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Abstract

:

Today, it is known that the majority of diamonds are crystallized mostly from a metasomatic agent close in the main characteristics to carbonatite melts acting upon mantle rocks, and therefore, diamonds are located in the interstitial space of these rocks. So far, diamond has never been found included in other kimberlitic or xenolithic minerals. We have found a diamond inclusion inside the kimberlitic olivine grain, which is the first find of its kind. The diamond crystal is to have been captured by the growing olivine at quite high temperatures (more than 1400 °C) early in the history of the cratonic lithospheric mantle formation. The event had taken place long before the depleted peridotite cooled down to the temperature of the Middle Archean cratonic geotherm corresponding to the diamond stability field at depths where carbonatite melts can react with depleted peridotite, making it a diamond-bearing rock. On the one hand, this find provides evidence that diamonds can crystallize from the high-temperature silicate melt with some carbonate component. On the other hand, the diamond was found coexisting with a sulfide inclusion in the same olivine, i.e., crystallization from a sulfide melt may be another way of diamond formation.
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1. Introduction


Mantle mineral inclusions in other minerals of mantle origin record different stages of deep-seated rock formation and conditions in the mantle and allow identifying the parageneses of minerals crystallized in different P-T-fO2 conditions. Diamond is a concentrator of minerals whose compositions reflect a wide range of mantle conditions. Therefore, interest in the study of diamonds and inclusions in diamonds has not subsided for many decades, e.g., [1,2,3,4,5,6,7,8]. Large megacrystals of olivine and garnet grains in diamondiferous xenoliths of megacrystalline peridotites described previously [9,10,11,12,13] are characterized by a developed crack system. All diamonds which were found earlier in these rocks were placed in the cracks (Figure 1). There are some descriptions of garnet megacrysts with diamond crystals sitting on the surface or inside the sample [14,15,16]. In all the cases, diamond grains were described as placed in the crack systems, and there were evident signs of secondary alteration and partial melting developing inside the cracks [15,16]. There has been no evidence of diamond ever found included in primary olivine, garnet, or pyroxene from the mantle xenoliths or in kimberlitic megacrysts [17]. Three-dimensional X-ray tomography of diamondiferous mantle eclogite xenoliths has convincingly shown that previous finds of eclogitic diamonds enclosed in garnets or pyroxenes are associated with metasomatic veins [18].



Olivine is the main mineral of the depleted mantle and often acts as a host of mineral inclusions. The compositions of mineral inclusions (lherzolite and harzburgite-dunite garnets, clino- and orthopyroxenes, and chromite) in olivine from Udachnaya kimberlite pipe were first characterized in the work of Laz’ko and coauthors [19]. Later, more knowledge became available on both the inclusions and the olivine hosts; namely, olivines of generations I and II were distinguished, and the inclusions were considered in terms of their location in core or rim zones [20]. The list of enclosed minerals was extended later by phlogopite, perovskite, and rutile, as well as the rarer phases of magnetite and magnesian ilmenite in olivine rims. It was emphasized that crystal inclusions in olivine are primary [20]. Diamond inclusions in olivine have never been reported before. Here, we discuss an exceptional find of two almost equally sized crystalline inclusions: diamond and sulfide in a transparent olivine grain from the Udachnaya East kimberlite pipe in Yakutia.




