

  minerals-08-00277




minerals-08-00277







Minerals 2018, 8(7), 277; doi:10.3390/min8070277




Article



Three-D Mineralogical Mapping of the Kovdor Phoscorite-Carbonatite Complex, NW Russia: III. Pyrochlore Supergroup Minerals



Gregory Yu. Ivanyuk 1,2,*[image: Orcid], Nataly G. Konopleva 1, Victor N. Yakovenchuk 1,2, Yakov A. Pakhomovsky 1,2, Taras L. Panikorovskii 1[image: Orcid], Andrey O. Kalashnikov 2[image: Orcid], Vladimir N. Bocharov 3[image: Orcid], Ayya A. Bazai 1,2, Julia A. Mikhailova 1,2 and Pavel M. Goryainov 2





1



Nanomaterials Research Centre of Kola Science Centre, Russian Academy of Sciences, 14 Fersman Street, Apatity 184209, Russia






2



Geological Institute of Kola Science Centre, Russian Academy of Sciences, 14 Fersman Street, Apatity 184209, Russia






3



Geo Environmental Centre “Geomodel”, St. Petersburg State University, 1 Ul’yanovskaya Street, St. Petersburg 198504, Russia









*



Correspondence: g.ivanyuk@gmail.com; Tel.: +7-81555-79531







Received: 30 May 2018 / Accepted: 26 June 2018 / Published: 28 June 2018



Abstract

:

The pyrochlore supergroup minerals (PSM) are typical secondary phases that replace (with zirconolite–laachite) earlier Sc-Nb-rich baddeleyite under the influence of F-bearing hydrothermal solutions, and form individual well-shaped crystals in surrounding carbonatites. Like primary Sc-Nb-rich baddeleyite, the PSM are concentrated in the axial carbonate-rich zone of the phoscorite-carbonatite complex, so their content, grain size and chemical diversity increase from the pipe margins to axis. There are 12 members of the PSM in the phoscorite-carbonatite complex. Fluorine- and oxygen-dominant phases are spread in host silicate rocks and marginal carbonate-poor phoscorite, while hydroxide-dominant PSM occur mainly in the axial carbonate-rich zone of the ore-pipe. Ti-rich PSM (up to oxycalciobetafite) occur in host silicate rocks and calcite carbonatite veins, and Ta-rich phases (up to microlites) are spread in intermediate and axial magnetite-rich phoscorite. In marginal (apatite)-forsterite phoscorite, there are only Ca-dominant PSM, and the rest of the rocks include Ca-, Na- and vacancy-dominant phases. The crystal structures of oxycalciopyrochlore and hydroxynatropyrochlore were refined in the    F d  3 ¯  m    space group with R1 values of 0.032 and 0.054 respectively. The total difference in scattering parameters of B sites are in agreement with substitution scheme BTi4+ + YOH− = BNb5+ + YO2−. The perspective process flow diagram for rare-metal “anomalous ore” processing includes sulfur-acidic cleaning of baddeleyite concentrate from PSM and zirconolite–laachite impurities followed by deep metal recovery from baddeleyite concentrate and Nb-Ta-Zr-U-Th-rich sulfatic product from its cleaning.
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1. Introduction


The Kovdor phoscorite-carbonatite complex is the largest source of magnetite, hydroxylapatite and baddeleyite in the NW of Russia [1,2,3,4]. Besides, the deposit contains significant amounts of Sc, Ln, Ta, Nb and U concentrated mainly in baddeleyite and the products of its alteration, first of all, in zirconolite and minerals of the pyroclore supergroup [5,6,7,8,9,10]. Therefore, it is important to highlight the fact that all aforementioned rare metals can be produced during chemical cleaning of baddeleyite concentrate [6]. Also, the pyrochlore supergroup minerals are sensitive indicators of mineral formation conditions, and their study can give us important information on subsolidus and postmagmatic evolution of the phoscorite-carbonatite complex.



The general formula of the pyrochlore supergroup minerals (PSM) is A2−mB2X6−wY1−n, where m = 0–2, w = 0–0.7 and n = 0–1.0; the species are named according to the dominant cation (or anion) of the dominant valence at each site [11,12]. The position A can be occupied by Na, Ca, Sr, Pb2+, Sn2+, Sb3+, Y, U, Ba, Fe2+, Ag, Mn, Bi3+, REE, Sc, Th, H2O, or be vacant. The position B can be occupied by Nb, Ta, Ti, Sb5+, W, Al and Mg (as main components), V5+, Sn4+, Zr, Hf, Fe3+ and Si (as impurities). The position X is occupied mainly by oxygen, but OH and F can also occur here. The position Y is occupied usually by OH−, F−, and O2− anions (hydroxy-, fluor-, and oxy-compounds correspondingly), but also it can be vacant (keno-compounds) or occupied by water and/or large univalent cations of K, Cs and Rb.



Correspondingly, there are groups of pyrochlore (M5+ cations are dominant at the B site, and Nb is dominant among them, and O2– is dominant at the X site), microlite (M5+ cations are dominant at the B site, and Ta is dominant among them, and O2– is dominant at the X site), roméite (M5+ cations are dominant at the B site, and Sb is dominant among them, and O2– is dominant at the X site), betafite (M4+ cations are dominant at the B site, and Ti is dominant among them, and O2– is dominant at the X site), elsmoreite (M6+ cations are dominant at the B site, and W is dominant among them, and O2– is dominant at the X site), ralstonite (M3+ cations are dominant at the B site, and Al is dominant among them, and F− is dominant at the X site) and coulsellite (M2+ cations are dominant at the B site, and Mg is dominant among them, and F– is dominant at the X site). Hereinafter, we will use generic terms pyrochlores, microlites and betafites for Nb-, Ta- and Ti-dominant members of the pyrochlore supergroup, respectively.



Data on the geology and petrography of the Kovdor alkaline-ultrabasic massif and the eponymous phoscorite-carbonatitre complex described in [1,2,4,13,14,15,16] is summarized in the first article of this series [17] that has shown that spatial distribution of forsterite content, morphology, grain size, composition and alteration products accent concentric zonation of the Kovdor phoscorite-carbonatite complex. This zonation includes marginal (apatite)-forsterite phoscorite, intermediate low-carbonate magnetite-rich phoscorite and axial carbonate-rich phoscorite and carbonatites. Presented in the second article, 3D data on distribution of content, grain size and composition of sulfides helped us to understand the behavior of sulfur-related metals during crystallization and subsolidus evolution of the phoscorite-carbonatite complex. Wide diversity of the pyrochlore supergroup minerals in the Kovdor phoscorite-carbonatite complex [1,4,13,16,18] permits a reconstruction of the latest hydrothermal episodes of the complex formation and draws attention to the economic significance of pyrochlore mineralization.




2. Materials and Methods


For this study, we used 548 samples of phoscorite, carbonatites and host rocks taken from 108 exploration holes drilled at the interval from −80 to −650 m within the Kovdor phoscorite-carbonatite complex [16]. Bulk-rock samples were analyzed in the Tananaev Institute of Chemistry of KSC RAS (Apatity) by means of inductively coupled plasma-mass spectrometry (ICP-MS) performed with an ELAN 9000 DRC-e mass spectrometer (Perkin Elmer, Waltham, MA, USA). For the analyses, the samples were dissolved in a mixture of concentrated hydrofluoric and nitric acids with distillation of silicon and further addition of hydrogen peroxide to a cooled solution to suppress hydrolysis of polyvalent metals [19].



Composition of PSM grains smaller than 20 µm in diameter was determined using a LEO-1450 scanning electron microscope (Carl Zeiss Microscopy, Oberkochen, Germany) with a Quantax 200 energy-dispersive X-ray spectrometer (Bruker, Ettlingen, Germany). The same equipment with 500-pA beam current and 20 kV acceleration voltage was used to obtain back-scattered electron (BSE) images of thin polished sections. The Image Tool 3.04 (The University of Texas Health Science Center, San Antonio, TX, USA) was used to determine the equivalent circular diameter of studied PSM grains.



Grains larger 20 µm in diameter were then studied using a Cameca MS-46 electron probe microanalyzer (EPMA) (Cameca, Gennevilliers, France) operating in wavelength-dispersive mode at 20 kV and 20–30 nA. The analyzes were performed with the beam size of 5–10 µm and the counting time of 10–20/10 s on peaks/background for every chemical element and every of 5–10 measurement points. Table 1 presents the used standards, detection limits and precisions based on repeated analyses of standards. Fluorine was determined with a Quantax 200 energy-dispersion instrument and standard-less ZAF method, based on a detection limit of 0.5 wt %. Coefficients in crystallochemical formulas were calculated using the MINAL program by D. V. Dolivo-Dobrovolsky [20].



