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Abstract. The article presents the results of the first comprehensive study of mineralogical and spectroscopic (IR, PL,
EPR) characteristics of diamonds from the Lomonosov mine (Arkhangelskaya pipe) with a unique pink, pink-violet
colour. It is shown that all crystals belong to the IaA type, with a total nitrogen content in the range of 500-1500 ppm,
with a low degree of aggregation. The colour is heterogeneous, concentrated in narrow twin layers. It is presumably
caused by the previously described M2 centres. The colour shade is affected by the content of P1 paramagnetic centres
(C-defect). A positive correlation is observed between the colour saturation and the intensity of #7 paramagnetic cen-
tres. A convergent model of the formation of pink diamonds is assumed, according to which the determining factors
are the ratio and concentration of structural impurities in the diamond, its thermal history, and conditions of plastic
deformation, and not the origin of the diamond and the petrochemical properties of its host rocks.
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Introduction. Diamonds in Fancy Pink and Fancy Purple-Pink colours are among the most ex-
pensive ones. The combination of a pink shade or colour with gem quality is so rare that it makes
such diamonds unique. There are only six mines in the world with small but consistent finds of pink
and purple diamonds. In Russia, pink and pink-violet diamonds are found in the Lomonosov mine
and in the Internationalnaya pipe. Previously, using the examples of mines in Australia (Argyle),
India, and Tanzania, several mechanisms for the formation of pink and purple colours were proposed,
but the conditions for their occurrence have not yet been determined.

Several types of pink diamond colour are known [1-3]. They differ in their absorption spectra
[4, 5] — either a broad structureless band in the region of 550 nm, or absorption systems with zero-
phonon lines at 575 and 637 nm [6, 7]. The absorption systems at 575 and 637 nm belong to the
nitrogen-vacancy centres NV® and NV, respectively [3, 8]. The pink colour of the first type is
heterogeneous. In crystals it is localized in individual lamellae induced by plastic deformation
[9-11]. The pink colour of the second type is less intense, but homogeneous. This nature of colour
was found in some historical diamonds of India. Diamonds of this type have very low nitrogen
concentrations [2, 4, 12]. In nature, such crystals are extremely rare, but for synthetic stones
a technique was developed for obtaining a pink colour, associated specifically with the NV° and
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NV centres. On the contrary, the absorption band at 550 nm cannot yet be reproduced when grow-
ing artificial diamonds [13].

Pink diamonds due to the absorption band with a maximum of 550 nm, in turn, are divided into
two types, differing in morphological features, spectroscopic characteristics, and association with
certain mines [3, 9]. Their main difference is the concentration of nitrogen in Nyt and the degree of
its aggregation Np, i.e., the ratio of nitrogen in the form of B-centres Np (four nitrogen atoms and
a carbon vacancy) to the total concentration of nitrogen — in the form of B and A4-centres Na (two
neighbouring nitrogen atoms in carbon positions of the crystal structure). The first type is known
from diamonds from the Argyle pipe (Australia) [5, 11, 14], and similar diamonds also come from
placer deposits in Venezuela [10]. The total nitrogen content in them is usually low, to 250 ppm, and
the degree of its aggregation is high, the Ng/Na concentration ratio is greater than unity (IaA < B),
often multiple. The colour is distributed unevenly throughout the crystals; it is mainly concentrated
in layers — lamellas, often wavy, as well as in spots [13, 15]. There is no consensus among researchers
about the mechanism of the appearance of pink colour [4, 10, 16].

The second type of pink diamond (IaA >> B), the colour of which is also determined by the
550 nm absorption band, is found in mines of Russia [3, 7, 17] (Internationalnaya, Arkhangelskaya,
Karpinsky-1 pipes), South Africa [12], and Canada [8]. The total nitrogen content in crystals of this
type is from 300 to 1200 ppm or more, and the Np/Na ratio is less than unity [8, 14]. The source for
the colour of these crystals is studied in much more detail than for diamonds from the Argyle pipe,
and is described in detail in [6, 7]. The pink, often with a violet shade, colour is concentrated in
thin layers along {111}, in a twin orientation with respect to the main volume of the crystal. The
colour intensity correlates with the concentration of the paramagnetic centre M2 contained in these
microtwin layers, which has a deformation nature. It is likely that the M2 centre appears in the
visible range as a colour centre and is responsible for the emergence of the 550 nm absorption band
[3, 16]. The centre is formed by two nonequivalent nitrogen atoms separated by three carbon atoms,
with the nitrogen atoms located along the (001) direction, forming opposite vertices of a polyhe-
dron, similar in configuration to an octahedron with reduced symmetry [6, 16].

