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Abstract

:

This report deals with the first mineralogical examination of secondary crystallized melt inclusions (CMIs) in healed cracks within olivine in a mantle peridotite xenolith from the V. Grib kimberlite pipe (Arkhangelsk diamondiferous province). In contrast to micro/nano-inclusions in diamonds, the studied CMIs are quite large (up to 50 µm), so that the mineral composition of the CMIs can be determined via conventional analytical approaches, e.g., Raman spectroscopy and scanning electron microscopy. Garnet peridotite is a coarse-grained mantle rock that equilibrates at 3.3 GPa and 750 °C (corresponding to a depth of ~100 km). The CMIs are therefore tiny snapshots of melt that existed in the shallow lithospheric mantle and were entrapped in olivine. In total, nineteen mineral species were identified among the daughter magmatic minerals of the CMIs. Various Na-K-Ca-, Na-Ca-, Na-Mg-, Ca-Mg-, Mg- and Ca-carbonates; Na-Mg-carbonates with the additional anions Cl−, SO42− and PO43−; alkali sulfates; chlorides; phosphates; sulfides; oxides; and silicates were established. Within the mineral assemblage, carbonates were predominant, with their abundance being more than 62 vol.%. The CMIs contained twelve alkali-rich minerals; nine of them were Na-bearing and showed bulk molar (Na + K)/Ca ≥ 1. The CMIs’ parental melt was an alkali-rich carbonate liquid that contained low amounts of SiO2 (≤9.6 wt%) and H2O (≤2.6 wt%). According to our estimates, the time of complete equilibration between olivine within the healed cracks and host olivine in the mantle at the calculated P-T parameters for the studied xenolith should be no more than several years. Based on this geologically short time span, a genetic link between the studied CMIs and the magmatism that formed the V. Grib kimberlite pipe is suggested.
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1. Introduction


When reconstructing the evolution of the silicate lithospheric mantle of ancient cratons, a crucial role in metasomatic events leading to the transformation of previously depleted rocks is predominantly attributed to silicate-rich melts of various compositions (e.g., [1,2,3,4,5,6,7,8,9,10,11,12,13,14]). Compared to the effects of silicate metasomatism, direct evidence for the presence of carbonate or carbonate-rich melts in the continental lithosphere is less widespread. Some examples include the occurrence of (1) epigenetic carbonates in the interstitial space of mantle xenoliths from kimberlites [13,15,16,17], (2) carbonates texturally equilibrated with silicate minerals in so-called melt pockets in mantle xenoliths from kimberlites [13,14] and (3) carbonates in polymineralic inclusions in garnet and clinopyroxene megacrysts/xenocrysts from kimberlites (e.g., reviews in [18,19,20]). On the other hand, cryptic metasomatism (i.e., a more subtle type of metasomatism that results in geochemical modifications of mantle assemblages without the formation of new phases) of minerals from mantle rocks by carbonate melts has been recorded at various locations worldwide and is addressed in a significant number of publications (e.g., [8,21,22,23,24,25,26]).



Numerous studies of melt/fluid micro- and nano-inclusions in lithospheric fibrous diamonds the world over (e.g., [27,28,29,30,31,32,33,34,35]), including cuboid-type diamonds from the V. Grib kimberlite pipe [36], indicate a significant role of local carbonate/alkaline–carbonate melts/fluids in the formation of these diamonds. Crystalline inclusions of carbonates in lithospheric diamonds are mainly calcite, magnesite and dolomite, which are considered rare compared with inclusions of silicate minerals (e.g., reviews in [37,38]). However, the volume of mineralogical data on carbonate mineral inclusions in lithospheric diamonds is constantly increasing. For instance, a polycrystalline inclusion consisting of bütschliite (carbonate polymorph with the crystal–chemical formula K2Ca(CO3)2), eitelite (Na2Mg(CO3)2) and dolomite (CaMg(CO3)2) has been recently found in the central part of a gem-quality diamond of lithospheric origin from the Sytykanskaya kimberlite pipe (Siberian craton) [39]. A high-pressure CaCO3 polymorph, aragonite, was diagnosed in a sublithospheric diamond from the Komsomolskaya kimberlite pipe (Siberian craton) [40]. The latter finding indicates the possibility of diamond crystallization within the mantle substrate at depths below 300 km. Sublithospheric diamonds from the Juina area (Brazil) enclose crystallized micro- and nano-inclusions of a carbonatitic-type mineral paragenesis including carbonates (calcite, dolomite, nyerereite, nahcolite, magnesite and eitelite) and halides (NaCl, KCl, CaCl2 and PbCl2) [41,42,43,44,45,46]. It is believed that the crystallization medium for these diamonds was the initial carbonatitic melt which may have originated at depths corresponding to the lower transition zone or even the lower mantle. During ascent, this carbonate liquid dissociated into two immiscible parts: a carbonate–silicate and a chloride–carbonate melt. According to [42,43,44,45,46], the chloride–carbonate melt is parental to the observed natrocarbonatitic lower-mantle association.



Numerous experimental works have shown that at P-T parameters of the lithospheric mantle, carbonate/alkaline–carbonate melts can be in equilibrium or in partial equilibrium with various mantle mineral assemblages (e.g., [47,48,49,50,51,52,53,54,55,56]). It is currently accepted that these melts can be generated by low degrees of partial melting of mantle rocks (e.g., [24,57,58,59,60,61,62,63]).



Carbonate melts display unique physical properties, such as the lowest viscosities among known terrestrial melts, high mobility and wettability (e.g., [63]). Hence, carbonatitic melts may be highly effective metasomatic agents in the lithospheric mantle, as their low viscosity and high mobility permit percolation along grain boundaries of silicates over a large distance (e.g., [64]). Snapshots of such melts (primary melt inclusions in minerals of mantle rocks) were discovered even in samples from the shallow lithospheric mantle (~110–115 km), above the diamond stability field [65].



At present, large-scale occurrences of carbonatite magmatism on ancient cratons are unknown. However, kimberlite occurrences on ancient cratons are numerous, with the bulk composition of these rocks being ultramafic, generally poor in SiO2 (up to 35 wt%, e.g., [66]). Based on the study of secondary melt inclusions in olivine from mantle xenoliths [67,68,69,70,71,72], as well as primary and pseudosecondary inclusions in kimberlite minerals (e.g., [20,67,73,74,75,76,77,78,79,80,81,82,83,84]), it is assumed that both primitive (inclusions in olivine of mantle xenoliths) and evolving-during-ascent (inclusions in minerals of kimberlites) kimberlite melts had an alkaline–carbonate composition.



These lines of evidence indicate that not only silicate, but also alkaline–carbonate and carbonate liquids play a significant role in lithospheric and sublithospheric processes beneath ancient cratons.



Melt inclusions in minerals of mantle xenoliths from basaltoids have been examined in at least several hundred publications (e.g., reviews in [85,86,87,88]), whereas those from kimberlites have received limited attention. In mantle xenoliths from kimberlites, melt inclusions in olivine have been investigated only in a particular type of the deepest mantle xenoliths—so-called sheared peridotites. At the same time, such studies of sheared peridotites were carried out for only three kimberlite occurrences, namely for kimberlites of the Udachnaya and Komsomolskaya–Magnitnaya pipes (Siberian craton) and the Bultfontein pipe (Kaapvaal craton) [67,68,69,70,71,72].



This report presents the first results of a study aiming to characterize secondary crystallized melt inclusions in a granular xenolith from kimberlites, as well as to inspect poorly studied melt inclusions in kimberlite-borne mantle cargo of the Kola craton (part of the Baltic super-craton or East European platform). Both unexposed and exposed-on-the-surface crystallized melt inclusions have been examined using Raman- and electron-microprobe-based analytical techniques. In the discussion section, we show that the composition of the investigated melt inclusions provides direct evidence for the existence of alkali-carbonate Cl-S-P-bearing melt(s) in the shallow lithospheric mantle (≤100 km) beneath the Baltic super-craton.




2. Terminology and Definitions


Secondary melt inclusions are inclusions that originate within cracks in the host mineral during the following processes: (i) cracking of the host mineral, (ii) melt infiltration into the cracks and (iii) reaction of the host mineral matrix with the melt, necking down and formation of tiny portions of the melt within cracks. Crystallized melt inclusions (CMIs) are produced by the crystallization of the captured melt during cooling with the formation of a number of daughter minerals.



Daughter minerals are crystalline phases that precipitate (crystallize) from the original liquid (melt or fluid) after entrapment.



Carbonatite and carbonatite/carbonate melts. According to the IUGS systematics, carbonatites are rocks containing >50 vol.% primary (i.e., magmatic) carbonate minerals. The definition of carbonatite additionally stipulates that the rocks should contain <20 wt% SiO2. If a rock contains >20 wt% SiO2, it is recommended to refer to it as silicocarbonatite [89]. However, some researchers [90] are prone to use the term carbonatite in a wider sense to denote a rock containing >30 vol.% primary magmatic carbonates regardless of SiO2 concentration. The liquids from which carbonatites crystallize are usually called carbonate-rich, or carbonate or carbonatite melts. Unfortunately, we are not aware of any universally accepted constraints on the concentrations of the dominant volatile component, CO2, in these compositionally diverse melts.



Primary kimberlite melts are melts that occurred in equilibrium (or partial equilibrium) with mantle rocks at the basement of the continental lithosphere.



Primitive kimberlite melts are melts that have insignificantly evolved when interacting with lithospheric mantle silicates during ascent to the surface (i.e., the composition of these melts is close to that of the primary ones).