Single-crystal X-ray diffraction studies of oxycalciopyrochlore and hydroxynatropyrochlore were performed at 293 K using a Bruker Kappa APEX DUO diffractometer equipped with the IμS microfocus source (beam size of 0.11 mm, MoKα radiation, λ = 0.71073 Å and operated at 45 kV and 0.6 mA) and a CCD area detector. The intensity data was reduced and corrected for Lorentz, polarization and background effects. The APEX2 software (Bruker-AXS, Billerica, MA, USA, 2014) applied a multi-scan absorption-correction. Crystal structures were refined with the SHELX program [21] and drawn using the VESTA 3 program [22].



Raman spectra of 6 typical PSM were produced using a Jobin-Yvon LabRam HR 800 spectrometer (Horiba, Kyoto, Japan) with a 514 nm laser under the same conditions for each sample. The band component analysis was performed using the OriginPro 8.1 SR2 program [23], with Lorenzian peak function.



Statistical analyses were implemented with the STATIATICA 8.0 (StatSoft) program [24]. Geostatisical studies and 3D modeling were conducted with the MICROMINE 16 program [25]. Interpolation was performed by ordinary kriging. Automatic 3D geological mapping was developed by conversion of rock chemical composition to mineral composition using logical computation [26].



The following abbreviations were used: Ap (hydroxylapatite), Bdy (baddeleyite), Cal (calcite), Cb (carbonate), Clc (clinochlore), Dol (dolomite), Fo (forsterite), Gn (galena), Ilm (ilmenite), Mag (magnetite), Pcl (pyrochlore unspecified), Phl (phlogopite), Po (pyrrhotite), Py (pyrite), Spl (spinel), Srp (serpentine), Str (strontianite), Val (valleriite), and Zrl (zirconolite). Pyrochlore group minerals (PSM): OCP (oxycalciopyrochlore), ONP (“oxynatropyrochlore”), HCP (hydroxycalciopyrochlore), HNP (hydroxynatropyrochlore), HKP (hydroxykenopyrochlore), FCP (fluorcalciopyrochlore), FNP (fluornatropyrochlore) FKP (“fluorkenopyrochlore”); OCB (“oxycalciobetafite”), FCM (fluorcalciomicrolite), HCM (hydroxycalciomicrolite), HKM (hydroxykenomicrolite).




3. Results


3.1. Occurrence and Morphology


The pyrochlore supergroup minerals are common accessories in all rocks of the Kovdor alkaline-ultrabasic massif. The occurrence and content of PSM decrease from host foidolite and diopsidite–phlogopitite to earlier (apatite)-forsterite phoscorite, and then increase to intermediate phoscorite and, finally, to the latest carbonatites (Table 2). In the phoscorite-carbonatite complex, the pyrochlore supergroup minerals result mainly from the alteration of Nb-rich baddeleyite formed in the pipe axial zone due to the substitution 2Zr4+ ↔ Sc3+Nb5+. On this reason, the pyrochlore areal coincides with that of Sc-Nb-rich baddeleyite (Figure 1). Carbonate-rich phoscorite and carbonatites enriched in PSM form an intensive radioactive anomaly (about 200 m in diameter and >900 m in depth), known as the “Anomalous Zone” [1]. Content of pyrochlore in rocks of the “Anomalous Zone” gradually increases with depth at the account of baddeleyite [27].



The pyrochlore group minerals, namely oxycalciopyrochlore (OCP), oxynatropyrochlore (ONP), hydroxycalciopyrochlore (HCP), hydroxynatropyrochlore (HNP), hydroxykenopyrochlore (HKP), fluorcalciopyrochlore (FCP), fluornatropyrochlore (FNP) and fluorkenopyrochlore (FKP), are common in foidolite, diopsidite, phlogopitite, phoscorite and carbonatite (OCP, HCP and HNP are predominant). Minerals of microlite and betafite groups play a subordinate role, mainly, as separate parts of PSM inhomogeneous crystals. Oxycalciobetafite (OCB) and its cation-deficient analogue occur in phoscorite and carbonatite of the ore-pipe intermediate and axial zones; while fluorcalciomicrolite (FCM), hydroxycalciomicrolite (HCM) and hydroxykenomicrolite (HKM) are found only in calcite-rich phoscorite and calcite carbonatite.



Within the phoscorite-carbonatite complex, the equivalent circle diameter of the analyzed PSM grains widely varies from 1 to 1000 µm (see Table 2) increasing from host foidolite and diopsidite to marginal (apatite)-forsterite phoscorite, and then to intermediate low-carbonate magnetite-rich phoscorite and axial calcite-rich phoscorite and carbonatite (see Figure 1c). In fact, the PSM grain size is proportional to their content in the rock: in PSM-poor rocks, there are small (up to 100 µm in diameter) separate grains of these minerals; while PSM-rich rocks contain irregularly-shaped and lens-like segregations, bands and veinlets of much larger (up to 1 mm in diameter) crystals of the pyrochlore supergroup minerals.



The morphology and microstructure of pyrochlore particles show different aspects, such as irregularly shaped and rounded grains (Figure 2a,b), idiomorphic octahedral, cubic, cubooctahedral and truncated octahedral crystals (Figure 2c–e), poikilitic and skeletal (meta)crystals (Figure 2e,f), veinlets and filling of fractures (Figure 2g), rims around baddeleyite and lueshite grains followed by partial pseudomorphs (Figure 2h), epitaxial intergrowth with baddeleyite (Figure 2i), as well as the finest inclusions in exsolved titanomagnetite. In all rocks of the phoscorite-carbonatite complex, there are zoned PSM crystals with primary regular zonation corresponding to crystal shape, secondary irregular zoning caused by mineral alteration, and both of these zoning types, which is typical for PSM from carbonatites [28]. The primary zoning is caused usually by increases of Ca, Ta, Ti, Zr and F contents from the crystal core to rim at the expense of Na, Th, U, REE, Nb and (OH) amounts. Secondary zoning appears, first of all, due to leaching of Na, Ca and F from marginal parts of metamict grains of U-Th-rich PSM. Sometimes, separate zones of one crystal are formed by different minerals of the pyrochlore supergroup (see Figure 2f).



Irregularly shaped and drop-like yellowish-brown pyrochlore grains dominate in host silicate rocks and carbonate-poor phoscorite (see Figure 2a); while in carbonate-rich phoscorite and related carbonatite, they also form dark brown truncated octahedral crystals, sometimes with baddeleyite relics (see Figure 2e,i). In calcite carbonatite veins, there are reddish-brown to creamy and yellow octahedral, cubic, truncated octahedral and cubooctahedral crystals of pyrochlores (see Figure 2c), and their close intergrowth with baddeleyite and zirconolite [1,4,29,30]. In vein dolomite carbonatite, yellow to brown truncated octahedral to cubic pyrochlore crystals (see Figure 2d) occur in voids in typical association with zircon and endemic phosphates [1,27,31,32]. Betafite group minerals occur as separate irregularly shaped, drop-like and ellipsoidal grains (up to 100 µm) or form marginal zones of pyrochlore crystals (see Figure 2d) and rims around baddeleyite grains. Microlite group members form marginal zones of pyrochlore crystals and inclusions (up to 20 µm in diameter) in zirconolite, titanomagnetite and exsolution ilmenite.



Like PSM, minerals of the zirconolite–laachite series are typical products of baddeleyite alteration; however, they can also replace pyrochlores (Figure 3a). Besides, grains of U-Th-rich kenopyrochlores are often replaced/rimmed by pyrite (Figure 3b) and valleriite (Figure 3c) and sometimes by strontianite (Figure 3d), probably, due to radiolytic splitting of water into hydrogen peroxide and molecular hydrogen. In particular, with radiation dose growth, a water solution of H2SO4 (below 200 °C) becomes significantly rich in H2 due to H2O2 [33,34], and this, probably, causes precipitation of sulfides around the radiation source.




3.2. Chemical Composition


Table 3 shows the results of precision EPMA analyses conducted on 12 different members of the pyrochlore supergroup found in the Kovdor massif, and Table 4 presents statistical data on the PSM composition in different rocks of this massif. Most of the analyzed grains (92%) correspond to Ca-, Na- and vacancy-dominant members of the pyrochlore group and the rest 8% are represented by minerals of microlite and betafite groups (about 4% of each). Pyrochlores occur in all rocks of the Kovdor massif (Figure 4), and microlites and betafites co-exist with pyrochlore in the central part of the phoscorite-carbonatite complex.



