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Abstract

:

Tsikourasite, Mo3Ni2P1+x (x < 0.25), is a new phosphide discovered in a mantle-hosted podiform chromitite collected in the abandoned mine of Agios Stefanos (Othrys ophiolite), Central Greece. It forms tiny grains (from a few μm up to about 80 μm) and occurs as isolated grains or associated with other known minerals such as nickelphosphide and awaruite, and with undetermined minerals such as Ni-allabogdanite or Ni-barringerite and a V-sulphide. Tsikourasite is brittle and has a metallic luster. In plane-polarized light, tsikourasite is white yellow and it shows no bireflectance, anisotropism or pleochroism. Internal reflections were not observed, Reflectance values of tsikourasite in air (R in %) are: 55.7 at 470 nm, 56.8 at 546 nm, 57.5 at 589 nm and 58.5 at 650 nm. Five spot analyses of tsikourasite give the average composition: P 7.97, S 0.67, V 14.13, Fe 14.37, Co 7.59, Ni 23.9, and Mo 44.16, total 99.60 wt.%, corresponding to the empirical formula (Mo1.778V1.071Fe0.082Co0.069)Σ3.000(Ni1.572Co0.428)Σ2.000(P0.981S0.079)Σ1.060, on the basis of Σ(Mo +V + Fe + Co + Ni) = 5 apfu and taking into account the structural results. The simplified formula is Mo3Ni2P1+x (x < 0.25). The density, which was calculated based on the empirical formula and single-crystal data, is 9.182 g/cm3. The mineral is cubic, space group F-43m, with a = 10.8215(5) Å and Z = 16. Although tsikourasite is similar in composition to those of monipite (MoNiP), polekhovskyite (MoNiP2), and the synthetic compound MoNiP2, all these phases are hexagonal and not cubic like tsikourasite. It exhibits the same structure as the cubic Mo3Ni2P1.18 compound [space group F-43m, a = 10.846(2) Å] synthesized at 1350 °C. The mineral and its name have been approved by the Commission of New Minerals, Nomenclature and Classification of the International Mineralogical Association (No. 2018-156). The mineral honors Professor Basilios Tsikouras of the Universiti Brunei Darussalam.
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1. Introduction


Natural phosphides are very uncommon minerals and only 15 phases, listed below in alphabetic order, have been officially approved by the IMA: allabogdanite (Fe,Ni)2P [1], andreyivanovite Fe(Cr,Fe)P [2], barringerite (Fe,Ni)2P [3], florenskyite Fe(Ti,Ni)P [4], halamishite Ni5P4 [5], melliniite (Ni,Fe)4P [6], monipite MoNiP [7], murashkoite FeP [8,9], negevite NiP2 [5], nickelphosphide (Ni,Fe)3P [10], polekhovskyite MoNiP2 [11], schreibersite (Fe,Ni)3P [12] and references therein, transjordanite Ni2P [5], and zuktamrurite FeP2 [13]. Recently, Zaccarini et al. [14] and Sideridis et al. [15], based on microprobe analyses, reported the presence of a new phosphide, characterized by the stoichiometry (Ni,Fe)5P, in the ophiolitic chromitites of Gerakini-Ormylia, Greece and Alapaevsk, Russia. Ifandi et al. [16] and Zaccarini ei al. [17] reported the chemical composition of several new minerals in a heavy concentrate obtained from one chromitite sample collected in the Othrys ophiolite. They were tentatively classified as either Ni-allabogdanite or Ni-barringerite and either V-allabogdanite or V-barringerite and V-sulphide. All the described phosphides in the recent papers [14,15,16,17] were too small to be studied by X-ray diffraction.