Kimberlite magma is a melt (or melts, if immiscible) with some amounts of xenocrysts, xenoliths and liquidus phases.




3. Geological Background and Sample Description


The highly diamondiferous V. Grib kimberlite pipe is located within the Devonian–Upper Carboniferous (390–340 Ma; [91,92]) Arkhangelsk diamondiferous province (ADP) in the northern part of the Baltic super-craton (Figure 1). Compared to other ADP kimberlites, which contain extremely altered mantle xenoliths, the V. Grib kimberlite pipe comprises abundant weakly altered mantle xenoliths and their fragments [25,93,94]. Based on major- and trace-element composition, the V. Grib kimberlites belong to the moderate-titanium (TiO2 = 0.8–2.0 wt%) group of ADP kimberlites [95,96]. The age of the V. Grib kimberlite emplacement was constrained at 372 ± 8 Ma (bulk-rock kimberlite analyses using the Rb-Sr dating technique [91]) and 376 ± 3 Ma (Rb-Sr dating of kimberlitic phlogopite [92]). The comprehensive data on the ADP magmatic bodies, including location, morphology, size, structure and composition, can be found in [92,97,98]. The detailed petrographic and geochemical data of the V. Grib kimberlites are presented in [95,96,99].



The studied sample, G1-25, is protogranular garnet peridotite. Table 1 provides summary data on this rock, including composition of major minerals and P-T calculation results.



The peridotite is composed of predominant olivine (~80–84 vol.%) with subsidiary orthopyroxene (~6 vol.%), garnet (~5 vol.%) and clinopyroxene, with the latter showing variable modes across different thin sections (from <1 to ~5 vol.%). Phlogopite and chromite occur in minor volume proportions (Figure 2a,b). The peridotite is partly (~20 vol.%) altered by serpentine, which occurs around grains of olivine and orthopyroxene, and develops along cracks crosscutting these silicates. The rock-forming minerals are nevertheless well-preserved.



The sample is well-equilibrated, as grains of the rock-forming minerals have uniform major-element composition and show no zoning. The olivine is forsteritic with Mg# (100 × (Mg + Fe)/Mg) of 92.1 and NiO content of 0.40 wt%, matching the olivine compositions from the previously well-studied V. Grib peridotite suite [93]. The orthopyroxene is enstatite with Mg# of 92.8; the contents of Al2O3 (0.7 wt%), Cr2O3 (0.3 wt%) and CaO (0.2 wt%) (Table 1) are also within the range of those for the V. Grib granular peridotites [93,105]. The garnet is pyrope (Alm18Pyr68Gross14) with moderate Cr2O3 (4.4 wt%) and relatively high CaO (5.4 wt%) amounts, which correspond to the lherzolitic garnet composition according to the classification schemes proposed in [106,107]; the concentration of TiO2 (0.12 wt%) is within the range of those for garnet from the V. Grib granular peridotites [93,105]. The clinopyroxene is chromium diopside, showing Mg# of 93.0, Cr2O3 of 2.2 wt% and CaO of 20.6 wt%.



Based on olivine–orthopyroxene–clinopyroxene proportions [108], peridotite G1-25 should be classified as harzburgite. However, the presence of Cr-diopside and the typical lherzolitic garnet composition, together with the high Mg# of olivine, indicate the formation of clinopyroxene (and probably garnet) in the initially depleted residua [109] under the re-enrichment processes in the lithospheric mantle beneath the V. Grib pipe [25,93]. Therefore, we argue that it is much more appropriate to classify peridotite G1-25 as garnet lherzolite.



The P-T equilibration parameters for sample G1-25 were obtained using combinations of the two-pyroxene thermometer TA98 [102] and the olivine–garnet thermometer OW79 [110] with the orthopyroxene (Al-in-Opx) barometer NG85 [103]. Both combinations yielded similar results, namely 750 °C and 33 kbar, which match the 37 mW/m2 paleo-geotherm [111] constructed previously based on the V. Grib peridotite xenoliths [93,105] and Cr-diopside xenocrysts [94]. The estimated P-T values correspond to a depth of 100 km (Table 1).




4. Methods


Double-polished thin sections and epoxy mounts with embedded olivine grains were prepared from sample G1-25 for further analytical investigation. These were ground and polished without any water-containing abrasives or lubricants to avoid dissolution of water-soluble minerals. All analytical works were performed at the Analytical Center for multi-elemental and isotope research, Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia.



Optical microscopy was used to examine the petrographic features of the xenolith, as well as to identify melt inclusions, visually determine their phase compositions and take their photographs in transmitted light. These studies were performed with an Olympus BX-51 microscope coupled with an Olympus DP-74 camera and connected to a PC.



Major element compositions of principle minerals of the xenolith were measured with a JEOL JXA-8100 electron probe microanalyzer (Jeol Ltd., Tokyo, Japan) using wavelength-dispersive spectroscopy (WDS). The analytical conditions were a 20 kV accelerating voltage and a 50 nA beam current, with a beam size of 1 μm [112,113]. Natural mineral standards from the in-house IGM SB RAS collection were used for calibration and instrument stability monitoring. Relative standard deviations were within 1.5%. Data were acquired for 10 s on-peak as well as 10 s on either side of the background; ZAF correction was applied. The detection limits were <0.05 wt% for all the elements analyzed, including 0.01 wt% for Cr and Mn, 0.02 wt% for Ti and Na and 0.05 wt% for K.



Daughter minerals within crystallized melt inclusions were investigated using scanning electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS), as well as with Raman spectroscopy. A TESCAN MIRA 3 LMU scanning electron microscope (Tescan Orsay Holding, Brno, Czech Republic) combined with an EDS INCA Energy detector X-max 80 mm2 (Oxford Instruments Nanoanalysis, Abingdon, UK) was used to obtain the following data: (1) back-scattered electron (BSE) imaging of the xenolith texture and exposed inclusions; (2) X-ray maps showing distribution of elements within the exposed melt inclusions; and (3) individual analyses of daughter minerals and bulk analyses of the exposed inclusions. The EDS spectra were optimized for quantification using the standard XPP procedure included in the INCA Energy 350 software. Semi-quantitative analyses of daughter minerals were performed at a 10 kV accelerating voltage.



Raman point measurements of individual daughter minerals within both exposed and unexposed olivine-hosted inclusions were taken with a Horiba Jobin Yvon LabRAM HR800 confocal Raman spectrometer (Horiba, Kyoto, Japan) equipped with a 532 nm Nd:YAG laser and an Olympus BX41 microscope. The 100× objective lens with a numerical aperture of 0.9 was used. The instrument was calibrated using the first-order 520.6 cm−1 band of crystalline silicon. The wavenumbers were accurate to ±1 cm−1. The Raman signal was collected in the spectral interval of 10–4000 cm−1. The Raman spectra identification was carried out using the RRUFF database [114] as well as other spectra reports (detailed in Table 2 and Table 3 and in Section 5.3).



Confocal Raman images of 15 unexposed melt inclusions were collected by acquiring 2D arrays of Raman spectra using a WITec alpha300 R Raman microspectrometer (WITec Company, Ulm, Germany) equipped with a 488 nm laser, an optical microscope Carl Zeiss Axioscope with a short-focus 100× objective and a movable piezo-table. The spectra were calibrated using neon lamp emission lines at 540.056, 565.657 and 576.442 nm. The mapped areas were 5 × 5 µm to 20 × 20 µm in size, depending on the size of individual crystallized melt inclusions. The spectral resolution was 6 cm–1. The step between the points of the spectra being acquired was 250 nm and the integration time of each spectrum was 1 s.



The WITec Project Five 5.3 software was applied to perform the processing and analysis of the Raman maps. The workflow started with the standard recommended procedures—baseline correction and cosmic-ray band removal (“Graph Background Subtraction-Shape” and “Graph Filter—Cosmic Ray Removal” functions). Then, from the array of Raman spectra, spectra that show bands of individual daughter minerals were selected (“Filters” function). At this stage, false-color images of the distribution of phases within the inclusions were obtained, with the “Combination” function having been used to stack these false-color images. Finally, the number of spectra that corresponded to each daughter mineral was counted and the areas of phase distribution were calculated (“Image Histogram and Statistic” function).



The volumes of daughter minerals (   V  m i n e r a l    ) were derived from the analysis of the Raman maps of 15 individual melt inclusions. Based on these data, the volume fractions of daughter minerals (   φ  m i n e r a l    ), mass fractions of daughter minerals (   ω  m i n e r a l    ) and Ca:Na:K atom ratios for the bulk melt inclusions were calculated.



The volume fractions of daughter minerals within inclusions (   φ  m i n e r a l    ) were calculated as follows:


   φ  m i n e r a l   =    V  m i n e r a l       ∑  i n   V i    =    V  m i n e r a l      V  t o t a l     ,  



(1)




where     ∑  i n   V i  =  V  t o t a l    —sum of volumes of all the daughter minerals within the analyzed melt inclusion or the total volume of the inclusion and n—number of daughter minerals within the inclusion.



The mass fractions of daughter minerals within inclusions (   ω  m i n e r a l    ) were computed as follows:


     ω    m i n e r a l   =    m  m i n e r a l       ∑  i n   m i    =    m  m i n e r a l      m  t o t a l     ,  



(2)




where    m  m i n e r a l    —mass of daughter mineral,     ∑  i n   m i  =   m  t o t a l     —sum of masses of all the daughter minerals within the analyzed melt inclusion or the total mass of the inclusion and n—number of daughter minerals within the inclusion.



