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Abstract: Carbonado is a specific variety of diamonds, typical representatives of which are distributed
in the diamond placers of Central Africa, Brazil, and Venezuela. Carbonado consists of the micro-
crystalline aggregates of diamonds, with inclusions of mineral matter. These aggregates appear as
fragments that are rounded to varying degrees. Carbonado has been known for a long time, but its
primary sources have not been found and its genesis remains unclear. We have substantiated the
hypothesis that the most probable precursor of carbonado is shungite. Shungite is a specific form
of non-crystalline, non-graphitic, fullerene-like carbon. Shungite rocks, currently known in Karelia
(Russia), are natural microdispersed composite materials containing shungite—carbonaceous matter
and mineral components of different compositions. The content of carbonaceous matter in shungite
rocks is from less than 10% to 98%. The carbon isotopic composition of shungite is light §13C from
—25%0 to —40%o.. The age of shungite rock is more than 2 billion years old, but earlier shungite was
probably much more widespread. Known shungite rocks are more than 2 billion years old, but earlier
shungite was probably much more widespread. Shungite rocks could recrystallize into diamond rock
upon subduction to high pressure and temperature. The diamond rocks could then be exhumed to
the Earth’s surface, where they could undergo disruption and reworking with formation of those
very fragments that are known as “carbonado”.

Keywords: diamond; carbonado; shungite; subduction; exhumation

1. Introduction

Carbonado is a black micropolycrystalline variety of diamond containing numerous
inclusions of various minerals. The term was coined by Brazilian miners in 1840 to describe
the black, brown, gray, irregularly shaped diamond outcrops that differ sharply from
ordinary diamonds [1]. Carbonado was later found in Venezuela and in the Central African
Republic. In recent decades, there have been reports of polycrystalline diamonds attributed
to carbonado in other locations and different geological settings [2-8]. Debye rings on X-ray
radiographs (lauegrams), indicating micropolycrystallinity, served as the main diagnostic
sign of carbonado. As a result, a variety of microcrystalline diamond varieties differing
in origin, properties, and age were attributed to carbonados, which resulted in complete
uncertainty in the genesis of carbonados. Thus, yakutites found in placers of the north-
eastern Siberian Platform [9] were called “carbonado with lonsdaleite” [2,10], which led
to the assumption that carbonados are related to impact events. However, it was already
stated in the paper [5] that yakutites are not carbonado, and the genesis of carbonado is
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not clear. B. Smith and J. Dawson also suggest the connection of carbonado with impact
events [4]. H. Kagi and F. Kaminsky assume the role of a radiogenic factor [11,12]. A
similar point of view is expressed by [13]. References [3,7,8,14] indicate that carbonados
are present in Phanerozoic kimberlites and are associated with the upper mantle, but again,
the diagnosis is based only on the microgranularity of these diamonds. F. Kaminsky and E.
Francesson formulated the viewpoint of a crustal source of material for carbonados [15]. A
similar point of view is formulated in [16]. Carbonados were also noted in the avachites of
Kamchatka [6]. Regarding diamonds in Kamchatka, it should be noted that no diamond
finds in association with volcanoes have been reproduced, and if the genetic hypotheses
formulated in connection with these “finds” were real, Kamchatka would be studded with
diamonds [17]. Carbonado age estimates from published works vary from Phanerozoic
to deep Precambrian, but the Pb-Pb ages of quartz and rutile inclusions in a Brazilian
carbonado have an isochron age of 3315 £ 720 Ma, and an age of 3811 £ 1800 Ma has been
determined for the carbonado matrix; the ages of Brazilian carbonados are indicated to be
consistent with those of African carbonados [18].

The cited literature strongly suggests that many reported carbonado occurrences do
not comprise real carbonado. As a result, there remains some confusion regarding the
genetic hypotheses and geological setting for carbonado formation.

