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Abstract. On nowadays multiphase and the facies heterogeneity of the formations are distinguished at the study of kim-
berlite pipes. Most researchers associate the formation of diamonds only with the mantle source. To date, satellite minerals
with specific compositions associated with kimberlite diamonds have been identified as deep mantle diamond association.
They are extracted from the concentrate of the kimberlites heavy fraction and may reflect the diamond grade of the pipe.
For some minerals in the diamond association, however, they can not be reliable. Some researchers also revealed shallow
diamond associations, related to the formation of serpentine, calcite, apatite, and phlogopite. There is recent data on the
formation of diamonds in rocks of the oceanic crust. In the last years microdiamonds were identified in chromites of the
oceanic crust in association with antigorite formed at 350-650 °C and 0.1-1.6 GPa. As a result, the authors established
a postmagmatic kimberlitic stage of diamond formation associated with secondary mineral associations based on the ex-
perimental and mineralogical data for the conditions of the shallow upper mantle and crust. Mineralogical and petrographic
studies of Angolan kimberlite pipe show that antigorite is the indicator mineral of this stage.
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Introduction. Currently, most diamonds are found in volcanogenic rocks — kimberlites and
lamproites, containing inclusions of the deep mantle and crustal rocks. Half a century of studying
kimberlites and the diamonds themselves enabled to obtain a wide range of their petrographic, min-
eralogical, and geochemical characteristics. However, despite the long period of kimberlites' system-
atic study, many aspects of their geology, genesis, and composition remain unresolved, poorly under-
stood, or controversial. Currently, most researchers attribute diamond formation only to the mantle.
In recent years there has been evidence of diamond formation in volcanoes [1, 2], serpentinites, and
chromites, being the rocks of the oceanic crust [3-5]. The author's previous work [5] showed the
possibility of nano-diamond formation in serpentinites in equilibrium with lizardite at temperatures
of 150-300 °C and a pressure of about 2 kbar. Micro-diamonds have been discovered in chromite in
equilibrium with antigorite at temperatures of 350-650 °C and pressures of 0.1-1.6 GPa [3, 4]. At the
same time, high-pressure minerals were not found in these rocks. As a result, E.M.Galimov and
F.V.Kaminsky concluded that diamonds could be synthesized as a metastable phase at relatively shal-
low depths at low temperatures (500-700 °C) and pressures [1].

Methodology. The study of kimberlite bodies revealed the multiphase nature of kimberlite vol-
canism and the facies heterogeneity of formations that make up kimberlite pipes [6]. For kimberlites,
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there are currently two main deep diamond-forming environments: peridotite (~65 %) and eclogite
(~33 %), and, to a lesser extent, an intermediate one associated with the mantle [7, 8]. Satellite min-
erals with specific compositions associated with kimberlite diamonds have been identified and
grouped in a so-called diamond association, which includes garnet, chromospinelide, picroilmenite,
olivine, and pyroxenes. They are extracted from the concentrate of the kimberlites' heavy fraction and
may reflect the degree of their potential diamond content. These criteria are empirical and based on
large statistical samples. For some minerals in the diamond association, however, they can not be
reliable. However, several researchers in addition to deep diamond associations also revealed shallow
diamond ones associated with the formation of Ti-bearing chromite, serpentine, calcite, apatite, and
phlogopite from kimberlite [9]. It is confirmed by the fact that the diamonds absolute age varies from
the ancient mantle to the kimberlite age [6, 10]. At the same time, diamonds with eclogite paragenesis
are younger than those with peridotite [11]. Studies of the physical properties of diamonds suggest a
zonal structure consisting of core, rim, and intermediate regions [12].