2. Materials and Methods


The diamond crystal, the forsteritic matrix, and hydrocarbons were examined using micro-Raman spectroscopy on a Horiba Jobin Yvon LabRAM HR800 microspectrometer (Horiba Ltd., Kyoto, Japan) equipped with a confocal optical system and 532-nm emission laser. Elemental abundances in the olivine matrix and sulfide grain, found as an inclusion in olivine next to the diamond inclusion, were measured by EMPA on a JEOL JXA-8100 electron microprobe (JEOL, Tokyo, Japan) at an acceleration voltage of 20 kV, a focused beam current of 10 nA, and a count time of 20 to 30 s. Detection limits for major oxides in olivine are typically <0.04 wt% for SiO2 and MgO, <0.05–0.07 wt% for FeO, and 19, 13, and 9 ppm for MnO, Cr2O3, and CaO, respectively. Detection limits for sulfide are (ppm) 106 for S, 144 for Cr, 63 for Co, 128 for Ni, and 175 for Cu. The quoted contents are for different zones of the studied sulfide. Analysis of olivine sections around the diamond inclusion was performed using TESCAN MIRA3 LMU equipped with Oxford Instruments INCA-450 at the Analytical Center for multi-elemental and isotope research, SB RAS (Novosibirsk, Russia) and was carried out on the state assignment of IGM SB RAS. The acceleration voltage and counting time were 20 kV and 300 s, respectively. Elemental maps were constructed using a TESCAN scanning electron microscope with a counting time of 1800 s. The Re-Os isotope composition and PGE analyses were performed at the Geochemical Analysis Unit (GAU) at the ARC National Key Centre GEMOC, Macquarie University, Sydney. The in situ Re-Os isotope composition of the sulfide was analyzed using a Merchantek New Wave UV213 laser microprobe (LAM) with a large-format cell, attached to a Nu Plasma multiple collector (MC) ICPMS. All ablations were carried out using He as the carrier gas. The laser operating conditions are 5 Hz frequency, beam energy of 1–2 mJ/pulse, and 80 µm spot size. The overlap of 187Re on Os was corrected by measuring the 185Re peak and using 187Re/185Re = 1.6741, which has been determined in [21]. The analytical procedures have been described in detail [21]. The PGEs were analyzed using a Merchantek New Wave UV213 laser microprobe (LAM) with a large-format cell, attached to an Agilent 7500 cs quadrupole ICP MS and using methods described by Alard et al. [22]. External standards were a synthetic NiS bead with 200 ppm Os and Pt (PGE-A) and the NIST610 glass standard. Data were reduced using the in-house GLITTER software [23], developed in ARC (The Australian Research Council) National Key Centre GEMOC, Macquarie University, Sydney, Australia. The ARC National Key Centre for Geochemical Evolution and Metallogeny of Continents (GEMOC) is based in the Department of Earth and Planetary Sciences at Macquarie University.




3. Results


3.1. Olivine Composition


The olivine grain studied is a 1.5 × 1.5 × 0.5 cm3 greenish-yellow olivine with a uniform composition (Table 1). According to its morphology and chemistry, it belongs to generation I olivine from the Udachnaya kimberlite described by Kamenetsky et al. [20]. It seems to be the most magnesian one (Fo = 93.1) among the compositionally diverse Udachnaya xenolithic olivines [12,24,25,26], olivine xenocrysts from South African pipes, and Greenland olivines [27]. Its major- and trace-element chemistry generally corresponds to that of olivine inclusions in diamond [4,5,28,29,30,31]; the CaO and MnO contents are within the lowest ranges for such inclusions.



The elemental maps of olivine were made, and olivine sections different in size around the diamond were analyzed. Both maps and chemical analyses demonstrate the homogeneity of olivine in all components (Figure 2, Table 2). Some small pieces of olivine were found near the top of the diamond octahedron. They were placed in the stress crack. These pieces (see No. 4, 5 in Figure 2 and Table 2) are utterly identical in composition to the “main” olivine (see No. 2, 3 in Figure 2 and Table 2), and they cannot be the grains of the late recrystallized olivine. Being associated with the stress crack, they are likely the result of local shear deformation in the olivine crystal.




3.2. Inclusions Description


The olivine hosts two inclusions spaced at ~3 mm, each surrounded by stress cracks (Figure 3a). One is a colorless transparent octahedron, about 0.3 mm in size (Figure 3b,d). Its crystal morphology and Raman spectra undoubtedly identify it as a diamond (Figure 4, Spectrum a).