In this regard, the very term “carbonado” must be clearly defined before any char-
acterization study is carried out. In our opinion, only the typical carbonados from Brazil,
known since 1840, can be called carbonados. Other “carbonado” occurrences need to be
verified in a comprehensive comparison with these ones. Carbonados are endemic. Within
Gondwana, the area of the distribution of carbonados in Brazil and Africa was unified,
and only after the breakup of Gondwana and the opening of the Atlantic in the Mesozoic
was this area divided. The polycrystalline diamonds that are completely similar to typical
carbonado diamonds are not found anywhere in the world (at least, there is no reliable
information about such finds). If one is to claim to find carbonados outside the present area
of their distribution, it is necessary to show a full analogy with typical carbonados using a
wide range of studies.

S. Haggerty also studied carbonados from Brazil and Africa [19,20]. In these papers,
he describes carbonados in detail and also provides the most comprehensive review of
hypotheses regarding the genesis of carbonados. S. Haggerty distinguishes five groups
of hypotheses:

Meteoritic impact [4];

Growth and sintering in the crust or mantle [21-25];

Subduction [16,26,27];

Radioactive ion implantation of carbon substrates [11-13,28-30];
Extraterrestrial [19,31].

G LN

He notes that although carbonado is well studied, its genesis remains unknown.
Regarding his hypothesis, S. Haggerty points out that it will be confirmed only by the
discovery of carbonados in the asteroid belt via remote sensing or by finding a diamond
meteorite corresponding to a carbonado.

We also believe that the issue of carbonado genesis is still unsolved and propose our
hypothesis of carbonado formation. In this article, the typical carbonados from Brazilian
placers are described, and on the basis of these studies, the most probable precursor of
these diamonds is determined, and their genesis is discussed. Only data from the literature
that relate to genuine carbonados are used.

As it was stated above, the carbonados are found only in the placers of Brazil,
Venezuela, and Equatorial Africa. The size ranges from a millimeter to several centimeters;
the largest carbonado found in Brazil weighed 3167 carats [1]. As a rule, it is porous. The
pores, both on the surface and inside, are occupied by a variety of minerals, the list of which
is very extensive and varies among various authors. Thus, according to the data of [18],
rutile, florensite, quartz, zircon, and clay minerals are described, which indicate a crustal
source. F Trueb et al. [18,32] diagnosed allanite, anhydrite, galena, helenite, hematite,
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goethite, ilmenite, kaolinite, cassiterite, quartz, covellite, monazite, orthoclase, parisite,
perovskite, pseudomalachite, rutile, serpentine, chloritoid, chromospinelide, zircon, and
florensite. A.I. Gorshkov and his colleagues describe goyacite; rutile; nugget metals—iron,
chromium, Fe-Cr solid solutions, titanium, copper, gold, silver, and a solid solution of
gold and silver; and argentite sulfide as inclusions [14,33]. F. Kaminsky identified gar-
net, apatite (including fluorapatite), phlogopite (or high-silica), SiO,, and Ca-Mg-Sr- and
Ca-Ba-carbonates; halides (KCI and BiOCl); nugget Ni and metal alloys (Fe-Ni, Cr-Fe-Mn
and Pb-As-Mo); oxides (FeO, Fe-Sn-O, TiO,, SnO,, and PbO,) and Fe-sulfides; and fluid
inclusions [34]. The following nitrides were also found: Ti3CulN, TiCuNy, and Cu3N [35].
The inclusions of highly baric minerals typical of mantle diamonds from kimberlites were
not identified. The carbon isotopic composition of carbonado is light 6'3C 27.8 %0—28.1%,
as reported in [36], and 29.2 and 30.6%o, as reported in [37]. The density varies from 3.13 to
3.46 g/cm? depending on the degree of porosity [37]. The age of the carbonado is Archean,
and available isotopic dating indicates ages greater than 3 billion years [38].

In this study, the results of our research on true carbonados from Brazil are shown,
and a new hypothesis regarding the genesis of carbonados is proposed, which consolidates
known information about these unusual diamonds in a consistent manner.

2. Materials and Methods

Research was carried out on our collection of carbonados from Brazilian placers,
totaling five samples. The specimens were donated to us by a Brazilian colleague in 2013;
their exact location within Brazil is not known.

The morphology of the samples was investigated via optical microscopy. A MIRA 3
LMU scanning electron microscope (Tescan Ltd., Brno, Czech Republic) was used at the
Institute of Geology and Mineralogy of the Siberian Branch of the Russian Academy of Sci-
ences to study the microrelief. The surface of the samples was cleaned in an autoclave [39],
which allowed us to “look” into the pores cleaned from minerals on the surface of the
samples using a scanning electron microscope.

