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ABSTRACT

Approximately 700 diamond crystals were identified in volcanic (mainly pyroclastic) rocks of the
Tolbachik volcano, Kamchatka, Russia. They were studied with the use of SIMS, scanning and
transmission electron microscopy and utilization of electron energy loss spectroscopy and electron
diffraction. Diamonds have cube-octahedral shape and extremely homogeneous internal structure. Two

groups of impurity elements are distinguished by their distribution within the diamond. First group, N and
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H, the most common structural impurities in diamond, are distributed homogeneously. All other elements
observed (C1, F, O, S, Si, Al, Ca, and K) form local concentrations, implying the existence of inclusions,
causing high concentrations of these elements. Most elements have concentrations 3-4 orders of
magnitude less than chondritic values. Besides N and H, Si, F, Cl, and Na are relatively enriched because
they are concentrated in micro- and nanoinclusions in diamond. Mineral inclusions in the studied
diamonds are 70-450 nm in size, round- or oval-shaped. They are represented by two mineral groups: Mn-
Ni alloys and silicides, with wide range of concentrations for each group. Alloys vary in stoichiometry
from MnNi to Mn,Ni, with a minor admixture of Si from 0 to 5.20-5.60 at.%. Silicides, usually coexisting
with alloys, vary in composition from (Mn,Ni),Si to (Mn,Ni)sSi, and MnsSi,, and further to MnSi,
forming pure Mn-silicides. Mineral inclusions have nanometre-sized bubbles that contain a fluid or a gas
phase (F and O). Carbon isotopic compositions in diamonds vary from -21 %o to -29 %o 5"*Cyppg (av. = -
25.4). Nitrogen isotopic compositions in diamond from Tolbachik volcano are from -2.32 %o to -2.58 %o
5" Nair. Geological, geochemical and mineralogical data confirm the natural origin of studied Tolbachik
diamonds from volcanic gases during the explosive stage of the eruption.

Keywords: diamond, Kamchatka, cavitation, silicide, carbon isotope, nitrogen isotope, volcanic

gases, volatiles

INTRODUCTION

Numerous finds of diamonds in products of eruption from six volcanoes in Kamchatka and Kuril
Islands are known to date. They extend from the Atlasov Island, northern Kuril Islands (the Alaid
volcano) in the south up to Koryakia in northern Kamchatka (Kutyev and Kutyeva 1975; Kaminsky et al.
1979, 2016, 2019; Baikov et al. 1995; Seliverstov 2009).

In 2013-2014, a series of diamonds was identified in volcanic rocks of recent (2012-2013) fissure
eruption of the Tolbachik volcano (Anikin et al. 2014). They are considered as a phase formed from

volcanic fluids (Gordeev et al. 2014; Karpov et al. 2014; Silaev et al. 2015; Galimov et al. 2016a, 2016b).
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The existence of diamonds in conditions that do not carry out any evidence of the presence of high
pressure in their medium raises discussions about the origin of these diamonds. Suggestions about their
origin as the result of cavitation, CVD mechanism, and even that they are the result of technical
contamination were expressed. Therefore, we performed an_additional, more detailed study of the

Tolbachik diamonds that may enlighten the origin of these enigmatic diamonds.

SAMPLES AND METHODS

Geological setting

The Plosky (Flat) Tolbachik volcano, 3085 m high, is located at 55°50.0’ N and 160°22.5" E within
Eastern Kamchatka approximately 340 km northeast of Petropavlovsk-Kamchatsky. It is a Hawaiian type
volcano, belonging to the southern part of the Klyuchevskaya volcano group, which is one of the world-
known volcanic areas with recent volcanic activity. It has some features, which discriminate it from
typical subduction-zone volcanoes, first of all by high alkali contents (up to 7 wt.% Na,O + K,0) and
great depth (180-190 km) of the subducting slab beneath the volcano (Gorbatov et al. 1997). The age of
the Tolbachik volcano is 10,000 years (Braitseva et al. 1995). From July 1975 to December 1976, a
fissure eruption took place in the southern part of the Plosky Tolbachik, which was called as “the Great
Tolbachik Fissure Eruption” and studied in detail (e.g., Fedotov and Markhinin 1983).

The volcanic activity in this area resumed on November 27, 2012 and continued until October
2013. The lava flows formed three fields during this stage of eruption, more than 10 km long, with an
average thickness of 20 m (Fig. 1). The Vodopadnoye field has its source from the Menyailov vent; it was
formed within the first two days, and by November 29, 2012 it was 8.5 km long and 5.65 km” in size
(Dvigalo et al. 2017). The second, Leningradskoye field was formed from the Naboko vent. It is an
interbedding of numerous lava flows and pyroclasts (ashes, scoria, and volcanic bombs). Its thickness

varies from 69 m near the source to 5-15 m at the distal end. The third field, Toludskoye, sourced from

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102

103

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7119

the same long-lived Naboko vent, started forming on December 22-23, 2012, and by June 5, 2013,
reached the length of 4.26 km with the maximal width of 3.8 km at the front and the thickness of up to 53
m. The maximal activity of the eruption was from December 2012 to February 2013, when more than ten
volcanic vents were active. Exactly within this period, the southern foot of the Plosky (Flat) Tolbachik

volcano was covered by a great amount of pyroclastic material, in which diamonds were identified (Fig.