Pink, pink-violet crystals were found in the Arkhangelskaya and Internationalnaya kimberlite
pipes [3], which according to the petrochemical classification [ 17] belong to low-titanium type rocks
(Ti02 <1 %), and in the Argyle lamproite pipe. Based on a number of petrological and geochemical
characteristics [18, 19], low-titanium kimberlites are close to lamproites. A similar formation trend
is assumed — olivine lamproites of the Argyle pipe — Al-kimberlites of the Zolotitsky field — Al-
kimberlites of the Internationalnaya pipe [8, 19, 20]. Many works associate the defect and impurity
composition of diamonds [14, 21-23], habitus [17, 24], the external appearance of diamond crystals,
and the conditions of their formation and occurrence in mantle rocks [25-27].

This work studied the morphological and spectroscopic characteristics of pink-violet diamonds
from the Arkhangelskaya pipe of the Lomonosov mine. The purpose of the study was to determine
the features of the external and internal structure of diamonds formed in the post-growth period as
a result of mechanical and temperature influences, as well as to assess the composition of structural
defects and their possible effect on the pink colour of the crystals.

Research materials and methods. Seven pink diamond crystals of various shades and satura-
tions from batches of commercial mining of the Arkhangelskaya pipe in 2010-2020 were studied.
(Fig.1, a). A mineralogical description was made, studies were carried out using infrared (IR) and
photoluminescence (PL) spectroscopy, as well as electron paramagnetic resonance (EPR). The sys-
tematics of structural defects is given according to [17, 21, 25]. Sample 1784-8-1 was polished after
spectroscopic studies, which made it possible to obtain an absorption spectrum in the visible region.

The morphology of the crystals was studied under a Motic SMZ-143 binocular with a UV
illuminator box (365 nm). The recording of IR spectra was carried out on a Vertex-70 Fourier spec-
trometer (Bruker) with a Hyperion-1000 microscope. The total nitrogen concentration (Ni) and
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Fig.1. Studied diamond crystals from the Arkhangelskaya pipe:
photos and images of photoluminescence of crystals when excited by a 405 nm laser

1 —sample 1784-8-1; 2 — sample 1784-41-2; 3 — sample 1784-41-6; 4 — sample 1784-41-11; 5 — sample 1784-41-14;
6 — sample A0058-1; 7 — sample 1797-3

the fraction of nitrogen in the form of B defects (N, %) were calculated using known proportionality
coefficients. The lower limit for the detection of nitrogen in B form is 5-7 %. The B’ band with
a maximum in the region of 1360 cm' also indicates the presence of B defects. Planar B' defects
(platelets) are composed of interstitial carbon atoms, the concentration of which is proportional to the
amplitude of the ap’ band, and the position of the band maximum depends on the size [14]. The pres-
ence and relative content of hydrogen-containing centres was determined in accordance with [28].

The absorption spectrum in the visible region was obtained using a LOMO MSFU-K micro-
scope-spectrophotometer. PL spectra were recorded on an InVia spectrometer (Renishaw) with exci-
tation by lasers of 405, 488, and 785 nm with an objective (x5) at a temperature of 77 K [29].

EPR spectra were recorded on a CMS-8400 spectrometer in the X-band (~9.4 GHz) at a modu-
lation amplitude of 0.1 mT, a modulation frequency of 100 kHz, and a microwave radiation power of
0.2 and 5 mW. The samples were adjusted in L4 || H according to the angular dependence of the P1
centre; shootings were made with significant accumulation (to 75 scans).