The masses of daughter minerals were calculated by multiplying their volumes    V  m i n e r a l     by their densities    ρ  m i n e r a l    :


   m  m i n e r a l   =  V  m i n e r a l   ×  ρ  m i n e r a l   ,  



(3)







Substituting this expression into Equation (2) gives:


     ω    m i n e r a l   =    m  m i n e r a l       ∑  i n   m i    =    V  m i n e r a l   *  ρ  m i n e r a l         ∑  i n   V i   ρ i    .  



(4)







The mass fractions of Na2O, K2O and CaO within an inclusion are equal to the ratio of the mass of oxide in the inclusion (   m  o x i d e  (  t o t a l  )     ) to the total mass of the inclusion (     m  t o t a l    ):


     ω    o x i d e   =    m  o x i d e  (  t o t a l  )       m  t o t a l     .  



(5)







The mass of oxide in the inclusion (   m  o x i d e  (  t o t a l  )     ) is equal to the sum of the masses of this oxide within all the daughter minerals (    ∑  i n   m  o x i d e   m i n e r a  l i     ), with each term being equal to the product of the mass of a mineral (   m  m i n e r a  l i     ) by the mass fraction of oxide in the mineral    (   ω  o x i d e   m i n e r a l    )  :  


   m  o x i d e  (  t o t a l  )    =   ∑  i n   m  o x i d e   m i n e r a  l i    =   ∑  i n   m  m i n e r a  l i    *  ω  o x i d e   m i n e r a  l i    .  



(6)







Combining Equations (3), (4) and (6) gives the following:


     ω    o x i d e   =     ∑  i n   m  m i n e r a  l i    *    ω  o x i d e   m i n e r a  l i       m  t o t a l     =   ∑  i n   ω  m i n e r a  l i    *  ω  o x i d e   m i n e r a  l i    .  



(7)







The calculated mass fractions of Na2O, K2O and CaO were converted to molar (atomic) ratios Ca:Na:K by dividing by the molar masses of these oxides and normalizing to 1 mol of potassium. The densities of minerals (   ρ  m i n e r a l    ) and oxide mass fractions   (  ω  o x i d e   m i n e r a l   )   were taken from the website https://www.webmineral.com/ (accessed on 8 March 2023). The Raman spectra of nyerereite (Na,K)2Ca(CO3)2 and shortite Na2Ca2(CO3)3 are poorly distinguishable during mapping; therefore, it was assumed in the calculations that any of these carbonates were shortite.



To simulate diffusion processes, the Wolfram Mathematics 13 software was employed and we used the finite difference method for solving differential diffusion equations.




5. Results


5.1. Morphology of the Crystallized Melt Inclusions (CMIs)


In xenolith G1-25, grains of rock-forming minerals are populated by a significant number of inclusions. Here, we will discuss only the inclusions enclosed by olivine, since this mineral has a very simple chemical composition (Mg,Fe)2(SiO4) and does not concentrate high amounts of trace elements. Thus, reactions between olivine and melt during the formation of secondary melt inclusions can result only in enrichment of the latter in MgO and SiO2, but not so much FeO, whereas the proportions of all other elements in these inclusions should remain almost unchanged compared to the original melt chemistry.



Figure 2b–d show that the CMIs are typically arranged in groups within randomly oriented healed fractures. The differences in BSE intensity between the host olivine and the olivine that heals the cracks mark these cracks on the mineral surface (Figure 2d). In general, within the error of SEM analysis, the compositions of the host olivine and olivine from healed cracks differ only in FeO content, 7.8 ± 0.05 wt% and 8.0 ± 0.05 wt%, respectively.



The CMIs in olivine vary in size (up to 50 μm) and occur in a variety of shapes, e.g., subhedral, round, elongate, irregular and vermicular. Large inclusions are usually elongated or vermicular with rounded edges, whereas small inclusions (up to 10 μm) are rounded or oval, with partially faceted and isometric shapes occasionally being present (Figure 2c). Inclusions that are shaped like negative olivine crystals have not been established.



The CMIs are composed of a series of daughter minerals, whose number within an individual inclusion can reach ten varieties, and a gas bubble (bubbles). In most cases, the daughter phases are transparent and colorless, with most of them showing high birefringence. Opaque mineral grains are present in most inclusions; however, these occupy a significantly smaller volume.




5.2. Mineral Composition of the CMIs


Among the studied mineral assemblage of the CMIs, nineteen phases are considered to be primary magmatic daughter minerals, whereas three (serpentine, magnetite and brucite) are interpreted as secondary post-magmatic minerals of hydrothermal origin (Table 2). The detailed inferences concerning the origin of minerals within the CMIs are provided in the Discussion section.





[image: Table] 





Table 2. Mineral assemblage of the olivine-hosted melt inclusions in G1-25 garnet lherzolite.
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Mineral

	
Formula

	
Symbol

	
SEM-EDS

	
Raman






	
Primary magmatic minerals




	
Carbonates




	
Nyerereite *

	
(Na,K)2Ca(CO3)2

	
Nye

	
+

	
+




	
Shortite

	
Na2Ca2(CO3)3

	
Sot

	
+

	
+




	
Gregoryite/Natrite

	
(Na,K,Ca)2CO3

	
Gge

	
+

	
+




	
Eitelite

	
Na2Mg(CO3)2

	
Eit

	
+

	
+




	
Bradleyite

	
Na3Mg(PO4)(CO3)

	
Bd

	
+

	
+




	
Northupite

	
Na3Mg(CO3)2Cl

	
Nup

	

	
+




	
Burkeite

	
Na6CO3(SO4)2

	
Bke

	

	
+




	
Dolomite

	
CaMg(CO3)2

	
Dol

	
+

	
+




	
Calcite

	
CaCO3

	
Cal

	
+

	
+




	
Magnesite

	
MgCO3

	
Mgs

	
+

	
+




	
Ba-carbonate

	

	
Ba-carb

	
+

	




	
Sulphates




	
Aphthitalite

	
K3Na(SO4)2

	
Att

	
+

	
+




	
Arcanite

	
K2SO4

	
Acn

	

	
+




	
Phosphates




	
Apatite

	
Ca5(PO4)3(F,Cl,OH)

	
Ap

	
+

	
+




	
Chlorides




	
Sylvite

	
KCl

	
Syl

	
+

	




	
Halite

	
NaCl

	
Hl

	
+

	




	
Oxides




	
Fe-Ti-Mg Spinel

	
(Fe,Mg)(Fe,Al,Ti)2O4

	
Fe-Ti-Mg-Spl

	
+

	
+




	
Silicates




	
Tetraferriphlogopite

	
KMg3FeSi3O10(OH)2

	
Tfphl

	
+

	
+




	
Sulfides




	
Fe-Ni-Cu Sulfide **

	

	
Fe-Ni-Cu-Sulf

	
+

	




	
Secondary post-magmatic (hydrothermal alteration) minerals




	
Serpentine

	
Mg3(Si2O5)(OH)4

	
Srp

	
+

	
+




	
Magnetite

	
FeFe2O4

	
Mgt

	
+

	




	
Brucite

	
Mg(OH)2

	
Brc

	

	
+








* We use the name “nyerereite” (mineral of orthorhombic symmetry, space group Cmcm and composition Na1.64K0.36Ca(CO3)2 [115]) for all the carbonates within the melt inclusions with a predominance of Na over K in the A_2 cationic position. However, we have discovered wide variations in the cationic composition of these carbonates and deviations from the classical formula. Even potassium-poor nyerereite with K content of only 0.1 formula units was found (see also Table 3). The Raman spectrum of the potassium-poor nyerereite differs from that of the classical nyerereite and is similar to the Raman spectrum of pure Na2Ca(CO3)2 [116]. ** Nickel-rich iron sulfide was found within inclusions, with minor copper amounts being present in some crystals of this sulfide; however, the grain size and matrix effects did not allow identifying the mineral species. SEM-EDS—the mineral was identified using Scanning Electron Microscopy with Energy Dispersive Spectroscopy. Raman—the mineral was identified using Raman spectroscopy. Mineral symbols (abbreviations) for mineral species are given in accordance with IMA–CNMNC recommendations [117].











Raman spectroscopic and SEM–EDS studies demonstrate that the daughter minerals are represented by Na-K-Ca-, Na-Ca-, Na-Mg-, Ca-Mg-, Ca- and Mg-carbonates, Na-Mg- and Na-carbonates with additional anions, K-Na- and K-sulphates, Na- and K-halides, phosphates, oxides, silicates and sulfides (Table 2, Figure 3 and Figure 4). The following mineral species have been established: nyerereite, shortite, gregoryite/natrite, eitelite, dolomite, calcite, magnesite, unidentified Ba-carbonate, bradleyite, northupite, burkeite, aphthitalite, arcanite, halite, sylvite, apatite, spinel-group minerals, tetraferriphlogopite and unidentified Fe-Ni-Cu-sulfide. All the minerals with crystal–chemical formulas are listed in Table 2.




5.3. Raman Spectroscopic Study of Individual Minerals within the CMIs


Nyerereite, a mineral with the empirical formula (Na1.64K0.36)Ca(CO3)2 [115], was identified by a strong band at 1086–1087 cm−1 with a weak shoulder at 1075–1076 cm−1 in its Raman spectra. The Raman spectra of nyerereite also display a weak band at 709 cm−1 (Figure 3a, Table 3, [116,118]). Potassium-poor nyerereite, which is more abundant within the melt inclusions than typical nyerereite, displays Raman spectra that are similar to the spectra of the typical nyerereite [116,119]. These are characterized by a major band at 1086–1087 cm–1, the same as for the typical nyerereite, yet show a distinct medium band at 1072–1073 cm–1 instead of the weak shoulder at 1075–1076 cm–1. The weak band at 705 cm−1 is also present in the spectra of the potassium-poor nyerereite (Figure 3b, Table 3, [116,118]).



