PYROCHLORE U-Pb-SHRIMP-DATING OF THE ILMENY-VISHNEVOGORSKY ALKALINE-CARBONATITE COMPLEX, URALS, RUSSIA
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The dating of ore-deposit mineralization and ore-forming processes remains a challenge despite the successful development of analytical methods of isotope geochronology within the last years. The best mineral-geochronometer, as is well known, is zircon, but the nature of zircon, if it is present in ores, is not always definitely clear (sometimes it has allochthonous origin). Pyrochlore as an acceptor of sufficiently high U and Th can be a geochronological alternative to zircon and used to date the processes   of rare-metal ore formation. The application of pyrochlore as a geochronometer has some limitations, for example, its crystalline lattice is often highly metamict (Lumpkin, Ewing, 1995), the variety of secondary mineral transformations and inconsistency of the U-Th-Pb system (Pöml et al., 2007) etc. However, local isotopic analysis (SIMS or laser ablation) of the individual phases and domains of mineral grains allows to selects uitable for dating areas of pyrochlore crystals (Wetzel et al., 2010).
Another problem for U-Pb pyrochlore dating – the share of common lead in pyrochlore could be up to tens of percent. Since there are divalent cations, including calcium and lead in the crystallographic position “A” of the pyrochlore crystal structure the all pyrochlore group minerals have a relatively high proportion of common lead (Pbc) compared to radiogenic and, correspondingly, low isotope ratios of 206Pb/204Pb. While among the most widespread dated minerals – zircon, baddeleyite, monazite, apatite, it is easier to find standards with a minimum content of common lead, for the pyrochlore it is not the case. At the same time, with accurate and precise measurement of the Pb isotopic composition, as well as true correction for the composition of common Pb (non-radiogenic), the resulting reproducibility of the obtained geochronological data can be ± 2% and ensures a satisfactory coincidence of SIMS age estimations with data of other isotope-geochronological methods (isotopic dilution and TIMS, laser ablation and ICP-MS).
Pyrochlore is the main ore mineral in the Ilmeny-Vishnevogorsky alkaline-carbonatite complex and it is present in different kind of rocks – in miaskites and syenites, especially in pegmatoid varieties, in miaskite-pegmatites, syenite-pegmatites and alkaline metasomatites (albitites, fenites, micaceous rocks etc). In the most significant quantities, pyrochlore is present in the Vishnevogorsk miaskite massif in both the early and late stages of carbonatite-formation (sövite I and sövite II, respectively). Pyrochlore-ore contents found in calcite-dolomite carbonatites (sövite III) and accompanying alkaline rare-metal metasomatites of the Buldym and Spirikha ultrabasite massifs (Levin et al., 1997; Zoloev et al., 2004; Nedosekova, 2007; Nedosekova et al., 2009; Nedosekova, Pribavkin, 2015). 
More than 10 deposits and ore occurrences of pyrochlore are associated with carbonatites witnin the Ilmeny-Vishnevogorsky complex. The Vishnevogorsk ore-deposit, the first niobium deposit in Russia, which is exploited to produce industrial niobium raw materials, is associated with pyrochlore-containing carbonatites of the Vishnevogorsk miaskite massif. Within the Central alkaline zone the Potanino niobium deposit, Svetloozerskoe, Baidashevskoye, Ishkulskoe, and Uvildinskoe ore occurrences, which are also associated with carbonatites, have been explored. The Buldym, Khaldikhinsky, Spirikhinsky ultrabasite massifs, which are surrounded the miaskite intrusions, the same Nb-REE deposits associated with carbonatites and alkaline metasomatites are also established (Levin et al., 1997; Zoloev et al., 2004; Nedosekova, 2007).
We have studied the U-Th-Pb isotope system of previously chemically characterized samples (Nedosekova, Pribavkin, 2015) from the Potanino ore-deposit: from the early carbonatites (K-37-95, sövite I) and late carbonatites (K-43-62, sövite II); from the Vishnevogorsk deposit – from the late carbonatites (sample 331, sövite II) and the Buldym deposit – from dolomite-calcite carbonatites (sample 3296) and phlogopitic metasomatites (sample K2-18).
The dating of Nb-rare metal ore-deposit within the Ilmeny-Vishnevogorsky alkaline complex of the Urals (IVAC) was performed by the local U-Pb isotope analysis using SIMS SHRIMP-II, mainly, and LA-ICP-MS (high U-Th variaties) of individual pyrochlore crystals. The IVAC pyrochlore collection study, U-Th-Pb isotope ratio and element content measurements and the standard calibration were made at the Center for Isotope Research of VSEGEI (St. Petersburg). Since the crystallochemistry of pyrochlore differs significantly from zircon at the first stage, the optimal regime and the sequence of ion current recording with allowance for possible isobaric overlap have been experimentally chosen, and apropriate scheme of the measurement protocol and U-Pb age calculation have been developed. The pyrochlore local dating was preceded by a detail chemical composition study of the crystals at the micro level.