Research results. The studied samples are represented by dodecahedroids and crystals of com-
bination shape with manifestations of octahedron faces. Pink crystals of octahedral habit in the Ar-
khangelskaya pipe are rare; their finds during the entire period of mining of the pipe are singular. The
morphology of the crystal surface is specific. Its main feature is the strong influence of plastic defor-
mation (Fig.1, a). All crystals are formed by a tangential growth mechanism and have a thin-layered
structure, expressed in the surface morphology by a sharp concentric hatching around the L3 axes.
Lamellae of plastic deformation are also observed in two or three crystallographic directions (Fig.2).
Superimposed sharp shifts of lamellae of plastic deformation penetrate the entire volume of the crystal
and are observed on the surface from opposite sides in the form of parallel stripes and steps, together
with the main shading they form a large block topography. The resulting steps often go deeper into
the gem volume. The surface of the blocks is matte (covered with fine shagreen) (Fig.3). According
to these characteristics and the degree of their expression, pink crystals differ not only from colourless
and yellow ones, but also from brown crystals, also subjected to plastic deformation. Almost all crys-
tals have large protomagmatic and minor technogenic chips. When viewed in polarized light, areas
with internal stresses and characterized by anomalous birefringence are clearly visible. Signs of linear
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Fig.2. Plastic deformation planes in pink-violet diamond 1784-8-1:
a —boundary of the ground area and the crystal surface (macrophotography);
b — emergence of a plastic deformation band on the crystal surface (micrograph)

colour dichroism appear when viewed in differ-
ent orientations relative to the directions with the
most pronounced lamellae of plastic defor-
mation.

Visual photoluminescence (under a 365 nm
UV lamp) of moderate intensity is manifested in
yellowish or yellowish-bluish shades (see Fig.1, b).
Low-intensity systems N3, 491 nm, H3 are ob-
served in the PL spectra upon excitation with
a 405 nm laser.

Fig.3. Matte surface (micrograph of sample A0058-1) When excited by a 488 nm laser, an intense

H3 system with a zero-phonon line at 503 nm,
a peak at 612 nm, and a wide structureless band with a maximum at about 720 nm is recorded in the
spectra of all samples. The relative intensities of these systems vary widely, both between crystals
and within the volume of some samples. Peaks at 700, 787, 926 nm are recorded in the spectra of
most crystals; in some samples — 523, 694 nm. If the 787 nm line is recorded in the spectrum excited
by a 488 nm laser, then the phonon wing of this system determines the shape of the spectrum when
excited by 785 nm, and the high intensity of the 926 nm line is noted. In samples 1797-3 and 1784-
41-14, a system with maxima at 868, 895, 923, 952,983, 1018 nm (energy shift 0.042 ¢V) is observed.
In other samples this system is not observed, probably against the background of the phonon wing
of the 787 and 926 nm systems. This set of PL features is typical for crystals with plastic defor-
mation [29]. When excited at 785 nm, a system with a maximum at 986 nm (H2) is observed in the
spectra of all crystals. The uneven volume distribution of luminescence in some crystals is shown
in Fig.1, b. Crystals 1784-8-1, 1784-41-2, 1784-41-6 have uniform green PL of the H3 system, and
in samples 1784-41-11 and 1784-41-14 there are regions with dominance of both red luminescence
(720 nm band) and a brighter green one. The results of studies using IR, EPR, and PL spectroscopy
methods are given in the Table.

In the IR absorption spectra of most samples, only the nitrogen A-defect and the 3107 cm™! line
with satellites, corresponding to the hydrogen-containing centre VN3H [28] (Fig.4, a), are revealed.
In four samples, a band with a maximum at around 4160 cm™! is observed; the Table shows its ampli-
tude. This band is the “amber” centre; it is typical in the spectra of brown crystals with signs of plastic
deformation. The IR absorption spectra of four crystals reveal additional peaks at 3311, 3189, 3154,