Discussion. Organic and carbon formation in ultramafic serpentinites and kimberlites. The
widespread occurrence of injection-metasomatic and superimposed post-magmatic processes in the
pipes causes the spread of epigenetic structures that mask the original image of the rocks. Epigenetic
inclusions have been found in many diamonds as fracture filling and primary phase replacement prod-
ucts [13]. They include serpentine, calcite, dolomite, amphibole, acmite, graphite, hematite, magnet-
ite, kaolinite, perovskite, Mn-ilmenite, sulfides, xenotime, goethite, apatite, mica (phlogopite, bio-
tite), microcline, sellaite, spinel, and talc [14-16]. Serpentine has been identified on more than one
occasion in diamonds as an epigenetic mineral. S.B.Talnikova [17] described a mineral association
of serpentine-chromite-calcite-sulfides in Yakutsk diamond from Udachnaya pipe in the absence of
fractures on the diamond surface. The author believes that this association is protogenetic and was
captured by a diamond from kimberlite during its growth in the Earth's crust. Three main modifica-
tions of serpentine are known: lizardite, chrysotile, and antigorite [18]. Experimental studies show
that antigorite can be stable up to pressures of 60 kbar [19]. Serpentinization processes can produce
reduced hydrogen and hydrocarbon fluids with organic matter. This is possible by the reaction of
olivine hydration with the formation of serpentine, magnetite, and hydrogen [5]:

3Fe;Si0s + 3Mg:SiOs+ 6H,0 — 2MgsSi;Os[OH]s + 2Fes04+ 2Hs + 2Si0s.

The products of this reaction (serpentine and magnetite) have been noted in epigenetic inclusions
in diamonds [20]. The reaction can lead to the formation of hydrocarbons according to the well-
known Fischer — Tropsch (FTT) reactions:

nCOz + [3n + 1]JH2 — C,Hpas2) + 2nH20,
where 1 <=n <+ .

As a result of these reactions, the formation of various organic substances is possible [21]. Car-
bon dioxide reacts with Hz, giving rise to CO, which binds to the catalyst surface to form carbonyl
groups (C=0). Carbonyl groups are reduced to carbide and then to methylene groups (=CH>), which
in some cases become methyl groups (—CH3). These processes can produce methanol and alcohol.
Methanol synthesis is possible at 320-400 °C and 100-300 atm according to the reaction

CO; + 3H, — CH30H + H2O.
Further, ethyl alcohol can be synthesized from methanol by the following reaction:
CH;0H + CO + 2H; — C;H50H + Ho..

The formation of nano- and micro-diamonds from alcohol at 500 °C and 0.1 GPa [22], as well as
the growth of diamonds on seeds at temperatures of 100-350 °C and pressures of 100-400 atm, from
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organics, are known [23] (Fig.1). Serpentinization ~ *9 .
produces nano- and micron-sized diamonds in the 3.5 1 ,
temperature range of 150-650 °C and pressures of ~ 3-07 A Diamond
0.1-1.6 GPa [3-5]. Epigenetic graphite, found in di- ¢ 2| Graphite
amond fractures, can also be formed by the serpen- :l 2.0 1 : 1
tinization of olivine in kimberlites under reduced L5 Antg
conditions [24]. Thus, serpentinization and other lo{ Lz
types of secondary alterations in kimberlites can 0.5 4 ; A
lead to the formation of nano- and micro-diamonds, 0 . - — ; ’
as well as to diamond growth on nucleated mantle 100200 300 T“O:)C 500600 700
crystals in conditions of shallow upper mantle and Figl. Temperature’an d pressure
crust by reactions like [4, 5]: range of antigorite stability
CH4 + C02 —2C + 2H20. I— the upper limit of antigorite stability; II — limits of

antigorite-lizardite equilibrium according to [18, 19];
On the other hand, these processes can also lead ;fh;je,%?g;j;‘;fgfs‘i?s“;ﬁi‘]fe;zﬁgﬁg;;i;‘t;*;r;’ mites [3. 41
to the dissolution of diamonds, for example, upon from organic mixtures [12, 22]
contact of reduced hydrogen fluids with crystals. Ser-
pentinite diamonds have lighter carbon isotopes than mantle diamonds, so nano-diamonds from the
serpentinites of Sicily have §'3C = —29 %o [5].