2).

Sampling

On December 12, 2012, two samples of basaltic lavas, approximately 1 kg in weight were collected
in the western part of the fresh Leningradskoye lava flow for a study of accessory minerals in basaltic
lavas. The rocks in this flow are black aphyric basalts with a porous cinder crust filled in with pyroclastic
material. Approximately 500 small grains of diamond were identified from the powdery white coating of
deltalumite (tetragonal polymorph of Al,Os; Pekov et al. 2016) on the lava samples. This coating was
unusual for the lavas and, in fact, that was the reason why the samples were collected from that part of the
lava flow. The mineralogical analysis of the samples was performed in the laboratory of the Institute of
Volcanology and Seismology, Russian Academy of Sciences using standard techniques: hand crushing,
sieving, panning, electromagnetic and sometimes heavy liquid separations. The diamonds were found in
the coating deltalumite material, which was falling off the lava samples without the use of any metallic
tools. Of particular interest is a recent find by one of the authors (LPA) of an in situ association of diamond
with deltalumite, from the ash of another Kamchatka volcano, Koryakskii, where a microcrystal of
diamond overgrows the surface of the rounded deltalumite grain (Fig. 3). Both diamond and deltalumite
were identified with the use of EDX spectra.

The identification of diamond grains in the samples was unexpected, and more than 50 samples of
fresh, hot volcanoclastic material from the southeastern end of the Naboko vent were collected in

February 2013, in order to check the initial diamond finds. Several tens more diamonds of the similar size

4
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and morphology were found. Subsequently, single diamond grains were found in two samples collected
from the lava flow of the Toludskoye lava field and to the east of that field, as well as three diamonds
from a sample, approximately 10 kg in weight, collected in 1975 from the old flow. The total number of

diamond grains exceeds now 700.

Secondary ion mass spectrometry (SIMS) measurements

The measurement of impurity elements in Tolbachik diamond #1 was carried out by using a mass
spectrometer Cameca IMS-4f. This method is well known and consists of using Cs” primary ions for
detection of negative secondary ions or O, primary ions for detection of positive secondary ions. Element
distribution maps were acquired using Dynamic Transfer System (DTS). The mass spectral resolution of
5,000 was used to overcome interference problems. Lateral resolution was determined by the field-of-
view aperture and equals 5 pm with a raster of 250 x 250 um. Concentrations of impurity elements in
diamond, in at/cm’, were calculated on the basis of the Relative sensitivity factors (Wilson, 1995).

Two other diamonds (## 2 and 3) from Tolbachik have been investigated with the Cameca

IMS1280-HR mass spectrometer.

Infrared spectroscopy (FTIR)

IR spectra were obtained with the use of FTIR spectrometer Nicolet 380 with a microscope

Centarius THERMO Electron corporation. The resolution of spectra was 4-6 cm™ after 100-200 runs. The

nitrogen calculation was performed using the method proposed by Taylor et al. (1996).

Electron microscopy
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Transmission electron microscopy (TEM) was performed at the Helmholtz Centre Potsdam to study
the internal structure of diamonds, the existence and compositions of mineral inclusions in them.

Five diamonds from Tolbachik have been investigated with TEM (T1, T2, T3, TOP, and CH). For
the TEM use, two foils were prepared by FIB technique from each diamond; one from the centre of the
crystal and another one from the rim part. From the centre of sample CH, we prepared two foils. In total,
11 foils were produced. The TEM foils were sputtered from the host diamond using a HELIOS G4UC
focused ion beam system operating at GFZ Potsdam. Foil sizes were approximately 15 x 10 x 0.1 um.
Details of the FIB sample preparation are presented elsewhere (Wirth 2004, 2009). The foil numbers are:
#5575 — from T1 centre, #5576 - from T1 rim; #5577 - from T2 centre, #5578 - from T2 rim; #5581 -
from T3 centre, #5582 - from T3 rim; #5583 - from TOP centre, #5584 - from TOP rim; #5579 and #5599
- from CH centre; #5580 - from CH rim.

The TEM foils with an average thickness of approximately 100 nm were studied using a TECNAI
F20 transmission electron microscope operated at 200 keV with a Schottky field emitter as an electron
source. The TEM is equipped with a Gatan electron energy loss spectrometer (EELS) Tridiem™, and
EDAX X-Ray analyzer with ultrathin window and a Fishione high-angle annular dark field detector
(HAADF). HAADF images were acquired either with a camera length of 75 mm resulting in Z-contrast
imaging or with 330 mm camera length providing Z-contrast and diffraction contrast. EDS X-ray analyses
usually were performed in the scanning transmission mode (STEM) scanning the electron beam within a
preselected window. The size of the window was adapted to the size of the object of interest to be
measured. Counting time usually was 60 seconds to accumulate enough counts above background for
reliable counting statistics.

The chemical compositions of mineral inclusions in diamonds were always measured in the
scanning transmission mode (STEM) thus avoiding significant mass loss during data acquisition.
Acquisition time was 60 or 120 seconds. Data evaluation occurred using the TIA software package of the

microscope.
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Some EDX spectra were obtained with the use of scanning electron microscope Tescan Mira LMU,
equipped with energy dispersive X-ray spectroscopy X-Max 50 (Oxford Instruments), which worked at a

beam voltage 20 kV and current 20 nA.