718
This is an open access article under the CC BY 4.0 license



EDN NYGZOX Journal of Mining Institute. 2023. Vol. 263. P. 715-723  E:4%:Am

© Galina Yu. Kriulina, Sergei V. Vyatkin, Evgenii A. Vasilev, 2023 2

u
R
[=] 2l

3144, 3050 cm™'; the amplitude of peak 3154 (asi1s4) is given in the table. This set is typical for
a diamond without B-defects from the Arkhangelskaya and Karpinsky-I pipes [18]. All diamonds
with a pink and violet-pink shade are medium-nitrogen and high-nitrogen with a very low degree of
nitrogen aggregation into the B-defect (Fig.4, a, table). The B’ band was not detected in the spectra
of two crystals. In the spectra of three crystals, it had an amplitude of less than 1 cm™!, which indicates
a very low concentration of B-defects; they are not observed in the spectra.

Results of crystal studies using IR, EPR, and PL spectroscopy

Samples
Study
1784-8-1 1784-41-2 1784-41-6 1784-41-11 1784-41-14 A0058-1 1797-3
Diamond Pink Purple Pink Purple Pink Purple Purple Dark Purple Pink Light purple pink
colour
Weight, mg 8 5,5 5,5 8 7 70 45
Niot, ppm 1146 850 990 1330 840 570 540
Na, ppm 1015 800 990 1330 840 492 420
Ns, ppm 130 - - - - 108 120
Ns, % 11 - - - - 19 22
ap/ve, cm! 0.3/1380 - - 0.8/1382 0.5/1377 2.5/1365 4.6/1365
a3107, cm! 7,0 10.8 13.5 6.1 6.5 0.15 0.12
a4160, CI! 0.12 0.1 0.2 — 0.41 — —
a3154, cm! 0.16 0.44 0.6 0.28 - - -
EPR centres” | P1, W7, N2, M2 |W7, P1, N2, M2| W7, P1, N2, M2| W1, P1, N2, M2|W7, N2, P1, M2 | P1, M2, M5 | P1, N2, W7, M2
Aex =488 nm™ |H3, 612, 720w, | H3, 612, 720w, | H3, 612, 720w, | H3, 612, 720w, | H3, 612, 720w, | H3,720w | H3, 612, 580w,
694, 700, 787, | 694, 700, 787, | 694, 700, 787, 694, 700, 787, 720w
926 926 926 926
Aex=787nm"™ | 926,904,986 | 926,904,986 | 926, 904, 986 986 926, 986 820/896/925 986
* A paramagnetic centre was identified that is dominant in intensity in the P1-W7 pair.
** The most intensive systems are in bold, and the least intensive systems are in italics.
*** 720w — wide band with a maximum at 720 nm, 580w — with a maximum at 580 nm.
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Fig.4. Absorption spectra of pink diamonds from the Arkhangelskaya pipe in the IR (a) and visible (b) regions

In the absorption spectrum in the visible region (Fig. 4, b), obtained after polishing sample 1784-
8-1, a wide band appears in the region of 550 nm, which determines its pink colour, as well as a side
absorption wing in the short-wave part of the spectrum, due to the presence of C-defects.

Discussion of the results. The pink colour in the studied samples is heterogeneous. It is concen-

trated in thin layers along {111}, coinciding in orientation with the bands of plastic deformation (see
Fig.2). Areas with bending, “wavy” stripes of colour distribution, or with a “spotty” character described
for crystals from the Argyle pipe [13], were not found in the studied samples. The layers of intense pink
colour are confined to the lamellae of plastic deformation revealed in the topography, as can be seen in
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the example of polished sample 1784-8-1 (see Fig.2, a). The reason for this relationship is revealed with
further magnification: visually observed bands of plastic deformation mark crystal areas with a microt-
win structure (see Fig.2, b). The matte surface (fine shagreen) of some blocks is explained by the inter-
section of plastic deformation structures (see Fig.3).

Thus, the microstructure of the distribution of pink colour and the present violet shade in the
studied diamond crystals corresponds to the colour model described in [3, 16], i.e., its concentration
in thin plates in twin orientation [6, 10].