To study the orientation of carbonado subgrains, diffraction analyses of electron
backscattering (EBSD) were used at MQ University, Australia, in 2014. To carry out
investigations with this method, a plate was laser cut from one of the samples (Figure 1
bottom right) and polished. Operating at 20 kV, a working distance of 10 mm and a
sample tilt of 70° in the high vacuum mode were used on carbon-coated samples. Patterns
were acquired on rectangular grids by moving the electron beam at a regular step size of
1 micron.

Figure 1. Morphology of the studied Brazilian carbonado specimens (collection of the Institute of
Geology and Mineralogy of the Siberian Branch of the Russian Academy of Sciences).
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The X-ray diffractometer BrukerDUO (MoK«x-radiation, graphite monochromator,
and CCD-detector) at the Institute of Inorganic Chemistry, Siberian Branch of the Russian
Academy of Sciences, was used to examine the ~0.5 mm sample.

The photoluminescence (PL) spectra were measured at the Institute of Geology and
Mineralogy of the Siberian Branch of the Russian Academy of Sciences using an SDL1
luminescence spectrometer with excitation from a pulsed Nd:YLF DPSS laser DTL-399QT
at 527 and 351 nm. To record the PL emission, we used a cooled FEU83 photomultiplier,
which is sensitive within the 350 to 1200 nm range. The PL spectra were measured at liquid
nitrogen temperatures using a metal vacuum cryostat with quartz windows.

EPR spectra were measured at the Institute of Geology and Mineralogy of the Siberian
Branch of the Russian Academy of Sciences at room temperature (RT) and on a Radiopan
SE/X 2543 spectrometer with a built-in NMR magnetometer. The output EPR signal was
digitized with a custom-made 16-bit ADC that interfaced with a PC. When the spectra of
defect centers with narrow lines were collected, microwave power was reduced to avoid
any signal saturation. The amplitudes of 100 kHz with respect to modulation and the gain
coefficients (K) used for EPR signal detection were selected as 0.025 G, K=5 X 10% and
0.32 G, K =2 x 103 for the central region of EPR spectra (g~2.002) and triplet-type defects,
respectively. A computer simulation of the EPR spectra was performed using the EPR-
NMR program, which allows modeling transitions AMg = 1, 2 with correct intensity ratios
between them. The total spin concentration was compared with the spin concentration in
the reference sample (DPPH powder with 5 x 10'° spins). A comparison was performed
using the double integration of the EPR spectra.

3. Results
3.1. Carbonado Morphology

The studied samples, 3-9 mm in size, have the form of irregularly shaped fragments.
The fragments are variously rounded, and some are egg-shaped (Figure 1).

The color of the sample is black, brown, or dark gray. The size of diamond crystallites
comprising the carbonado, according to EBSD data, is different within the sample—from
the first tens of microns to submicroscopic. All samples show pores filled with mineral
matter on the surface. One of the samples was cleaned in an autoclave to remove the
substance from the pores [39]. Octahedral diamond crystals the size of a few microns are
visible on the pore walls after the removal of minerals (Figure 2).

3.2. EBSD

Via the EBSD method, it was found that crystallites on the surface of the polished
plate have an area of 10-60 um? and are irregularly shaped, and large and small grains are
grouped in clusters throughout the sample (Figure 3).

Some grains show signs of plastic deformation in the form of fragmentation into sub-
grains, with maximum angles of disorientation up to 7°. No predominant crystallographic
orientation of grains is observed over the whole investigated area of the carbonado sample
(see also Figure 2).