Pyrochlore-331 represented by octahedral crystals and light brown, yellow- and reddish-brown grains from the sample of the Vishnevogorsky massif sövite II was used as internal laboratory standard. It was accurately studied by various isotope methods – isotope dilution and TIMS, laser ablationand ICP-MS, SIMS SHRIMP-II. This pyrochlore is characterized by a relative space geochemical homogeneity and according to (Atencio et al., 2010) is classified as Sr-REE-containing (1.5-4.5 wt% SrO and 1-2.5 wt% LREE) oxycalciopyrochlore. Our systematic U-Pb dating of a large number of pyrochlore-331 grains within 2 years by two local methods (SHRIMP-II and LA-ICP-MS) has resulted in less than 0.5-1.0 m.y. differences and the U content varies within ± 30%. The correction of the measured Pb isotope composition of the internal pyrochlore standard for the isotope composition of the nonradiogenic component was carried out according to the Pb composition of syngenetic calcite (the Pb acceptor mineral with a high Pb/U ratio) and also according to the corresponding parameters of the Earth Pb evolutionary curve (Stacey, Kramers, 1975) at 230 Ma: 207Pb/206Pb = 0.851, 208Pb/206Pb = 2.082 and 206Pb/204Pb = 18.35. The measured 206Pb/238U ratios of “unknown” pyrochlore and internal pyrochlore standard normalized to a value of 0.0363, which corresponds to an age of 230 Ma established by independent methods for this standard (pyrochlore-331). The estimation of 238U concentration in the analyzed pyrochlore grains was made with respect to the averaged U content (~ 1500 ppm) of the pyrochlore-331 (which is U-inhomogeneous).
The U-Pb isotope system of the studied pyrochlores from samples 3296 and 43-62 is practically undisturbed and the age within the error limits is concordant. The relatively low error of single measurements of isotope ratios in terms of age leads to an error of concordant estimates at a level of 5-6 m. yrs. The results of pyrochlore U-Th-Pb isotope analysis are presented in table 1.
The early pyrochlore generation from the early carbonatites (sövites I) of the Potanino deposit (sample K-37-95, U-(Ta)-oxycalciopyrochlore) and from the phlogopite metasomatites of the Buldym deposit (sample K2-18, U-oxycalciopyrochlore) are characterized by a partially disturbed U-Pb system and have an age of 378.3 ± 4.9 and 332.1 ± 9.1 Ma, respectively. The observed break-up of the closed isotope system of these pyrochlores reflects not only the increased degree of metamictization of the mineral crystalline structure due to the high U and Th content, but also the influence of late processes associated with the post-collisional ore-metasomatic stage of the complex evolution at 220-250 m.y. ago.
The pyrochlore from the dolomite-calcite carbonatites of the Buldym deposit (sample 3296, oxycalciopyrochlore) has an age of 235 ± 6 Ma comparable with the age of pyrochlore 331 from the late carbonatites (sövites II) of the Vishnevogorsk deposit (230 ± 1.5 Ma), which was dated earlier and was used as an intralaboratory standard. The youngest among the studied pyrochlores are the pyrochlores from the late carbonatites (sövite II) of the Potanino ore-deposit (K-43-62, Ta-containing fluorocalciopyrochlore) with the age 216 ± 5 Ma.
Thus, the U-Pb system of the studied pyrochlore samples indicates a multi-stage formation of the Nb-mineralization within the Ilmeny-Vishnevogorsky complex. The earliest stage of ore formation (380 Ma) is fixed by isotope U-Pb systems of U-(Ta)-pyrochlores from Potanino ore-deposit and, possibly, is associated with initial crystallization of alkaline-carbonatite magmatic system (Krasnobaev et al., 2010; 2014; Nedosekova et al, 2010; 2014; Ivanov et al, 2010; Nedosekova, Belyatsky, 2012). The next stages of the ore formation are widely manifested in Buldym (235 ± 6 Ma) and in Vishnevogorsk (230 ± 1.5 Ma) ore-deposits. The pyrochlores from the Potanino-deposit late carbonatites are dated by the age 217.2 ± 1.9 Ma and are supposedly related to the remobilization of alkaline-carbonatite and rare-metal substances at the metamorphogenic stage of the IVAC transformation. It is very probable that the ore mineralization (pyrochlore formation from the HFSE-enriched fluid) completed the metamorphic rock transformations, which are also recorded by late newly formed zircons from miaskites and carbonatites at 250 Ma (Kramm et al, 1993; Krasnobaev et al., 2010; Nedosekova et al., 2014).
Тable 1. Chemical and isotope (U-Th-Pb isotope) characteristics of pyrochlores from Nb-deposits of the Ilmeny-Vishnevogorsky complex (Urals)
	Sample
	Host rocks
	Pyrochlore chemical type [Atencio, 2010]
	Main composition 
of pyrochlore
(wt.%)
	Pyrochlore 
U-Th-Pb system
	U-Pb age
Ma