Organic matter is noted in diamonds from kimberlites. A wide range of organics has been found
in the fluid inclusions of diamonds from the northeastern Siberian platform and Ural placers, includ-
ing various hydrocarbons, alcohols, carboxylic acids, ketones, etc. [25, 26]. For these diamonds with
eclogite and uncertain paragenesis types, carbon isotopic values with 5! less than —20 %o have been
noted. In [27] studied the organic matter impurities, nitrogen concentrations, and its aggregated form
were studied by infrared spectroscopy in diamond crystals of the Yubileinaya (Yakutia) and Juina
(Brazil) pipes. The crystals of both sites contain graphite impurities in the rims. For the Yakutian
diamond, there is a trend towards a decrease in the aggregated form of nitrogen (% Ng) from the core
to the rim regardless of the total nitrogen concentration, which corresponds to a decrease in the crys-
tallization temperature. Infrared spectroscopy shows the presence of organic substances in the form
of methylene groups CH> and methyl CHj; saturated hydrocarbons in the rim. The diamond from the
Juina area contains high concentrations of fully aggregated nitrogen in the core (about 1000 ppm) and
relicts of organic matter in the rim. Organic matter is found in both nitrogen-rich and nitrogen-poor
areas of the crystal. These data, combined with the relatively light carbon isotope composition of the
studied diamonds (—9.6 and —22.0 %o 5'*C, respectively), mainly show an increase in organic matter
content in the late stage of diamond formation with decreasing temperature.

Mineralogical and petrographic features of the Catoca kimberlite pipe. A detailed mineralogi-
cal, petrographic and structural study of the Catoca pipe (Angola) has shown a correlation between
serpentinization processes and the diamond grade of the rocks [28]. In this kimberlite pipe, the dia-
mond association minerals, secondary mineralization, and the horizontal distribution of diamond con-
centrations were investigated. The main minerals of the heavy fraction of the pipe kimberlites are
pyrope, chromium diopside, chromium spinel, and picroilmenite. Pyrope is constantly present in sam-
ples, but inferior in quantity to ilmenite. It is recorded both as individual grains of a predominantly
isometric, less often angular shape, sometimes fragments, and as aggregates with pyroxene. The size
ranges from a tenth of a millimeter to 3-5 mm, rarely more. The surface is mostly matt, sometimes
with relics of a kelyphite rim. A smooth surface is more common for garnet grains from volcanogenic-
sedimentary and epiclastic rocks. and epiclastic rocks. The composition of the pyrope varies signifi-
cantly, with lherzolitic associations being the most widespread (Fig.2).
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Monoclinic pyroxenes, mainly chrome diopside, are
found in significant quantities in the kimberlitic rocks of
the Catoca pipe. Most often they have prismatic, some-
times angular forms. The size is 3-5 mm or more along
the long axis, with occasional individuals of 10-12 mm in
length. Chrome diopside with a chromium content of
more than 2 wt.% has been observed, which with in-
creased Na,O content characterizes the presence of kos-
mochlor component (NaCrSi,Og¢). Similar pyroxenes are
characteristic of pyrope-chrome diopside-chrome spinel
intergrowths from diamond-bearing pipes and corre-
spond to the coesite depth facies. For other varieties

, . , , of monoclinic pyroxenes, characterized by the absence of
Fig.2. Composition of pyrope from the kimberlites . . .
of the Catoca pipe and combined diagram by chromium oxide, the increased ALO3 and Na,O concen-
N.V.Sobolev [7] and J.J.Gurney [29-31]; trations with a decrease of calcium and magnesium ox-
G9 — lherzolitic garnets; . . . .

G10 — harzburgitic garnets ides share characterizes the presence of jadeite compo-
nent, which brings them close to omphacite from magne-
sian-ferrous eclogites. Clinopyroxene intergrowths with biotite and hornblende have also been
recorded. In addition to the noted indicator minerals of kimberlites, chrome spinels occur occasion-
ally. They are usually part of the matrix, morphologically represented by isometric grains and octa-
hedral crystals with flattened tops. The surface is mostly matt, sometimes with clear signs of mag-
matic corrosion. A characteristic feature of chromium spinelides is their low alumina content (ALO3
less than 6 wt.%). Their composition is similar to that of high-chromium spinelides of the lherzolitic
paragenesis, with a slightly higher titanium content. Most of the studied spinels from kimberlites of

the Catoca pipe belong to the group of intergrowths with garnets and clinopyroxenes.

