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The Gremyakha–Vyrmes massif (GV) is a largest Proterozoic alkaline–ultramafic polyphase pluton located in the northwestern part of the Kola Peninsula and cuts across the Late Archean gneisses of the Kola–Belomorian Complex. The massif consists of three subsequently formed intrusive rock complexes of ultramafic–mafic rocks, foidolites, alkaline granites and granosyenites. The alkaline metasomatites and carbonatites with Zr-Nb mineralization were evidently formed later than foidolites. They are distributed within extended contact area (of 2 to 10 km) bordering the foidolite body, while carbonatites are considered as separate carbonatite veins.
High magmatic activity within the Kola Peninsula has been long lasted from 2.45 Ga to 380 Ma with the largest alkaline province formation (Table 1). The magmatism at about 1.9 Ga was accompanied by alkaline magmatism also. At this time GV massif was formed, the averaged time interval is 1.97-1.87 Ga. Geochronological data confirm the multistage nature and crystallization of main rock types: for ultramafics and mafics - from 1810 to 1973 Ma, for alkaline rocks – from 1870 to 2070 Ma, and for alkaline granites and syenites – from 1800 to 1940 Ma, carbonatites from 1765 ± 390 to 1945 ± 4 Ma (Savatenkov et al., 1999). The last one could be reflected influence of metamorphism manifested within the Kola Peninsula.
Table 1. The stages of alkaline, alkaline-ultramafic and carbonatite magmatism in the Fennoscandian area (Richard Ernst http://www.largeigneousprovinces.org; Mints & Erickson, 2016)
	Age (Ma)/massif
	LIPs and tectono-magmatic characteristics

	~2500-2700
Siilinjärvi
	Lapland LIP
plume activity, plate tectonics process, long-lived volcanic-sedimentary belts (Pechenga-Imandra-Varzuga) formation, komatiite and early alkaline magmatism, high-t° metamorphism

	~1800-2100
Gremyakha–Vyrmes, Elet'ozero, Soustov, Tiksheozero, Laivajoki, Kortejärvi, Kimozero kimberlites
	North-Baltic-2 LIP
plume activity, dyke magmatism, layered ultramafic–mafic intrusion, intracraton extension, Svecofennian Ocean spreading, rifting, intracontinental collisional orogeny, alkaline magmatism

	~1750-1790
Halpanen, Naantali, Panjavaara 
	orogeny and high-t° metamorphism, initiation of the E.Fennoscandia subduction, carbonatite and dykes emplacement

	~600
Fen, Alnö
	Baltic Scandinavian LIP
dyke magmatism, carbonatite emplacement

	~400
Lovozero, Khibiny, Sokli, Seblyavr, Kovdor etc.
(˃20 massifs)
	Western European LIP
plume activity, volcanic activity, East European platform global uplift, rifting, dyke magmatism, Kola Alkaline Province formation