3.3. X-ray Diffraction Study

The inserts in Figure 4 show the following: a—the sum of 77 debaegrams obtained
by summing a series of frames obtained at different positions of the sample relative to the
primary beam; b—the diffraction pattern of a stationary sample (lauegram). The measured
unit cell parameter 3.566 A coincides with the reference value of 3.567 A.
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SEM HV: 20.0 kV WD: 8.80 mm | MIRA3 TESCAN| SEM HV: 20.0 kV WD: 10.18 mm
View field: 5.65 mm Det: BSE WUrm CO PAH| View field: 56.9 ym Det: BSE

X
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SEM HV: 20.0 kV WD: 8.77 mm MIRA3 TESCAN SEM HV: 20.0 kV WD: 9.28 mm MIRA3 TESCAN
View field: 68.3 ym Det: BSE WUrM CO PAH| View field: 85.2 ym Det: BSE UM CO PAH|
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SEM HV: 20.0 kV WD: 10.18 mm MIRA3 TESCAN SEM HV: 20.0 kV WD: 8.88 mm MIRA3 TESCAN
View field: 56.9 ym Det: BSE WM CO PAH| View field: 22.8 ym Det: BSE WM CO PAH|

Figure 2. SEM images of diamond crystallites in pores cleaned from mineral matter. (A) fragment of
a studied carbonado with pores; (B-F) diamond crystallites in pores at different magnifications.
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Figure 3. EBSD map of the polished carbonado. Different colors indicate different crystallographic

orientations.
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Figure 4. X-ray diffraction patterns of carbonado (MoKc). The strokes near the horizontal axis show
the theoretical positions of the diamond reflexes (unit cell parameter a = 3.567 A). The inserts show
the original diffraction patterns: a—the sum of 77 debaegrams; b—the lauegram.

3.4. Photoluminescence (PL)

Figure 5 shows the unit-normalized low-temperature PL spectra measured at excitation
wavelengths of 351 nm (1 and 1a). Two vibronic systems (VSs) with zero-phonon lines
(ZPLs) of 503.2 and 575.0 nm dominate in the PL spectrum under UV excitation (curve 1)
(Table 1).
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Figure 5. The PL spectra for carbonado obtained at 77 K and at 350 nm (1, 1a) and 527 nm (2)

excitations. The details of the spectrum (1) within the range of 370-500 nm is shown with 10-fold

magnification (1a).

Table 1. Parameters of zero-phonon lines in the PL spectra of carbonado.

ZPL Position

NN Wavelength, nm _ Photon Energy, eV FWHM, meV Center Title Center Structure
1 388.8 3.188 7.0
2 415.2 2.985 7.2 N3 N3V
3 503.2 2.463 7.2 H3 NVN
4 575.0 2.155 9.0 center 575 N
5 637.5 1.945 13.0 center 638 NV~

Here N is a nitrogen atom and V is a vacancy. FWHM is the full width at half-maximum.

In the short-wavelength region of the spectrum (in the range of 370-500 nm), a slightly
significantly weaker vibronic system is observed in the PL spectrum with a ZPL of 388.8 nm
with phonon replicas at 398.5 and 409.5 nm, as well as ZPLs at 415.2, 470.1 and 487.8 nm.
The PL spectrum obtained at 527 nm excitation is dominated by ZPLs at 575.0 nm and
637.5 nm. The parameters of the main ZPLs are given in Table 1.

All mentioned systems are well known for diamonds and belong to various nitrogen—
vacancy complexes. The simplest of them are nitrogen—vacancy N-V complexes: neutral
(center 575) and negatively charged complex (center 638). There are also complexes contain-
ing two nitrogen atoms (H3 center with ZPL 503.2 nm) and three nitrogen atoms around a
carbon vacancy (N3 center with ZPL 415.2 nm) [40].

With respect to the system with a ZPL of 388.8 nm, it is associated with a radiation
defect that is observed in all types of nitrogen-containing diamonds after irradiation
with ions or electrons. Various authors have suggested that it is a complex involving an
interstitial or substitutional nitrogen atom [40]. Narrow lines of 470.0 nm and 487.9 nm
are associated with pure radiation defects TR12 and THS5. The first of them presumably
includes two vacancies and two interstitial carbon atoms [41], while the other is surmised to
be an intrinsic defect containing a divacancy [40,42]. In perfect single crystals of diamonds,
whether natural or synthetic, ZPLs are significantly narrower (FWHM is less than 1 meV).
In carbonado, the ZPLs are significantly broadened from 7 to 13 meV, which indicates
strong deformations in the structure. The relatively low degree of nitrogen aggregation and
the presence of only one or two nitrogen atoms in the structure of nitrogen defects indicate
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the relatively low annealing temperatures of the diamonds (at the level of 1500-1600 °C).
It is assumed that high-temperature annealing is possible at higher temperatures when a
higher degree of nitrogen aggregation is achieved: Nitrogen centers containing a larger
number (three or four) nitrogen atoms are formed, namely centers such as N3V or B-
centers, respectively. The presence of TH5 centers indicates annealing at T > 400 °C after
irradiation [41].