	Central alkaline zone, Potanino deposit

	К-37-95

	sövite I

	U-(Ta)- containing
oxycalciopyrochlore
	Na2O – 4.6
CaO – 9.1
Nb2O5 – 42.5
(Pb+Th+U) – 20
	[U]: 130000-
240000
Th/U: 0.3-0.9
	378.3±4.9§
n = 28

	К-43-62

	sövite II

	Ta-containing fluorocalciopyrochlore
	Na2O – 8.4
CaO – 14.6
Nb2O5 – 60.7
(Pb+Th+U) – 2
	[U]: 300-2800
Th/U: 8.6-92.0
206Pbc: 25-68 %
	216 ± 5.0
n = 15

	Vishnevogorsk miaskite massif, Vishnevogorsk deposit

	331

	sövite II

	Sr-containing
oxycalciopyrochlore
	Na2O – 8.5
CaO – 13.1
Nb2O5 – 65.1
(Pb+Th+U) – 1
	[U]: 620-4700
Th/U: 0.7-5.2
206Pbc: 9-39 %
	230 ± 1.5
n = 40

	Buldym ultrabasite massif, Buldym deposit

	К2-18
	phlogopitic metasomatites
	high-U
oxycalciopyrochlore
	Na2O – 6.0
CaO – 12.2
Nb2O5 – 45.0
(Pb+Th+U) – 21
	[U]: 110000-
190000
Th/U: 0.3-0.4
	332.1±9.1§
n = 15

	3296

	sövite III

	oxycalciopyrochlore
	Na2O – 8.5
CaO – 13.1
Nb2O5 – 65.1
(Pb+Th+U) – 1
	[U]: 640-1030
Th/U: 6.5-11.3
206Pbc: 44-56 %
	236 ± 6.0
n = 15



Note. The U-Pb dating of pyrochlore was carried out using by SIMS SHRIMP-II and LA-ICP-MS (high U-Th varieties) of individual pyrochlore crystals. [U] – the uranium content (in ppm) calculated with respect to the uranium concentration (1500 ppm) of the laboratory standard pyrochlore-331, 206Pbc – relative proportion of unradiogenic lead, n – a number of individual analyses of pyrochlore grains
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