Over 92% of the analyzed PSM are represented by O- and (OH)-dominant phases, and the rest are fluorine-dominant. Fluorine shows positive correlations with Ca and Nb and negative correlations with Ti and U (Figure 5). Correspondingly, fluorine-dominant phases occur mainly among calciopyroclores; while natropyrochlores, betafites and microlites are usually represented by hydroxyl-dominant and sometimes oxygen-dominant phases. As for pyrochlore, Ca-dominant phases prevail in ≈45% of the analyzed samples; about 20% of the samples include Na-dominant pyrochlore, and the rest are formed by kenopyrochlore (Figure 6a) as a result of heterovalent substitutions: 2Ca2+ → Na+REE3+, 2Ca2+ → ☐U4+, Ca2+O2− → Na+(OH)−, etc. Simultaneously, Nb is replaced with Ta and Ti up to the formation of microlite and betafite.



In about 35% of the analyzed PSM, the sum of cations in the A-position does not exceed 1 apfu (see Figure 6a). Kenopyrochlores occur in 59% of the analyzed samples of vein calcite carbonatite, 45% of diopsidite and phlogopitite samples, 25% of phoscorite samples, and 23% of vein dolomite carbonatite samples. The deficit of cations in the A-position is caused by both the presence of high-charge cations of U4+, Th4+, REE3+ instead of Na+ and Ca2+ (4Na+ ↔ 3☐U4+, 3Ca2+ ↔ ☐2REE3+, etc.), and cation loss during pyrochlore metamictization and hydration. The last processes are typical for pyrochlore with >15 wt % of (U,Th)O2, and accompanied by destruction of the mineral crystal structure and leaching of Na, then Ca, and finally REE, U and Th (Figure 6b). In kenopyrochlore, uranium is a predominant high-charge cation; while Th-dominant phases occur much rarely (Figure 6c). Rare-earth elements are represented mainly by light lanthanides La through Nd, with total average content of La and Ce of about 87%. The highest REE content in pyrochlore is typical for host diopsidite and phlogopitite, as well as vein calcite carbonatite.



To determine the chemical evolution of the PSM in natural rock sequence, we implemented factor analysis of 314 PSM compositions using the method of principal components (with normalization and varimax rotation of factors) (Table 5). The resultant factors enable us to specify five schemas of isomorphic substitutions (elements with high factor loadings are bolded): (1) Na+Ca2+Nb5+ ↔ U4+Ti4+; (2) (Th4+, REE3+) ↔ U4+; (3) Na+Nb5+ ↔ Sr2+Zr4+; (4) Nb5+ ↔ (Ta5+, Fe3+); (5) Ca2+ ↔ Ba2+. Correspondingly, in the natural sequence of the Kovdor rocks (Figure 7), content of Ba, Sr, U, Ta, Fe and Zr in PSM gradually increases due to Na, Ca, REE, Th and Nb (F2–F5), while higher contents of Ti, U and vacancies are observed in host silicate and calcio-carbonatite rocks (F1).



All above substitutions cause complex zonation of the ore-pipe in terms of the PSM composition (Figure 8): marginal (apatite)-forsterite phoscorite contains Th-REE-rich (keno)pyrochlore and betafite, intermediate low-carbonate magnetite-rich phoscorite comprises pyrochlore with medium content of basic cations, and axial calcite-rich phoscorite and carbonatites accumulate (keno)pyrochlore, (keno)microlite and betafite comparatively enriched in U, Fe, Zr, Ba and Sr.



In the unaltered PSM crystals from diopsidite, phlogopitite, phoscorite and calcite carbonatite, there are irregular variations of chemical composition between separate zones, without any clear trends from cores to margins. However, in host foidolite, marginal zones of pyrochlore crystals are constantly enriched in Ca, Na, Th and Nb in comparison with REE-U-Ta-Ti-rich cores, and the latest dolomite carbonatite, pyrochlore grains have Na-Nb-dominant cores and Ca-U-Zr-rich margins. Besides, U-Th-rich (keno)pyrochlore grains often have secondary zonation due to leaching of A-cations and then B-cations from the grain marginal parts. Fluorine content increases from the core to rim in fresh pyrochlore crystals (Figure 9a). The PSM alteration under the influence of self-irradiation causes loss of fluorine (Figure 9b); therefore, the content of fluorine in the PSM is directly proportional to the amounts of Ca and Nb, and inversely proportional to the content of U and Th (see Figure 5).



X-ray powder diffraction of the Kovdor PSM showed good crystallinity of U/Th-poor calcio- and natropyrochlores; while all analyzed kenopyrochlores became amorphous. Therefore, a single-crystal X-ray study was performed only for low-vacant pyrochlore.




3.3. Crystal Structure


Single-crystal X-ray diffraction data were obtained for well-crystalline oxycalciopyrochlore 917-318.5 (see Figure 2e) and hydroxynatropyrochlore K-017-4 (see Figure 2d). A quadrant of three-dimensional data was collected with frame widths of 1° in ω, and with 220 s in the range 2θ 6.8°–55°. Scattering factors were calculated from initial model with all Ca and Na at A, all Nb and Ti at B, O at O1, and O at Y1 site. All cation site-occupancies are given in accordance with electron-microprobe-determined values (normalized on a basis of 2B cations per formula unit), the O-populated sites (O1 and Y1) was set at full occupancy.



Table 6 shows data collection and refinement parameters for the single-crystal X-ray experiments. Atom coordinates, displacement parameters and site occupancies are given in Table 7, and bond lengths in Table 8. Anisotropic displacement parameters are attached in Supplementary Materials (CIF data is available).



Crystal structures of oxycalciopyrochlore 917/318.5 and hydroxynatropyrochlore K-017-4 (Figure 10) were refined in the    F d  3 ¯  m    space group with R1 values of 0.032 and 0.054, respectively. Octahedral B site has scattering 39.7 and 33.2 epfu, respectively, which agrees well with occupancies (Nb0.965Ti0.02Ta0.15)1.00 and (Nb0.65Ti0.32Mg0.02Ta0.01)1.00. The calculated scattering factor values of 22.1 and 18.7 epfu for the A site slightly exceed the observed values of 18.7 and 15.3 epfu, probably, due to variation of Th- and U-content. In the crystal structure of oxycalciopyrochlore 917/318.5 and hydroxynatropyrochlore K-017-4, eight-coordinated A sites are predominately occupied by calcium and sodium, respectively, and their final occupancies are (Ca0.59Na0.25Y0.09Fe0.02Th0.02Ce0.02La0.01)1.00 and (Na0.49Ca0.20□0.13Fe0.06Sr0.06Th0.04U0.02)1.00 respectively. The mean A1‒O bond ranges from 2.530 to 2.533 Å, which is more suitable for ideal Ca‒O distance 2.54 Å than for ideal Na‒O distance 2.60 Å [35]. For hydroxynatropyrochlore K-017-4, displacement parameters for the Y site are slightly higher than those for oxygen, and are consistent with its occupancy by (OH)-groups (Table 7); while for oxycalciopyrochlore 917-318-5, displacement parameters for Y1 and O1 are almost equal.



Based on the structure refinement, crystal-chemical formulas of oxycalciopyrochlore 917/318.5 and hydroxynatropyrochlore K-017-4 can be determined as A(Ca1.18Na0.50Y0.18Fe0.04Ce0.04Th0.04La0.02)2.00 B(Nb1.93Ti0.04Ta0.015)2.00O6.00Y(O0.78OH0.22)1.00 and A(Na0.98Ca0.40□0.26Fe0.12Sr0.12Th0.08U0.04)2.00 B(Nb1.30Ti0.64Mg0.04 Ta0.02)2.00[O4.98OH1.02]6.00Y(OH0.61F0.39)1.00 respectively. According to the structural data, the common difference in scattering parameters of the B site (39.7 and 33.2 epfu) lies in agreement with the substitution scheme BTi4+ + YOH− = BNb5+ + YO2−. For oxycalciopyrochlore 917/318.5, lower means of Y1 site displacement parameters reflect lesser content of (OH)-groups as compared to hydroxynatropyrochlore K-017-4.




3.4. Raman Spectroscopy


The PSM Raman spectra obtained under the same conditions showed significantly different observed intensities Iobs of absorption bands (Figure 11a). The observed intensity of the spectrum depends on mineral crystallinity, which, in turn, gradually decreases with growth of U and Th total content from 0.13 apfu in HNP 972/86.9 to 0.47 apfu in ONP 966/62.9 (Table 9). For the same reason, the stability of the UTh-rich PSM decreases under the influence of laser beams. Corrected absorption band intensities I were calculated as I = Iobs/(n(ω) + 1), where n(ω) is the Bose (Einstein factor). Figure 11b shows the results for a zoned HKP-HNP crystal from calcite carbonatite 972/86.9.