Another alkaline carbonate, shortite, (Na,K)2Ca2(CO3)3, exhibits Raman spectra with two major bands at 1072–1073 and 1090–1093 cm−1 and a series of medium/weak bands at 695, 708, 733 and 1746 cm−1 (Figure 3c, Table 3, RRUFF database R040184, [120]). Generally, there are additional Raman bands at 970–975 and 980–1000 cm−1, which reflect the vibrations of the PO42− and SO42− anionic groups (Figure 3c). These Raman bands indicate possible contributions from microinclusions of phosphates (e.g., bradleyite or apatite) and sulphates (e.g., aphthitalite or arcanite) within shortite and/or the presence of the PO42− and SO42− anionic groups substituting [CO3]3− in shortite.



Natrite or gregoryite, Na2CO3, was identified by a distinct band at 1079–1080 cm−1 in the Raman spectra (Figure 3c, Table 3, [116,121]).



The Raman spectrum of eitelite, Na2Mg(CO3)2, features an intense band at 1103–1105 cm−1, a medium band at 89–91 cm−1 and three weak bands at 207, 260 and 709 cm−1 (Figure 3d, Table 3, RRUFF database R110214, [122,123]).



Dolomite, CaMg(CO3)2, was diagnosed by a strong band at 1097–1098 cm−1, two medium bands at 175 and 301 cm−1 and four weak bands at 338, 724, 1442 and 1758 cm−1 (Figure 3b,e,h, Table 3, [124,125]).



Bradleyite, Na3Mg(PO4)(CO3), was identified by two strong Raman bands at 971 and 1078 cm−1. In some instances, the Raman spectra of this mineral also displayed a series of less intensive bands at 158, 217, 591, 693, 1032, 1051 and 1067 cm−1 (Figure 3e, Table 3, [126,127]).



The Raman spectra of northupite, Na3Mg(CO3)2Cl, exhibit a strong band at 1115 cm−1 and sometimes a less prominent band at 716 cm−1 (Figure 3b,e,h, Table 3, RRUFF database R060156, [128]).



Burkeite, Na6(CO3)(SO4)2, was identified by two distinct Raman bands at 995 and 1065 cm−1 (Table 3, RRUFF database R060112, [129,130]).



The Raman spectra of calcite, CaCO3, are characterized by the following Raman bands: a strong one at 1087 cm−1, two medium ones at 155, 282 cm−1 and three weak ones at 713, 1438 and 1750 cm−1 (Figure 3f, Table 3, [121,124,125]).



Magnesite, MgCO3, is identified by one intense band at 1095 cm−1, two medium bands at 211 and 328 cm−1 and three weak bands at 739, 1449 and 1762 cm−1 (Figure 3g, Table 3, [121,125]).



The alkaline sulfate aphthitalite, K3Na(SO4)2, was established by a major Raman band at 992 cm−1 and a medium band at 451 cm−1. In addition, there are three bands of low intensity at 619, 627 and 1203 cm−1 (Figure 3h, Table 3, RRUFF database R050651, [130]).



Another potassium sulfate, arkanite, K2SO4, shows Raman spectra in which the following bands are present: a strong band at 982 cm−1 and several less intensive ones at 445, 451, 455, 615, 618, 625, 1091, 1103, 1108 and 1143 cm−1 (Figure 3i, Table 3, [130,131]).



Apatite, Ca5(PO4)3(F,Cl,OH), was identified by a strong Raman band at 961 cm−1 (Table 3, [132]).



The Raman spectra of Fe-Ti-Mg spinel-group mineral and magnetite, (Fe,Mg)(Fe,Al,Ti)2O4/FeFe2O4, are characterized by a wide band with the center at 665–685 cm−1 (Table 3, [133]).



Tetraferriphlogopite, KMg3FeSi3O10(OH)2, displays Raman bands of moderate intensity at 92, 182, 679 and 3706 cm−1 (Table 3, [134]).
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Table 3. Raman band wavenumbers (cm−1) of the identified minerals within the olivine-hosted melt inclusions in garnet lherzolite (sample G1-25).






Table 3. Raman band wavenumbers (cm−1) of the identified minerals within the olivine-hosted melt inclusions in garnet lherzolite (sample G1-25).





	
Mineral

	
Raman Region (cm−1)

	
Reference




	
0–600

	
601–900

	
901–1200

	
1201–4000






	
Olivine (host)

	
224w, 304m, 316w, 327w, 371w, 431m, 543w, 588m

	
608m, 824s, 877s, 883w

	
920m, 964m

	

	




	
Nyerereite

	

	
709w

	
1076m, 1087s

	

	
[116,118]




	
K-poor-nyerereite

	

	
705w

	
1073m, 1087s

	

	
[116,119]




	
Shortite

	

	
695w, 708w, 733w

	
1075s, 1091s

	
1746w

	
[120], RRUFF database R040184




	
Gregoryite/Natrite

	

	

	
1081s

	

	
[116,121]




	
Eitelite

	
91m, 207w, 260w

	
709w

	
1104s

	
1410w

	
[122,123], RRUFF database R110214




	
Bradleyite

	
158w, 217w, 591w

	
693w, 731w

	
971s, 1032w, 1051w, 1067w, 1078s

	

	
[126,127]




	
Northupite

	

	
716w

	
1115s

	

	
[128], RRUFF database R060156




	
Dolomite

	
175m, 301m, 338w

	
724w

	
1098s

	
1442w, 1758w

	
[124,125]




	
Burkeite

	

	

	
995s, 1065m

	

	
[129,130], RRUFF database R060112




	
Calcite

	
155m, 282m

	
713w

	
1087s

	
1438w, 1750w

	
[121,124,125]




	
Magnesite

	
211w, 328m

	
739w

	
1095s

	
1449w, 1762w

	
[121,125]




	
Aphthitalite

	
451m

	
619w, 627w

	
992s

	
1203m

	
[130], RRUFF database R050651




	
Arcanite

	
445w, 451w, 455w

	
615w, 618w, 625w

	
982s, 1091w, 1103w, 1108w, 1143w

	

	
[130,131]




	
Apatite

	

	

	
961s

	

	
[132]




	
Fe-Ti-Mg Spinel

	

	
675s

	

	

	
[133]




	
Tetraferriphlogopite

	
92m, 182m

	
679m

	

	
3706m

	
[134]




	
Serpentine

	
229m, 349w, 385m

	
689m

	

	
3689s

	
[135]




	
Brucite

	
288w, 448w

	

	

	
3641s

	
[136]








s = strong intensity, m = medium intensity, w = weak intensity.











The Raman spectra of serpentine show the following bands: a pronounced band at 3687–3698 cm−1 (occasionally with a shoulder at 3702–3704 cm−1), with this band resulting from the oscillation of OH groups; three medium bands, whose positions are quite variable even within an individual inclusion and correspond to 229–233, 383–389 and 687–692 cm−1; and a rare weak band at 349–352 cm−1. Such variations in the positions and presence of the bands are likely due to mixtures of chrysotile and lizardite. The Raman bands characteristic of antigorite (strong bands at 3665 cm−1, bands of medium intensity at 374 cm−1 and 683 cm−1 and weak bands at 638 cm−1 and 1045 cm−1) have not been established (Table 3, [135]).



Brucite, Mg(OH)2, was identified by a strong Raman band at 3641 cm−1 with two weak ones at 288 and 448 cm−1 (Table 3, [136]).




5.4. Volume Ratios of Daughter Minerals within the CMIs


Twelve carbonates and carbonates with additional anions, three minerals that contain the SO42− anionic group, three Cl–-rich minerals and two that contain the PO43− group were identified in the CMIs. Among the 19 daughter minerals within the CMIs, there are 12 alkaline-containing minerals, which in turn comprise 6 sodium-, 3 potassium- and 3 sodium–potassium-rich mineral species (Table 2, Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7).



The volume abundances of carbonate, silicate, sulphate and chloride minerals within the CMIs reached 62, 19, 8 and 5 vol.%, respectively (column 1 in Table 4). The volume ratios of individual minerals within the inclusions were calculated as follows. Initially, mineral volumes were estimated according to Raman mapping of 15 unexposed CMIs (Figure 4). However, chlorides are known to be Raman inactive. To estimate the minimum amount of chlorides, BSE images of 23 exposed CMIs were additionally employed (Figure 5, Figure 6 and Figure 7).



Using (1) Raman mapping data (Figure 4) and (2) SEM bulk analyses of the exposed CMIs (Figure 5, Figure 6 and Figure 7), the Ca:Na:K atomic ratios for the bulk CMIs were calculated. The former approach yielded a Ca:Na:K ratio of 5.2:2.3:1, whereas the latter method provided a Ca:Na:K ratio of 5.7:4.7:1.



In the first case, the contents of alkalis relative to calcium are significantly underestimated due to the fact that: (i) chlorides do not give Raman spectra and (ii) Raman mapping does not permit distinguishing between shortite and nyerereite, so that calculation of the minimum sodium contents was made using shortite stoichiometry Na2Ca2(CO3)3 rather than that of nyerereite, (Na,K)2Ca(CO3)2. The second estimate looks more realistic, although the abundances of Na and, to a lesser extent, K are likely underestimated with respect to Ca as well because of possible alkali burnout in the CMIs during SEM bulk analysis and also due to the late serpentinization of the CMIs by aqueous fluids. The origin of serpentine in the CMIs and some implications for the bulk composition of the inclusions in general, and Na levels in particular, are addressed in more detail in the Discussion section.