Isotope analysis

Isotope compositions of carbon and nitrogen were performed with the use of the Cameca IMS1280-
HR mass spectrometer. Two reference diamonds were used, the JWH diamond and the Cameca diamond.
The characteristics of the JWH diamond are as following: 0" Cyppp = -25.577 + 0.039 %o; 5Ny, = +21.2
+ 0.6 %o; N-content = 225 + 3 ppm. The Cameca reference diamond has 5 Cyppp = -52.32 %o. Cs'ion
bombardment intensity was 10 keV for carbon and 20 keV for nitrogen. Both datasets, obtained on the

two reference samples, demonstrate that precision was less than 0.2 %eo.

RESULTS

Crystal morphology and internal structure

The diamond grains are 0.06-0.7 mm in size (i.e., they may be called microdiamonds) and are
colorless to yellow-green in color (Fig. 4). They are accompanied, in samples, with single grains of
moissanite, milky-white corundum, various spinellides, sulfides, Cu-Sn alloys, and native iron,
aluminum, and copper.

Morphologically most crystals of diamond are isometric, combination-type cube-octahedra (Fig. 4).
Some crystals are spinel-type (111) and Moos-Rose (001) twins. A diffraction pattern of some diamonds
is typical of twinned crystals, indicating microtwinning within diamond crystals (Gordeev et al. 2014).
Cubic faces frequently bear square-pyramidal etch-pits; some crystals show zonation in

cathodoluminescence. Such crystals are characteristic for Tibetan chromitites, French Guyana komatiites,
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lamprophyres of Northern Quebec, and can be observed in kimberlites worldwide (Litasov et al. 2019;
McCandless et al. 1999; Orlov 1987).

According to TEM analyses, the studied diamonds from the Tolbachik volcano, in contrast to
diamonds from kimberlites and placer deposits, are extremely homogeneous (Fig. SA). They virtually
lack stacking faults, dislocations, low-angle grain boundaries and cracks, characteristic for most natural
diamonds. Only the central part of diamond T1 contains a few stacking faults with partial dislocations,
which are characteristic for stacking faults (Fig. 5B). The other diamonds contain only singular cracks.

Mineral inclusions of metal alloys and silicides in diamonds have oval shapes and sizes of 70-450
nm, sometimes with nano-pores in their peripheral parts (Figs. 5C,D). The particles of the same
composition occur on the diamond surfaces (Fig. 6A) and on the surfaces of volcanic ash particles (Fig.

6B).

Distribution of impurity elements in diamonds

Fig. 7 demonstrates the distribution of impurity elements in diamond # 1, obtained with use of a
Cameca IMS-4f mass spectrometer. Two groups of impurity elements can be distinguished based on their
distribution within the diamond. (1) The first group of elements, N and H, the most common structural
impurities in diamond, are distributed, within the crystal, like C, homogeneously (Fig. 7A,B,C).(2) All
other elements (CL, F, O, S, Si, Al, Ca, and K) form local concentrations, exceeding the background by 1-
4 orders of magnitude (Fig. 7D,E,F), implying the existence of inclusions, causing such relatively high
concentrations of these elements. High concentrations of some ‘elevated’ elements (e.g., O, F, and Cl)
coincide with each other, demonstrating their connection in forming some mineral inclusions.

Table 1 and Fig. 8 show the content of impurity elements in a Tolbachik diamond, their

concentrations and distribution.
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The concentration of nitrogen in sample 1 is 304 ppm, similar to determinations in samples 2 and 3
with the use of Cameca IMS 1280-HR (97 ppm and 288 ppm; Table 3), i.e., the diamonds are low-
nitrogen varieties of Group 2a (Kaminsky and Khachatryan 2001).

The concentration of hydrogen, calculated in diamond #1on the basis of the relative sensitivity
factors (Wilson 1995), is 526 ppm, while in diamond #2 it is 289 ppm. These figures may be considered
only as tentative. During the course of the SIMS analysis, in the analytical chamber, high vacuum (~3 x
19” Torr) exists. However, some remaining gases, such as H,O may occur on the internal chamber
surface, and create a background of H (as well as O) that is difficult to valuate. Without heating the
chamber, the adsorbed water cannot be removed from the surface.

Oxygen, although possibly overvalued for the same reason, also shows elevated concentrations,
over 7,000 ppm (Table 1). Most of O occurs as local concentrations, coinciding with concentrations of F
and CI (Fig. 7). The O background is also high, 2,000-5,000 ppm. It may form C-O and/or H-O
aggregations.

In addition to N and H, which are major structural impurities in diamond, F, Cl, Na and Si have
relatively elevated contents that are caused, most likely, by their concentrations in micro- and
nanoinclusions along with O. The calculated F/Cl mass ratio in the diamond is 0.39 (Table 1), which is
almost identical to the average F/Cl ratio in volcanic gases from the Tolbachik eruption in 2013 (0.365;
Zelenski et al. 2014) and almost one order of magnitude higher than in volcanic gases from persistently
degassing subduction-zone volcanoes (0.076; Shinohara 2013). Volcanic gases from Tolbachik are also
enriched in Na (Zelenski et al. 2014; Chaplygin et al. 2016).