The most characteristic mineral in the kimberlitic rocks of the Catoca pipe is picroilmenite,
which in some cases exceeds 5 vol.%, corresponding to the level of the rock-forming mineral. It is
represented by grains of isometric and isometric-angular shape with smoothed edges. In some cases
crystals are elongated. The size of the picroilmenite aggregates varies from a tenth to 5-8 mm, some-
times up to 12-15 mm. The surface in kimberlite breccias and tuff breccias is matted and leucox-
enized, sometimes cavernous. In contrast, in volcanogenic-sedimentary and epiclastic formations, the
surface is usually shiny, smooth, and pitch-black colored.

Picroilmenite is one of the minerals that react sensitively to changes in the composition of the
crystallization environment. The authors [32] point out four stages of Ilm macro-, megacrysts for-
mation: asthenospheric, lithospheric, diatremic, and subsurface. The final, fourth crystallization stage
is represented by the Ilm of the groundmass. Its composition in the Mir pipe is characterized by a
high MgO content (up to 15 %) and a low AbO3 content (generally less than 0.3 %). The researchers
[32] do not exclude that this stage coincides with the beginning of the late magmatic serpentinization
of kimberlites. The diagnostic diagrams (Fig.3, a-c) show that the Catoca picroilmenites with an
ALOs3 content not exceeding 0.3 % belong mainly to the kimberlite type and provide good preserva-
tion of diamond crystals. The calculated temperatures of their formation mainly range from 330 to
650 °C (Fig.3, d).

Secondary mineral formation in the kimberlites of the Catoca pipe is mainly represented by ser-
pentine replacing olivine and clinopyroxene, as well as by minerals formed mainly in post-magmatic
and hydrothermal conditions (smectite, mica, carbonates, and saponite). Mica is confined to kimber-
lite composed of serpentine group minerals. In comparison to other rock-forming minerals, mica is the

Cr203, wt.%
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Fig.3. Characteristics of composition and PT-parameters of picroilmenites from the Catoca kimberlite pipe in the diagrams:

a — Vaganova et al. [33], Wyatt et al. [34]; b — Moore [35], Schultze et al. [36] with Haggerty parabola [37]; ¢ — Gurney et al. [31]
with diamond preservation index fields (1 — diamonds were not preserved; 2 — poorly preserved; 3 — moderately preserved;
4 — good preserved); d — calculation of temperatures according to the Ashchepkov ilmenite thermometer [38]; pressure is assumed
in accordance with the paleogeotherm of 50 MW/m? according to Hasterok and Chapman [39]

is the most stable in a low-thermal process. Under weathering conditions, they are transformed into
other layered silicates. According to the available results, the following transformations take place dur-
ing mica destruction in this tube: phlogopite — vermiculite — saponite. Smectites are characterized by
a variable composition, and some of them, in addition to magnesium, iron, and aluminum, also contain
chromium, the presence of which has been detected and confirmed by X-ray diffraction.

The distribution of serpentine group minerals has been studied in reference boreholes in the
Catoca pipe [28]. The main variety here is pseudo-isometric lamellar lizardite (1T). This mineral is
contained in rocks either as an individual component, or its layers are included in an ordered lizardite-
saponite mixed-layer formation [40] formed under certain petrophysical properties of rocks and hy-
drogeochemical features of the mineral formation medium. Antigorite and chrysotile are also rec-
orded in certain quantities. Fibrous serpentine was not visually detected. In the lower horizons of the
geological sections of the pipe, kimberlite rocks are almost completely composed of serpentine min-
erals. Serpentine refers to minerals of the 1:1 type. Its crystal structure consists of idealized Si-O-
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tetrahedral and Mg-OH-octahedral layers with possible partial replacement of Si by Fe*" and espe-
cially Mg by Fe?" and Fe**, including also some other elements. These layers are interconnected by
hydrogen bonding with a c-axis period of ~7.30 A during transformation with almost no or only small
amounts of mica in the kimberlite.