The correspondence in the time of the ore-process and alkaline-ultramafic melt intrusion, carbonatites and metasomatism is a key to creation a genetic model for the massif and rare-metal ore formation, and reconstruction of the geochemical evolution of mantle source. To clarify the age of the crystallization of intrusive and post-magmatic phases we studied the U-Pb system of accessory zircon, which is present in varying amounts in all rock types of the GV. Silica-undersaturation and alkalies-oversaturation of parent melts can lead to the absence of the magmatic zircon or to the low-U zircon crystallization, which limits the possibility of its using for accurate dating of rock formation processes. Moreover, the interaction of the fluid phase dissolved in the alkaline melt with the crystallizing rock-forming and accessory minerals increases diffusion of the parent and daughter elements up to the isotope systems opening and re-equilibrated. This is resulted in the considerable time intervals attributed to the evolution of the alkaline-ultramafic phases of the GV.
The U-Pb isotope systematics and the age of accessory zircon from more than 20 samples representing the main rock varieties of the GV was determined by the secondary-ion microprobe SHRIMP-II. The local chemical composition (microprobe, SIMS) and the morphological features of the grains observed by cathodoluminescence (CL) for the genetic identification of zircon were studied also (fig.1). Zircon of all types of magmatic rocks is characterized by primary growth zoning, but zircon from granites and foidolites contain of many inclusions. The distinctive feature of metasomatic zircon is a reaction rim, signatures of desilicification and matrix destruction, partial dissolution and so on. All of these are results of interaction with highly alkaline and low-silica fluid.
[image: ]Fig.1 Сathodoluminescence images of studied zircons from main rock varieties of GV: a – fragments of gabbro zircon grains with growth zoning; b – foidolite zircon with numerous inclusions, corroded faces and irregular zoning; c – fragments of metasomatic zircon grains with abundant inclusions and bright CL rim reflecting zone of interaction with fluid phase, reaction shell and reworked matrix of inherited zircon from transformated rocks; d – granitoid zircon crystals with bipyramid and prism faces and growth zoning
Zircon composition changes from U-, Hf-poor, zoned, unaltered stoichiometric grains to U-, Th-, Hf-, HREE-, Fe-, Ca-, Y-rich hydrated zones. Metamict parts of some zircon grain are depleted in Si and Zr, cations’ sum is lowered to 80%. The studied zircons are characterized by sharp geochemistry diversity reflected specific composition of the parent magmas. Gabbro zircons differ by mid content of U 150-1000 ppm and in some cases up to 4000 ppm, high Th - from 100 to 600 and in some cases is up to 5000 ppm, and with typical for magmatic zircon Th/U ratio within 0.4-1.4 and share of common Pb <0.3%. Foidolite zircons are low-U 1-3 (rarely up to 40 ppm), high - Th 200-2000 ppm with Th/U ratio from 200 to 3000 (sometimes ~30-40), and common Pb share is 0.1-3%. Metasomatic zircon from contact zone between carbonatites and albitites is also low-U 4-40 ppm, high Th 10-2000 ppm and Th/U 2-50 with common Pb at 0.1-1.5%. In metasomatic zircons there are a lot of inherited grains from gabbros and foidolites with a corresponding chemistry and morphology, nevertheless the new-formed grains are low to mid U: 2-200 ppm (rarely up to 600 ppm), mid to high Th: 10-1000 ppm, and high Th/U 2-300, and common Pb at: 0.1-5%.
Nevertheless, for the main intrusive phases we got the U-Pb age estimations, which are determined by concordant zircon data-points from two or more samples of each rock variety. Thus, the weighted average gabbro zircon age (5 samples) is 1981.7 ± 5.9 Ma, and for 4 foidolite samples is 1894 ± 12 Ma (Fig.2). The time of carbonatite intrusion, metasomatite formation and initiation of rare-metal mineralization are not so obvious. The results of zircon U-Pb analysis completely reflect the origin of the metasomatites – we get the time of the protolith formation on which develops certain metasomatites (aegirinites, albitites). We believe that rare-metal albitites and aegirinites, like contact metasomatic rocks, were formed as a result of the interaction of residual fluid-saturated melt, in composition close to carbonatites, with earlier foidolites. The presence of carbonatites among metasomatites suggests that the metasomatism is associated with carbonatite intrusion. Possible carbonatites were the late derivatives of alkaline melt, which was the parent one for foidolites. The carbonatite intrusion in combination with a complex tectonic history caused extensive metasomatism of host ultramafics and alkaline rocks (mainly foidolitic composition) of the central part of the massif. Carbonatites as fluid-saturated systems could be a source and active carrier of U, Th, Zr, Nb and REE, and albitites and aegirinites act as a geochemical barrier within which mineralization formed. The irregular distribution of rare metals in metasomatites and carbonatites proves the multistage ore formation. However, based on coincidence of zircon U-Pb ages of metasomatites of different composition, and close age estimations for pyrochlore and zircon from carbonatite and ore-bearing albitite we suggest this evolution step was no later than 1886±10 Ma (Fig.3). The coincidence of the ages makes it possible to establish the time of carbonatite formation, which is close, but does not coincide with the crystallization time of the foidolites, again confirming the genetic connection of these rocks.
[image: ]
Fig.2 U-Pb concordia diagrams for zircon from the main rock varieties of the Gremyakha-Vyrmes massif. a – concordant cluster of the data-points for zircon from gabbro, weighted mean age on 5 samples corresponds to 1981.7 ± 5.9 Ma; b – discordia line for 13 data-points of zircon from foidolite, the weighted average age of zircon from 4 samples is: 1894 ± 12 Ma; c – concordant data-points for zircon from main phase of alkaline granite; d – concordant age cluster for zircon from aegirine-albite metasomatite samples.
Zircon from main phase of alkaline granites reflects varying degrees of transformation under the influence of post magmatic fluid and characterized by a higher Th (up to 0.5%) and U (up to 0.4%), Th/U>1 (up to 9) and an increased up to 13% of common Pb, which is mainly due to the porous matrix of the grains. Such geochemical characteristics of zircon are resulted in increased errors in the determination of radiogenic Pb and Pb*/U ratios, and to significant shifts of data-points on the diagrams relative to concordia, and to the great uncertainty of discordia-age esimations. Zircon in granite melts with relatively low melting temperatures, trapped from the enclosing rocks during the intrusion or transport of the melts, or contaminated within igneous chamber, often retains not only their typical crystal forms but also isotope-geochemical system undisturbed. And as a result for the samples of the studied alkaline granites, zircons captured from gabbroids are often observed, which differ from the granitic ones according to morphological characteristics and geochemistry, and the age determined by U-Pb systems of such zircons will reflect the crystallization time of the host gabbroids, but do not granitic melt intrusions. This is clearly observed in the contact zones where the xenoliths of the host gabbroids are often found in granites. Grains with the signs of melting and dissolution and absence of crystal faces so typical for zircons crystallizing from granitoid melts characterize inherited zircon. The calculated U-Pb zircon age of 3 samples from studied 5 completely coincides with the age estimations obtained for gabbros. However, for two samples, granite-aplite and the main intrusive phase granite, zircon is characterized by moderate U (50-500 ppm) and Th (30-120 ppm) and common Pb less than <1 % (206Pb), that allows to determine the concordant age estimations coincided for these samples within the errors 1868.6 ± 7.7 and 1871.1 ± 8.8 Ma, respectively (Fig.2d). Thus the alkaline granites were the latest GV magmatic phases and completed the magmatic development of the massif, which began 100-150 m.y. before the intrusion and crystallization of the gabbo-peridotite phase.
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Fig.3 U-Pb concordia diagrams for zircon (a) and pyrochlore (b) from carbonatite associated with foidolite. 
The rare-metal ore mineralization within the massif is recorded by various isotope systems at 1760-1740 Ma, but this reflects rather a stage of secondary enrichment with the recrystallization of ore minerals under the influence of fluid. The development of the all ore-magmatic system within the GV was a long-term process and accompanied by the successive intrusions of gabbroids and foidolites separated in time. However, the mantle sources of their melts had similar isotope-geochemical characteristics, which suggest a genetic relationship of these intrusions - the formation of mantle melts could originate from the evolved mantle source, and spatial merging in a single massif is due to tectonic factors, increased permeability of this lithosphere and long-lived thermal activity of the upper mantle.
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