Fig. 8 demonstrates the distribution of admixture elements in diamond 1, in comparison with the
distribution of elements in volcanic gases from Tolbachik, collected in the vicinity of the hot lava flow in
2013 (Zelenski et al. 2014). One can see that the patterns of the two distributions are similar, particularly
for volatiles (F and Cl).

It can be seen that in addition to the silicate inclusions, volatile elements show increased

concentration. It is interesting that the F/Cl ratio in the studied diamonds almost coincides with the value
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of this ratio measured in the volcanic gas. These data indicate the relationship between the mechanism of

formation of these diamonds and the gas phase.

Nitrogen in diamonds

A typical FTIR spectrum of a Tolbachik diamond is presented in Fig. 9.

In addition to the diamond’s own absorption bands, within the 1800-4000 cm™' range, only single-
atom nitrogen C-center bands within 1000-1400 cm’ cm occur, as well as bands within 3000-4000 cm™
and 1300-1700 cm™. The 1300-1700 cm™ band, most likely, is caused by hydrogen (O-H or N-H) bending
motions. The concentrations of single-atom nitrogen (which is the total nitrogen content) in the studied
Tolbachik diamonds are shown in Table 2.

The average nitrogen concentration in the studied samples is 233.8 £143.8 (20), i.e., similar to the
results obtained from the IMS analyses (see Tables 1 and 3).

By their IR characteristics, the Tolbachik diamonds are similar to the both diamonds synthesized in
the metal-carbon system (Palyanov et al. 1997), natural ‘metamorphic’ microdiamonds from Kazakhstan
(Khachtryan 2013), and microdiamonds from Tibetan and Uralian chromitites (Xu et al. 2017). In any
case, IR data demonstrate fast, short-time recent origin of the studied Tolbachik diamonds with almost no

residence time at high temperatures (Taylor et al. 1996).

Isotopic compositions of C and N in diamonds

Carbon isotopic compositions in diamonds 2 and 3 from the Tolbachik volcano, according to SIMS
analyses with the use of Cameca IMS 1280-HR, are -26.73 %o and -28.66 %o "> Cyppg (Table 3). These
results are similar to the data obtained earlier by Karpov et al. (2014) and Galimov et al. (2016a), which

lay within the range from -22 %o to -27 %o 6'"°Cyppg With an average -25.4 + 1.2 %o 0" Cyppg (Fig. 10).
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Similar compositions are characteristic for dispersed carbon in lavas of the Tolbachik 2012-2013 eruption
with an average " Cypp = -26.8 + 1.1 %o (Galimov et al. 2016a).

Nitrogen isotopic compositions in diamond from Tolbachik volcano, determined also with the use
of Cameca IMS 1280-HR, are -2.58 %o and -2.32 %o &' °N;;, with the N-contents in these samples, are
97.65 and 288.99 ppm respectively (Table 3). Such N-isotopic compositions fit all major diamond
varieties (peridotitic, eclogitic and lower-mantle diamonds), with the exception of ‘metamorphic’
diamonds (Cartigny and Busigny 2018).

The combined C-N isotopic composition of the studied Tolbachik diamonds corresponds to the
eclogitic-type association in kimberlites and lamproites (Kaminsky 2011) (Fig. 11). Similar compositions,
with 8N, down to —3.4%o are observed for volcanic gases from the Mutnovsky volcano, South
Kamchatka (Zelenski and Taran 2011).

If the Tobachik diamonds were synthetic, their 6'’Najvalues would be atmospheric (at 0).

Mineral inclusions

Mineral inclusions in the studied diamonds are small (70-450 nm in size), round- or oval-shaped
grains (Figs. 5C,D). They form a paragenetic association with Tolbachik diamonds. According to EDX
data, the inclusions are represented by two mineral groups: Mn-Ni alloys and silicides (Table 4 and Fig.
12). Within each group, wide variations exist. Alloys vary in stoichiometry from MnNi to Mn,Ni, with a
minor admixture of Si from 0 to 5.20-5.60 at.%. This group is close to the Mn-rich part of Group 1 Mn-
Ni-Si-Fe alloys identified earlier in diamond crystallites from the Avacha volcano (Kaminsky et al. 2016).
It is possible, that the minor Si concentrations in some alloys, may be caused by the silicide phase, which
might be underneath. Silicides, usually coexisting with alloys, vary in composition from (Mn,Ni)4Si to

(Mn,Ni);sSi, and MnsSi,, and further to MnSi, forming pure Mn-silicides. The compositional field of
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silicides occupies the Mn-rich part of Group 2 Mn-Ni-Si-Fe alloys identified earlier in diamond
crystallites from the Avacha volcano (Kaminsky et al. 2016).

A characteristic feature of the inclusions is their polyphase structure: their central, early phase is
usually an alloy (bright in Figs. 5C and 5D), on which silicide (gray in Figs. 5C and 5D) is developed. In
Fig. 12, coexisting compounds are shown as dotted lines with numbers of diamond samples, in which
they were analyzed.

