Geodynamic regime of the carbonatites (absolute paleotectonic reconstructions)
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Carbonatites is several percent prevalence alkali formations, however, they have a very high potential for strategic metals, such as, for example, niobium and rare earths. Currently, the entire international market of niobium and rare earth carbonatite deposits controlled by large - Baiyun Obo (China), Araxa (Brazil) and many others. etc. The analysis of existing databases. (Kogarko et al, 1995, Woolley and Kjarsgaard, 2008;. Frolov et al, 2003) shows that the vast majority of carbonatite is located on the continent and is confined to ancient cratons. A small number of carbonatites developed on oceanic islands - Canaries, islands of Cape Verde, the island of Kerguelen (Woolley and Kjarsgaard, 2008).
Geodynamic conditions of formation of carbonatites are still being actively discussed. Some researchers consider carbonatites in close connection with the rise of large volumes of deep mantle material from the core, lower mantle (Ernst, 2010). Indeed, the observed association of carbonatites with large igneous provinces (LIPs), the genesis of which, according to most researchers (Ernst, 2014 references therein), to determine the activity of mantle plumes. Our data showed that some of the world's largest carbonatite of the world, located in the North of Siberia (Maimecha-Kotuiskaya province Gulinskii array) formed synchronously with the Siberian superplume- with the age  250 MA (Kogarko, Zartman, 2008) and are confined to the marginal zone Siberian Permo-Triassic traps. Carbonatites also well represented in the major alkaline provinces: East African Rift Zone, Cretaceous-Parana Etendeka, Cretaceous-Paleogene Deccan and others. Nevertheless, it should be noted that not all large magmatic events associated with carbonatite and alkaline magmatism.
Studies isotope geochemistry carbonatites (Kramm, 1993; Bell, 2001) have shown that the sources of these species contains components FOZO, EM1, HIMU, DMM (Nelson et al, 1988; Kogarko and Zartman, 2008; Ruchklov et al., 2015) are typical of the mantle source of basalts of oceanic islands (OIB). Geochemistry of noble gas isotopes of carbonatites also confirms their relationship with the deep mantle reservoirs (Tolstikhin et al., 2002). Found carbonates as inclusions in diamonds of a lower (Kaminsky et al., 2015) may also serve as proof of the possibility of generating carbonatite melts on the border of the lower mantle-core, probably in D" layer (Kaminsky et al., 2015).
However, the experimental study of equilibria with CO2 at high temperatures and pressures corresponding to the thermodynamic conditions of deep zones of the lower mantle, are ambiguous. Mathematical modeling of reactions involving carbon (Kaminsky et al., 2015) and experimental studies (Dasgupta and Hirschman, 2006) do not confirm the likelihood of the formation of the equilibrium carbonate melts at great depths, mainly as a result of a very low oxidation potential of oxygen deep zones of the lower mantle. At the same time, quantitative modeling of partial melting of rising from the deep zones of the mantle protolith in conditions with elevated CO2 potential (Collerson et al., 2010), as well as experimental work on phase equilibria of carbonates in the conditions corresponding to the transition zone of the lower mantle-core (Dalou et al., 2009; Walter et al, 2008), clearly showed the possibility of the formation of carbonatite melts at depths corresponding to the core-mantle boundary.
One problem with the adoption of the model due carbonatites with deep mantle plumes is the development in the lithospheric mantle metasomatized and carbonated zone. A large number of publications shows that these phenomena are developed in the continental lithosphere (Ionov, 1998, Kogarko et al., 2007), and in the ocean (Kogarko et al., 1995). On the basis of these data it has been hypothesized occurrence of carbonatite melts as a result of the partial melting of carbonated mantle lithosphere.
In our view, the rise of deep mantle protolith (plume) causes partial melting as a result of adiabatic decompression at depths of about 200-300 km. This process is accompanied by the release of large amounts of volatile components, mainly CO2, H2O, and melts, characterized by very small degrees of melting protolith, which are the main agents of carbonate metasomatism lithospheric mantle.
The main objective of the present article is to identify regularities of manifestations Phanerozoic magmatic carbonatite in relation to the largest global areas of low seismic velocities in the lower mantle (LLSVP, Large Low Shear-wave Velocity Provinces) which are considered as gigantic mantle plumes.

Objects and Methods
It is well known that the lowest mantle contains large density heterogeneities, which represent considerable thickened areas of the D’’ transitional layer (up to 500-600 km in height). In Russian literature, these density anomalies usually called “hot fields” (Zonenshain and Kuzmin, 1997), but now the most used term is the Large Low Shear-wave Velocity Provinces (LLSVPs). Many scientists believe that these structures play an important role in the global geodynamics and can be responsible for episodes of the true polar wander (TPW), assembly and breakup of the supercontinents, working of geodynamo and so on. Moreover, Kuzmin et al. (2011) showed that the evolution of the Siberian within-plate magmatism at the Paleozoic-Mesozoic boundary could be correlated with the processes in the LLSVP. 
