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Abundant age-data obtained during recent decades for alkaline polyphase Khibiny and Lovozero massifs using mineral fractions and U-Pb, Rb-Sr, Sm-Nd and Ar-Ar isotope systems, and whole-rock Rb-Sr, Sm-Nd and Pb-Pb isochrones, allow to limit the activity time of the ore-magmatic system for a period of 383-362 Ma for Khibiny and Lovozero massifs (Kramm, Kogarko, 1994; Arzamastsev and others, 2013; Arzamastsev, Wu, 2014; Zartman, Kogarko, 2014). At the same time, the closing temperatures of the used isotope systems (Kylander-Clark et al., 2008) differ significantly (by more than 300-400°C, e.g. between U-Pb system of perovskite or zircon and Rb-Sr and Ar-Ar systems of phlogopite). It remains unclear whether the resulting time interval (about 10-20 my.) is related to the actual duration of magmatic activity, the consequent intrusion of melts of alkaline-ultrabasic series, alkaline syenites, carbonatites and the formation of apatite-rare metal ores, or reflects variations in the closure temperature of specific isotope systems. In order to answer this question we have dated a number of samples of alkaline rocks and apatite-nepheline ores from these massifs using a single approach - a local isotopic analysis of titanite U-Pb system by SHRIMP-II. Titanite fractions from the main varieties of rocks of the two largest alkaline intrusions of the Kola Peninsula represent agpaitic syenites of the both massifs, foidolites, and rocks adjacent to the deposits of apatite-nepheline, titanite-apatite, eudialite and loparite ores. 
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Fig. 1. Schematic geological map of the Khibiny and Lovozero massifs with the location of the samples studied
1 - carbonatite, 2 - pulaskite, 3 and 4 - foyaite, 5 - kalsilite-bearing nepheline syenite (rischorrite), 6 - apatite-nepheline rock, 7 - foidolite, 8-9 - nepheline syenite (khibinite), 10 – eudialyte-lujavrite, 11 - differentiated lujavrite-foyaite-urtite complex, 12 - subalkaline volcanics, 13 - alkaline-ultrabasic rocks, 14 and 15 - rocks of Precambrian basement
Titanite U-Pb SHRIMP-II analysis. Hand-picked titanite grains were implanted into the epoxy resin along with the OLT1 standard titanite grains. The surface of the resin was ground and polished about half the thickness of the grains, and then a gold coating was applied. Optical images of the investigated grains in reflected and transmitted light, as well as images in back-scattered electrons (BSE) were used for selection suitable sites for isotope dating. Titanite cathodoluminescent images were not applied due to absence of any CL of titanite crystal structure. Measurements of the titanite U/Pb ratios were performed on a high-resolution secondary ion microprobe SHRIMP-II at the Isotope Research Center (VSEGEI, St-Petersburg) in a similar approach to those described in (Kennedy et al., 2010). 
The results of a titanite U-Pb local analysis were plotted on a diagram with a concordia in the Tera-Wasserburg coordinates as measured, i.e. uncorrected for common Pb content, 207Pb/206Pb and 238U/206Pb ratios. A linear trend was calculated on the basis of the correlation of the whole set of analytical data. The lower intersection of this trend line with the concordia was determined as an 238U/206Pb age of the titanite. An additional method of age calculation included constructing an "anchored" mixing line, i.e. the line passed through a fixed point with a priori certain coordinates. Usually, the value 207Pb/206Pb of the point of intersection of the mixing line with the ordinate axis is determined according to the Stacey-Kramers model of the evolution of the Earth's Pb isotope composition for the titanite age calculated by the previous method. In our case this value of the 207Pb/206Pb ratio is equal to 0.86 and corresponds to the composition of common Pb 360-370 m.y. ago. The coincidence of the ages calculated by these methods is a necessary confirmation of the truth of the obtained estimation of the age of the dated titanite. In addition, the use of "anchored" mixing lines makes it possible to significantly reduce the error value in the age determined, especially if the variations in the values of the measured isotope ratios are limited to a narrow interval.