The other inclusion is a sulfide (Figure 3c), isometric, with zones of different colors in the back-scattered electron (BSE) image (Figure 5). It has a discontinuous narrow (5–20 µm) rim of Ni-bearing chalcopyrite (1.09 wt% Ni), a slightly broader (10–25 µm) pentlandite zone of an outer core (with 0.5 to 1.08 wt% Co), and an inhomogeneous inner core of mss with Ni impurity (7.13–10.46 wt%). The inner core is a dark matrix with patches or most often bands, 1 µm wide or narrower, of a lighter-colored material (the color of the pentlandite zone). Integral analysis of that “mixture-zone” indicates twice-higher Ni contents in comparison with the dark grey zones, which probably reflects the presence of exsolution lamellae (pentlandite in pyrrhotite).



The compositions of the zones are shown in Table 3.




3.3. Micro-Raman Spectroscopy Data


To detect signs of diamond-forming media, the interface between diamond incusion and olivine as well as a net of stress cracks around the diamond were analyzed using the micro-Raman spectroscopic technique. The low-intensity mode in the 3050–3140 cm−1 interval with a peak at 3094 cm−1 was observed in three spectra out of ten. According to [32], this value corresponds to the vibrational modes of aromatic or olefinic compounds (Figure 4, Spectrum b). Those spectra were taken from the contact of olivine with diamond directly. Analyses of the cracks far from the diamond showed the forsterite modes only.




3.4. Re-Os Isotope Data


The Re-Os isotope data were collected ablating the central part of the sulfide. The results of the LAM-MC-ICPMS are given in Table 4. The Os concentration is 731 ppm, and the 187Re/188Os ratio 0.05261 is well below the threshold (1.18) for which a reliable correction can be carried out [21]. Modeling by Griffin et al. [33] also suggested that sulfides with 187Re/188Os <0.07 are unlikely to have been disturbed by any metasomatic events. The TMA calculated using model parameters of Shirey and Walker [34] yields 3.58 ± 0.03 Ga, while the TRD model age is 3.15 ± 0.03 Ga (considering only the analytical uncertainties on 187Os/188Os and 187Re/188Os).





4. Discussion


The compositions of mineral and fluid inclusions in diamonds [25,36,37,38,39,40] indicate the leading role of carbonatite metasomatism in diamond formation [41]. It was suggested, e.g., [42,43,44], that carbon came with mobile low-viscosity carbonatite melts percolating through rocks. In our case, however, the diamond octahedron with visible signs of resorption (Figure 3d) is set into the core of an olivine grain rather than in interstitials or cracks. Therefore, the included diamond must have another formation history. The elemental maps and composition data presented above of different olivine sections exclude the scenario of metasomatic diamond catching by olivine with late recrystallization of new-generation olivine near the diamond inclusion. It apparently is protogenetic and crystallized earlier than the host olivine at a high temperature, possibly and presumably from a carbon-bearing silicate melt. The generation conditions and compositions of similar melts were inferred from experiments with the respective systems and PT parameters [44]. Specifically, the solidus in the peridotite-C-O-H-fluid system, at ~6 GPa and an oxygen fugacity of the IW buffer, was shown to be about 1400 °C [45], or 200–250 °C higher than the Archean geotherm at this depth [46]. According to [47], metasomatism and diamond formation began shortly after cratonic lithosphere stabilization. Note that the diamond inclusion we found had crystallized long before most of the diamonds produced by metasomatic reactions of carbonatite melts with depleted peridotite, which already cooled down to the Middle Archean cratonic geotherm at depths within the diamond stability field.



Alternatively, considering the presence of sulfide inclusion in the same olivine grain where the diamond was found and the common occurrence of sulfide inclusions in diamond and its satellites, e.g., [2,30,48,49,50], the crystallization of diamond with a sulfide melt participation could not be ignored.