The absorption bands (see Table 9) were assigned by analogy with other pyrochlore-like compounds [36,37,38] taking into account theoretical considerations by McCauley [39] and Arenas et al. [40]. According to McCauley [39], pyrochlore yields six Raman-active modes and one acoustic. These modes involve four vibrations of F1u, F2g, Eg, and A1g symmetry. Theoretical calculations by [40] consider bands in the region of 70–180 cm−1 as related to acoustic modes (lattice vibrations or bending modes of O-A-O and stretching modes of A-BO6). Bands in the region of 250–400 cm−1 can be assigned to different modes of A-O vibrations. The most intensive bands are related to bending vibrations of O-B-O bonds (400–680 cm−1) and stretching vibrations of B-O bonds in BO6 octahedra (680–900 cm−1). Positions of typical absorption bands caused by different stretching vibrations depend on composition of the corresponding polyhedra (Figure 12), which enables us to estimate the content of major impurities using the PSM Raman spectra.





4. Discussion


Within the Kovdor phoscorite-carbonatite complex, the PSM are concentrated in the axial carbonate-rich zone, so their content, grain size and diversity increase from the pipe margins towards its axis (see Figure 1). Besides, in this direction, we observe gradual growth of Ba, Sr, U, Ta, Fe and Zr content in PSM due to Na, Ca, REE, Th and Nb amounts (see Figure 7 and Figure 8). This trend is the reverse of known ranges of carbonate/silicate melt partition coefficients [41,42,43,44]: Al < Si < Ti < Fe < Mg < K < Na < Ca < F < P < CO2 (for major elements), and Hf < Zr < Th < U < Ta < Y < Nb < Nd < Sr < Ba (for trace elements). In other words, we can assume that most of the high-field-strength elements (HFSE: Ti, Zr, Hf, Nb, Ta and Y) are predominantly distributed in silicate melt; while alkaline-earth and most of rare-earth elements will be localized in carbonate melt. If we compare the earliest silicate rocks (including forsterite-dominant phoscorite) and the latest carbonatite veins (Table 10), we can see that this assumption is correct.



However, the highest concentrations of Zr, Hf, Ta and F as well as the local maximum of Nb content characterize magnetite-rich phoscorite, and can be caused by initial concentration of HFSE in Mg-Al-Ti-rich magnetite. Magnetite exsolution produces ScNb-rich baddeleyite (Figure 13) as a co-product of spinel and ilmenite–geikielite [45], and later alteration of such baddeleyite with fluorine-bearing hydrothermal solutions enriches them in Zr, Nb and Sc. When the concentration of HFSE in the solution reaches a critical level, the PSM start crystallizing. One part of the PSM is formed in situ as rims around baddeleyite grains, and the other part is crystallized as individual crystals in carbonatites that act as a geochemical barrier for Nb(OH)3F2, Ta(OH)3F3+ and other HFSE complexes [46,47]. Besides zirconolite-laachite, the typical PSM associated minerals in carbonate-rich rocks include Sc-phosphates juonniite and kampelite [27,48]:


24Bdy’ + 12Dol + 8Ap + 53H2O + 10CO2 + 1.5O2 + 6Na+ = 6HNP + 12Jnn + 34Cal,










16Bdy’ + 3Dol + 4Ap + 9H2O + 9CO2 + 5O2 + 6Ba2+ → 4OCP + 2Kam + 15Cal,











where Ap—hydroxylapatite; Bdy’—ScNb end member of baddeleyite, Sc0.5Nb0.5O2; Cal—calcite, Dol—dolomite; Jnn—juonniite, CaMgScP2O8(OH)·4H2O; Kam—kampelite, Ba3Mg1.5Sc4(PO4)6(OH)3·4H2O; HNP—hydroxynatropyrochlore, NaCaNb2O6(OH); OCP—oxycalciopyrochlore, Ca2Nb2O7.



Since Sc-Nb-rich baddeleyite and U-Ta-rich PSM of the ore-pipe axial zone contain most of the Kovdor’s Nb, Ta, U, as well as a major part of Sc, this “Anomalous” zone can be regarded as a complex rare-metal deposit [6,7,8]. Prevailing close intergrowths of Sc-rich baddeleyite and U-rich kenopyrochlore significantly complicate the production of a high-quality baddeleyite concentrate. A perspective approach for the deposit development includes selective mining of “anomalous ore”, sulfur-acidic cleaning of baddeleyite concentrate from pyrochlore and zirconolite impurities (Figure 14a), followed by deep metal recovery from baddeleyite concentrate (Figure 14b) and Nb-Ta-Zr-U-Th-rich sulfatic product of its cleaning [49,50,51].




5. Conclusions


According to mineralogical, geochemical, crystallochemical and spectroscopic data obtained for the PSM from the Kovdor phoscorite-carbonatite complex, we can make the following conclusions:




	(1)

	
High-temperature magmatic magnetite is a primary concentrator of Zr, Ti, Nb and Sc in the Kovdor phoscorite-carbonatite complex. The magnetite exsolution under cooling produces spinel and ilmenite-geikielite inclusions containing, in turn, the smallest baddeleyite particles. Besides, separate baddeleyite crystals are crystallized within and around magnetite grains due to their self-cleaning from listed impurities. The content of Nb and Sc in baddeleyite gradually increase from marginal (apatite)-forsterite phoscorite to axial carbonate-magnetite-rich phoscorite and carbonatite, which is made possible following formation of apo-baddeleyite Nb-Sc-minerals including PSM;




	(2)

	
The PSM are secondary minerals that replace (together with zirconolite–laachite) grains of Sc-Nb-rich baddeleyite and use them as seed crystals. Content, grain size and chemical diversity of PSM increase from the pipe margins to axis against the background of a gradual decreasing of temperature of subsolidus processes. In particular, Ca-(Nb,Ti)-F-rich PSM are spread in marginal (apatite)-forsterite phoscorite, Na-(Nb,Ta)-OH-rich phases occur mainly in intermediate low-carbonate magnetite-rich phoscorite, and U-(Nb,Ti)-OH-rich PSM are localized in axial carbonate-rich phoscorite and carbonatites. Subsolidus PSM crystals usually have primary zoning, with increases of Ca, Ta, Ti, Zr and F contents from core to rim at the expense of Na, Th, U, REE, Nb and (OH) amounts;




	(3)

	
In addition to comparatively high-temperature subsolidus PSM, there are hydrothermal (Na,Ca)-OH-rich pyrochlores that form well-shaped crystals in voids and fractures (in characteristic association with low-temperature Sc-phosphates). Primary zoning of hydrothermal PSM crystals is characterized by growth of U and F contents at the expense of Na, Ca and (OH) amounts. Besides, high U and Th contents cause radiation destruction of the PSM crystal structure, with the following loss of Na, Ca and F under the influence of hydrothermal solutions and the formation of corresponding secondary zoning.
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Figure 1. Distributions of Nb in baddeleyite (a), PSM-bearing rocks (b) and average size of PSM grains in a sample (c) within the Kovdor phoscorite-carbonatite complex. 
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Figure 2. Typical PSM morphology: (а) irregularly shaped grain of hydroxycalciopyrochlore in forsterite-magnetite phoscorite 987/2.1; (b) drop-like grains of oxycalciopyrochlore in calcite-magnetite-apatite-forsterite phoscorite 987/99.6; (c) cubic crystal of hydroxykenopyrochlore in vein calcite carbonatite 963/61.3; (d) truncated octahedral crystals of hydroxynatropyrochlore in dolomite carbonatite K-017-4; (e) poikilitic metacrystal of oxycalciopyrochlore from calcite-magnetite-forsterite phoscorite 917/318.5; (f) skeletal crystal of oxycalciobetafite-hydroxycalciopyrochlore in magnetite-dolomite-serpentine rock 987/198.0; (g) veinlets of hydroxykenopyrochlore in vein calcite carbonatite 989/57.8; (h) hydroxycalciopyrochlore crystal with baddeleyite relics in calcite-magnetite-apatite-forsterite phoscorite 986/49.6; (i) epitaxial overgrowth of hydroxykenopyrochlore on baddeleyite in calcite-apatite-forsterite phoscorite 1009/186.6. Macrophoto (d) and back-scattered electron (BSE) images of thin polished sections (the rest). Mineral abbreviations are in Section 2. 
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Figure 3. Typical products of hydroxykenopyrochlore low-temperature alteration: a—replacement of baddeleyite and hydroxykenopyrochlore by zirconolite in dolomite carbonatite 964/148.2; b—relic of hydroxykenopyrochlore within pyrite grain in phlogopitite 948/31.4; c—radiated aggregate vallereite around hydroxykenopyrochlore grain in vein calcite carbonatite 943/54.7; d—hydroxykenopyrochlore grain rimmed by strontianite in phoscorite-related calcite carbonatite 974/115.6. BSE-images of polished thin sections. Mineral abbreviations are in Section 2. 
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Figure 4. The Kovdor PSM classification diagram [11] and relations between Nb, Ta and Ti contents. 
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Figure 5. Nb, Ti, Ca and U content vs. fluorine amount in PSM. 
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Figure 6. Relations between cations and vacancies in the A-site of the Kovdor PSM (a—all samples, b—kenopyrochlores, c—kenopyrochlores enriched in high-charge cations). 