During the study of the Othrys heavy concentrate, a few Mo-Ni-phosphides were quantitatively analyzed by electron microprobe and one of them was large enough to obtain the mandatory structural data to fully characterize the mineral. The quantitative chemical analysis and crystal structure proved that the studied phase is the natural equivalent of the cubic Mo3Ni2P1.18 compound [space group F-43m, a = 10.846(2) Å] synthesized at 1350 °C [18]. This new mineral was named tsikourasite to honor Basilios Tsikouras (b. 1965), associate professor at the Faculty of Science, Physical and Geological Sciences, Universiti Brunei Darussalam, for his contributions to the ore mineralogy and mineral deposits related to ophiolites. The mineral and its name have been approved by the IMA CNMNC, under the number 2018-156. The type material is deposited in the mineralogical collections of the Museo di Storia Naturale, Università di Firenze, Via La Pira 4, I-50121, Firenze, Italy, catalogue number 3296/I.




2. Geological Background and Occurrence of Tsikourasite


Tsikourasite was found in a heavy mineral concentrate obtained from chromitites from the Othrys ophiolite, central Greece (Figure 1A).



The chromitites were collected in the abandoned mine of Agios Stefanos located about 10 km south of Domokos village (Figure 1B). The studied sample consists of massive chromitite, hosted in strongly serpentinized dunite from a mantle tectonite composed of harzburgite and minor intercalations of plagioclase-bearing lherzolite [19,20,21,22]. Mafic rocks, mainly gabbro of the crustal sequence and gabbro dykes, have also been recognized (Figure 1B,C).



The interstitial assemblage of the Agios Stefanos chromitite is pervasively replaced by chlorite and hydrogrossular and minor talc and serpentine. Locally, hydrogarnet fills veins up to 50 μm thick crosscutting magnesiochromite. These veins are presumably associated with the rodingitized gabbro cross-cutting the ore body. Rare titanite, kammererite, pentlandite, and millerite also occur in the hydrogarnet-rich veins. A few fractures are partially filled with calcite and quartz as late alteration products. The chromitite displays a massive and brecciated texture as shown in Figure 2.



The chromities that were studied, based on electron microprobe analyses of the spinels, were classified as magnesiochromite [16] with Cr2O3 (44.96–51.64 wt.%), Al2O3 (14.18–20.78 wt.%), MgO (13.34–16.84 wt.%), and FeO (8.3–13.31 wt.%). The calculated Fe2O3 ranged from 6.72 to 9.26 wt.%. The amounts of minor elements MnO (0.33–0.60 wt.%), V2O3 (0.04–0.30 wt.%), ZnO (up to 0.07 wt.%) and NiO (0.03–0.24 wt.%) exhibit minor variations. The TiO2 content is low (0.03–0.23 wt.%) consistent with most mantle-hosted podiform chromitites. The Cr/(Cr + Al) ratios are lower than those typical of chromites with a boninitic affinity formed in a supra-subduction-zone (SSZ) [16].



Bortolotti et al. [23] recognized, in distinct units of the Othrys ophiolite, three types of basalts characterized by a different geochemical signature: (i) alkaline within-plate (WPB), (ii) normal-type mid-ocean ridge (N-MORB) and (iii) low-K tholeiite (L-KT). The biostratigraphic investigation indicated that radiolarites associated with N-MORB were deposited in the Middle and Late Triassic. Radiolarites deposited over the L-KT basalts are early Carnian-middle Norian-Late Norian in age [23]. Therefore, based on geochemical and biostratigraphic data, it was suggested that the Othrys ophiolite is characterized by a complex geological evolution [23]. The N-MORB erupted during the Middle-Late Triassic time, related to the initial opening of the Vardar oceanic basin. The L-KT basalts erupted during Middle-Late Triassic time, in part simultaneously with N-MORB, in the ocean-continent transition zone, close to the rifted continental margin. Finally, the alkaline WPB are interpreted to have formed either in oceanic seamounts or in the ocean-continent transition zone adjacent to the rifted continental margin [23].



In addition to tsikourasite, previous mineralogical studies on specimens from the Agios Stefanos chromium mine revealed the presence of accessory minerals such as the platinum group minerals (PGM) [21,22], which are Ru-Os-Ir-Ni alloys, laurite, erlichmanite, Pd-Sb-Cu alloys, Pd-Cu-Pt alloys, irarsite, platarsite, hollingworthite, merenskyite, and cooperite-braggite.