The age of silicate rocks and apatite-nepheline ores of the Khibiny massif. The ages of titanite from melteigite-ijolite layered complex, kalsilite-bearing nepheline-syenite (rischorrite) and the central foyaite intrusion (Fig.1), vary in a narrow range of 367-382 Ma with the error-value of ± 7-11 m.y., suggesting the synchronous evolution of the U-Pb system of the studied samples. In order to test this assumption, we calculated the U-Pb age for the whole set of 121 analyses from 5 samples of rocks, based only on the analytical scatter of the data. A linear stretching of the data-points along the trend from the lower intersection with the concordia-line to the upper one obtained a fairly accurate estimation of 379.6 ± 5.8 Ma (MSWD =1.06) (Fig.2a). The presence in this set of two analyses with a U less than 1 ppm makes it possible to determine the position of the upper intersection of the calculated trend with a smaller overall error of 375.9 ± 3.5 Ma with a higher MSWD (1.1). However, calculating the weighted average 206Pb/238U age adjusted for the common Pb content obtain the value of 374.1 ± 3.7 Ma (MSWD = 1.04, probability of 0.36). This date is taken as the most accurate age estimation of titanite crystallization time of the Khibiny alkaline agpaitic syenites.
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Fig. 2. U-Pb concordia Tera-Wasserburg diagrams without correction for common Pb for the studied titanite of the Khibiny alkaline massif: (a) titanite from a polyphase ijolite-urtite complex: T = 379.6 ± 5.8 Ma, MSWD = 1.06, n = 121; and (b) titanite from varieties of apatite-nepheline ore: T = 368 ± 10, MSWD = 1.8, n = 120.
The size of the data-point error ellipses corresponds to the 2σ. Typical grains of the studied titanite samples, 200-400 μm in size, in transmitted light are also shown
Calculation and construction of mixing lines for U-Pb titanite data of each of the samples representing varieties of apatite-nepheline ores of the Khibiny massif show that the age of these titanites varies in the range from 365 to 376 Ma. Despite the relatively large error of the measured 238U/206Pb ratios, which is determined by the low U, all the analytical data (120 analyses) form a compact cluster that is approximated by the isochron crossing the concordia line at a point with an age of 368 ± 10 Ma with MSWD 1.8 (Fig. 2b). The calculation of the weighted average age according to the 206Pb/238U ratio with correction of the measured Pb isotope composition for the common Pb using 207Pb yields the same estimation within the error, but significantly smaller scatter 371 ± 4.2 Ma (95% confidence interval, MSWD = 1.7, n = 120). It should be noted that the use of the method of calculation of the mixing line with the unradiogenic Pb component having the isotopic ratio 207Pb/206Pb equal to 0.86 provides actually identical age estimation: 374.6 ± 4.2 Ma at MSWD equal to 1.8. Comparison of the weighted average age estimations for titanite from silicate rocks and phosphate ores of the Khibiny massif gives 374.1 ± 3.7 Ma and 371 ± 4.2 Ma, respectively, thus providing evidence for the their synchronous origin.
The age of lujavrites and titanite mineralization of the Lovozero massif. The analysed dark-brown large fragments of grains and titanite crystals from the lujavrite of the differentiated rocks within the Alluaiv area have an elevated U content up to 12 ppm and Th up to 40 ppm, a very constant Th/U ratio (2.2-3.2) and a significantly larger common Pb compared to the Khibiny massif titanite. The entire set of 52 analyses form a compact group of data-points in the U-Pb diagram at a considerable distance from the concordia (Fig. 3), which determines significant uncertainties in line-propagation and age interpretation. Using the observed analytical scatter of U-Pb ratios, it was possible to calculate and construct a linear trend corresponding to an age of 383 ± 13 Ma and MSWD equal to 1.1, whereas a mixing line under the assumption of a mixing unradiogenic component with 207Pb/206Pb equal to 0.86 defines a significantly younger age - 359.8 ± 3.6 Ma and elevated MSWD - 1.3. Calculation of the weighted average 206Pb/238U age due to correction of the isotope composition from the measured 207Pb for 47 analyses (5 analyses with the maximum individual errors were excluded from the calculation) allows to obtain an age estimation at 380.9 ± 4.5 Ma (1.2%, 2σ) with the best statistical parameters - MSWD 1.1 and probability 0.24. This age is accepted as the best estimation for the time of the U-Pb isotope system formation and titanite crystallization during lujavrite intrusion within Lovozero massif.
