62 2.03 2.17
ZrOz n/d n/d n/d n/d n/d n/d 2.95 n/d n/d n/d n/d n/d
Total 92.9 92.8 93.02 | 93.31 | 88.02 | 87.67 100.1 93.2 93.05 99.98 92.7 93.01
Diamonds of varieties V-VII
Components Kar-81 Kar-82
1 2 3 4 5 1 2 3 4 5 6
SiO2 37.3 375 39.2 37.9 40.9 32.7 30.9 30.3 34.9 37.3 40.0
Al20s 23.2 24.4 24.6 24.0 25.7 215 20.6 215 22.0 23.2 25.2
FeO 34.8 331 314 314 27.9 25.2 23.8 28.7 314 34.6 29.1
MgO 2.39 2.71 2.81 2.23 3.03 451 4.84 4.44 2.23 2.39 3.03
CcaO - - - - - 0.85 2.67 0.62 - - 0.19
K,O 1.85 1.50 1.10 1.84 2.07 2.00 1.93 1.79 1.84 1.85 147
SO3 0.61 0.70 0.70 0.54 0.41 0.44 0.91 0.27 0.54 0.61 0.92
Cl 0.10 0.09 0.08 0.09 0.09 0.09 0.08 0.10 0.09 0.11 0.08
Total 100.25 100 99.81 98.0 100.1 87.2 85.8 87.72 93.0 100.06 | 99.91
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1 — dodecahedrons with scars; 2 — diamonds of varieties V-VII

Isotopic composition of carbon in diamonds. The carbon isotope composition of ten diamonds
was studied: seven rounded dodecahedroids with scars and three kimberlite-type crystals — two octa-
hedrons and one crystal of transitional form from octahedron to dodecahedron with laminar face
structure. All dodecahedroids with scars showed a light carbon isotope composition, while the last
three showed a heavy isotope composition (Table 5). This indicates differences in carbon sources for
diamond formation and, consequently, different formation conditions.

Table 5
Carbon isotopic composition of diamonds from Carnian deposits

Sample number Crystal shape Color SC, %o
Kar-72 Rounded dodecahedron (scars) Colorless -19.55
Kar-85 Rounded dodecahedron (scars) Colorless -20.36
Kar-86 Rounded dodecahedron (scars) Colorless -21.93
Kar-87 Rounded dodecahedron (scars) Colorless -22.33
Kar-88 Rounded dodecahedron (scars) Colorless —24.65
Kar-96 Rounded dodecahedron (scars) Colorless -23.25
Kar-100 Rounded dodecahedron (scars) Colorless -21.27
Kar-78 Octahedron Colorless -2.34

Kar-6A Transitional form Colorless -8.82

Kar-40 Octahedroid Colorless -10.21

Research results discussion

The studied diamonds (97 crystals) represent a polygenic mixture, generally characteristic of the
northeast of the Siberian platform [11]. Among the studied diamonds, the following stand out: kim-
berlite-type diamonds; rounded dodecahedoids with scars; cuboids of the Il variety; diamonds of the
V-VII varieties.

Dodecahedroids with scars differ from other groups of diamonds. If diamonds of varieties V-VII
and I1 are typical for the entire northeast of the platform and are distributed over an area of up to
400 thousand km? [11], then the described rounded dodecahedroids in the Carnian deposits of Bulkur
differ from dodecahedroids of the rest of the territory. First of all, this concerns the high defectiveness
of Bulkur crystals, the presence of internal cracks filled with undiagnosed material, possibly epige-
netic. In the process of opening these cracks during dissolution, scars are formed along them. Similar
inclusions and scars are noted on diamonds of varieties V-VII, and the list of microinclusions in them
is also similar (see Table 2). The study of the isotopic composition of carbon of the diamonds under
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consideration showed a light isotopic composition of carbon §**C from —19.6 to —24.7 %o.. The carbon
isotope composition of diamonds is one of the most important indicators of the source of the substance
in genetic issues of diamond formation [35]. For most kimberlite diamonds, 5'3C is from —4 to —8 %o.
It is believed that peridotite diamonds and eclogite diamonds close to them in isotopic composition
were formed with the participation of mantle carbon [36]. The lighter isotopic composition of carbon
indicates more complex subduction processes. Note that diamonds from ophiolites are also enriched
in the light carbon isotope. The isotopic composition of carbon was characterized by 6**C values from
—18.8 t0 —28.4 %o [37].

In placers, the percentage of diamonds enriched in the light carbon isotope is significantly higher.
Alluvial diamonds of the V-VII varieties are characterized by 8*3Cayg from —20 to —24 % [38]. It could be
assumed that dodecahedroids with scars are the result of deep dissolution of diamonds of the V-VII
varieties, especially since they are completely similar in carbon isotope composition (Table 5) [39].
However, they differ in the concentration and forms of nitrogen aggregation (see Table 1). This type also
differs in the chemical composition of the melt inclusions contained in the diamond. Such inclusions in
dodecahedroids, compared to diamonds of the V-VII variety, are less ferrous (on average 12 and 31 wt.%
FeO), and are also more enriched in potassium (on average 5.5 and 1.7 wt.% K>0). In addition, dodeca-
hedroids are better crystallized, they have twin intergrowths, which cannot be found in diamonds of
varieties V-VII, characterized by a ballas structure [40]. Cathodoluminescence microscopy makes it pos-
sible to reveal zonal inhomogeneities in natural diamond crystals and obtain information on the growth
conditions and post-growth changes [41, 42]. The cathodoluminescence pattern in Fig.3 shows the growth
zoning of the crystal, conformal to its surface, which indicates a low degree of dissolution. Therefore, the
dodecahedral shape is probably close to the growth one and is formed in the process of rapid defective
growth. We believe that the studied dodecahedroids with scars from the Carnian deposits of the Bulkur
anticline represent a separate type of diamonds characteristic to the northeast of the platform. This type
of diamonds is closest to diamonds of the V-VII varieties, differing in a slightly higher quality structure.
In genetic terms, both varieties are close and are most likely associated with subduction. Dodecahedroids
in other placers of this region have a more perfect structure. Thus, dodecahedroids from the placer of the
Kuoika River (left tributary of the Olenek River) are characterized by jewelry quality [10].