At the early stages of serpentine transformation, mainly sequentially transforming phases of sapo-
nite from ferro to oxyferri forms appear, through intermediate ones enriched first in Mg(Fe-Mg) and
then in Fe(Mg-Fe). In some cases, the serpentine alteration, present in the rocks under study mainly in
the form of lizardite and sometimes clinochrysotile, is accompanied by the emergence of a metastable
ordered mixed-layered lizardite-saponite formation. Subsequently, the general trend of serpentine trans-
formation products is the formation of nontronite-like phases. Judging by the ratio of reflections with a
value of ~ 7.30 A for serpentine and ~ 12-15 A or ~ 18 A for saponite on the diffraction curves of both
air-dry rock samples, and at saturation of samples with organic fillers, in particular glycerol, the content
of swelling mineral at this stage of kimberlite changes is minor. This shows that only partial generation
of saponite occurs due to serpentine decomposition products in the kimberlites of the Catoca pipe.
A significant amount of Mg is removed from the altering rock due to the lack of Si in the mineral
formation system of considered kimberlites, capable to bind Mg in silicate layered saponite structure.

At the analyzing the distribution model of serpentine group minerals in the volume of the pipe,
its clear association with kimberlites of the diatreme facies and the complete absence of crater facies
in the rocks are noted. At the upper horizons, serpentine is contained in kimberlite breccias of a ring
structure with maximum values in the western and southwestern parts of the pipe. Its content de-
creases slightly with depth and is characterized by an almost uniform distribution in the groundmass,
except for the 650 m horizon, where in the western part of the deposit the amount of serpentine does
not exceed 10 %. The distribution of diamond content across the explored horizons of the Catoca pipe
shows a similar trend: significant concentrations are also confined to rocks of the ring structure and
diatreme facies.

Conclusions. The analysis of the secondary mineralogical features of the Catoca pipe showed
correlations between minerals of the serpentine group and the diamond content in the rocks. Signifi-
cant Spearman correlations (1) = 0,33) were obtained only for antigorite, which exceeds the correla-
tion degree for pyrope (see table). The observed correlations are significant at p < 0.05000. The rela-
tionship between diamond content and serpentine could be explained by the fact that serpentine is a
product of the alteration of olivine, a typical diamond satellite mineral. Zinchuk et al. [40] have shown
that serpentinization of olivine-bearing rocks occurs mainly at temperatures not higher than 500 °C.
At maximum temperatures olivine is replaced by antigorite, at lower temperatures by lizardite, and at
the end, chrysotile may also appear. In the case of the association of diamonds with olivine, the dia-
mond content should have correlated as closely as possible with the total serpentine content.

Spearman's rank correlations

Correlation parameters Number of observations Spearman Method — R t(N-2) P
Diamond content and serpentine 59 0.04 0.33 0.75
Diamond content and antigorite 59 0.33 2.63 0.01
Diamond content and lizardite 59 —-0.09 —-0.67 0.51
Diamond content and Crsp 32 0.10 0.52 0.60
Diamond Content and Prp 32 0.27 1.53 0.14
Diamond content and Plim 32 -0.24 -1.35 0.19
Diamond Content and Crdi 32 —-0.03 -0.18 0.86

However, the maximum correlation has been established with antigorite, the highest temperature,
pressure serpentine phase, indicating that diamonds can form with it. Based on the serpentinite phase
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stability diagram and experiments on the formation and build-up of diamonds from organic mixtures
(see Fig.1), we can conclude that diamond growth associated with secondary processes of antigorite
formation in the temperature range 300-650 °C. It took place on the late stages of kimberlite formation.
At this stage, the composition of fluids varies from reduced to oxidized, and various organic substances
were formed. Diamond growth here occurred mainly on existing crystals from the fluid phase, with the
participation of hydrocarbons, alcohols, and carboxylic acids formed under these conditions and fixed
in diamond inclusions. The evidence of this is the increased content of organic matter at a later stage of
diamond formation [27] and the presence of hydrocarbons, alcohols, and other organics in the gas-liquid
inclusions of diamonds from the north-eastern Siberian platform, the Urals, and Africa. The range of
temperatures and pressures of antigorite stability corresponds to the formation conditions of organics
(alcohols and HC) for diamond synthesis, conditions of synthesis and build-up of diamonds from or-
ganic mixtures [22, 23], and formation of micro-diamonds during serpentinization [3, 4].

Conclusions. Based on these facts, a post-magmatic hydrothermal kimberlite stage of diamond
formation can be distinguished. It is possible at the conditions of shallow upper mantle and crust and
associated with the secondary mineral formation on the primary minerals of kimberlites and xenoliths.
For this stage, antigorite is identified as an indicator mineral.
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