The widespread abundance of Na-, K-, CO32−, SO42−, PO43− and Cl−-rich phases in the CMIs implies high concentrations of these elements in the parental melt. Therefore, the examined daughter mineral assemblage within the CMIs indicate that the melt parental to these inclusions was a carbonate liquid, probably of alkaline specifics (rather than calcium), with a high content of volatiles such as S, P, Cl and low amounts of SiO2 (≤9.6 wt%) and H2O (≤2.6 wt%).





6. Discussion


6.1. General Models for the Origin of Secondary Melt Inclusions in Minerals of Mantle Xenoliths


According to the data given in [86], secondary melt inclusions in minerals of mantle xenoliths from numerous worldwide occurrences of basaltoids (mafic rocks) have been studied for over 50 years. As yet, however, melt inclusion research of mantle xenoliths from kimberlites (ultramafic igneous rocks) is at an early stage of its development (see review in [20]).



More than ten scenarios have been proposed for the origin of secondary melt inclusions in mantle xenoliths from mafic igneous rocks. The principle models are: (i) mantle metasomatism scenario, i.e., infiltration of migrating melts/fluids into mantle rocks, which takes place long before the entrapment of xenoliths by ascending magma; this model does not imply any genetic relationship between the formation of inclusions and magmatism that finally formed basaltoid bodies at the surface; (ii) partial melting of primary minerals of mantle rocks; this model involves decomposition of water-containing xenolith phases at heating or decompression or during reactions with migrating melts; and (iii) interaction of xenoliths with transporting melts during xenolith ascent to the surface. According to reviews in [85,86,87,88], the first scenario is the most popular, whilst the last one is the least accepted.



Until now, secondary melt inclusions in olivine of mantle xenoliths from kimberlites have been studied only in a certain structural type of rocks—so-called sheared peridotites. These peridotites, in contrast to the coarse-grained ones, exhibit a porphyroclastic texture made up of large porphyroclasts (1–10 mm) of olivine, garnet and pyroxenes that are set in a matrix composed of very fine-grained neoblasts (0.1–0.5 mm) of predominant olivine and subsidiary pyroxene. Some deformation microstructures of sheared peridotites could not be preserved for more than a few years during annealing at the temperatures recorded by their mineral chemistry [137,138,139]; thereby, it is generally accepted that sheared peridotites are formed shortly before their capture by kimberlitic magma (e.g., [68,140]). In general, as summarized in [140], the deformation of the peridotite rocks in the lower cratonic lithosphere is due to a combination of localized stress, heating and fluid migration through the mantle substrate near the pathways of ascending kimberlite melts. The presence of the same minerals within secondary melt inclusions both in porphyroclasts and neoblasts of olivine indicates that infiltration of melt along fractures occurred after the deformation of the peridotites [68,69].



Therefore, for secondary melt inclusions in olivine from sheared peridotites, only two scenarios of their origin are possible.



The first scenario implies that primitive kimberlite (by composition) or proto-kimberlite (by time) melts/fluids originate from local sources and percolate through the mantle substrate at the pre-eruption stage. Growth of localized stress in the interstitial space of mantle peridotites in the presence of such liquids should lead to cracking of rock-forming olivine in situ and, at the same time, to healing of these cracks by the interstitial melt coupled with the formation of swarms of secondary melt inclusions.



The second scenario involves the infiltration of kimberlite melt into entrapped xenoliths during magma ascent. The model of Brett et al. (2015) [141], which is based on numerical calculations, shows that peridotitic olivine grains start to develop internal cracks after 15–25 km from the entrapment level at the ascent velocities of 0.1 to >4 m s−1 expected for kimberlite magma. Because carbonatite melt has low viscosity and appropriate wetting properties, its infiltration into cracks within olivine grains and healing of these cracks with the formation of secondary melt inclusions would occur almost simultaneously with olivine cracking.



Hence, when reconstructing the processes of formation of secondary melt inclusions in olivine from sheared peridotites, one or even both of the above scenarios should be taken into account, and both of these scenarios support a genetic link between the formation of this type of inclusions and kimberlite magmatism.




6.2. Nature and Depth of Formation of the CMIs in the Peridotite Xenolith from the V. Grib Kimberlite


Infiltration of melt into entrapped xenoliths during magma ascent is the probable scenario for the origin of secondary melt inclusions in both coarse-grained peridotite xenoliths from basaltoids and sheared peridotites from kimberlites. The other models are generally applicable to either mantle xenoliths from basaltoids or sheared peridotites from kimberlites. For instance, since accessory phlogopite (water-rich phase) is present in the examined coarse-grained peridotite xenolith from the V. Grib pipe, there is no reason to apply to this sample the model of the decomposition of water-bearing xenolith phases, which is sometimes used for basaltoid xenoliths. Moreover, carbonate liquids cannot occur as a result of the partial melting/breakdown of the minerals (mostly silicates) present in this peridotite xenolith.



We will consider the following three scenarios for the formation of the CMIs in the peridotite xenolith from the V. Grib kimberlite pipe. These include: (1) in situ infiltration of a kimberlite-related liquid into the peridotite shortly prior to the pre-eruption stage, (2) infiltration of the kimberlite melt into the entrapped xenolith during magma ascent and (3) mantle metasomatism scenario that takes place long before the entrapment of the xenolith by ascending magma. The first two scenarios, which relate the origin of the CMIs to the kimberlite magmatism, are, in our opinion, the most preferable. Some considerations supporting the first two models are presented below.



The CMI residence time at the P-T parameters of the lithospheric mantle (750 °C and 3.3 GPa, which corresponds to the last mineral equilibrium of the studied xenolith) cannot be reliably determined. However, the time order of magnitude can be estimated by two independent approaches.



The first approach involves estimation of melt inclusion faceting time. The studied CMIs have different shapes: oval, elongated, vermicular and dendritic. Such shapes of inclusions are characterized by high values of surface free energy. The minimization of surface free energy at high temperatures is a spontaneous process that causes the inclusion to take the form of a host mineral negative crystal [142]. However, such negative crystal shapes have not been identified among the studied inclusions. To the best of our knowledge, no published works have yet addressed the timescales of faceting of olivine-hosted melt inclusions at the lithospheric mantle P-T parameters. Nevertheless, a “geospeedometer” based on faceting of quartz-hosted melt inclusions was proposed [143]. This “geospeedometer” was created based on the study of zoned quartz phenocrysts from Bishop Tuff, California, which crystallized in a magma chamber at the depth range of 4–10 km [144]. It was demonstrated that the faceting time of spherical inclusions can be calculated as follows:


  Δ t =   − R T   8 π D  C 0  σ Ω   Δ V ,  



(8)




where C0 is the solubility of the mineral in the melt, σ is the surface energy, Ω is the molar volume of the host mineral, R is the ideal gas constant, T is temperature, D is the diffusion coefficient and ΔV is the volume of the host mineral that needs to be dissolved and recrystallized in order to transform the spherical inclusion into an inclusion having a negative crystal shape. The ΔV parameter depends on the linear dimensions of the inclusion; therefore, large inclusions require more time to become faceted. Taking Equation (8) into account, calculations show that at 750 °C, a quartz-hosted inclusion of rhyolite melt 10 µm in size would obtain a negative crystal shape in 0.3 years [143]. With a decrease in temperature, the diffusion coefficient decreases rapidly; therefore, at low temperatures, faceting of inclusions is impossible. Hence, faceting time in our case is likely limited by the CMIs residence time at the lithospheric mantle P-T parameters.



The second approach is based on an estimation of the equilibration time between the olivine from healed cracks and the host olivine. Diffusion processes occur where there are concentration gradients and lead to equalization of the concentrations. Numerically, diffusion is characterized by the diffusion coefficient, which is a function of temperature, pressure and system chemistry. A simulation of Fe diffusion between olivine from healed cracks and the host olivine has been performed. The concentration of FeO within the two olivine generations at the initial moment of time was provided to the simulation: within the healed crack, which is 2 μm thick, the FeO concentration was 8.0 wt%, whereas within the host olivine, FeO level was 7.8 wt%. The distribution of Fe within olivine over time was calculated using the Fick equation:


    ∂ C   ∂ t   = D    ∂ 2  C   ∂  x 2    ,  



(9)




where C—concentration, t—time, x—coordinate in a direction perpendicular to the plane of the healed crack and D—diffusion coefficient. Here, we employed the experimentally determined at 750 °C and at 3.3 GPa diffusion coefficient D = 10−18.64 m2/s [145]. The simulation did not take into account diffusion along the crack plane (along the y and z axes) since there is no concentration gradient along these directions. The calculations show that after 4 months the difference between the concentrations of FeO within these two generations of olivine will decrease by a third, and after 10 months the difference will become unnoticeable (Figure 8). Since the formation of melt inclusions and crack healing occur synchronously and diffusion proceeds very slowly at near-surface temperatures, the iron rebalancing time between the olivine within healed cracks and the host olivine (~1 year) can be used to constrain the time order of magnitude for the CMI residence at the P-T parameters of the lithospheric mantle.



Since the studied CMIs lack negative crystal morphologies (Figure 4) and compositional heterogeneity between the two olivine generations is present (Figure 8), we conclude that the CMIs existed for a very short time span at the P-T parameters of the lithospheric mantle.