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Fig. 3. U-Pb concordia diagrams without correction for common Pb for the studied titanite of the Lovozero alkaline massif: (a) titanite from the lujavrite of the differentiated complex: T = 383 ± 13 Ma, MSWD = 1.1, n = 52; (b) titanite from apatite-titanite ore-bearing ijolite: T = 366.1 ± 8.7 Ma, MSWD = 1.6, n = 88. The size of the error-ellipses corresponds to the 2σ. Typical grains of studied titanite 250-350 μm are also shown in transmitted light

The other studied samples come from alkaline syenite which forms a deep core of the Lovozero massif (drill-hole 980, depth > 1180 m). This rock contains both accessory zircon and pyrochlore (Fig.1). The obtained age estimation of zircon (374 ± 23 Ma) (Arzamastsev et al., 2007) coincides with the age of the differentiated lujavrite-foyaite-urtite complex of the Lovozero massif and the intrusion of agpaitic nepheline-syenites of the Khibiny massif (381 Ma and 374 Ma, respectively, according U-Pb titanite data). The calculated U-Pb age of pyrochlore formation and host syenite is 381 ± 5.5 Ma indicates the synchronous crystallization of the alkaline syenite and the differentiated complex of the Lovozero massif.
A set of 88 U-Pb titanite measurements of three samples 2015-e1, 2015-e2 and 2207-K from the apatite-titanite ore-bearing ijolites of the Suluay area located at the contact of the eudialyte-lujavrites and lujavrite-foyaite-urtites (Fig.1) makes it possible to calculate the total mixing lines and to produce assessment of the U-Pb ages. The data-points of three titanite samples (Fig. 3) form a single linear trend, which allows to calculate the 238U/206Pb age at the intersection with the concordia with good statistical parameters - MSWD at 1.6 (including only analytical data scatter), and the error of ± 8.7 m.y. (2.4%, 2σ). Comparison of the results of age calculation performed in different ways: 366.1 ± 8.7 Ma and 361.5 ± 3.4 Ma (at 207Pb/206Pb = 0.86 for common Pb, MSWD = 1.6, probability 0.13), allows with a high degree of probability to consider the weighted average 206Pb/238U age 361.4 ± 3.2 Ma (0.9%, 2σ, MSWD - 1.2, probability 0.13) as a best estimation of the crystallization time of titanite of mineralized ijolites in the Suluay area. The close geochemical U-Pb isotope signatures of the studied titanites from Suluay and those from lujavrite-foyaite-urtite complex indicate their possible close origin. However, time interval of 20 m.y., significantly exceeding the analytical error of age-determination gives evidence for a long-term activity of the magmatic source of the Lovozero massif and its hydrothermal-metasomatic processes. Additional argument for this conclusion is the obtained age determinations of zircon from ilmenite-microcline-albite veins in the contact zone of the Lovozero, which give age of 359 ± 5 Ma (Arzamastsev et al., 2007).
Thus, the obtained U-Pb titanite ages for magmatic rocks and ores from Lovozero and Khibiny massifs coincide well with age estimations of these massifs earlier obtained by different geochronological methods (Kramm et al., 1993; Kramm, Kogarko, 1994; Arzamastsev et al., 2007; Kogarko et al., 2010; Zartman, Kogarko, 2014; Arzamastsev, Wu, 2014). The whole set of obtained age estimations of the intrusions allow to suggest the earlier formation of the Lovozero massif.
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