3.5. EPR Spectra

Several paramagnetic centers were detected in the EPR spectra recorded in the
g~2 region, as shown in Figure 6a. The well-known center P1 (a single substituent ni-
trogen atom in the diamond structure) and a strong slightly asymmetric line at g = 2.0024
are visible. The total concentration is Nis = 2.4 x 10'8 spins/g, and the P1 concentration is
equal to 1.5 x 107 /g, i.e., it is quite low.

Table 2. EPR parameters for defects with S =1 and S = 3/2 observed in carbonado. Experimental g¢
values were determined for a frequency of 9264 MHz.

Center S g1 g g3 8hf D, D, Ds References
AMg =1 AMg =2 MHz
R1 1 2.0019 2.0020 2.0027 4.704 —2805.6 1408.6 1396.8 [43]
W15/NV 1 2.0028 4.287 1916 —958 —958 [41]
NM1 3/2 2.0002 2.0220 2.0220 1065.7 —532.8 —532.8
NM2 1 2.0028 4.460 2350 —1170 —1180

Figure 6b shows a trial simulation of the central line. However, a comparison of the
experimental line and the total line modeled using two additional lines with the unchanged
P1 line in Figure 6a shows significant differences. Obviously, it was impossible to obtain an
asymmetric line from three symmetrical lines. In addition, two poorly expressed shoulders
with a splitting of approximately 6 G are visible in the experimental spectrum, which we
find difficult to model using known defects. However, in addition to this pair of shoulders,
it is obvious that the contribution of other undetected defects leads to the asymmetry of the
experimental line.

Figure 6¢c shows the EPR spectrum recorded in the extended range with a gain coef-
ficient of 2 x 10% and microwave modulation of 0.32 G. Compared to the P1 center, very
weak lines from three defects were found, which are described by the spin Hamiltonian:

H =BeB-g:S+SD-S (1)

with an electron spin of S=1 or 3/2.

We identified two defects R1 and W15 by modeling the resonance lines for these
defects with an electron spin of SS = 1 using the spin Hamiltonian parameters published
in [43-45] (Table 2). However, for two relatively narrow and more intense lines next to
the W15 lines (see Figure 6), it was not possible to find an explanation using the spin
Hamiltonian parameters published to date. We assumed that four lines belonged to an
unknown defect (designated as NM1 with spin S = 3/2), taking into account the third line
observed on the flank of the high field of the center P1, and the fourth line is possibly
hidden by the flank of the low field of the center P1. The EPR spectrum of the NM1 defect is
modeled using the spin Hamiltonian given in Table 2. Our assumption is confirmed by the
observation of “forbidden” AMs = 2 transitions in the half-field region shown in Figure 6d
for the centers R1 and W15 with S = 1, but not for the center NM1 with S = 3/2. Assuming
the electron spin S = 1 for the NM1 center, the transition AMs =2 would be observed near
the W15 line.
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Figure 6. A typical EPR spectrum of studied carbonado. (a) Experimental EPR spectrum of carbonado
in the central region (black trace). A computer simulation of the EPR spectrum for the P1 center is also
shown (in red). (b) Simulation of the strong main line using the P1 center (red) and two components:
Lorentzian with g = 2.0027, width at AHp, = 1.1, and Gaussian at g = 2.0026, AHpp = 4.0 G (blue
and magenta curves). Their weighted sum (dotted curve) is also shown. (c) Experimental EPR
spectrum of carbonado in the extended range (black trace). Computer simulations of EPR spectra for
defects R1, W15, and NM1 (in red, blue, and magenta colors) are also shown. (d) Half-field region
of the experimental EPR spectrum (black trace) of spin-triplet-type centers (the gain coefficient and
modulation amplitude are the same as in (c)). Computer-simulated spectra (red, blue, and magenta
curves) were obtained for defects R1, W15, and NM2 using the spin Hamiltonian parameters given in
Table 2.