Although sulfide inclusions are frequently found in diamonds, some researchers interpret them to be xenogenic [43,51]. According to their experimental results, the FeS–NiS–CuS–K2S tetrahedron is settled beyond the conventional boundary of completeliquid immiscibility with the diamond-forming carbonate–silicate growth medium. However, the experiments on diamond crystallization in the Fe–S–C system with 5 wt% sulfur at the lowest pressures and temperatures of diamond synthesis and growth (5.5 GPa and 1350 ± 25 °C) have shown that diamond can also grow from iron–sulfide melts [52]. Spetsius and Taylor [17] likewise admitted a possible genetic linkage between sulfides and diamonds. The intergrowths of sulfides and microdiamonds in zones of intense treatment of eclogite xenolith were observed [53].



During diamond synthesis experiments in Fe–Ni–S–C and Fe–Co–S–C systems, metastable graphite was observed [54,55]. Preferable crystallization of graphite at low PT in the pyrrhotite–pentlandite system was also observed in earlier experiments [56]. The reconstructed original composition of sulfide inclusion in olivine that we found corresponds to monosulfide solid solution or mss (troilite, according to S:Me) with 19.15 wt% Ni, about 6 wt% Cu, less than 0.5 wt% Co, and 0.1 wt% Cr. Therefore, we deal with the Fe–Ni–Cu–Co–(Cr)–S–C system. Graphite here was detected neither with diamond nor with sulfide, nor existing as a separate enclosed phase. According to Palyanov et al. [56], diamond may crystallize from sulfide melt at a pressure of 7.5 GPa and a temperature ≥ 1600 °C; however, sulfide melts play a minor role in experiments of diamond formation in comparison with the other possible media, such as carbonate, e.g., [57], carbonate–chloride [58], C–O–H fluid [59,60], and carbonate–silicate–C–O–H fluid [61] systems. At the same time, the authors noted that the natural environment of diamond formation is more complex, contains fluids, and probably is associated with redox reactions. Therefore, sulfides can act as reducing agents in the process of diamond formation from carbonate [62]. In [63], the mechanism of such a formation was shown. The sulfide composition changed during the reaction. At a temperature lower than pyrrhotite liquidus, the sulfide stoichiometry was Fe0.85S. It should be noted that iron deficiency is also observed in the inner core (central part) of our sulfide (formula (Fe,Ni)0.85-0.88S).



The Archean Re-Os model ages (TMA 3.58 ± 0.03 Ga and TRD 3.15 ± 0.03 Ga) of the studied sulfide inclusion are in good agreement with previous geochronological studies of the Siberian crustal and mantle rocks. The Re-Os model age (TMA) calculations assume single-stage closed-system evolution. The Re depletion age (TRD) defines a minimum possible age for the Os in the sulfide but does not define the age of the sulfide crystallization. Re depletion model ages are usually applied when Re contents are suspected to be modified by metasomatic processes [64]. Both ages fall in the range of 3.6–2.8 Ga of the Archean formation of the lithosphere of the Siberian craton. Based on Re-Os data of mantle xenoliths and xenocrysts from the Udachnaya pipe, it was shown that a thick Archean lithospheric mantle beneath the Siberian craton had already been formed in the early Archean time [12,13,33,35]. A detailed mineralogical study of the megacrystalline peridotites with subcalcic pyropes (some of them are diamond-bearing) revealed their similarity to the mineralogy and chemical composition of the diamond inclusions in Siberian kimberlites [9,11,12,13,26]. These observations allow us to suppose that the megacrystalline peridotites (harzburgites or dunites) with subcalcic pyropes or chromite are the host rocks of the Siberian peridotitic diamonds. Re-Os dating of the megacrystalline peridotites with subcalcic pyropes gave two TRD age groups, ~1.8 Ga and 2.8–3.2 Ga, confirming that the thick diamondiferous lithosphere was formed in the Archean time [35]. Re-Os dating of the sulfide inclusions in xenocrystal mantle olivine from the Udachnaya pipe indicates that at least part of the lithospheric mantle beneath the Daldyn kimberlite field formed during the period 3–3.5 Ga [33].