Other evidence in favor of the first two hypotheses comes from the mineral and chemical compositions of the CMIs, including the new results presented here. Based on the bulk composition of kimberlite rocks, it is conventionally believed that primary/primitive kimberlitic liquids are of ultramafic composition, with SiO2 and MgO concentrations (both individually and collectively, SiO2 + MgO ≥ 50 wt%) dominating over the abundances of other oxides (e.g., [146]) and maximum individual SiO2 and MgO concentrations reaching as much as 35 wt% (e.g., [66]). However, the direct investigation of preserved kimberlite melts, namely modern melt inclusion studies of kimberlite minerals and mantle xenoliths from kimberlites, provided compelling evidence that at any stage of the life cycle of kimberlite melts, these liquids were alkali-rich and carbonatitic in composition (e.g., [20,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84]). The carbonatite nature of kimberlite melts is also confirmed by mass balance calculations, evaluations of the volume amounts of xenogenic olivine in kimberlite rocks and dissolution of mantle silicates from disintegrated mantle xenoliths at interaction with kimberlite melts (e.g., [84,147,148,149,150,151,152,153,154,155,156,157,158,159,160]).



We have carried out a comparative analysis of the CMI mineral assemblage in the coarse-grained peridotite investigated here with the daughter minerals of secondary melt inclusions in sheared mantle xenoliths from other kimberlite pipes: Udachnaya–East, Komsomolskaya–Magnitnaya (Siberian craton) and Bultfontein (Kaapvaal craton). The results appear in Table 5.



This table shows that, regardless of xenolith structural type, age, or geographic location of kimberlites, the mineral composition of the olivine-hosted CMIs in xenoliths from different kimberlites is nearly identical, and that such an association of daughter minerals within the inclusions corresponds to alkali-rich carbonatite in all cases. This, in our opinion, cannot be a simple coincidence. The only difference in the mineral composition of the inclusions is the presence or absence of secondary post-magmatic water-rich minerals, mainly serpentine, which will be addressed below.



Therefore, we suggest that the olivine-hosted CMIs in the examined peridotite xenolith are genetically related to the magmatism that subsequently formed the V. Grib pipe, with the composition of these inclusions corresponding to that of the kimberlitic liquids at some stage of their evolution. Further study of melt inclusions in the V. Grib kimberlite minerals, as well as of the minerals of sheared peridotite xenoliths from the V. Grib pipe, should unambiguously confirm or refute our conclusions.



Based on the above arguments, the third scenario (“old metasomatic event”) is unlikely, and there are no data confirming it.



In general, according to any of the three models presented, the liquid parental to the examined CMIs percolated into olivine either in situ in the mantle or 15–25 km following the xenolith entrapment during its transportation to the surface, i.e., at a depth of ~100 or ~80 km, respectively. Consequently, this parental liquid should have originated at depths below 100 km.




6.3. The Nature of Post-Magmatic Serpentine and the Influence of Serpentinization on the CMI Original Composition


According to the above models of the CMI formation, there is no doubt that such inclusions are associated with mantle processes, and all of the carbonates, sulfates, chlorides, sulfides, apatite, Fe-Ti-Mg spinel and tetraferriphlogopite in the peridotite xenolith from V. Grib are daughter magmatic minerals.



This conclusion is independently confirmed by the study of inclusions in natural diamonds and experimental studies of various systems. The same suite of daughter minerals (Na-K-Ca-Mg-bearing carbonates, alkali sulfates and chlorides in various combinations) has been identified within inclusions in lithospheric and sublithospheric diamonds (see Introduction). Experimental studies show that in the system Na2CO3−CaCO3−MgCO3 at 3 GPa and 700–950 °C, liquidus minerals are nyerereite, shortite, eitelite and dolomite. The same system at 3 GPa up to 1285 °C has primary solidification phase regions for magnesite, dolomite-calcite solid solutions, calcite and Na carbonate [171]. In the products of melt quenching synthesized at 5 GPa and 1500 °C in the CaMgSi2O6–Na2CO3(±CaCO3)–KCl model system, shortite (or nyerereite) was identified as well [172].



Thus, only three interrelated issues remain unresolved: (1) the origin of serpentine in the CMIs, (2) the influence of serpentinization processes on the CMIs mineral composition and (3) the composition of the CMIs’ parental melt if the postmagmatic serpentinization is taken into account.



It is accepted that serpentine is not stable at mantle temperatures above 700 °C (Figure 9a). Therefore, this mineral could not occur within the studied rock in situ in the mantle section. Moreover, no antigorite, i.e., a relatively high-temperature serpentine polymorph stable up to 690 °C (Figure 9a, [173,174]), was established in the CMIs. The Raman data imply that serpentine inside the CMIs is represented by a mixture of lizardite and chrysotile, with the former predominating. Thermodynamic calculations, laboratory studies and field observations show that lizardite originates in the temperature range of 50–300 °C and is common in low-temperature hydrated olivine-bearing rocks (Figure 9b, [175]). Such low temperatures of serpentine formation in the inclusions (≤300 °C) do not correspond to any magmatic process, and thus serpentine in the inclusions can only be a postmagmatic hydrothermal mineral.



It is apparent that the serpentinization of mantle xenoliths (Figure 10) is directly related to the serpentinization of their host kimberlites at near-surface conditions. We posit that the serpentinization of the inclusions is closely linked to the serpentinization of the xenolith (Figure 10) by external aqueous solutions. This assumption is strongly supported by the fact that mantle peridotite xenoliths and megacrysts (e.g., [8,9,10,17,19,26,140,160,176,177]) from non-serpentinized kimberlite varieties of the Udachnaya–East pipe [79,147,148,178,179,180,181,182] show absolutely no evidence of serpentinization, whereas in partially serpentinized kimberlites of the Udachnaya–East pipe, the xenoliths contain serpentine (e.g., [183]).



The long-term melt inclusion studies of non-serpentinized peridotite xenoliths from Udachnaya–East (about 1000 Raman and SEM analyses) established that no serpentine is present among the daughter minerals in olivine-hosted secondary CMIs from these xenoliths (Table 5, column 3; [67,68,69]). It is worth noting that the serpentinization does not occur as a continuous front in transitional varieties of serpentinized to non-serpentinized kimberlites of the Udachnaya–East pipe, but rather develops unevenly in the form of elongated bands and localized spots.



Another argument supporting an external source of water during the serpentinization stems from the uneven distribution of serpentine inside the studied CMIs. It is of importance that many individual inclusions lack serpentine (Figure 5). Even within a local swarm of inclusions, the content of serpentine in individual CMIs varies from 0 to 27 vol.% (Figure 4).



At the moment, we cannot build an unambiguous model of how postmagmatic hydrothermal serpentine is formed in individual secondary CMIs in olivine of partially serpentinized xenoliths. It is possible that the penetration of external aqueous solutions into CMIs is facilitated by the presence of optically invisible microcracks or channels in olivine. A series of experiments on the serpentinization of peridotites may help to solve this problem.



It would also be premature to state that the source of water for the entire serpentine within the inclusions is of external, non-magmatic origin, at least because of the possible high water solubility in carbonatite melts. For instance, according to experimental data [184], water solubility in Ca-Na-Mg carbonate melt at 900 °C already at 1 kbar can reach nearly 10 wt%. For the same system CaCO3–Na2CO3–MgCO3 at 1 bar, however, the water solubility drops to ~0.5 wt% H2O at 900 °C [185]. Nonetheless, the total weight of water in inclusions calculated from the volume of a water-rich association lizardite (1.9 wt% H2O) + brucite (0.6 wt% H2O) + tetraferriphlogopite (0.1 wt% H2O) is 2.6 wt% (Table 4). Thus, according to [185], under surface conditions, inclusions could contain ~2 wt% H2O in the form of a free fluid phase. The model temperatures of kimberlite magma at near-surface conditions are ~1100–1200 °C [186], whereas the equilibrium temperature of the studied xenolith is 750 °C (Table 1), implying that the xenolith temperature at near-surface conditions during eruption could not be lower than 750 °C. According to [173,174,175] (Figure 9), the temperature drop in the xenolith during the formation of a kimberlite body, given the presence of a free aqueous phase in the olivine-hosted inclusions, should have led to the crystallization of the high-temperature variety of serpentine, antigorite, at T < 690 °C, antigorite + brucite at T < 350 °C, and then lizardite + brucite at T < 350 °C. However, no indications of high-temperature antigorite were identified in the inclusions, with only low-temperature varieties of serpentine being present, i.e., lizardite with a chrysotile admixture, with a stability range of 300–50 °C.



In total, from our point of view, data on water solubility in carbonatite melts [185] and temperature stability of serpentine polymorphs [173,174,175] indicate that only 0.5 wt% of magmatic water could have led to chrysotile crystallization in the CMIs at temperatures below 300 °C. As a result, we suppose that the remaining 2 wt% of water in the inclusions, which gave rise to the crystallization of brucite and lizardite could have come from an external source at a temperature below 300 °C.



Regardless of whether the water supply was predominantly external or deuteric, the serpentinization of individual inclusions should significantly modify both the mineral association of individual inclusions and the bulk composition of these inclusions. It is widely known that nyerereite, gregoryite, alkali sulfates and chlorides are highly soluble in water, and this process occurs very quickly even at surface conditions, requiring no high temperatures and pressures (e.g., [187,188]). A perfect example is the critical alteration of sodic–carbonatite rocks of the Oldoinyo Lengai volcano under the influence of atmospheric precipitation. After the crystallization of the sodic–carbonatite lavas of Oldoinyo Lengai (whose major minerals are nyerereite and gregoryite, and a minor mineral is sylvite), these rocks reacted with meteoric waters under normal temperature and pressure. The reactions resulted in the destruction of Na-Ca-bearing carbonates and chloride. The rates of these reactions are very high: gregoryite and sylvite are destroyed in a matter of a few days to a few weeks, and nyerereite in the course of a few months. As a result of this process, the bulk chemical composition of the originally natrocarbonatite rocks changes dramatically, and nyerereite–gregoryite carbonatites are completely transformed into calcite carbonatites over a period of one to a few years (e.g., [187,188]).