The resonance lines for the “forbidden” transitions AMs = 2 turned out to be more
intense than for AMs = 1. This made it possible to find a resonance line with g = 4.460 in the
half-field region for the new NM2 center, which has not been published to date. To model
the new line, we used the spin Hamiltonian parameters given in Table 2. These parameters
were chosen based on the parameters of the centers R1 and W15. The modeling of EPR
spectra for the NM2 center shows that at D, = D3, the main pair of allowed lines is only
about two times less intense than the “forbidden” transition and should have been observed.
Because AMs = 1 transitions for the NM2 center were not observed, D3—D, > 10 since,
under this condition, the allowed transitions have significantly lower intensity relative to
the “forbidden” ones.

Additionally, a defect with a narrow weak line at g = 4.01 may correspond to a
spin-triplet type center with D;~300 MHz. We can find a large number of centers with
a similar D; in [45]. In a wide variety of nanodiamond samples, the spin-triplet-type
defects were identified only due to “forbidden” transitions AMs = 2 without observed
AMs =1 transitions, which turned out to be too weak in intensity [46,47].
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4. Discussion

In the discussion of the genesis of carbonados, there are three important characteristics
that were not sufficiently considered earlier.

Firstly, carbonado samples, both studied by us and presented in the literature [18,19,22,32,38,48],
have the form of fragments, which indicates that they are pieces of a large geological body
rather than independent aggregates. The size of this body can be judged from the gigantic
area of distribution of carbonados in Africa and Latin America.

Secondly, all carbonado samples have different degrees of mechanical wear, from
relatively weak, not hiding their clastic shape, to extremely pelletized (Figure 1). Given
the extremely high abrasion resistance of carbonado, far exceeding that of single-crystal
diamonds, this degree of wear indicates its antiquity, which is consistent with the age of
carbonado [38]. We came to a similar conclusion for the samples of the diamonds of the
V variety according to the classification of Yu.L. Orlov [10], also exhibiting high abrasion
resistance due to the defectivity of their structure; we hypothesize that these diamonds
have the longest exogenous history among the diamonds of the Siberian Platform [49].

Thirdly, the real carbonados are an endemic variety of diamond; they are distributed
only in the areas of Brazil, Venezuela, and Central Africa, which were united within
Gondwana and separated only in the Mesozoic due to the opening of the Atlantic.

These facts, as well as the whole complex of the studied properties of carbonado,
suggest that the most likely protoliths of carbonado were large bodies of geologically old,
low-pressure, carbon-rich rocks, which were subducted to great depths into the stability
field of diamond and then exhumed to the surface of the Earth. We suggest that these
protoliths could correspond to shungite rocks for the reasons explained below.

Shungite is a specific form of carbon, which is a non-crystalline, non-graphitized,
fullerene-like carbon, differing from graphite at the level of supramolecular, atomic, and
zone (electronic) structure. A characteristic feature of shungites is the presence of smoothly
curved carbon (graphene) layers covering nanoscale pores. Shungite rocks are natural
composite materials containing shungite, a carbonaceous substance, and various mineral
components with compositions ranging from siliceous, aluminosilicate, and carbonate
to mixed. In particular, they contain quartz, muscovite, chlorite, albite, calcite, dolomite,
and metal sulfides. The carbonaceous content of shungite rocks ranges from less than
10% to 98%. The carbon isotopic composition of shungite is light 6!3C from —25%. to
—40%o. Shungite is more than 2 billion years old [50]. The carbon of shungites with
respect to isotopic composition and the forms of accumulation corresponds to organogenic
carbon. At present, shungite rocks with reserves of more than 4 billion tons are known
to exist in Karelia. Small manifestations of shungites are registered in gold deposits such
as “Sovetskoye” on the Yenisei ridge (Russia) and “Eriksson” (Canada), but this rock was
probably much more widespread in earlier periods [50].