The lithospheric mantle of the Siberian craton since the Archean had multiple episodes of mantle metasomatism—from Archean to very recent times prior to kimberlite eruption [12,13,35,65,66,67,68,69,70,71]. The studied sulfide is fully enclosed in the host olivine grain, and therefore, it might keep its original Re-Os isotope system undisturbed. However, it is well known that olivine is not resistant to shear deformations and quite easily breaks and recrystallizes. Thus, someone may potentially assume that the Re-Os isotope system might have been disturbed by any of these metasomatic events, which are usually accompanied by deformation of the host peridotite. The metasomatic alteration of primary highly reduced diamond-bearing peridotites [68] leads to oxidation of their primary mineralogy [72]. Garnet peridotites from the Udachnaya pipe are more oxidized than those of the Kaapvaal craton. Fluid specification of the Udachnaya garnet peridotites shows that water is the dominant fluid species (>50%), with the maximum (≥90%) in the depth range of 100–175 km and increasing methane fraction with a depth below the graphite/diamond transition boundary [23,73,74]. However, the high mg# of the host olivine (93.1), a low 187Re/188Os ratio of 0.05261 in the sulfide, and findings of reduced aromatic or olefinic compounds near the diamond inclusion rather indicate that this sample was not disturbed by any oxidized metasomatic fluids. The sulfide grain is also lacking the djerfisherite rim, which is frequently found in Udachnaya mantle xenoliths and the appearance of which is a reliable indicator of interaction with kimberlitic fluids [75]. Based on this argumentation, we assume that the original Re-Os system of the sulfide was not disturbed, the TMA model age of 3.58 ± 0.03 Ga (which accounts for Re in the model age calculation) is significant, and the TRD 3.15 ± 0.03 Ga age defines a minimum possible age for the Os in this sulfide. The similarity of the sulfide inclusion Re-Os model ages to the oldest Re-Os ages from Siberian peridotite xenoliths indicates that (1) the studied diamond inclusion in olivine belongs to the earliest generation of diamonds in the Siberian cratonic lithosphere (3.5 Ga [76,77]), (2) the formation of diamonds in the depleted cratonic lithosphere starts immediately after the formation of the earliest lithosphere at ~3.6 Ga.




5. Conclusions


	
The crystallization of the diamond inclusion that we found must have proceeded either from silicate melt, enriched with a carbonate component (carbon-bearing fluid), or proceeded from sulfide melt with dissolved carbon (Fe-Ni-Cu-Co-S-C melt).



	
Crystallization of the studied diamond occurred at temperatures at least 200–250 °C higher than for the crystallization of later metasomatic diamonds: in the case of silicate melt, at 1400 °C; in the case of sulfide melt, at 1600 °C.



	
The diamond we discovered is apparently the oldest to date. The age of the syngenetic inclusion of sulfide is estimated at ~3.6 billion years.
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Figure 1. Diamonds (d) in the cracks in olivine of megacrystalline dunites from the Udachnaya kimberlite pipe (Yakutia, Russia): (a,b) U-69/76; (c) U-450/89; (d) LUV-833. 
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Figure 2. Elemental maps of olivine around diamond. The first left picture shows olivine sections around the diamond analyzed using TESCAN: the numbers 2–5 correspond to numbers (N) in Table 2. 
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Figure 3. Diamond and sulfide inclusions in olivine from the Udachnaya kimberlite (Yakutia): (a) both inclusions; (b) well-defined octahedral morphology of the diamond crystal; (c) sulfide inclusion with a cracking halo; (d) resorbed facet of diamond. 
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Figure 4. Raman spectra of studied sample: (a) spectrum of the forsterite matrix and the diamond inclusion; (b) the mode of aromatic or olefinic compounds on the diamond inclusion interface. 
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Figure 5. Sulfide inclusion in olivine from the Udachnaya kimberlite (Yakutia): BSE image of mss: Core-1 (inner), pentlandide Core-2 (outer), and chalcopyrite rim. 