3. Analytical Methods


The processing and recovery of the heavy minerals were carried out by treating about 10 kg of massive chromitite at SGS Mineral Services, Canada, following the procedure described by Tsikouras et al. [23] and Ifandi et al. [16]. The heavy minerals were prepared in epoxy blocks, and then, polished for mineralogical examination. Quantitative chemical analyses of tsikourasite were carried out using a JEOL JXA-8200 electron microprobe, installed in the E. F. Stumpfl laboratory, Leoben University, Austria, operating in WDS (wavelength dispersive spectrometry) mode. Major and minor elements were determined at 20 kV accelerating voltage and 10 nA beam current, with 20 s as counting time for the peak and 10 s for the backgrounds. The beam diameter was about 1 µm in size. For the WDS analyses, the following lines and diffracting crystals were used: P, S = (Kα, PETJ); V, Fe, Co, Ni, Cr = (Kα, LIFH); and Mo = (Lα, PETJ). The following standards were selected: synthetic Ni3P for Ni and P, molybdenite for S and Mo, synthetic Fe3P for Fe, synthetic metallic vanadium for V, skutterudite for Co, and chromite for Cr. The ZAF correction method was applied. Automatic corrections were performed for interferences P-Mo, Cr-V, and Mo-S using the same standards selected for quantitative analyses, that is to say, molybdenite that does not contain P and synthetic Fe3P that does not contain Mo. The detection limits were calculated using the software and expressed as ppm are: P and S = 100; Ni, Fe, V, and Co = 150; Mo and Cr = 200. Representative analyses of tsikourasite are listed in Table 1.



According to the values reported in Table 1, trace amounts of S were also detected even after the interference Mo-S was corrected but this was not conclusive. In. most cases, chromium was below detection limit. The same instrument was used to obtain back-scattered electron images.



X-ray powder diffraction data were not collected owing to the small size of the grain and the limited material available. Single-crystal X-ray studies were carried out at the University of Florence using an Oxford Diffraction Xcalibur diffractometer equipped with an Oxford Diffraction CCD detector, with graphite-monochromatized MoKα radiation (λ = 0.71073 Å) using a hand-picked crystal fragment from the polished section under a reflected light microscope. The crystal (about 80 μm in size) was carefully and repeatedly washed in acetone. It did not show any other visible phase attached to the surface. Single-crystal X-ray diffraction intensity data were integrated and corrected for standard Lorentz polarization factors with the CrysAlis RED package [24]. The program ABSPACK in CrysAlis RED [25] was used for the absorption correction.



The reflectance measurements on tsikourasite were carried out using a WTiC standard and a J & M TIDAS diode array spectrophotometer at the Natural History Museum, London, UK.



Unpolarized micro-Raman spectra on tsikourasite were collected at the University of Pisa, Italy, using a Jobin Yvon Horiba XploRA Plus apparatus equipped with a motorized x–y-stage and an Olympus BX41 microscope with a 100× objective. The 532 nm line of a solid-state laser was used. The minimum lateral and depth resolution was set to a few μm. The system was calibrated using the 520.6 cm−1 Raman band of silicon before each experimental session. Spectra were collected through multiple acquisitions with single counting times of 120 s, with the laser power filtered at 1%. The backscattered radiation was analyzed with a 1200 mm−1 grating monochromator. However, the results suggested that the micro-Raman spectroscopy was not appropriate to study tsikourasite as its spectrum is very similar to those of the associated minerals such as nickelphosphide, Ni-allabogdanite or Ni-barringerite, and V-sulphide, despite the difference in their chemical composition.




4. Physical and Optical Properties


Tsikourasite forms tiny grains (from a few μm up to about 80 μm) and occurs as isolated grains or associated with other known minerals such as nickelphosphide and awaruite, and with new minerals such as Ni-allabogdanite or Ni-barringerite and a V-sulphide (Figure 3).