We assume that the post-magmatic serpentinization at T ≤ 300 °C partly destroyed primary magmatic daughter minerals within the CMIs, such as nyerereite, gregoryite, alkali sulfates and chlorides. This conclusion is directly supported by the presence of Na-Ca carbonates (e.g., nyerereite, shortite), alkali sulfates, and chlorides among the groundmass minerals in the non-serpentinized kimberlites of the Udachnaya–East pipe [79,180,181,182], whereas the partially serpentinized (to varying degrees) kimberlites of the same body lack all these minerals. On the other hand, the stability of various alkaline carbonates (Table 2) in aqueous fluids is not the same. Shortite, for example, is stable in aqueous fluids up to 250 °C and 3.2 GPa [189], which means that if serpentinization occurred at temperatures below 250 °C, shortite may be associated with serpentine within an individual CMI.



Table 4 (column 1) indicates the minimum volume content of carbonates (≥61.8%), sulfates (≥7.7%) and chlorides (≥5.3%) within the CMIs. In Table 4 (column 2–5), we present several boundary calculations of how many carbonates, sulfates and chlorides may have been present within the CMIs, depending on the water source (deuteric or external) and type of olivine serpentinized (daughter or host). According to our estimates, the actual content of carbonates, sulfates and chlorides inside the inclusions could reach 77 vol.%, 9.5 vol.% and 6.7 vol.%, respectively. As emphasized above, the serpentinization of the CMIs should also lead to the destruction of certain Na-rich carbonates, sulfates and chlorides, i.e., the content of Na in the parental melt was actually higher than in our presented estimates, and this melt could have had Na rather than Ca or K specifics.





7. Conclusions


This paper provides a detailed mineralogical description of secondary crystallized melt inclusions (CMIs) within healed cracks in olivine of a coarse peridotite xenolith derived from the relatively shallow (~100 km) lithospheric mantle beneath the Baltic super-craton. The CMIs contain carbonates, sulfates, chlorides, phosphates, oxides, silicates and sulfides. The content of carbonates in the inclusions exceeds 62 vol.%. Among 11 carbonate mineral species, alkali-rich varieties are predominant, with 5 of them being Na-rich (shortite, eitelite, bradleyite, northupite and burkeite) and 2 being Na-K-rich (nyerereite and gregoryite/natrite).



The amount of silicates (serpentine + tetraferriphlogopite) within the CMIs reaches 19 vol.%, which corresponds to the SiO2 levels ≤ 9.6 wt% in the parental melt. However, these estimates of SiO2 abundance are probably significantly overestimated due to the fact that the parental melt could have reacted with the olivine matrix, (Mg,Fe)2SiO4. Another issue with these estimates is that no daughter olivine was found in the inclusions, and it is not known for sure whether serpentine developed at the expense of the daughter olivine or along the walls of the inclusions at the expense of the host olivine. Several approaches demonstrate that out of a total content of H2O ≤ 2.6 wt%, estimated from water-bearing minerals (serpentine + brucite + tetraferriphlogopite), only ≤0.6 wt% H2O can be attributed to deuteric water, whereas the remaining ~2 wt% H2O probably come from an external source, i.e., the melt parental to the inclusions was water-poor. In general, serpentinization of individual inclusions by external fluids leads to the destruction of various Na-K-Ca-carbonates, alkali sulfates and chlorides, and, accordingly, to an underestimation of alkali (especially sodium), chlorine and sulfur abundances in the bulk composition of inclusions.



In summary, this study provides direct evidence for the existence of Cl-S-P-rich alkaline–carbonate melt(s) in the shallow lithospheric mantle beneath the Baltic super-craton. The studied CMIs are suggested to have a genetic link with the magmatic event that finally formed the V. Grib kimberlite pipe. Exactly the same associations of daughter minerals were identified previously within secondary CMIs in olivine of sheared peridotite xenoliths from the Udachnaya–East and Komsomolskaya–Magnitnaya kimberlite pipes (Siberian craton), as well as from the Bultfontein kimberlite pipe in South Africa (Kaapvaal craton) [20,67,68,69,70,71,72]. In this type of mantle xenolith, the olivine-hosted CMIs are also dominated by carbonates, especially alkaline carbonate varieties. Therefore, melt inclusion studies of mantle xenoliths from kimberlites clearly demonstrate that carbonate-rich melts are far more widespread in the mantle than previously thought. It appears that Cl–S-P-rich alkaline–carbonate liquids played a crucial role at various stages of the kimberlite life cycle. Our results indicate that Cl-S-P-rich alkaline–carbonate melts can be effective metasomatic agents in the lithospheric mantle and participate in many processes of its evolution as well as in the Earth’s carbon cycle, as demonstrated by many previous studies that dealt with the crystallization of lithospheric and sublithospheric diamonds.
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Figure 1. (a) Tectonic scheme of the northern part of the Baltic super-craton showing the location of Arkhangelsk Diamond Province (ADP), after [100,101]. (b) Location of the V. Grib kimberlite on the geological map of the ADP. Numbers indicate magmatic fields: 1—Zolotitsa, 2—Kepino, 3—Tur’ino, 4—Izhmozero, 5—Verkhotina, 6—Mela. 
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Figure 2. (a) Photomicrograph of peridotite sample G1-25. (b,c) Transmitted light images of an olivine grain enclosing a group of secondary melt inclusions (Incl). (d) BSE image of a healed crack containing secondary melt inclusions, with the crack showing stronger BSE response (second-generation olivine Ol2) compared with the host olivine (Ol host). Cpx—clinopyroxene, Gr—garnet, Ol—olivine, Opx—orthopyroxene, Spl—Cr-spinel. 
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Figure 3. Raman spectra of some daughter minerals within the olivine-hosted secondary melt inclusions from sample G1-25. (a–d,g–i) Transmitted-light images of unexposed inclusions. (e,f) BSE images of exposed inclusions. The circles in the images indicate the spots where the spectra were acquired. The black filled circles in the Raman spectra indicate olivine bands and the black filled squares indicate serpentine bands. Mineral symbols are those defined in Table 2. 
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Figure 4. (a) Transmitted-light photomicrograph of secondary melt inclusions in olivine along a healed crack (sample G1-25). (b) Raman map of this group of melt inclusions. Individual minerals are indicated by different colors. The spectral resolution did not allow us to distinguish between Na-Ca carbonates, so both nyerereite and shortite are shown in sky blue. White color denotes areas where the intensity of olivine bands was much less than the intensity of the background, yet no other mineral bands were detected (these regions likely correspond to Raman-inactive chlorides). Those areas where only olivine was detected or that were not studied at all are shown in black. 
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Figure 5. (a–i) BSE images of individual exposed melt inclusions in olivine from xenolith G1-25. X-ray maps showing the distribution of elements within the exposed melt inclusion shown in (d) are presented in Figure 6. Mineral symbols are those defined in Table 2. 
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Figure 6. BSE image of an exposed melt inclusion in olivine from sample G1-25 and X-ray maps depicting the distribution of elements within this inclusion. Mineral symbols are those defined in Table 2. 
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Figure 7. EDS spectra of some daughter minerals (a–h) within the olivine-hosted melt inclusions from xenolith G1-25 coupled with the BSE images of the corresponding inclusions. The arrows and circles in the BSE images indicate the areas where the spectra were collected. 
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Figure 8. BSE image and FeO concentration profiles of the rock-forming olivine (Ol host, initial C(FeO) = 7.8 wt%) across a healed crack (Ol2, initial C(FeO) = 8.0 wt%). The profiles were constructed for the initial moment of time (t) and after 3 days, 1 month, 4 months and 10 months of iron diffusion along the line (A,B) at T = 750 °C and P = 3.3 GPa. D—diffusion coefficient. 
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Figure 9. Serpentine stability region in the P-T stable phase diagram for the system MgO-SiO2-H2O with the P-T trend evolution of xenolith G1-25 during ascent and post-magmatic cooling (red line). The P-T parameters of the last mineral equilibrium of the xenolith are marked by the red filled circle. (a) High-temperature part of the P-T diagram. Two reactions of serpentine decomposition are shown by the solid black line [173,174]. (b) Low-temperature and low-pressure area of the P-T diagram. The solid black lines show olivine hydration reactions. The gray field separates antigorite formation- and lizardite/chrysotile-formation areas. The dotted line shows that as water activity (Log aW) decreases, reaction temperature decreases as well. The P-T diagram is from [175]. Liz—lizardite, Cht—chrysotile, Brc—brucite, Atg—antigorite, Fo—forsterite, Tlc—talc, W—water, En—enstatite. 
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Figure 10. BSE images depicting serpentine and serpentine–chlorite aggregates in xenolith G1-25. (a) Xenolith texture. Grains of rock-forming olivine, orthopyroxene and spinel are shown, with the boundaries between them marked by the red dotted lines. Serpentine was found around grains of the rock-forming minerals and in veins crosscutting olivine and orthopyroxene. (b) Serpentine in veins crosscutting olivine grains. Large veins are zoned: ferruginous chlorite is contained in the central part, and serpentine is confined to the marginal parts of the veins. Small veins are filled only by serpentine. Some small serpentine veins are associated with empty cracks. (c) Serpentine veins and a group of altered secondary melt inclusions (replaced by serpentine) in olivine, with a crack connecting the serpentine vein with one of the inclusions. (d) Boundary between rock-forming olivine grains. A zoned serpentine–chlorite aggregate associated with magnetite crystals is present in the interstitial space. Ol—olivine, Opx—orthopyroxene, Sp—spinel, Srp—serpentine, Chl—chlorite, Mgt—magnetite. 
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Table 1. Electron microprobe data on rock-forming minerals (wt%) and P-T-depth estimates for garnet lherzolite xenolith (sample G1-25).
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Element/Mineral

	
Ol

	
Opx

	
Grt

	
Cpx






	
SiO2

	
40.62

	
57.67

	
41.64

	
53.92




	
TiO2

	
n.a.