Figure 5. Sulfide inclusion in olivine from the Udachnaya kimberlite (Yakutia): BSE image of mss: Core-1 (inner), pentlandide Core-2 (outer), and chalcopyrite rim.



[image: Minerals 13 00036 g005]







[image: Table] 





Table 1. Composition of the host olivine (wt%).
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	N
	1–1
	1–2
	1–3
	1–4
	1–5
	Average





	SiO2
	42.11
	42.11
	41.79
	41.89
	41.84
	41.95



	Cr2O3
	0.045
	0.046
	0.045
	0.049
	0.046
	0.046



	FeO
	6.76
	6.74
	6.75
	6.74
	6.74
	6.75



	MnO
	0.081
	0.082
	0.083
	0.081
	0.084
	0.082



	MgO
	51.31
	51.21
	50.94
	51.12
	51.04
	51.12



	CaO
	0.013
	0.013
	0.011
	0.010
	0.013
	0.012



	NiO
	0.348
	0.346
	0.347
	0.347
	0.352
	0.348



	Total
	100.7
	100.5
	99.97
	100.2
	100.1
	100.3







Note: EMPA data from JEOL JXA-8100 electron microprobe. Analyzed by V.N. Korolyuk. To check the homogeneity, the studied olivine was analyzed five times in different places (N: 1.1–1.5).
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Table 2. Composition of the olivine around the diamond inclusion (wt%).
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	N
	2
	3
	4
	5





	SiO2
	40.93
	40.9
	41.31
	41.18



	Al2O3
	0.11
	0.11
	0.09
	0.13



	Cr2O3
	0.06
	0.04
	0.06
	0.06



	FeO
	6.63
	6.65
	6.73
	6.64



	MnO
	0.08
	0.09
	0.09
	0.05



	MgO
	51.09
	51.03
	51.47
	51.36



	Na2O
	0
	0.05
	0.05
	0.04



	NiO
	0.38
	0.39
	0.39
	0.39



	Total
	99.27
	99.28
	100.2
	99.86







Note: EDS data from TESCAN scanning electron microscope. Analyzed by M.V. Khestov.
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Table 3. Composition of the sulfide inclusion.
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wt%

	
Core-1 (Inner Part)




	
N

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9




	
S

	
39.31

	
39.58

	
39.20

	
39.15

	
39.30

	
39.49

	
39.75

	
39.24

	
39.22




	
Fe

	
52.50

	
52.62

	
51.86

	
51.77

	
49.90

	
49.90

	
49.09

	
52.87

	
50.22




	
Cr

	
0.20

	
0.18

	
0.21

	
0.22

	
0.24

	
0.13

	
0.15

	
0.18

	
0.16




	
Co

	
0.18

	
0.13

	
0.13

	
0.15

	
0.13

	
0.16

	
0.28

	
0.11

	
0.13




	
Ni

	
7.75

	
7.35

	
8.04

	
8.03

	
10.46

	
10.37

	
10.02

	
7.13

	
10.09




	
Cu

	
0.02

	
0.00

	
0.01

	
0.00

	
0.02

	
0.00

	
0.00

	
0.00

	
0.00




	
Total

	
99.95

	
99.86

	
99.45

	
99.32

	
100.04

	
100.05

	
99.29

	
99.53

	
99.83




	
at%

	
Core-1 (Inner Part)