The hardness and density were not measured because of the small grain size. However, the density of tsikourasite is 9.182 g·cm−3 and it is was calculated based on the ideal chemical formula and unit-cell volume from the single-crystal X-ray data. Tsikourasite is brittle and has a metallic luster. In plane-polarized light, the mineral is white yellow and shows no bireflectance, anisotropism or pleochroism. Internal reflections were not observed. Reflectance values of tsikourasite in air (R in %) are reported in Table 2.




5. Chemical Composition and X-ray Crystallography


Electron microprobe analyses and X-ray data reveal that the empirical formula of tsikourasite, based on Σ(Mo + V + Fe + Co + Ni) = 5 apfu coupled with the structural results (see below) is (Mo1.778V1.071Fe0.082Co0.069)Σ3.000(Ni1.572Co0.428)Σ2.000(P0.981S0.079)Σ1.060 and the simplified formula is Mo3Ni2P1+x.



A total of 2548 unique X-ray reflections were collected. Noteworthy, 59 reflections did not belong to the tsikourasite structure. The indexation of these reflections led to a cubic cell of ~8.3 Å with a F lattice, likely corresponding to a very minor amount of a spinel-group mineral (e.g., magnesiochromite) finely intergrown in the selected crystal. Systematic absences, the statistical tests on the distribution of |E| values (|E2 − 1| = 0.785) that indicated the absence of an inversion center and the similarity of the unit-cell parameter (and chemical composition) with the synthetic Mo3Ni2P1.16 compound [17], led to the choice of the space group F-43m. The structure was thus refined starting from the atom coordinates of the Mo3Ni2P1.16 compound [18], using the program Shelx-97 [26]. The site occupation factor (s.o.f.) at the structural sites was permitted to vary (Mo vs. ⌷, Ni vs. ⌷ and P vs. ⌷) using scattering curves for neutral atoms taken from the International Tables for Crystallography [27]. The Ni sites were found fully occupied by nickel and then fixed in the subsequent refinement cycles. One of the phosphorous positions (P1) was found to be fully occupied, whereas P2 was found partially occupied (20%), as it occurs in the synthetic equivalent of tsikourasite [18]. The two Mo positions showed a mean electron number of 32.84 and 36.04, and were thought to be occupied by Mo, V, and minor Fe and Co. Given the large number of metals with similar site scattering it is difficult to report a definitive site distribution for tsikourasite. However, the mean electron numbers refined at the two Mo sites clearly indicate that Mo (the species with the higher electron number) is there and that it is replaced by a lighter element. In analogy with natural and synthetic compounds we chose V as the main species present at the Mo sites responsible for the lowering of the mean electron numbers. In this way, the following two site populations were derived for the Mo1 and Mo2 sites:


Mo1: Mo0.504V0.422Fe0.034Co0.040 (32.84 electrons)










Mo2: Mo0.681V0.292Fe0.021Co0.006 (36.03 electrons)











The Ni sites were thought to be filled by Ni and the remaining Co.



Final atomic coordinates and equivalent isotropic displacement parameters are given in Table 3, whereas selected bond distances are shown in Table 4. The X-ray powder diffraction data obtained using the atom coordinates shown in in Table 3 are shown in Table 5. The crystallographic Information File is available as Supplementary Materials (tsikourasite.CIF).



As shown in Figure 4, the crystal is similar in structure to Mn3Ni2Si, which is a superstructure of the NiTi2 type [28]. The difference in the unit-cell parameters between tsikourasite [10.8215(5) Å] and its synthetic equivalent [10.846(2) Å] is related to the presence of V and Co contents, which exhibit a smaller metallic radius with respect to that of Mo. The tsikourasite structure shows numerous metal–metal bonds (Ni–Ni, Mo–Ni, and Mo–Mo) in contrast to Mo–P and Ni–P bonds. Indeed, the metal atoms are connected to only two or three P atoms while 12 or six metal atoms surround the P1 and P2 atoms, respectively.



The main feature of the structure results from the arrangement of Mo atoms, which generate [PMo6]-octahedra in a diamond-like network, with intra Mo–Mo distances of 2.97 Å. Half of the octahedra, which are built by Mo2 atoms, are empty, while the second half formed by Mo1 atoms are occupied by P2, which shows partial occupancy (20%). According to Oryshchyn et al. [18], these occupied octahedra are displayed in an fcc array.