The morphology and distribution of carbonado, which indicates derivation from a
large geological body similar to the shungite field in Karelia; its Archean to Paleoprotero-
zoic age, which is similar to that of known shungite rocks (early Precambrian, probably
Paleoproterozoic [50]); and its carbon isotopic composition, which corresponds to organic
carbon and is again similar to that of shungite [50] make shungite rocks or their precursors
the most likely candidate source of carbonado. In fact, in the Archean and early Proterozoic,
there was already life, represented by a massive number of unicellular organisms, due to
the fall off, which could form layers of organic matter at the bottom of reservoirs. The
authors of [51] indicate the presence of signs of life 3.95 Ga years ago. In the sedimentary
process, mineral matter was added to organic matter in variable amounts. Later, these
sediments were metamorphosed and turned into shungite or shungite-like rock. It can be
assumed that the formed massifs of such rock were subducted into the mantle, where the
transformation of shungite carbon into diamond took place and a polycrystalline diamond
rock was formed with a variable amount of mineral matter admixture in the form of phe-
nocrysts in the diamond rock. The formation of plate tectonics began about 4 billion years
ago and lasted about a billion years [52-54]. For this period, there is evidence of subduction
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processes [55]. This formation was then exhumed to the ground surface, similarly to the
Kumdy-Kol massifs in Kazakhstan [55,56], or Beni-Bushera in Morocco [57,58], or Ronda
in Spain [59]; underwent destruction; and served as a source of carbonado placers. The
experimental studies conducted by us have shown that diamond crystallizes from shungite
at high pressure (15 GPa) and temperature (1600 °C) within 2 h [60]. However, it is neces-
sary to take into account the time factor, which favors the transformation of shungite into
diamond at lower P-T parameters.

The analytical results are in agreement with the formation of carbonado in a subduction
environment. All mentioned systems in the PL spectra are similar to ordinary diamonds
and belong to various nitrogen—vacancy complexes. The simplest of them is N-V nitrogen—
vacancy complexes: neutral (center 575) and negatively charged (center 638). Complexes
containing two nitrogen atoms (center H3 with ZPL 503.2 nm) and three nitrogen atoms
around the carbon vacancy (center N3 with ZPL 415.2 nm) are also present in the spectra [41].
In perfect diamond single crystals, natural or synthetic, the zero-phonon lines appear to be
much narrower (less than 1 meV). In carbonado, ZPLs are significantly broadened from 7
to 13 meV, and this indicates strong deformations in the structure. The EBSD study also
demonstrates the same fact.

The PL results show a relatively low degree of nitrogen aggregation and the presence
of only one or two nitrogen atoms in the structure of nitrogen defects, which indicates a
relatively low temperature of formation and the subsequent existence of carbonado.

As for the system with a ZPL of 388.8 nm, it is attributed to a radiation defect, which
is observed in all types of nitrogen-containing diamonds after radioactive irradiation.
Various authors have suggested that it is a complex involving an interstitial or substituent
nitrogen atom.

The narrow lines at 470 nm and 487.9 nm are attributed to purely radiative defects TR12
and TH5. The former is hypothesized to involve two vacancies and two interstitial carbon
atoms [40], while the latter is surmised to be an intrinsic defect containing a divacancy [41].
The TR12 center characteristic of type Ia and Ila diamonds, is well pronounced after heating
above 300-600 °C, and is destroyed above 700 °C.

The TH5 center is observed in diamonds of types Ila and Ia after electron irradiation,
and it intensifies during annealing at T > 400 °C after irradiation; the destruction of the
center occurs at temperatures above 1000 °C [40].

The EPR method reveals the following. An intense central line at g ~ 2.003 is usually
observed in micro-diamonds with a developed surface, and the linewidth is strongly
dependent on the sample. In nanodiamonds, the intensity of this line reaches a spin density
of about 1020 g~1 [47]. This line is usually modeled by broad and narrow overlapping lines.
It has been suggested that broad and narrow signals are caused by two types of singlet
paramagnetic defects (dangling bonds located within the distorted diamond structure),
which somehow differ in their origin and location. For example, [61,62] suggested that one
paramagnetic center fills the area of the inner surface, and the other center is localized in
the outer shell, consisting mainly of non-diamond carbon atoms.