Each mineral inclusion grain has nanometer-sized pores, 20-30 nm in size, usually in the periphery
of grains, that might have contained or still contain a fluid or a gas phase (Figs. 5D and Fig. 13A).
According to EDX spectra obtained from the inclusions, the pores contain chlorine, fluorine, and oxygen
in their compositions (Fig. 13B). Unfortunately, we were unable to quantify chlorine, fluorine, and
oxygen because there are no reliable kg factors available to calculate the concentration of these elements.
(The kag factor is a factor in the Cliff-Lorimer equation C,/Cy, = kag 1./, where C are the weight fractions
of the two elements in question, and / are the measured characteristics X-ray intensities (Cliff and
Lorimer 1975).

In order to study compositions of nanoinclusions in diamond #1, we performed the EDX analyses
of two inclusions in Tolbachik diamond 2 with the use of scanning electron microscope X-Max 50
Oxford Instruments (Fig. 14). In their spectra, on the background of carbon peak from the host diamond
(Fig. 14B), Mn and Si peaks (major), as well as O and F peaks occur, characterizing the inclusion
composition (Fig. 14C,D). The inclusions are, most likely, silicides, similar to those identified with the
use of EDX-TEM data, and particularly to Mn-silicides in grains la from sample T1-centre and 2 in
sample T1-rim (see Table 4). Of particular interest is the admixture of fluorine in these inclusions, which
is characteristic to both diamonds and gases from the Tolbachik volcano (Table 1). Possibly, they fill

nano-pores in silicides (Fig. 5D).

DISCUSSION
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Contamination or growth in the natural environment?

The artificial origin of the studied diamonds should be excluded because no drilling operation or
any other industrial activities were performed in this area, and no diamond-bearing instruments have been
used during the sampling and sample preparation process. The most important proof of a natural origin of
diamonds in Tolbachik and other Kamchatka volcanoes is a recent find in situ association of diamond with
deltalumite, in the Koryakskii volcano (Anikin et al. 2018) in which a microcrystal of diamond overgrows
the surface of the rounded deltalumite grain (Fig. 3).

The geological data demonstrate that Tolbachik diamonds are generally related to pyroclastic
material of the Tolbachik fissure eruption, which was closely related to its gaseous activity. As a
consequence, Tolbachik diamonds are enriched in volatiles, first of all in F and CI by 2-3 orders of
magnitude compared to other admixture elements - exactly like volcanic gases collected during the course
of the eruption (Fig. 6). Not only diamonds, but also virtually all inclusions have in their peripheral parts
small pores, containing fluorine and chlorine, which are characteristic for processes of volcanic eruptions
(Zelensky and Taran 2011; Zelensky et al. 2014).

The major structural impurity element in diamond, nitrogen has concentrations at ~300 ppm, higher
than in artificial diamonds (McNamara 2003; Kazuchita et al. 2016). Its isotopic characteristics are -2.58
%o and -2.32 %o &' >N ir, different from artificial diamonds, in which isotopic composition is of the air’s
nitrogen, 0 %o.

The most common mineral inclusions within the studied diamonds, which form their paragenetic
association, are Mn-Ni alloys with outgrowth silicides, that is not characteristic for processes of diamond
synthesis (Bezrukov et al. 1972). The analogous Fe-Ni alloys were identified as inclusions even in the
Earth’s deep mantle (Smith et al. 2016). Non-industrial origin of these inclusions is confirmed by their
finds not only inside diamonds, but also on their surfaces (Fig. 6A) and even on surfaces of volcanic ash

particles (Fig. 6B).
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Some researchers consider the existence of Mn-Si inclusions in diamonds as the main evidence of
their synthetic origin (Litasov et al. 2019). Indeed, inclusions of Fe-Ni-Mn-Co alloys in Tolbachik
diamonds are remeniscient of catalysts for the artificial manufacturing of HPHT diamonds. They usually
have MngNig composition, which corresponds to the eutectic at 1 atm and 1020 °C. However, the
inclusions in Tolbachik diamonds are radically different. Firstly, they have very variable compositions,
different of the eutectic: from MnNi to Mn,Ni with 45-67 at.% of Ni (see Table 4). Secondly, they
contain up to 5 at.% of Si, which is never used for man-made diamonds (Palyanov et al. 1997). Earlier, in
diamonds from another Kamchatka volcano, Avacha, we found inclusions of alloys with Si up to 19 at.%
(Kaminsky et al. 2019). Thirdly, inclusions of alloys in Tolbachik diamonds are associated with silicides,
which overgrow alloys (see Fig. 5). The silicides have very variable compositions: from (Mn,Ni),Si to
(Mn,Ni);sSi, and MnsSi,, and further to MnSi, forming pure Mn-silicides (see Table 4). Silicides never
occur in synthetic diamonds (Lang et al. 1995), but frequently exist in volcanic ashes (Karpov et al.
2017b). The analogous association of alloys and silicides, with even wider variations in their
compositions, occurred in polycrystalline diamond aggregates from the Avacha volcano and Koryakia,
both in Kamchatka (Kaminsky et al. 2016, 2019) (see Fig. 12).

The analogous problem appeared for the understanding of the natural origin of diamonds in Tibetan
ophiolites because of their cube-octahedral morphology, yellow color due to unaggregated nitrogen,
metal-alloy inclusions and highly negative &'°C values, - like in the studied Tolbachick diamonds.
However, higher concentrations of trace elements, high range of 5N (up to -5.6 %o), like in the studied
diamonds, indicate their natural origin (Howell et al. 2015). The unaggregated nitrogen suggests a short
history of the Tolbachik diamonds and lack of their residence under high temperatures (Taylor et al.