6. Relation to Other Species


Tsikourasite does not correspond to any valid or invalid unnamed mineral [29]. According to the calculated formula, tsikourasite could represent the Mo equivalent of the grains recently found in chromitites of the Alapaevsk and Gerakini-Ormylia ophiolites, located in Russia and Greece, respectively, characterized by the formula (Ni,Fe)5P [14,15]. Although tsikourasite is similar in composition to monipite (MoNiP) [7], to the recently discovered polekhovskyite (MoNiP2) [11], and to the synthetic material MoNiP2 [30], these phases are hexagonal and not cubic like tsikourasite.




7. Discussion


The investigation of rare accessory minerals in rocks and ores is usually limited by the scarcity and small grain size of the target minerals. Many studies rely on the investigation of only a few mineral grains found using in situ technique. On the contrary, the study of mineral concentrates provides a greater bulk and more extensive range of minerals than petrographic thin sections and, as consequently, a better characterization of the heavy-mineral assemblage and a better statistical basis for mineralogical and petrological conclusions can be achieved (e.g., [22,31,32,33]). Using this technique, several new minerals have been discovered in recent years. However, the main disadvantages of a study of minerals concentrates are: (1) lack of in situ textural information, and (2) some of the phases occurring in the concentrates can be contaminants (introduced in the separation process). In this respect, the finding of base metals alloys, diamonds, corundum, and carbides, which are compounds that are widely used during sample collection and preparation, has generated justified skepticism among the mineralogical research community. Therefore, aware of the facts described above, all the sample preparation procedures were carefully checked. The laboratory uses a grinder manufactured by TM Engineering with media Alloy 1 composed of Cr and Mo. This material is very hard and is recognized to be the best for applications where abrasion and impact is the norm. The grinder used to obtain our concentrate does not consist of a superalloy of Ni and Fe with a phosphide filler. In addition, during the sampling in the Agios Stefanos mine, only a steel hammer was used. Taking into consideration the procedure and the materials used, we discarded the possibility of contamination a priori. Furthermore, tsikourasite exhibits complex chemical compositions, which includes a great number of elements, such as P, S, Fe, Ni, Co, V, and Mo. We tested the Alloy 1 used during the preparation of the studied concentrates and found that it was composed of Cr and Mo only. Previously, other chromitite samples, obtained with the same technique in the same laboratory, had been carefully studied, however, no phosphides had been recovered [22,32,33]. The finding, by X-ray examination of a very minor amount of a spinel-group mineral (e.g., magnesiochromite) finely intergrown with tsikourasite, represents strong proof against possible anthropogenic contamination. Furthermore, we found direct-contact intergrowths of minerals, such as Ni and V phosphides and awaruite that occur associated with tsikourasite (Figure 2), with the host magnesiochromite and other natural phases as illustrated in Figure 5. This finding is further evidence that tsikourasite and the other phosphides found in the Othrys chromite belong to a natural mineralogical assemblage.




8. Genetic Models for the Precipitation of Tsikourasite


Although interpretation of the origin of tsikourasite is still speculative and it embraces numerous possible processes, its composition and paragenetic assemblage indicates, unequivocally, that it was crystallized in a local reducing geochemical environment. Reducing conditions have been described during the serpentinization of peridotites [34]. These observations allowed us to postulate that the phosphides and the associated minerals found in the ophiolitic chromitites of Othrys and Gerakini-Ormylia (Greece), and Alapaevsk (Russia) may have crystallized during the serpentinization process at a low temperature [14,15,16]. This assumption was supported by the discovery of the Ni equivalent of tsikourasite in situ and was associated with the serpentine rich matrix of the Alapaevsk chromitite of Russia [14]. In a recent paper, Etiope et al. [35] demonstrated, among several rocks of ophiolites in Greece, i.e., serpentinite, peridotite, chromitite, gabbro, rodingite, and basalt, that only chromitites, including those of the Othrys complex, hosted considerable amounts of abiotic methane. These authors hypothesized that the CH4 formation occurred at temperatures below 150 °C via the Sabatier reaction during the serpentinization process, which provides further evidence that reducing conditions can be achieved at a low temperature during the alteration of mantle derived rocks.