The results of the absorption study in the IR region are fully consistent with the identified colour
distribution model. All samples have a nitrogen content of about 500-1500 ppm, which is significantly
higher than the typical range for Argyle pipe diamonds (less than 250 ppm). At the same time, two
pink samples (A0058-1, 1797-3) have a lower content of total nitrogen (700 and 540 ppm, respec-
tively), and for more intensely coloured purple ones (2-5 in Fig.1, a) N 1s in the range of 950-
1500 ppm. This correlation is violated by the weakly coloured crystal 1784-8-1 (1 in Fig.1, a), for
which Nt = 1010 ppm. All studied diamonds belong to group [aA (A > B), the N value is less than
22 %. A high total nitrogen content (Na + Ng), a low degree of aggregation of centres into the
B-form, and an increased concentration of C-defects (N") in crystals of the octahedron — dodecahe-
droid series are typical for most colourless and yellow diamonds from the Lomonosov mine [17, 21].
For most samples, high relative contents of hydrogen-containing VN3H centres were noted.

M2 centres, formed as a result of plastic deformation and presumably being centres of pink col-
our, were found in all samples. Paramagnetic centres P1 were also found in all samples (Fig.5, Table)
[16]. The paramagnetic centre P1 is a single substituting nitrogen atom (C-defect). Due to the low
concentration, C-defects in the studied diamonds are detected only by EPR. C system (main peak at
1130 cm™") does not appear in the IR absorption spectra. In the diamonds of the Lomonosov mine
C-defects affect the perception of violet and pink colours: absorption in the short-wave part of the
spectrum reduces the proportion of cold tones in the colour balance, shifting the resulting colour
closer to warm pink. At first glance, additional absorption in the short-wave part of the visible region
(see Fig.4, b) should make the crystal darker, but the opposite effect is observed. Samples 1784-8-1,
A0058-1, and 1797-3, in which the EPR centre P1 (C-defect) is most pronounced, are lighter (see
Table). This can be seen in Fig.1, a.

In the table, the paramagnetic centres that dominate in intensity in the P1-W7 pair are in bold.
The W7 centre is a ring consisting of four carbon atoms and two nitrogen atoms located in opposite
areas. According to modern concepts, W7 centres are formed from A centres during plastic
deformation of diamond crystals, with a local decrease in the symmetry of the crystal, being one of
the main markers of this process [3, 16]. Based on the fact that the M2 centres also have a
deformation nature [16], it seems logical to have a positive correlation between the intensity of the

a b
500 300 2
B | . 100
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5 wi! MwwM ; W i 5 ] Mwu/
B 3320 1; 3360 “A‘ W VAW 3440 B 3320 3360 (3400 l[\““ 3440
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' Pl . ' Pl
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500 s - M2 300 ‘ = M2
. M5

Fig.5. EPR spectra of the studied diamonds: a — pale pink crystal A0058-1;
b —more intensely coloured crystal 1784-41-14

720
This is an open access article under the CC BY 4.0 license



EDN NYGZOX Journal of Mining Institute. 2023. Vol. 263. P. 715-723  E:4%:Am
© Galina Yu. Kriulina, Sergei V. Vyatkin, Evgenii A. Vasilev, 2023 i 8

2l

lines of the W7 centre as a marker of plastic deformation, and the saturation of the pink-violet
colour. However, it should be taken into account that W7 centres are formed in a much wider
temperature range compared to M2 centres and are found much more often in different types of
diamonds. The above-mentioned division of the studied crystals according to colour intensity fully
corresponds to the compositional features of the paramagnetic centres in them. For example, EPR
spectrum of sample A0058-1 (Fig. 5, a) has a noticeably higher intensity of the lines of the P1
centres (single substitutions of carbon with nitrogen) compared to the lines of the W7 centre, its
colour is lighter and more pink. The opposite correlation, for example, for crystal 1784-41-14
(Fig.5, b), leads to a more saturated violet colour.