R1 and W15 are typical radiation defects. W15 is a well-studied defect and consists of
a vacancy near the nitrogen atom, i.e., NV pair [43]. The NV center is formed in type Ib
diamonds after electron or neutron irradiation and annealing at 700 °C, and it is still present
after annealing at 1300 °C. R1 is the di-<001>-split interstitial center, which is formed upon
electron or neutron irradiation and annealing above 300 °C [44].

From the EPR spectra of powders, it is often difficult to determine the nature of a defect
that has not been previously studied in single crystals. But in the case of the NM1 center,
there are two signs that suggest the origin of this defect: (i) spin S = 3/2 and (ii) anisotropic
g values with g,3 = g, are greater than 2. The paramagnetic centers related to nickel
all have g values greater than 2. In diamond, only paramagnetic Ni- with configuration
3d” in a structural carbon tetrahedron has S = 3/2 [47,63]. In a regular tetrahedron, an
isotropic line at g = 2.0319 is observed, and there is no fine structure expected for all spin
states with S < 3/2 [63]. Therefore, there is a reason for a decrease in the symmetry of
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the NM1 defect, which leads to the anisotropy of g values and the appearance of a fine
structure. Noble and coauthors suggested that the N* ion at the 4nn position is the cause
of the observed broad resonance line at g = 2.02, the width of which is partly explained
by fine structure and hyperfine splitting from the N* ion [47]. In carbonado, Ni-related
centers were not previously observed, but native Ni and metal alloy Ni-Fe were found
in syngenetic inclusions, which makes it possible to capture Ni ions in structural sites at
elevated temperatures [61,62,64].

The radiation centers detected via the PL and EPR spectra are probably formed due
to their own radiation sources contained in the original rock. In particular, monazite
and other radiation sources have been diagnosed in shungite; monazite is also present in
carbonado [18]. At the same time, the relatively low temperature of the destruction of these
centers indicates the period of stay of the rock at even lower temperatures and additionally
shows the possibility of the exhumation of diamond rocks.

Our hypothesis of the genesis of carbonado via subduction, exhumation, and ex-
ogenous reworking of former shungite fits the properties of carbonado most adequately
and completely.

5. Conclusions

The diamond variety called “carbonado” has a micropolycrystalline structure, but not
any diamond with such a structure can be classified as a carbonado. Unfortunately, the use
of this feature alone has led to the “discovery” of carbonados in a wide variety of places
on the planet and in a wide variety of geological settings. Due to this fact, it has not been
possible to determine the genesis of carbonados so far.

To understand the genesis of carbonado, it is necessary to take into account the
following: 1—the clastic form of its outcrops, indicating that they are fragments of a large
geological body; 2—the high degree of mechanical wear, which, along with the isotopic
age, indicates the antiquity of these diamonds: Archean or early Proterozoic; 3—genuine
carbonados are an endemic variety of diamond, and they are distributed only in territories
in Brazil and Central Africa, which, within Gondwana, were united and separated only in
the Mesozoic due to the opening of the Atlantic.

This study suggests that the most likely precursor to carbonado is shungite or both
carbonado and shungite originated from a similar precursor substance. It corresponds to
carbonado in carbon isotope composition, age, and presence of mineral impurities. Shun-
gite, which is known to be found in Karelia (Russia), was formed by biomass monocellular
algae fallout at the bottom of ocean basins in the early Proterozoic and, after metamorphism,
represented a large geologic body. Upon subduction, the shungite rock recrystallized into
diamond rock with phenocrysts of other mineral matter contained in the original substance.
The exhumation associated with folding and thrusting could bring the diamond rock to the
surface of the Earth, similarly to the massifs of Kumdy-Kol (Kazakhstan), Beni-Boucher
(Morocco), and Ronda (Spain), and the exogenous destruction and reworking of this body
supplied the fragments that we find and call “carbonado”. There are reports about the
presence of nanodiamonds in shungite, which may contribute to the formation of car-
bonado [65,66]. Shungites were probably much more widespread earlier than they are now,
but only one of the shungite bodies, submerged in the mantle and then exhumed, served as
the source of the carbonados and determined their endemic character.
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