Figure 6. Relations between cations and vacancies in the A-site of the Kovdor PSM (a—all samples, b—kenopyrochlores, c—kenopyrochlores enriched in high-charge cations).



[image: Minerals 08 00277 g006]







[image: Minerals 08 00277 g007 550] 





Figure 7. Changes of mean factor scores reflected PSM composition (see Table 5) in natural sequence of the Kovdor rocks. 
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Figure 8. Distribution of the PSM basic constituents in the Kovdor phoscorite-carbonatite complex. 
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Figure 9. Zonal crystals of pyrochlore: (a) primary zonation of hydroxycalciopyrochlore–fluorcalciopyrochlore crystal from magnetite-forsterite phoscorite 1010/243.7; (b) secondary zonation in grain of oxycalciopyrochlore–U-rich hydroxykenopyrochlore from magnetite-forsterite phoscorite 987/2.1. BSE-images of thin polished sections with indicated fluorine contents. Mineral abbreviations are in Section 2. 
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Figure 10. General view of hydroxynatropyrochlore K-017-4 crystal structure (a) and geometry of the coordination polyhedra in the crystal structures of hydroxynatropyrochlore K-017-4 (b) and oxycalciopyrochlore 917/318.5 (c). AO8 polyhedra are green, BO6 octahedra are blue, oxygen sites are represented by red circles, Y1 sites are shown as pink circles. 
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Figure 11. Initial (a) and re-calculated (b) Raman spectra of pyrochlore supergroup minerals. HNP is hydroxynatropyrochlore, HKP is hydroxykenopyrochlore. 
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Figure 12. PSM composition vs. position of typical absorption bands in the corresponding Raman spectra. 
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Figure 13. Particles of baddeleyite within exsolution inclusions of spinel and ilmenite in magnetite from calcite-magnetite-apatite phoscorite 956/138.9 (a) and magnetite-forsterite phoscorite 987/2.1 (b). Mineral abbreviations are in Section 2. 
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Figure 14. Process flow diagrams of the PSM-bearing baddeleyite concentrate acidic cleaning (a, after [49]) and deep processing (b, after [50,51]). Gray rectangles show final products. 
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Table 1. Parameters of electron probe microanalyzer (EPMA) analyses.






Table 1. Parameters of electron probe microanalyzer (EPMA) analyses.





	Element
	Detection Limit, wt %
	Standard
	Element
	Detection Limit, wt %
	Standard





	Na
	0.1
	Lorenzenite
	Y
	0.1
	Synthetic Y3Al5O12



	Mg
	0.1
	Forsterite
	Zr
	0.1
	Synthetic ZrSiO4



	Al
	0.05
	Pyrope
	Nb
	0.05
	Synthetic LiNbO3



	Si
	0.05
	Wollastonite
	Ba
	0.05
	Barite



	P
	0.05
	Fluorapatite
	La
	0.05
	Synthetic LaCeS2



	K
	0.03
	Wadeite
	Ce
	0.05
	Synthetic LaCeS2



	Ca
	0.03
	Wollastonite
	Pr
	0.1
	Synthetic LiPr(WO4)2



	Sc
	0.02
	Thortveitite
	Nd
	0.1
	Synthetic LiNd(MoO4)2



	Ti
	0.02
	Lorenzenite
	Ta
	0.05
	Metallic tantalum



	Mn
	0.01
	Synthetic MnCO3
	Pb
	0.05
	Synthetic PbSe



	Fe
	0.01
	Hematite
	Th
	0.2
	Thorite



	Sr
	0.1
	Celestine
	U
	0.2
	Metallic uranium
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Table 2. Pyrochlore supergroup minerals (PSM) occurrence and grain size in the Kovdor massif.






Table 2. Pyrochlore supergroup minerals (PSM) occurrence and grain size in the Kovdor massif.











	Natural Sequence of Rock Formation, after [4]
	Proportion of Samples with Identified PSM, %
	Median Equivalent Circle Diameter of Grains (Min–Max), µm
	Mean Nb Content in Baddeleyite, wt %





	Foidolite
	14
	16 (8–30)
	0.22



	Diopsidite and phlogopitite
	22
	39 (3–400)
	0.28



	(Apatite)-forsterite phoscorite
	9
	40 (5–200)
	0.08



	Low-carbonate magnetite-rich phoscorite
	21
	50 (1–1090)
	0.17



	Calcite-rich phoscorite and phoscorite-related carbonatite
	38
	60 (4–535)
	0.38



	Vein calcite carbonatite
	60
	55 (1–400)
	0.66



	Vein dolomite carbonatite and magnetite-dolomite-serpentine rocks
	47
	40 (6–340)
	0.39



	Total
	31
	50 (1–1090)
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Table 3. Precision microprobe analyses of pyrochlore supergroup minerals (wt %) (see abbreviations above) and the corresponding crystallochemical formulas calculated on the basis of B = 2, X = 6 and Y = 1 atoms per formula unit (apfu).
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	PSM
	OCP
	ONP
	HCP
	HNP
	HKP
	FCP
	FNP
	FKP
	HCM
	HKM
	FCM
	OCB





	Sample
	1010/243.7
	987/67.2
	1010/243.7
	972/86.9
	987/2.1
	901/109.9
	987/198.0
	974/50.6
	901/109.9
	981/520
	973/533.3
	957/141.0



	F, wt %
	1.51
	bd
	2.00
	0.09
	0.03
	1.99
	2.48
	2.31
	0.42
	0.43
	2.47
	bd



	Na2O
	3.59
	5.12
	7.31
	8.03
	0.89
	3.45
	9.90
	bd
	0.51
	0.66
	3.46
	bd



	MgO
	bd
	bd
	bd
	bd
	bd
	bd
	bd
	bd
	bd
	0.24
	0.29
	bd



	Al2O3
	0.21
	bd
	bd
	bd
	bd
	0.11
	bd
	bd
	0.19
	bd
	bd
	bd



	SiO2
	bd
	0.19
	bd
	bd
	0.35
	bd
	bd
	bd
	bd
	1.62
	bd
	bd



	CaO
	13.70
	8.83
	15.18
	10.05
	8.47
	15.78
	8.60
	8.58
	9.80
	4.41
	11.33
	12.30



	TiO2
	3.50
	6.71
	1.92
	3.83
	8.32
	0.90
	5.66
	4.36
	1.03
	5.00
	1.00
	16.07



	MnO
	bd
	bd
	bd
	bd
	bd
	bd
	bd
	bd
	bd
	0.35
	bd
	bd



	Fe2O3
	2.09
	1.16
	0.83
	bd
	1.70
	0.32
	bd
	1.62
	0.50
	2.23
	7.01
	4.60



	ZrO2
	bd
	1.32
	0.73
	bd
	1.29
	bd
	bd
	bd
	bd
	1.09
	7.68
	bd



	Nb2O5
	42.34
	31.49
	60.82
	56.72
	32.21
	53.79
	57.11
	43.72
	17.95
	19.34
	11.26
	21.24



	BaO
	bd
	bd
	bd
	bd
	bd
	bd
	bd
	bd
	bd
	7.12
	bd
	bd



	La2O3
	bd
	bd
	0.17
	bd
	bd
	bd
	bd
	bd
	bd
	0.46
	bd
	3.59



	Ce2O3
	1.37
	0.34
	1.60
	3.01
	0.45
	2.88
	2.63
	1.45
	0.65
	3.07
	bd
	6.70



	Pr2O3
	bd
	bd
	bd
	bd
	bd
	bd
	bd
	bd
	bd
	0.51
	bd
	bd



	Nd2O3
	0.41
	0.13
	0.11
	bd
	0.10
	bd
	bd
	bd
	bd
	1.03
	bd
	bd



	Ta2O5
	12.76
	16.25
	7.35
	7.48
	14.81
	6.59
	3.20
	11.23
	53.29
	33.39
	51.21
	7.80



	PbO
	bd
	bd
	bd
	bd
	0.88
	bd
	bd
	bd
	bd
	bd
	bd
	bd



	ThO2
	14.35
	1.48
	bd
	4.66
	2.57
	1.33
	3.67
	bd
	8.09
	6.11
	bd
	22.92



	UO2
	0.45
	24.64
	bd
	3.84
	20.86
	0.01
	4.94
	26.90
	5.62
	bd
	bd
	bd



	–O=F2
	0.64
	bd
	0.84
	0.04
	0.01
	0.84
	1.04
	0.97
	0.18
	0.18
	1.04
	bd



	Total
	95.64
	97.67
	97.18
	97.67
	92.91
	86.31
	97.16
	99.20
	97.86
	86.86
	94.66
	95.22