For diamonds from placers in the northeastern Siberian platform, the authors of this article de-
veloped a classification scheme based on source types [11]: diamonds from Phanerozoic kimberlites;
rounded dodecahedroids from Precambrian sources (presumably lamproites); yellow-orange cuboids
of type Il from Precambrian sources of unknown type; diamonds of types V-VII from Precambrian
sources of unknown type; “yakutites” — diamonds of the Popigai astrobleme, present in Neogene-
Quaternary placers. Only diamonds from Phanerozoic kimberlites are accompanied by indicator
minerals, diamonds from Precambrian sources are not accompanied by indicators, or at least they
have not been reliably identified, therefore it is difficult to determine the types of their source. We
apply the same approach to characterizing diamonds from the Carnian stage of the Bulkur anteclise.
Of the total diamond population, approximately 13 % are kimberlite, 51 % are scarred dodecahe-
droids, approximately 35 % are diamonds of varieties V-VII, and the rest are cuboids. Judging by
the nature of the accompanying kimberlite indicator minerals, the kimberlite diamonds most likely
originate from Early Triassic kimberlites [11, 43]. For the remaining diamonds, the authors of this
article suggest their origin from unknown Precambrian sources.

Kimberlites, judging by the complete absence of mechanical wear of indicator minerals, diverse
granulometry and their abundance in the Carnian deposits, are located in the immediate vicinity of
the studied area [11]. However, finding them is extremely difficult due to the subsidence of the Car-
nian layer in the western directions. The presence of Precambrian diamonds is explained by the geo-
logical development of the region. From the end of the Permian, the Olenek uplift began to actively
develop, as a result of which Precambrian deposits were exposed and actively eroded within its limits,
in particular, Vendian clastic deposits, which are the most realistic intermediate reservoir for Precam-
brian diamonds throughout the Siberian platform [11]. At that time, the Predverkhoyansk trough did
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not yet exist and direct removal of clastic material, including diamonds, from the Olenek uplift to the
Bulkur anticline area took place [7]. Within the Olenek uplift, diamonds from the Upper Triassic
Rhaetian deposits, according to our research, are similar to those from Bulkur [3]. Geological reor-
ganization of the region began at the end of the Mesozoic with the formation of the VVerkhoyansk fold
system, as a result of which the Bulkur region was separated from the Olenek uplift by the Pred-
verkhoyansk trough. A geomorphological trap likely existed in the Bulkur region, resulting in the
accumulation of a large number of diamonds here, whereas along the Carnian continuation in both
directions from Bulkur, the number of diamonds decreases.

According to some researchers [4], the source of Carnian diamonds is Triassic kimberlites. Triassic
dates have been obtained for kimberlite-type zircons [44], but this fact does not provide any evidence
of the diamond potential of kimberlites. In this article, we assume a Precambrian age of the primary
sources and their inclusion in Triassic and younger placers as a result of the erosion of Proterozoic
coastal-marine deposits within the Precambrian projections, in particular on the Olenek uplift [11]. The
proposed interpretation of the diamond potential of the Carnian stage within the Bulkur anticline fits in
completely with the overall picture of the diamond potential of the Siberian platform [11]. In practical
terms, both small-scale placer diamond potential and primary diamond potential are possible in the
Bulkur anticline area. But its implementation is extremely complicated by the nature of the explora-
tion situation, caused by the immersion of the productive layer in the western directions.

Conclusion

A polygenetic pattern based on typomorphism and source types has been proposed for Carnian
diamonds. A type of kimberlite diamonds associated with Phanerozoic kimberlite bodies has been
identified, along with three types of diamonds not typical of kimberlite bodies and associated with
Precambrian sources of unknown type. The source type cannot be determined because the diamonds
are not accompanied by corresponding indicator minerals, and conclusions can only be drawn from
the diamonds themselves. Most of them have a light carbon isotope composition, suggesting a possible
connection between their source and subduction processes.

Based on comprehensive studies of diamonds from Carnian deposits of the Bulkur anticline,
a new type has been identified — rounded dodecahedroids with scars, which differ from dodecahe-
droids in the rest of the placer diamond field. This distinct type of alluvial diamond is likely charac-
teristic to the northeastern Siberian craton.

It is assumed that the primary sources of the studied dodecahedral diamonds were Precambrian
in age, and their inclusion in Triassic and younger placers can be explained as the result of erosion of
Proterozoic coastal-marine deposits within Precambrian indentations, particularly on the Olenek
uplift. This interpretation of the diamond potential of the Carnian stage within the Bulkur anticline is
consistent with the general understanding of the diamond potential of the Siberian platform [11].

The authors thank Dr. Richard Wirth (GFZ Helmholtz Centre for Geosciences, Potsdam, Ger-
many) for the research by TEM.
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