1996). This requires a new understanding of their origin.

Model of origin of Tolbachik diamonds
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Place and time of origin. The geological and tectonic setting of Tolbachik diamonds obviously
rules out a possibility of stable high P-T conditions of their formation, characteristic for ‘classical’
diamonds from kimberlites and lamproites. Most likely, they were formed, along with other accessory
minerals (moissanite, corundum, native metals) within the powdery coating on lava, from the magmatic
gas-fluid system. Not occasionally, the Tolbachik eruption 2012-2013 was highly gas saturated; and the
ashes of the new eruption contain higher Cu, Co, and Ga contents in comparison to lavas (Gordeev et al.
2014).

Karpov et al. (2014) found a very interesting detail on Tolbachik diamonds: a series of various
minerals and microfilms coating the diamond crystals. There are, among these minerals, silicates,
alumosilicates, sulfates, and oxides. These minerals have high concentrations of Fe, Ni, and Cu, and some
silicates contain nano-inclusions of Ni-Cu and Cu-Sn alloys, analogues to inclusions in diamonds. These
characteristic features of Tolbachik diamonds correspond to chemical features of minerals observed in
pores of solidified diamond-bearing lavas and in volcanic ashes. They confirm the close relationship of
the observed diamonds to the volcanic process.

The Tolbachik diamonds may have been formed during the explosive phase of the eruption process
and comprise pores located between their inclusions and host material. These pores in diamond are filled
in with an F-Cl gaseous material, characteristic for volcanic eruption processes.

The finding of diamond at the surface of rounded deltalumite grain, overgrowing it (Fig. 3),
indicates the simultaneous origin of these minerals during the activity of volcanic gases and their formation
along with volcanoclastic material.

Source of carbon. Carbon isotopic compositions of Tolbachik diamonds were carried out in three
different laboratories with the use of different techniques: gas mass spectrometers Delta V Advantage
(Karpov et al. 2014) and Delta Plus (Galimov et al. 2016a), and SIMS (Cameca IMS1280-HR) for our
new data. The values of §°C from all laboratories are within the range from -22 %o to -29%o with an
average at -25.4 %o 0"°Cyppg. This range is similar to the composition of carbonado diamonds (which

have crustal sources of carbon) and, more important, fully coincides with the isotopic composition of
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carbon in lavas of the Tolbachik 2012-2013 eruption (Galimov et al. 2016a). Moreover, these values are

similar to the isotopic compositions of hydrocarbons from the Uzon Caldera, Kamchatka (Galimov et al.

2015). This data allows us to conclude that the volcanic gases that participated in the Tolbachik eruption,
were the source of the carbon in Tolbachik diamonds.

Conditions of origin. The occurrence, in the Tolbachik lavas, of a diamond in association with
moissanite and native Fe, Al, and Cu, indicates the highly reduced conditions of their formation.
According to experimental and empirical data, the formation of moissanite only occurs at an oxygen
fugacity at 5-7.5 log units below the iron-wiistite buffer (IW), more reducing than the present-day mantle
redox state and does not need high pressure (Schmidt et al. 2014; Shiryaev and Gallard 2014; Golubkova
et al. 2016). Native metals and alloys occur in peridotites and chromitites (including diamondiferous
ones), which ultra-high pressure (UHP) origin is debatable (Pujol-Sol et al. 2018; Economou-Eliopoulos
et al., 2019; Farré-de-Pablo, 2019). Studying such assemblages in various tectonic environments, Griffin
et al. (2018) interpret them as reflecting the interaction between basaltic melts and mantle-derived fluids
dominated by CH4 + H,.

Mechanism of origin. Enrichment of the studied Tolbachik diamonds in volatiles implies their
genetic relationship to volcanic gases; their small sizes and unusually homogeneous internal structure
suggest their very fast crystallization. The presence, in the Tolbachik diamonds, of only a single-atom,
non-aggregated nitrogen impurity also demonstrates their fast, short-time origin, as well as almost no
residence time at high temperatures.

For the studied earlier polycrystalline diamonds from the Kamchatka volcanoes in similar
environments, the CVD formation was suggested (Kaminsky et al. 2016, 2019). In contrast to those
polycrystalline diamonds, the monocrystalline diamonds from Tolbachik do not bear microtwinning and
lattice defects, which are characteristic for CVD diamonds (Shechtman et al. 1993; Klages and Schéfer
1998; Butler and Oleynik 2008). This leads us to the possibility of an alternative, cavitation model of the
origin of the Tolbachik diamonds, which was offered by Galimov (1973) and proven experimentally

(Galimov et al. 2004). Cavitation is a process, in which high pressures and temperatures occur at several
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points, whereas the ambient parameters are, on average, moderate. It occurs in fluids containing dissolved
gases, and high gas contents are necessary conditions for the formation of diamond (Galimov 1973).
Deposition of diamond and graphite from gas (CH,4) during the epitaxy process is accompanied by
significant carbon isotope fractionation. In experiments with the epitaxial synthesis of diamond (7=
1050°C; P = 0.02 Torr, initial gas CH,4, and by using the cyclic etching procedure, following V. Deryagin
and D. Fedoseev’s method) overgrowing diamond was enriched in the heavy carbon isotope with

6" Cypp = -22 t0 -26 %o, while co-existing graphite was enriched in the light carbon isotope with

0" Cyppg = -65 t0 -67 %o relative to the initial CH, with 6" Cyppg = -46.2 %o (Galimov 1973). In contrast
to the epitaxy mechanism, cavitation synthesis is not accompanied by the isotope fractionation (Galimov

et al. 2004).