	Ca, apfu
	1.08
	0.74
	1.02
	0.71
	0.67
	1.24
	0.60
	0.67
	0.88
	0.36
	0.83
	0.97



	Na
	0.51
	0.79
	0.89
	1.02
	0.13
	0.49
	1.24
	–
	0.08
	0.10
	0.46
	–



	Ba
	–
	–
	–
	–
	–
	–
	–
	–
	–
	0.21
	–
	–



	Mn
	–
	–
	–
	–
	–
	–
	–
	–
	–
	0.02
	–
	–



	La
	–
	–
	–
	–
	–
	–
	–
	–
	–
	0.01
	–
	0.10



	Ce
	0.04
	0.01
	0.04
	0.07
	0.01
	0.08
	0.06
	0.04
	0.02
	0.09
	–
	0.18



	Pr
	–
	–
	–
	–
	–
	–
	–
	–
	–
	0.01
	–
	–



	Nd
	0.01
	–
	–
	–
	–
	–
	–
	–
	–
	0.03
	–
	–



	Pb
	–
	–
	–
	–
	0.02
	–
	–
	–
	–
	–
	–
	–



	Th
	0.24
	0.03
	–
	0.07
	0.04
	0.02
	0.05
	–
	0.15
	0.11
	–
	0.38



	U
	0.01
	0.43
	–
	0.06
	0.34
	–
	0.07
	0.44
	0.10
	–
	–
	–



	vac
	0.10
	–
	0.05
	0.07
	0.79
	0.17
	–
	0.85
	0.76
	1.06
	0.71
	0.38



	ΣA
	2.00
	2.00
	2.00
	2.00
	2.00
	2.00
	2.02
	2.00
	2.00
	2.00
	2.00
	2.00



	Nb
	1.41
	1.13
	1.72
	1.68
	1.07
	1.79
	1.67
	1.45
	0.68
	0.68
	0.35
	0.70



	Ta
	0.26
	0.35
	0.13
	0.13
	0.30
	0.13
	0.06
	0.22
	1.21
	0.71
	0.95
	0.16



	Ti
	0.19
	0.40
	0.09
	0.19
	0.46
	0.05
	0.27
	0.24
	0.06
	0.29
	0.05
	0.89



	Zr
	–
	0.05
	0.02
	–
	0.05
	–
	–
	–
	–
	0.04
	0.26
	–



	Si
	–
	–
	0.02
	–
	0.03
	–
	–
	–
	–
	0.12
	–
	–



	Fe3+
	0.12
	0.07
	0.04
	–
	0.09
	0.02
	–
	0.09
	0.03
	0.13
	0.36
	0.25



	Al
	0.02
	–
	–
	–
	–
	0.01
	–
	–
	0.02
	–
	–
	–



	Mg
	–
	–
	–
	–
	–
	–
	–
	–
	–
	0.03
	0.03
	–



	ΣB
	2.00
	2.00
	2.00
	2.00
	2.00
	2.00
	2.00
	2.00
	2.00
	2.00
	2.00
	2.00



	* O2−
	6.00
	6.00
	5.86
	5.94
	5.36
	6.00
	5.83
	5.80
	5.74
	4.24
	4.00
	5.91



	* (OH)−
	–
	–
	0.14
	0.06
	0.64
	–
	0.17
	0.20
	0.26
	1.76
	2.00
	0.09



	ΣX
	6.00
	6.00
	6.00
	6.00
	6.00
	6.00
	6.00
	6.00
	6.00
	6.00
	6.00
	6.00



	* O2−
	0.36
	0.54
	–
	–
	–
	0.20
	–
	–
	
	–
	–
	0.50



	* (OH)−
	0.29
	0.46
	0.72
	0.98
	0.99
	0.34
	0.49
	0.47
	0.89
	0.93
	0.47
	–



	F−
	0.35
	–
	0.28
	0.02
	0.01
	0.46
	0.51
	0.53
	0.11
	0.07
	0.53
	–



	ΣY
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	0.50







* Calculated values. bd—below detection limit.
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Table 4. The PSM mean composition in rocks of the Kovdor massif (mean ± standard deviation (SD)/min–max, apfu).
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Rock