	
0.09

	
0.12

	
0.18




	
Al2O3

	
n.a.

	
0.73

	
20.38

	
2.13




	
Cr2O3

	
0.02

	
0.34

	
4.39

	
2.17




	
FeOt

	
7.80

	
4.95

	
8.54

	
2.13




	
MnO

	
0.09

	
0.13

	
0.45

	
0.06




	
MgO

	
50.71

	
35.84

	
18.64

	
15.84




	
CaO

	
b.d.l.

	
0.25

	
5.38

	
20.59




	
Na2O

	
n.a.

	
0.06

	
0.02

	
2.09




	
K2O

	
n.a.

	
b.d.l.

	
0.01

	
0.02




	
NiO

	
0.40

	
n.a.

	
n.a.

	
n.a.




	
Total

	
99.62

	
100.04

	
99.56

	
99.13




	
Mg#

	
92.1

	
92.8

	
79.6

	
93.0




	
P, GPa

	
3.27




	
T, °C

	
749




	
Depth, km

	
100








Representative analyzes are shown. n.a.—not analyzed. b.d.l.—below detection limit. Mg# in Ol = 100 × Mg/(Mg + Fe) (at.%) in olivine; Mg# in Opx = 100∙Mg/(Mg + Fe) (at.%) in orthopyroxene; P-T estimates were obtained using the two-pyroxene thermometer TA98 [102] and orthopyroxene (Al-in-Opx) barometer NG85 [103]. Ol—olivine, Opx—orthopyroxene, Cpx—clinopyroxene, Grt—garnet. Depth (km) calculation according to [104].
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Table 4. Volume ratios of minerals within the olivine-hosted melt inclusions in garnet lherzolite (sample G1-25).
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	Mineral
	1 *
	2
	3
	4
	5





	Shortite + nyerereite
	46.4%
	46.4%
	53.1%
	49.9%
	57.8%



	Eitelite
	1.3%
	1.3%
	1.4%
	1.4%
	1.6%



	Dolomite
	7.6%
	7.6%
	8.6%
	8.1%
	9.4%



	Calcite
	3.8%
	3.8%
	4.4%
	4.1%
	4.8%



	Magnesite
	0.5%
	0.5%
	0.6%
	0.6%
	0.6%



	Bradleyite
	1.7%
	1.7%
	2.0%
	1.9%
	2.2%



	Northupite
	0.5%
	0.5%
	0.6%
	0.6%
	0.6%



	Aphthitalite
	7.0%
	7.0%
	8.0%
	7.5%
	8.7%



	Arcanite
	0.7%
	0.7%
	0.8%
	0.7%
	0.8%



	Sylvite
	3.2%
	3.2%
	3.7%
	3.5%
	4.0%



	Halite
	2.1%
	2.1%
	2.5%
	2.3%
	2.7%



	Apatite
	0.7%
	0.7%
	0.8%
	0.8%
	0.9%



	Fe-Ti-Mg Spinel
	3.1%
	2.4%
	2.8%
	2.6%
	3.0%



	Tetraferriphlogopite
	2.3%
	2.3%
	2.6%
	2.5%
	2.8%



	Serpentine
	16.7%
	0.0%
	0.0%
	0.0%
	0.0%



	Brucite
	2.3%
	0.0%
	0.0%
	0.0%
	0.0%



	Olivine
	0.0%
	12.6%
	0.0%
	13.6%
	0.0%



	H2O **
	0.0%
	7.1%
	8.2%
	0.0%
	0.0%



	Total
	100.0%
	100.0%
	100.0%
	100.0%
	100.0%



	Carbonates ***
	61.8%
	66.5%
	77.0%
	66.5%
	77.0%



	Sulphates ***
	7.7%
	8.2%
	9.5%
	8.2%
	9.5%



	Chlorides ***
	5.3%
	5.8%
	6.7%
	5.7%
	6.7%







*—The values (Raman mapping data) were averaged over 15 unexposed inclusions from 1 group. BSE images combined with X-ray maps of 23 exposed melt inclusions were used to estimate the minimum amount of Raman-inactive chlorides. ** For modeling and calculating, it was taken into account that water is liquid and its density is 1 g/cm3. With a decrease in the density of water, the volume of the fluid phase in the inclusions may increase. *** The volume percentage of chlorides, sulfates and carbonates among solid phases (excluding liquids and gases). The initial phase composition of the inclusions can be constrained by the following estimates: 1. actual ratios of minerals within the inclusions including post-magmatic (hydrothermal alteration) serpentine + brucite; 2–5—calculated initial phase composition of the inclusions based on the following models: 2. serpentine is formed by the reaction of daughter olivine with deuteric/magmatic water; 3. serpentine is formed by the reaction of olivine matrix with deuteric/magmatic water; 4. serpentine is formed by the reaction of daughter olivine with external water; 5. serpentine is formed by the reaction of olivine matrix with external water.
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Table 5. Comparison of the studied mineral assemblage within secondary melt inclusion from V. Grib garnet lherzolite xenolith, with mineral assemblages of secondary melt inclusions in mantle xenoliths from other kimberlite pipes: Udachnaya–East, Komsomolskaya–Magnitnaya and Bultfontein.
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Name of Kimberlite Pipe

	
V. Grib

	
Udachnaya–East

	
Komsomolskaya–Magnitnaya

	
Bultfontein






	
Craton

	
Baltic

	
Siberian

	
Siberian

	
Kaapvaal




	
Age, Ma

	
376 ± 3

[91]

	
363–367

[161]

	
334–402 *

[162,163,164]

	
81–92

[165,166]




	
Depth **, km

	
100

(this study)

	
179–227

[67,68,69]

	
198–208

[70,167]

	
112–152

[71,72]




	
Type of xenoliths

	
Granular

	
Sheared

	
Sheared

	
Sheared




	

	
Mineral assemblage




	

	
Carbonates




	
Nyerereite

	
●

	
●

	
●

	
●




	
Shortite

	
●

	
●

	
●

	
●




	
Gregoryite/Natrite

	
●

	

	

	
●




	
Eitelite

	
●

	
●

	
●

	
●




	
Bradleyite

	
●

	
●

	

	
●




	
Northupite

	
●

	
●

	

	
●




	
Dolomite

	
●

	
●

	
●

	
●




	
Burkeite

	
●

	
●

	
●

	
●




	
Tychite

	

	
●

	
●

	
●




	
Calcite

	
●

	
●

	
● ?***

	
●




	
Aragonite

	

	
●

	
● ?***

	




	
Magnesite

	
●

	
●

	
●

	
●




	
Ba-carbonate

	
●

	

	

	
●




	

	
Sulphates




	
Aphthitalite

	
●

	
●

	
●

	
●




	
Arcanite

	
●

	

	

	
●




	
Glauberite

	

	

	

	
●




	
Thenardite

	

	

	
●

	
●




	

	
Phosphates




	
Apatite

	
●

	
●

	
●

	
●




	

	
Sulphides




	
Pyrrhotite

	
● ****

	
●

	
●

	




	
Pentlandite

	
● ****

	
●

	

	




	
Djerfisherite

	

	
●

	
●

	




	
Rasvumite

	

	
●

	

	




	
Heazlewoodite

	

	

	

	
●




	

	
Chlorides




	
Sylvite

	
●

	
●

	
●

	
●




	
Halite

	
●

	
●

	
●

	
●




	
Chloromagnesite

	

	
●

	

	




	

	
Oxides




	
Rutile

	

	
●

	

	
●




	
Perovskite

	

	
●

	

	
●




	
Ilmenite

	

	
●

	

	
●




	
Chromite

	

	
●

	

	




	
Fe-Ti-Mg Spinel

	
●

	
●

	
●

	
●




	
Magnetite

	
●

	
●

	
●

	
●




	

	
Silicates




	
Phlogopite

	

	
●

	
●

	
●




	
Tetraferriphlogopite

	
●

	
●

	
●

	
●




	
Olivine

	

	
●

	
●

	




	
Diopside

	

	
●

	
●

	




	
Sodalite

	

	
●

	

	




	
Richterite

	

	
●

	

	
●




	
Monticellite

	

	

	
●

	




	
Serpentine

	
●

	

	

	
●




	
Reference for mineral assemblages

	
this study

	
[67,68,69,123,129,168,169,170]

	
[70,167]

	
[71,72]








* There are no reliable U-Pb data on the age of the Komsomolskaya–Magnitnaya pipe. Estimates of the kimberlite age using the K-Ar method are in the range of 367 to 345 Ma [162,163], whereas Rb-Sr dating of phlogopite megacrysts yielded 400–402 Ma [164]. ** Depth of the last mineral equilibrium. ?*** Polymorph of CaCO3 carbonate is not well defined. **** Nickel-rich iron sulfide was found within inclusions, with minor copper amounts being present in some crystals of this sulfide; however, the grain size and matrix effects did not allow identifying the mineral species.
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