IMPLICATIONS

Diamonds from the Tolbachik volcano in Kamchatka are very specific in their internal structure,
impurity elements, carbon and nitrogen isotopic compositions, and mineral inclusions. They have cube-
octahedral shape and extremely homogeneous internal structure. Nitrogen and hydrogen, the most
common structural impurities in diamond, are distributed homogeneously. Of particular interest is the
F/Cl ratio in the studied diamonds, which almost coincides with the value of this ratio measured in the
volcanic gas. This indicates a close relationship between the mechanism of formation of these diamonds
and the gas phase and demonstrates a possibility of crystallization of diamond from gas in the natural
environment.

Mineral inclusions in the studied diamonds from Tolbachik are 70-450 nm in size, round- or oval-
shaped grains. They are represented by two mineral groups: Mn-Ni alloys and silicides, with wide
variations for each group. The mineral inclusion grains have nano-sized pores that contain a fluid or a gas

phase (F and O) that also confirm the close relationship of the diamonds and volcanic gases.
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Carbon isotopic compositions in diamonds vary within the range from -21 %o to -29 %o 6"Cvppp
(av.=-25.4). Nitrogen isotopic compositions in diamond from Tolbachik volcano are from -2.32 %o to -
2.58 %o & Ny These parameters are quite specific for diamonds.

The geological, geochemical and mineralogical data confirmed the natural origin of studied
Tolbachik diamonds from volcanic gas, most likely, as a result of cavitation mechanism at the extremely
powerful explosive phase of the eruption. These diamonds demonstrate polygenesis of diamond in the

natural environment.
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Table 1. Concentrations of elements in diamond #1 (at/cm’, ppm), obtained with the use of mass
spectrometer Cameca IMS-4f and calculated on the basis of the Relative sensitivity factors (Wilson
1995), in comparison with concentrations of the elements in gases from the Tolbachik volcano

Volcanic gases from Tolbachik

Diamond #1 (Zelenski et al. 2014)
lon . . Normalized .to . Normalized .to
Concentration, Concentration, mantle pyrolite Concentration, mantle pyrolite
at/cm3 ppm after McDonough ppm after McDonough
and Sun (1995) and Sun (1995)
N™ 4.7 x 10" 304 152.0
F 6.8 x 1017 5.6 0.2240 4650 186.0
Na’ 6 x 1016 0.6 0.2247 224 83.9
Al 2.4 x 10" 3 0.0001 7.9 0.0003
Si 1.7 x 1020 2200 0.0105 74 0.0004
Si 2.4 x 1016 310
s 7.7 x 1077 11 0.0440 36000 144.0
cr 9.3 x 10" 14.6 0,8588 24000 1411.8
K' 5.7 x 1016 1 0.0042 250 1.0417
Ca’ 1.8 x 1077 3.3 0.0001 4.5 0.0002
o} 1 x 1021 7382
628
629
630
Table 2. Concentrations of nitrogen in the studied Tolbachik diamonds
Sample # Nitrogen (at. ppm)
T2 433
T3 131
TOP 126
CH 245
Average 233.8 + 143.8 (2s)
631
632
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Table 3. Isotopic compositions of diamonds from the Tolbachik volcano

Sample # 0'13CvpPpB, %o d'5Nair, %o N, ppm
2 -26.73 -2.58 97 + 11 (2s)
3 -28.66 -2.32 288 + 16 (2s)

633
634
635
Table 4. Chemical compositions of mineral inclusions in diamonds from the Tolbachik volcano (at.%)
irain No. T1 centre T1 rim T2 centre T3 rim
lusion No. 1 1a 2 3 1 2 1 1a 1 1a
Si 5.60 45.91 26.12 20.50 - 28.51 520 27.00 1.07 5.42
Mn 49.35 54.09 59.50 56.00 67.40 7149 6282 7277 4564 49.19
Ni 45.05 - 14.38 23.50 32.60 - 3198 0.23 5329 4539
ichiometry MnNi  MnSi  (Mn,Ni)sSi2  (Mn,Ni}sSi  MnoNi MnsSiz  MnoNi MnsSiz2 - MnNi MnNi
636
637
638
639
640 CAPTIONS TO FIGURES
641
642  Fig. 1. A map of the 2012-2013 Tolbachik lava flows. Yellow- lava fields; red line — the fissure; red stars
643  — diamond finds. The map is compiled with the use of space images by NASA and JPL and field works.
644  Details in the text.
645
646  Fig. 2. Eruption from the Naboko vent at the foot of the Plosky (Flat) Tolbachik volcano. Pyroclastic
647  material (black particles at the top of the volcanic material) formed a significant part of the eruption. 6
648  January 2013. Photo by A.A. Sokorenko.
649
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Fig. 3. In situ microcrystal of diamond (shown with arrows) on the surface of deltalumite (a, b) and an

EDX spectrum of the diamond grain (c).