	
Foidolite

	
Diopsidite and Phlogopitite

	
(Ap)-Fo Phoscorite

	
Low-Cb Mag-Rich Phoscorite

	
Cal-Rich Phoscorite and Related Carbonatite

	
Vein Calcite Carbonatite

	
Vein Dol Carbonatite and Mag-Dol-Srp Rock






	
n

	
3

	
20

	
4

	
51

	
92

	
44

	
39




	
Ca

	
0.5 ± 0.2

	
0.6 ± 0.4

	
0.8 ± 0.4

	
0.7 ± 0.3

	
0.6 ± 0.3

	
0.5 ± 0.2

	
0.6 ± 0.3




	
0.29–0.67

	
0.12–1.59

	
0.38–1.14

	
0.10–1.24

	
0.08–1.61

	
0.13–1.00

	
0.09–1.11




	
Na

	
0.6 ± 0.5

	
0.4 ± 0.4

	
0.3 ± 0.3

	
0.3 ± 0.3

	
0.3 ± 0.4

	
0.2 ± 0.4

	
0.4 ± 0.4




	
0.00–0.90

	
0.00–1.02

	
0.00–0.70

	
0.00–0.96

	
0.00–1.32

	
0.00–1.37

	
0.00–1.31




	
Mn

	
–

	
0.00 ± 0.01

	
0.02 ± 0.05

	
0.01 ± 0.03

	
0.01 ± 0.02

	
0.01 ± 0.03

	
0.01 ± 0.02




	
0.00–0.03

	
0.00–0.09

	
0.00–0.10

	
0.00–0.10

	
0.00–0.18

	
0.00–0.08




	
Ni

	
–

	
–

	
0.01 ± 0.01

	
–

	
–

	
–

	
–




	
0.00–0.03




	
Ba

	
–

	
–

	
–

	
0.00 ± 0.01

	
0.03 ± 0.09

	
0.02 ± 0.07

	
0.02 ± 0.07




	
0.00–0.04

	
0.00–0.55

	
0.00–0.36

	
0.00–0.36




	
Sc

	
–

	
–

	
–

	
0.00

	
–

	
–

	
–




	
0.00–0.03




	
Cu

	
–

	
–

	
–

	
–

	
–

	
–

	
0.00 ± 0.01




	
0.00–0.08




	
Sr

	
–

	
–

	
0.1 ± 0.1

	
0.02 ± 0.05

	
0.04 ± 0.08

	
0.03 ± 0.07

	
0.1 ± 0.1




	
0.00–0.19

	
0.00–0.26

	
0.00–0.36

	
0.00–0.29

	
0.00–0.30




	
Y

	
–

	
0.01 ± 0.04

	
–

	
0.01 ± 0.03

	
0.01 ± 0.03

	
0.00 ± 0.03

	
–




	
0.00–0.17

	
0.00–0.16

	
0.00–0.18

	
0.00–0.18




	
La

	
0.05 ± 0.01

	
0.02 ± 0.02

	
0.01 ± 0.01

	
0.02 ± 0.05

	
0.01 ± 0.02

	
0.02 ± 0.02

	
0.01 ± 0.02




	
0.03–0.06

	
0.00–0.06

	
0.00–0.02

	
0.00–0.25

	
0.00–0.07

	
0.00–0.06

	
0.00–0.06




	
Ce

	
0.07 ± 0.03

	
0.10 ± 0.08

	
0.04 ± 0.05

	
0.06 ± 0.07

	
0.06 ± 0.05

	
0.08 ± 0.05

	
0.06 ± 0.04




	
0.05–0.10

	
0.00–0.37

	
0.00–0.08

	
0.00–0.38

	
0.00–0.19

	
0.00–0.20

	
0.00–0.16




	
Pr

	
–

	
–

	
–

	
–

	
0.00

	
–

	
–




	
0.00–0.01




	
Nd

	
–

	
0.01 ± 0.02

	
0.01 ± 0.02

	
0.01 ± 0.01

	
0.01 ± 0.01

	
0.02 ± 0.02

	
0.01 ± 0.02




	
0.00–0.04

	
0.00–0.03

	
0.00–0.06

	
0.00–0.07

	
0.00–0.08

	
0.00–0.07




	
Pb

	
–

	
–

	
–

	
0.01 ± 0.04

	
0.01 ± 0.01

	
–

	
–




	
0.00–0.28

	
0.00–0.04




	
Th

	
0.2 ± 0.1

	
0.07 ± 0.09

	
0.06 ± 0.05

	
0.1 ± 0.1

	
0.06 ± 0.05

	
0.04 ± 0.05

	
0.05 ± 0.05




	
0.06–0.33

	
0.00–0.35

	
0.00–0.12

	
0.00–0.48

	
0.00–0.25

	
0.00–0.20

	
0.00–0.25




	
U

	
0.1 ± 0.1

	
0.2 ± 0.1

	
0.1 ± 0.1

	
0.2 ± 0.2

	
0.2 ± 0.2

	
0.2 ± 0.1

	
0.1 ± 0.1




	
0.00–0.22

	
0.00–0.41

	
0.00–0.27

	
0.00–0.57

	
0.00–0.43

	
0.00–0.44

	
0.00–0.43




	
A

	
1.4 ± 0.3

	
1.3 ± 0.5

	
1.3 ± 0.4

	
1.4 ± 0.4

	
1.4 ± 0.4

	
1.1 ± 0.4

	
1.4 ± 0.5




	
1.11–1.57

	
0.57–2.10

	
0.93–1.85

	
0.51–2.14

	
0.63–2.14

	
0.41–2.03

	
0.65–2.14




	
Nb

	
1.5 ± 0.2

	
1.2 ± 0.3

	
1.4 ± 0.3

	
1.2 ± 0.3

	
1.2 ± 0.3

	
1.1 ± 0.3

	
1.3 ± 0.4




	
1.27–1.69

	
0.71–1.72

	
0.97–1.75

	
0.53–1.79

	
0.35–1.86

	
0.42–1.80

	
0.55–1.72




	
Ti

	
0.4 ± 0.1

	
0.5 ± 0.2

	
0.3 ± 0.2

	
0.4 ± 0.3

	
0.4 ± 0.2

	
0.4 ± 0.2

	
0.4 ± 0.2




	
0.27–0.50

	
0.18–0.81

	
0.14–0.62

	
0.05–1.17

	
0.05–0.92

	
0.09–0.71

	
0.16–0.80




	
Ta

	
0.05 ± 0.04

	
0.1 ± 0.1

	
0.08 ± 0.07

	
0.2 ± 0.2

	
0.3 ± 0.2

	
0.2 ± 0.2

	
0.13 ± 0.09




	
0.00–0.09

	
0.00–0.53

	
0.03–0.18

	
0.00–1.21

	
0.00–1.12

	
0.02–0.95

	
0.00–0.34




	
Fe

	
0.07 ± 0.07

	
0.08 ± 0.08

	
0.13 ± 0.06

	
0.12 ± 0.08

	
0.10 ± 0.07

	
0.12 ± 0.08

	
0.10 ± 0.06




	
0.00–0.14

	
0.00–0.32

	
0.08–0.20

	
0.00–0.40

	
0.00–0.45

	
0.00–0.40

	
0.00–0.28




	
Al

	
–

	
–

	
–

	
0.01 ± 0.03

	
0.00 ± 0.01

	
–

	
0.01 ± 0.02




	
0.00–0.21

	
0.00–0.10

	
0.00–0.08




	
Zr

	
–

	
0.01 ± 0.05

	
–

	
0.02 ± 0.05

	
0.04 ± 0.07

	
0.1 ± 0.1

	
0.1 ± 0.1




	
0.00–0.16

	
0.00–0.24

	
0.00–0.36

	
0.00–0.36

	
0.00–0.39




	
Mg

	
–

	
0.00 ± 0.02

	
0.04 ± 0.07

	
0.02 ± 0.06

	
0.01 ± 0.03

	
0.03 ± 0.05

	
0.03 ± 0.05




	
0.00–0.08

	
0.00–0.15

	
0.00–0.32

	
0.00–0.14

	
0.00–0.21

	
0.00–0.19




	
Si

	
–

	
0.1 ± 0.2

	
–

	
0.02 ± 0.06

	
0.02 ± 0.05

	
0.02 ± 0.05

	
0.01 ± 0.03




	
0.00–0.54

	
0.00–0.31

	
0.00–0.34

	
0.00–0.23

	
0.00–0.18




	
P

	
–

	
–

	
–

	
–

	
0.00 ± 0.01

	
–

	
0.01 ± 0.04




	
0.00–0.10

	
0.00–0.18




	
B

	
2

	
2

	
2

	
2

	
2

	
2

	
2




	
K

	
–

	
–

	
–

	
0.00 ± 0.02

	
0.01 ± 0.02

	
–

	
0.00 ± 0.01




	
0.00–0.13

	
0.00–0.15

	
0.00–0.03




	
F

	

	

	

	
0.2 ± 0.2

	
0.1 ± 0.1

	
0.1 ± 0.2

	
0.2 ± 0.3




	
0.00–0.71

	
0.00–0.53

	
0.00–0.53

	
0.00–0.51




	
Nb/(Nb + Ta)

	
0.96 ± 0.03

	
0.91 ± 0.09

	
0.94 ± 0.06

	
0.9 ± 0.1

	
0.9 ± 0.1

	
0.8 ± 0.1

	
0.90 ± 0.07




	
0.93–1.00

	
0.69–1.00

	
0.84–0.98

	
0.43–1.00

	
0.30–1.00

	
0.38–0.98

	
0.73–1.00




	
Ti/(Nb + Ta + Ti)

	
0.3 ± 0.1

	
0.3 ± 0.1

	
0.2 ± 0.1

	
0.2 ± 0.1

	
0.2 ± 0.1

	
0.2 ± 0.1

	
0.2 ± 0.1




	
0.13–0.48

	
0.09–0.52

	
0.07–0.35

	
0.03–0.57

	
0.03–0.52

	
0.03–0.38

	
0.04–0.49




	
Ca/(Ca + Na)

	
0.5 ± 0.3

	
0.7 ± 0.3

	
0.7 ± 0.2

	
0.6 ± 0.2

	
0.7 ± 0.2

	
0.8 ± 0.3

	
0.6 ± 0.2




	
0.26–1.00

	
0.31–1.00

	
0.58–1.00

	
0.17–1.00

	
0.08–1.00

	
0.05–1.00

	
0.26–1.00
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Table 5. Result of factor analysis of PSM composition.
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Variables

	
Factor Loadings




	
Factor 1

	
Factor 2

	
Factor 3

	
Factor 4

	
Factor 5






	
Na

	
−0.828

	
0.164

	
−0.135

	
0.059

	
−0.165




	
Ca

	
−0.740

	
0.129

	
−0.117

	
−0.182

	
−0.298




	
U

	
0.594

	
0.624

	
−0.214

	
0.034

	
−0.174




	
Th

	
0.213

	
−0.628

	
−0.279

	
0.075

	
0.033




	
REE

	
0.235

	
−0.726

	
0.073

	
−0.111

	
−0.265




	
Ba

	
0.021

	
0.032

	
0.128

	
0.035

	
0.742




	
Mn

	
0.288

	
0.132

	
−0.330

	
−0.026

	
0.452




	
Sr

	
0.103

	
−0.016

	
0.620

	
−0.243

	
0.315




	
Vacancy

	
0.818

	
−0.199

	
0.167

	
0.078

	
0.241




	
Nb

	
−0.652

	
−0.107

	
−0.186

	
−0.657

	
0.131




	
Ta

	
0.064

	
0.314

	
−0.130

	
0.779

	
−0.010




	
Ti

	
0.832

	
−0.015

	
−0.001

	
0.010

	
−0.256




	
Zr

	
0.256

	
0.108

	
0.760

	
0.152

	
−0.113




	
Fe

	
−0.017

	
−0.303

	
0.028

	
0.626

	
0.083




	
Expl. Var

	
3.638

	
1.627

	
1.328

	
1.575

	
1.233




	
Prp. Totl

	
0.260

	
0.116

	
0.095

	
0.113

	
0.088








Marked factor loadings exceed 0.5. Expl. Var—single factor variance explained, Prp. Totl—percentage of the total variance explained.
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Table 6. Crystal data and structure refinement for oxycalciopyrochlore 917/318.5 and hydroxynatropyrochlore K-017-4.






Table 6. Crystal data and structure refinement for oxycalciopyrochlore 917/318.5 and hydroxynatropyrochlore K-017-4.