However, Xiong et al. [36] suggested that reducing conditions in mantle-derived rocks can be achieved locally due to the interaction of mantle-derived fluids enriched in CH4 and H2 with basaltic magmas in the shallow lithosphere. Xiong et al. [36] reported on the presence of carbides, nitrides, silicides, and native metals as an ultra-reduced mantle mineralogical assemblage, however, phosphides were not described in this mineralogical assemblage. Natural phosphides have been reported in the mineralogical assemblages described in a few fulgurites [37] as well as being very common in meteorites. However, the probability of intercepting a fragment of a meteorite or a fulgurite in the Otrhys ophiolite during the sampling of the studied chromitite, seems very unlikely, because of the lack of high-pressure minerals in our assemblage, which would have formed during any impact [38]. Therefore, we argue that tsikourasite is natural and terrestrial in origin, and was crystallized in mantle derived rocks in a local reducing environment, perhaps during the serpentinization process at low temperature. However, because the synthetic equivalent of tsikourasite was obtained at a temperature of 1350 °C [18] and considering the complex internal textures of tsikourasite with other phases (Figure 3C,D), we cannot exclude the possibility that tsikourasite formed in the mantle itself prior to its oceanic alteration. Analogously to monipite [7], which was found in a calcium-aluminum inclusion of the Allende meteorite, we hypothesize a local melting of reduced portions in the mantle, to temperatures of the order of 1400 °C. During this melting event, Mo, P, Fe, V, Co, and Ni formed immiscible metallic melts within their host. During cooling, either tsikourasite crystallized from the metallic melt (or a P-rich immiscible melt within the alloy melt), or it exsolved at lower temperatures from a Mo-P enriched crystalline alloy.
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Figure 1. Location of the Othrys complex in Greece (A), general geological map of the Othrys ophiolite showing location of the Agios Stefanos chromium mine (B), and (C) detailed geology of the Agios Stefanos area (modified after [19] and [16]). 
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Figure 2. Back-scattered electron images (BSE) of massive and brecciated Othrys chromitite from polished sections (A,B). Abbreviations: Sl = silicates, MsC = massive chromite, BrC = brecciated chromite. 
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Figure 3. Back-scattered electron images (BSE) (A,C) and digital image in reflected plane polarized light (B,D) showing tsikourasite from the chromitite of Agios Stefanos. Abbreviations: Tsk = tsikourasite, Epx = epoxy, Chr = chromite, NiP = Ni-allabogdanite or Ni-barringerite, VS = V-sulphide, Aw = awaruite, Npd = nickelphosphide. Scale bar = 10 µm. 
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Figure 4. The crystal structure of tsikourasite. Grey and light blue circles refer to Mo and Ni atoms, respectively. Violet circles refer to the P1 position whereas orange spheres indicate the partially occupied P2 position. The unit cell and the orientation of the structure are outlined. 
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Figure 5. BSE images from heavy concentrate of the Othrys chromitite showing a brecciated texture in a similar way to those reported in Figure 2A. Enlargement of the grain of (A), displaying the brecciated chromite in contact with awaruite containing small blebs of pentlandite and associated with a Ni-phosphide (B). X-ray elemental distribution map for Ni (C), Co (D), Fe (E), P (F), S (G). Abbreviations: Epx = epoxy, Chr = chromite. Scale bar in (B) is 10 µm. 
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Table 1. Analytical data (wt.% of elements) for tsikourasite.
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	Sample
	P
	S
	V
	Fe
	Co
	Ni
	Mo
	Total





	ot2gr17an4
	7.59
	0.64
	14.19
	1.14
	7.47
	23.78
	43.56
	98.37



	ot2gr17an3
	7.96
	0.67
	14.18
	