Also, crystals with C-defects are characterized by the H2 PL system [1, 12], which was found in
all samples. The H2 defect is an ionized H3 centre [12]. Apparently, the H2 defect arises from the
interaction of two NV centres, which are characterized by high mobility [6]. Previously, the presence
of C-defects in pink diamond was revealed when studying the photochromism of crystals with a high
proportion of B-defects [1, 5]. One of the sources of C-defects is the destruction of B-defects during
plastic deformation, with the formation of C, H3, N3 defects [12, 18, 30]. Thus, both pink crystals
without B defects and crystals with a high proportion of nitrogen in the B form (from the Argyle mine)
have C defects that contribute to the perception of pink colour.

The ratio and concentration of nitrogen and hydrogen centres in diamonds from the Lomonosov
mine are close to those in purple diamonds from the Internationalnaya kimberlite pipe. The 550 nm
absorption band is the reason for the pink colour not only in the studied diamonds of the Arkhan-
gelskaya kimberlite pipe, but also in the diamonds of the Argyle lamproite pipe, which differ from
them in many characteristics [2, 5, 8]. It should also be noted that there is a similarity in the uneven
distribution of colour caused by the 550 nm band for diamond crystals from both kimberlite and
lamproite deposits. A comparison of this factual material allows us to assume about the convergent
nature of pink diamonds, which depends to a much greater extent on the nature of plastic deformation
and the PT conditions of its occurrence than on the origin of the diamond and the properties of its
host rocks. At the same time, an unambiguous sign of the petrochemical similarity of the mentioned
diamond pipes — low TiO2 content — becomes understandable in the light of [19, 20], where low
titanium content is considered as an indicator of high pressure during the kimberlites formation. Most
kimberlite bodies in the Yakutia diamond province have a moderate content of titanium oxide (TiO>
1-2.5 wt.%) and large depths of origin of both diamonds [20, 24, 31] and proto-kimberlite magmas
[25, 32, 33], therefore, higher temperatures of post-crystallization annealing [24, 34, 35], including
during the movement of diamond-bearing rocks to the surface. High temperature and lower pressure
contributed to the plastic deformation through the mechanism of dislocation sliding with the for-
mation of brown diamonds, characteristic of 25-50 % of crystals from the Udachnaya, Zapolyarnaya,
Komsomolskaya kimberlite pipes [24, 25, 31].

Thus, the observed empirical pattern of diamonds distribution according to the presence of pink
colour with TiO> content in diamond-bearing rocks is a consequence of the influence of the main
factor — pressure and temperature conditions. An example of the influence of PT conditions is the
Lomonosov mine (Arkhangelskaya and Karpinsky-1 pipes), which belongs to the low-titanium type
of kimberlites and contains pink-violet diamonds, and the Grib mine, which belongs to the moderate-
titanium type of kimberlites [19] and does not contain pink and purple diamonds, despite the spatial,
geological, and temporal proximity of these mines [36-38], as well as the general similarity of min-
eralogy and defect and impurity composition of diamonds [17, 39].

Conclusion. The studied pink and pink-violet diamonds from the Lomonosov mine are medium-
and high-nitrogen, with a low degree of aggregation of nitrogen centres and belong to the [aA > B
group. In all crystals, P1 (C) and M2 centres are identified by the EPR, and nitrogen-vacancy systems
H3 and H2 are identified from the luminescence spectra. The pink colour is heterogeneous, concen-
trated in thin layers along {111}, coinciding with the lamellae of plastic deformation of the crystals.
M?2 centres, presumably pink colour centres, were found in all samples. A positive correlation was
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observed between the intensity of the lines of the W7 paramagnetic centre as a marker of plastic
deformation and the saturation of the pink-violet colour. The colour shade is associated with the in-
tensity balance in the P1-W7 pair of paramagnetic centres. The presence of Pl centres (C-defects)
causes absorption in the short-wave part of the visible region, giving the colour a warm shade. Violet,
cold-shaded crystals are characterized by the dominance of the W7 paramagnetic centre.

The formation of pink and pink-violet diamonds is of a convergent nature: the presumed M2
colour centres are concentrated in microtwin lamellas, the formation of which requires certain PT
conditions for the plastic deformation (relatively low temperatures and directed pressure). The ap-
pearance of pink diamonds in a particular mine depends to a greater extent on the presence of these
conditions than on the origin of the diamond and the properties of its host rocks.
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