	Mineral Sample
	Oxycalciopyrochlore 917/318.5
	Hydroxynatropyrochlore K-017-4





	Temperature (K)
	293(2)
	293(2)



	Crystal system
	cubic
	cubic



	Space group
	   F d  3 ¯  m   
	   F d  3 ¯  m   



	a (Å)
	10.4065(4)
	10.3917(4)



	Volume (Å3)
	1126.96(14)
	1122.16(14)



	Z
	8
	8



	ρcalc (g/cm3)
	4.310
	3.829



	μ (mm−1)
	5.508
	4.517



	F(000)
	1378.0
	1225.0



	Crystal size (mm3)
	0.15 × 0.15 × 0.15
	0.13 × 0.13 × 0.13



	Radiation
	MoKα (λ = 0.71073)
	MoKα (λ = 0.71073)



	2Θ range for data collection (°)
	6.782–54.54
	6.792–54.62



	Index ranges
	−8 ≤ h ≤ 13, −7 ≤ k ≤ 11, −12 ≤ l ≤ 13
	−9 ≤ h ≤ 9, −12 ≤ k ≤ 13, −13 ≤ l ≤ 10



	Reflections collected
	602
	758



	Independent reflections
	83 [Rint = 0.0433, Rsigma = 0.0224]
	84 [Rint = 0.0981, Rsigma = 0.0348]



	Data/restraints/parameters
	83/0/12
	84/0/12



	Goodness-of-fit on F2
	1.286
	1.173



	Final R indexes [I ≥ 2σ (I)]
	R1 = 0.0320, wR2 = 0.0687
	R1 = 0.0536, wR2 = 0.1346



	Final R indexes [all data]
	R1 = 0.0363, wR2 = 0.0716
	R1 = 0.0595, wR2 = 0.1497



	Largest diff. peak/hole (eÅ−3)
	0.63/−0.50
	0.93/−1.30
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Table 7. Atom coordinates, displacement parameters (Å2) and site occupancies for oxycalciopyrochlore 917/318.5 and hydroxynatropyrochlore K-017-4.






Table 7. Atom coordinates, displacement parameters (Å2) and site occupancies for oxycalciopyrochlore 917/318.5 and hydroxynatropyrochlore K-017-4.
















	Sample
	Site
	Occupancy
	x/a
	y/b
	z/c
	Ueq
	s.s. (epfu)
	s.s.calc(epfu)





	917/318.5
	B1
	Nb0.965Ti0.02Ta0.15
	0
	1/2
	0
	0.014(1)
	39.67
	41.1



	K-017-4
	B1
	Nb0.65Ti0.32Mg0.02Ta0.01
	0
	1/2
	0
	0.021(1)
	33.2
	34.7



	917/318.5
	A1
	Ca0.59Na0.25Y0.09Fe0.02Th0.02Ce0.02La0.01
	−1/4
	3/4
	0
	0.021(1)
	18.65
	22.11



	K-017-4
	A1
	Na0.49Ca0.20□0.13Fe0.06Sr0.06Th0.04U0.02
	−1/4
	3/4
	0
	0.020(3)
	15.3
	18.7



	917/318.5
	Y1 *
	O0.78OH0.22
	−3/8
	5/8
	1/8
	0.015(3)
	
	



	K-017-4
	Y1 *
	OH0.61F0.39
	−3/8
	5/8
	1/8
	0.044(4)
	
	



	917/318.5
	O1 *
	O1.00
	−0.0704(5)
	5/8
	1/8
	0.017(2)
	
	



	K-017-4
	O1 *
	O0.83OH0.17
	−0.0693(6)
	5/8
	1/8
	0.031(2)
	
	







* Relation of O/(OH, F) is calculated for the formula charge balance.
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Table 8. Selected bond distances (Å) for oxycalciopyrochlore 917/318.5 and hydroxynatropyrochlore K-017-4 crystal structures.






Table 8. Selected bond distances (Å) for oxycalciopyrochlore 917/318.5 and hydroxynatropyrochlore K-017-4 crystal structures.





	
Mineral Sample

	
Oxycalciopyrochlore 917/318.5

	

	
Hydroxynatropyrochlore K-017-4






	
B1 ‒ O1

	
1.980(2)

	
×6

	
B1 ‒ O1

	
1.973(2)

	
×6




	
A1 ‒ Y1

	
2.2530(1)

	
×2

	
A1 ‒ Y1

	
2.2499(1)

	
×2




	
A1 ‒ O1

	
2.622(4)

	
×6

	
A1 ‒ O1

	
2.627(5)

	
×6




	
<A1 ‒ O>

	
2.530

	

	
<A1 ‒ O>

	
2.533
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Table 9. The PSM chemical composition, Raman shifts and their assignment.
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Sample

	
972/86.9

	
979/34.0

	
987/67.2

	
989/23.1

	
972/86.9

	
966/62.9




	
PSM

	
HNP

	
HKP

	
OCP

	
HCP

	
HKP

	
ONP






	
Bands assignment

	
Raman frequencies (cm−1)




	
1B-O

	
stretching

	
894

	

	

	

	
894

	




	
2B-O

	
stretching

	
828

	
842

	
786

	
819

	
830

	
836




	
3B-O

	
stretching

	
734

	
778

	
707

	
777

	
756

	
755




	
4B-O

	
stretching

	
681

	

	

	
715

	
688

	




	
1O-B-O

	
bending

	
628

	
637

	
622

	
627

	
631

	
644




	
2O-B-O

	
bending

	
567

	
532

	
539

	
527

	
595

	
540




	
3O-B-O

	
bending

	

	

	
449

	

	

	




	
1A-O

	
stretching

	
354

	
362

	
381

	
390

	
354

	
361




	
2A-O

	
stretching

	

	
260

	
304

	
326

	

	
257




	
1O-A-O

	
bending

	
282

	

	

	
279

	
253

	




	
A-BO6

	
stretching

	
180

	
203

	
212

	
221

	
195

	
203




	
2O-A-O

	
bending

	

	
144

	
164

	
126

	
145

	
142




	
3O-A-O

	
bending

	
86

	
91

	

	

	
92

	
90




	
Chemical composition (apfu)




	
Ca

	
0.70

	
0.15

	
1.21

	
0.62

	
0.18

	
0.78




	
Na

	
1.02

	
0.00

	
0.78

	
0.71

	
0.27

	
1.03




	
Ce

	
0.07

	
0.12

	
0.01

	
0.04

	
0.07

	
0.06




	
Th

	
0.07

	
0.03

	
0.03

	
0.00

	
0.05

	
0.06




	
U

	
0.06

	
0.31

	
0.43

	
0.43

	
0.35

	
0.41




	
Nb

	
1.68

	
1.03

	
1.12

	
1.16

	
1.21

	
1.31




	
Ti

	
0.19

	
0.72

	
0.40

	
0.46

	
0.48

	
0.35




	
Ta

	
0.13

	
0.14

	
0.35

	
0.26

	
0.26

	
0.34




	
Fe

	
0.00

	
0.08

	
0.07

	
0.12

	
0.05

	
0.00








OCP is oxycalciopyrochlore, ONP is oxynatropyrochlore, HCP is hydroxycalciopyrochlore, HNP is hydroxynatropyrochlore, HKP is hydroxykenopyrochlore.
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Table 10. Mean contents of the main rock constituents in the Kovdor phoscorite-carbonatite complex.
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	Rock
	Host Silicate Rock
	(Ap)-Fo Phoscorite
	Low-Cb Mag-Rich Phoscorite
	Cal-Rich Phoscorite and Related Carbonatite
	Vein Cal-Carbonatite





	n
	23
	11
	59
	34
	9



	Al2O3, wt %
	5.19
	1.25
	1.44
	0.54
	0.20



	SiO2
	41.91
	25.60
	7.00
	5.06
	0.73



	TiO2
	0.94
	0.19
	0.45
	0.36
	0.04



	Fe2O3tot
	9.71
	11.28
	42.07
	28.09
	5.61



	MgO
	14.11
	31.93
	13.05
	10.38
	2.95



	K2O
	1.59
	0.40
	0.12
	0.12
	0.14



	Na2O
	1.97
	0.20
	0.13
	0.16
	0.13



	CaO
	17.32
	10.20
	13.60
	24.79
	45.50



	F
	0.04
	0.11
	0.14
	0.13
	0.08



	P2O5
	0.18
	5.84
	10.48
	6.70
	3.22



	CO2
	0.42
	0.40
	0.40
	3.27
	9.62



	Hf, ppm
	7.21
	5.17
	31.63
	21.43
	1.37



	Zr
	237.19
	192.78
	1270.64
	799.99
	47.52



	Th
	4.37
	3.12
	3.75
	3.70
	4.01



	U
	0.85
	0.35
	0.43
	0.65
	0.41



	Ta
	8.33
	5.62
	15.08
	17.65
	5.65



	Y
	4.60
	9.45
	11.22
	12.72
	24.77



	Nb
	78.03
	24.27
	52.32
	62.76
	14.64



	Nd
	32.58
	36.27
	49.20
	79.08
	125.72



	Sr
	434.41
	731.49
	628.25
	1680.81
	5067.39



	Ba
	173.34
	229.95
	130.74
	262.78
	464.52











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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