[bookmark: _GoBack]	According to the modern point of view (Torsvik et al., 2010, 2014, and many others), there are three LLSVPs in the lowest mantle. Two of them are the most famous and the largest: the first one is located under Africa and named after John Tuzo Wilson “Tuzo”, the second LLSVP is placed under western part of the Pacific Ocean and named “Jason” after Jason Morgan. These two LLSVPs have 8-10 thousand kilometers in diameter each and are located in the equatorial plane, almost symmetrically to the mass center of the Earth. The third LLSVP is much smaller than “Tuzo” and “Jason” and its projection falls in the European part of Russia; this LLSVP named “Perm” after Russian city Perm. Attenuation of S-waves in LLSVPs explains by increased temperature of their matter relative to the surrounding mantle (Torsvik et al., 2010). 
	It was shown (Torsvik et al., 2010), that there is a spatial correlation between the modern and reconstructed locations of the Large Igneous Provinces (LIPs) and kimberlites and a projection of the contour of 1% S-waves attenuation, called Plume Generation Zone (PGZ). It is important, that this contour corresponds to the highest temperature gradient between LLSVP and the mantle. Recently, using by assumption about long-term stability of the LLSVPs relative to the mantle, the absolute plate kinematic model for the whole Phanerozoic time was suggested (Domeier and Torsvik, 2014). According to this model, in total about 80% LIPs and kimberlites are located above PGZ.
	In this study, we used the data about 180 Phanerozoic carbonatite magmatism manifestations from the world. We also used the absolute plate kinematic model (Domeier and Torsvik, 2014), GPlates 1.4 software (Williams et al., 2012) and EarthByte model of the finite rotations (Muller et al., 2008) to reconstruct their initial position in the past with a resolution at 10 million years. Paleogeographic reconstructions were made with using the Euler poles, calculated for main continental lithospheric plates for the 140-540 Ma time interval and corrected for TPW (Domeier and Torsvik, 2014; Torsvik et al., 2014).
Discussion
	Using by our own carbonatite database and Phanerozoic absolute plate kinematic model (Domeier and Torsvik, 2014), positions of the carbonatite magmatism manifestations for the last 500 Myr were reconstructed in coordination with LLSVPs’ projections onto the Earth’s surface (Fig. 1). Analysis of these reconstructions allows us to conclude, that 118 (66%) of all Phanerozoic carbonatites are projecting to the central or peripheral areas of the African LLSVP (“Tuzo”): it can be viewed as an evidence for their mantle plume origin. On the contrary, significant part (17%) of the Phanerozoic carbonatites (for instance, from China and Kola Peninsula) were located above the zones of increased S-waves speed (Fig. 1) at the time of their origination. An absence of the carbonatites, originated above the Pacific LLSVP (“Jason”), is a striking illustration of the importance of the thick and old continental lithosphere for birth of the carbonatite melts. It also confirms the permanent presence of the oceanic lithosphere in this area (at least during the last 500 Myr), where the carbonatite manifestations are quite rare.
	Comparison of the reconstructions on Fig. 1, presented in this work, and Fig. 1 from the paper (Torsvik et al., 2010) let us to conclude, that the reconstructed positions of the carbonatites, LIPs and kimberlites, which are related to the African LLSVP, coincide. This can be resulted from a genetic similarity of these magmatic formations, but it should be noted that kimberlites, as distinct from carbonatites, did not appear above increased S-waves anomalies in the lowermost mantle. The same is true and for LIPs, which formed above LLSVP only. This feature can be connected with special physical and/or chemical (geodynamic?) conditions of the carbonate magmas creation as opposed to the kimberlites, alkaline and tholeiite continental basalts. It is important, that significant number of the “anomalous” carbonatites (for example, Devonian carbonatites in Fennoscandia), according to the paleotectonic reconstructions were formed in the central parts of the supercontinents or supercratons, where we can expect the additional sources of heat from radioactive decay or endogenous heat flow screening, which is necessary for creation of the carbonate magmas.
	Unfortunately, our conclusions are not so reliable for the Paleozoic time, because they are based on limited number of carbonatites with the ages between 250-500 Myr (35 objects) comparable with Cenozoic and Mesozoic ones (145 objects).
Conclusions
	Place of the carbonatite magmatism manifestations in the system of global absolute paleotectonic reconstructions confidently show their link with plume generation zones in the lowest mantle. This conclusion can be considered as an argument for the deep mantle source of carbonate magmas. At the same time, about 30% of carbonatites were formed far from LLSVPs, that makes possible to assume their shallow (lithospheric) origin.
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