	
N

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9




	
S

	
53.19

	
53.50

	
53.28

	
53.28

	
53.19

	
53.40

	
53.97

	
53.28

	
53.19




	
Fe

	
40.78

	
40.83

	
40.47

	
40.45

	
38.77

	
38.73

	
38.26

	
41.20

	
39.10




	
Cr

	
0.16

	
0.15

	
0.18

	
0.18

	
0.20

	
0.11

	
0.13

	
0.15

	
0.14




	
Co

	
0.13

	
0.09

	
0.10

	
0.11

	
0.10

	
0.12

	
0.21

	
0.08

	
0.09




	
Ni

	
5.72

	
5.42

	
5.96

	
5.97

	
7.73

	
7.65

	
7.43

	
5.29

	
7.47




	
Cu

	
0.01

	
0.00

	
0.01

	
0.00

	
0.01

	
0.00

	
0.00

	
0.00

	
0.00




	
Total

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0




	
wt%

	
Core-2 (Outer Part) and Lamellae

	
Rim




	
N

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
1




	
S

	
32.97

	
33.33

	
33.27

	
33.11

	
33.46

	
33.49

	
33.08

	
33.29

	
34.92




	
Fe

	
27.22

	
27.16

	
27.17

	
27.14

	
27.52

	
27.93

	
27.27

	
27.30

	
30.75




	
Cr

	
0.03

	
0.04

	
0.04

	
0.04

	
0.17

	
0.18

	
0.19

	
0.05

	
0.04




	
Co

	
0.97

	
1.08

	
0.95

	
0.90

	
0.50

	
0.72

	
0.55

	
0.97

	
0.06




	
Ni

	
38.96

	
38.71

	
38.68

	
38.69

	
38.64

	
37.94

	
38.61

	
38.64

	
1.09




	
Cu

	
0.04

	
0.00

	
0.00

	
0.03

	
0.00

	
0.04

	
0.00

	
0.02

	
33.38




	
Total

	
100.17

	
100.32

	
100.12

	
99.90

	
100.29

	
100.30

	
99.71

	
100.27

	
100.23




	
at%

	
Core-2 (Outer Part) and Lamellae

	
Rim




	
N

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
1




	
S

	
46.81

	
47.16

	
47.17

	
47.06

	
47.30

	
47.33

	
47.10

	
47.14

	
49.84




	
Fe

	
22.19

	
22.06

	
22.11

	
22.15

	
22.34

	
22.66

	
22.29

	
22.18

	
25.20




	
Cr

	
0.02

	
0.04

	
0.04

	
0.03

	
0.15

	
0.16

	
0.17

	
0.04

	
0.03




	
Co

	
0.75

	
0.83

	
0.73

	
0.69

	
0.38

	
0.55

	
0.43

	
0.75

	
0.05




	
Ni

	
30.21

	
29.92

	
29.94

	
30.04

	
29.83

	
29.28

	
30.02

	
29.88

	
0.85




	
Cu

	
0.03

	
0.00

	
0.00

	
0.02

	
0.00

	
0.03

	
0.00

	
0.01

	
24.03




	
Total

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0








Note: EMPA data from JEOL JXA-8100 electron microprobe. Analyzed by V.N. Korolyuk. Formula. Core-1: (Fe,Ni)0.85-0.88S; Core-2 and lamellae: (Fe,Ni)8.88-9.09S8; rim: Fe1.01Ni0.03Cu0.96S2.
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Table 4. Re-Os isotope data for sulfide. 1—characteristics and modeling method; 2—data and estimated age; 3—error.
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	1
	2
	3





	Os
	731 ppm
	



	187Re/188Os
	0.05261
	0.00039



	187Os/188Os
	0.105736
	0.000045



	187Os/188Os360
	0.105419
	



	ɣOs360
	−17.1
	



	T (MA)
	3.58
	0.03



	T (RD)360
	3.15
	0.03







Note: LAM-MC-ICPMS data. Analyzed by N.J. Pearson. T (MA) model parameters from [34], where MA is model age. T(RD)360–RD denotes Re depletion age, calculated from initial Os isotopic ratio at 360 Ma assuming Re/Os ratio = 0. ɣOs360 = ((187Os/188Os SAMPLE/187Os/188Os MANTLE) − 1) × 100 [35].
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