Fig. 4. Diamonds from the Tolbachik volcano.

Fig. 5. Details of the internal structure of diamonds from Tolbachik and mineral inclusions in them. A —

Typical homogeneous structure of diamond with no stacking faults, dislocations, cracks or low-angle

boundaries. Crystal T1-rim, foil #5576. B —Stacking faults and cracks in the central part of crystal T1, foil

#5575. C — Polymineral inclusion #1 of Mn-Ni alloy and Mn-silicide in crystal T1-centre, foil #5575.
Numbers in the figure correspond to the analyses numbers in Table 1. D —Nano-pore (shown with an
arrow) in the periphery of inclusion #3 in crystal T1-centre, foil #5575.A and B are TEM bright-field
images; C and D are high-angle annular dark-field (HAADF) images.

Fig. 6. Mn-Ni alloy particles on the surfaces of a diamond (A) and an ash particle (B). D — diamond.
Fig. 7. Ion distributions of impurity elements in Tolbachik diamond #1, obtained with the use of mass
spectrometer CamecalMS-4f. Concentrations of elements (at/cm’) are expressed in color. Areas out of

crystal boundary limits (dark blue) are metallic In, which the diamond crystal was mounted in.

Fig. 8. Mantle-normalized concentrations of elements in diamond #1 and in gas from the Tolbachik

volcano.

Fig. 9. FTIR spectrum of diamond #TOP.

Fig. 10. Histogram of §"*Cyppg distribution in diamonds from the Tolbachik volcano.
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Fig. 11. Carbon-nitrogen isotopic compositions of diamonds from the Tolbachik volcano, on the

background of isotopic compositions of diamonds from different sources.

Fig. 12. Compositions of mineral inclusions in Tolbachik diamonds. Dotted lines indicate compositions of
inclusions in diamond crystallites from the Avacha volcano (Kaminsky et al. 2016). The compositional
fields of alloys (red) and silicides (blue) are outlined by solid lines. Fields, outlined by thin dotted lines,
are compositional fields of inclusions in polycrystalline diamond aggregates from the Avacha volcano

(Kaminsky et al. 2016). Details in the text.

Fig. 13. A — Mn-Ni alloy inclusion #1 in the rim of diamond T1, foil #5576. Note a pore shown with an
arrow. B - EDX spectrum from this inclusion. In addition to major element peaks (Mn and Ni), a strong C
peak is caused by the diamond host crystal. Minor admixtures of Cl, F and O are from the pores. The Cu-
K, X-ray intensity is due to the copper grid on which the sample rests, and the Ga X-ray intensity

represents gallium implanted during the FIB sputtering.

Fig. 14. EDX spectra of the host diamond (B) and inclusions 2 and 3 (C and D) from the scanning

electron image (A).
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Table 1. Concentrations of elements in diamond #1 (at/cm’, ppm), obtained with the use of mass
spectrometer Cameca IMS-4f and calculated on the basis of the Relative sensitivity factors (Wilson
1995), in comparison with concentrations of the elements in gases from the Tolbachik volcano

Volcanic gases from Tolbachik

Diamond #1 (Zelenski et al. 2014)
lon Normalized to Normalized to
Concentration, Concentration, mantle pyrolite Concentration, mantle pyrolite
at/cm® ppm after McDonough ppm after McDonough
and Sun (1995) and Sun (1995)
N* 4.7 % 10" 304 152.0
F 6.8x 10" 5.6 0.2240 4650 186.0
Na’ 6x10" 0.6 0.2247 224 83.9
Al 2.4 x10" 3 0.0001 7.9 0.0003
Si 1.7 x 10%° 2200 0.0105 74 0.0004
Si 2.4 x10™ 310
s 7.7 x10" 11 0.0440 36000 144.0
cl 9.3x 10" 14.6 0,8588 24000 1411.8
K 57 %10 1 0.0042 250 1.0417
Ca 1.8 x 10" 3.3 0.0001 4.5 0.0002

o 1 x 10% 7382




Table 2. Concentrations of nitrogen in the studied Tolbachik diamonds

Sample # Nitrogen (at. ppm)

T2 433
T3 131
TOP 126
CH 245

Average 233.8 £ 143.8 (20)




Table 3. Isotopic compositions of diamonds from the Tolbachik volcano

Sample # 513CVPDBy %0 équAiry %0 N, ppm

2 26.73 258 97 + 11 (20)
3 -28.66 2.32 288 + 16 (20)




Table 4. Chemical compositions of mineral inclusions in diamonds from the Tolbachik volcano (at.%)

Grain No. T1 centre T1 rim T2 centre T3 rim
Inclusion No. 1 1a 2 3 1 2 1 1a 1 1a
Si 560 45.91 26.12 20.50 - 28.51 520 27.00 1.07 5.42
Mn 49.35 54.09 59.50 56.00 67.40 7149 6282 7277 4564 49.19
Ni 45.05 - 14.38 23.50 32.60 - 3198 0.23 53.29 45.39
Stoichiometry  MnNi MnSi  (Mn,Ni)sSi;  (Mn,Ni);Si  Mn;Ni MnsSi;  Mny,Ni MnsSi;  MnNi MnNi
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