Evolution of the Arсhaean continental crust in the north-eastern Fennoscandian Shield, Arctic region: isotope (U-Pb, SHRIMP, Sm-Nd and REE) data synthesis


Abstract
The article provides a synthesis of new geological-geochemical and petrological data on Archaean rocks from the basement of the Central Kola and Murmansk Megablocks near the Murmansk city. In addition, some rocks from the Kolmozero-Voronya Greenstone Belt have been studied. Particular attention is given to plagiogranites, tonalities, gneisses, amphibolites, late granitoids, intensely altered rocks and non-stratified rocks from the basement complex. The paper provides novel geological, petrochemical, U-Pb, SHRIMP, Sm-Nd and REE data on rocks and minerals. The new ages are correlated with ancient rocks of tonalite-trondhjemite-granodiorite complexes and grey gneisses in the Fennoscandian Shield and other world regions. The genesis of the oldest continental crust retains a marked trace in the Earth’s evolution over its 4.5 Ga history. Despite ample isotope data on the role of the continental crust in the Earth’s evolution, the origin of grey gneisses and tonalite-trondhjemite-granodiorites (TTG) has been much debated. Precise U-Pb (ID-TIMS) and SHRIMP data on single zircon for paragneisses and TTG (3158.2±8.2 Ma) show the Central Kola and Belomorian (White Sea) megablocks of the Fennoscandian Shield to be 3.16 Ga and 3.70 Ga, respectively. The new ages of zircon from these megablocks indicate the origin of the discrete continental crust to be 3.16 and 3.70 Ga. It is close to the Nordsim zircon data on the Siurua TTG (Finland), i.e. 3.45 and 3.73 Ga in the core. Summarized data on the Earth’s oldest rocks (basement and continental crust) indicate the younger age of the rocks in the Fennoscandian Shield compared to those in Australia. 	Comment by Dr Hallarou: The research question is not clearly stated. It is essential to specify why this research has been carried out: what is the scientific context, what central question is being asked, and what issue is it seeking to resolve? I invite you to review this section in order to better justify the interest and objectives of the study.
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Introduction
One of the most crucial tasks of the present-day Precambrian study has been the issue of search and interpretation of basic principles of the ancient Earth crust development. Groups of scientists have been actively engaged in decades-long comprehensive research to obtain new data on signatures of the matter evolution at the early stages of the Earth genesis (Bleeker, 2003; Bogdanova et al., 2008, 2010; Ge et al., 2020b; Halla, 2020; Halla et al., 2009; Hölttä, 2012; Huhma et al., 1995, 2012; Kröner et al., 2016; Moyen and Martin, 2012; Nutman  et al., 1996, 2016; Polat, Hofmann, 2003; Reimink et al., 2016a, 2016b; Savko et al., 2021; Timmerman and Daly, 1995; Upadhyay et al., 2019; Yu et al., 2021).
The Fennoscandian Shield is a part of the East European craton (Bogdanova et al., 2008). It is one of the most interesting objects to study the Precambrian. The currently available ages of the earliest rocks in the Fennoscandian Shield refer to the time span of 3.5-3.1 Ga, i.e. 3.5 Ga-old trondhjemite gneisses Siurua hosted by the Pudasjärvi granulite belt in Finland (Mutanen and Huhma, 2000), 3.2 Ga TTG-gneiss in Iisalmi (Hölttä et al., 2008) and 3.1 Ga Tojottamanselkä gneisses in Northern Finland (Jahn et al., 1984; Kröner and Compston, 1990).
  In the past two decades new isotope data on TTG complexes in the Kola region have been obtained. In result, comprehensive geochronological, isotope-geochemical, petrological and geophysical data have been collected (Bogdanova et al., 2008; Bridgewater et al., 2001; Dokukina and Mints, 2018; Halla, 2020; Hölttä, 2012; Hölttä et al., 2008; Huhma et al., 2009; Kozhevnikov et al., 2010; Köykkä et al., 2019; Kröner and Compston, 1990; Li et al., 2017; Mikkola et al., 2012; Mints et al., 2020; Myskova et al., 2005; Nitkina et al., 2019). The Archaean Fennoscandian Shield is marked by the TTG association covering about 80% of the area with subordinate greenstone belts, paragneisses, granulite complexes and migmatite amphibolites (Hölttä et al., 2008).	Comment by Dr Hallarou: Authors must be listed in ascending or descending order of year of publication throughout the text.
The first Sm-Nd model ages of rocks from the Central Kola and Murmansk Blocks show 2.46-2.96 Ga (Timmerman and Daly, 1995). However, new studies suggest older Palaeoarchaean model ages for protoliths of these rocks in the range of 3.4-3.6 Ga, mainly for rocks in the south-western part of the Fennoscandian Shield (Jahn et al., 1984; Huhma et al., 1995, 2012; Hanski et al., 2001). The presence of the Palaeoarchaean ancient crust is also corroborated by studies of zircons with the ion microprobe analysis (Claesson et al., 1993) and studies of Sm-Nd model ages in the interval of 3.4-3.6 Ga (Hanski et al., 2001). Moreover, finds of detritic zircons dated by SHRIMP analyses of single grains as Hadaean-Archaean (Kozhevnikov et al., 2010; Myskova et al., 2005) provide a deeper insight into the history of the Fennoscandian Shield, still leaving the issue of the origin of these ancient zircons open.  
Nd isotope compositions of granitoids and TTG gneisses in the Kola region vary widely from the lowest εNd(T) values of about  -11 (Mutanen and Huhma, 2000; Timmerman and Daly, 1995) to the ultradepleted εNd(T) values of +5.3 – +8.2, as recalculated for the measured age of 3.15 Ga, for the TTG-complex of the Ingozero massif  (Nitkina et al., 2019). A wide range of Nd isotope compositions is commonly explained by disturbances in isotope systems caused by metamorphic events with a varied degree of contamination by the crustal material, which is typical of not only ancient rocks in the Baltic Shield, but other ancient cratons all over the world as well (Akame et al., 2020; Bruno et al., 2020; Ge et al., 2020a; Neto and Lafon, 2020; Polat et al., 2011, 2009; Teixeira et al., 1996; Upadhyay et al., 2019).

Geological setting
The oldest 35 pieces of the continental crust made of tonalite-trondhjemite-granodiorite gneisses (TTG) mostly imprint the Earth’s evolution during much of its ca. 4.5 Ga history (Bleeker, Ernst, 2006). The study of the Archaean continental crust provides geological and geochemical insights to the early Earth due to asteroid and meteorite impacts (Glikson, 2014).
The Arctic region of the Fennoscandian Shield encompasses large-scale strategic deposits, such as the Neoarchaean banded-iron formations (BIFs, Olenegorsk ore area), Palaeoproterozoic PGE-Cu-Ni and PGE-Cr-Ti deposits (Monchegorsk, Fedorovo-Pana and Imandra ore areas), Cu-Ni deposits (Pechenga) and major Palaeozoic apatite-nepheline and phosphorite deposits (Khibiny, Lovozero, Kovdor, etc.). Thus, the study of their basement or continental crust is essential for understanding of processes that governed formation of the deposits.
Relics of ancient Hadaean, Eo-, Palaeo-, Meso- and Neoarchaean rocks are known in almost every continent in the world (Van Kranendonk, 2019). Table 1 summarizes all ages obtained for deposits in the north-eastern Arctic region of the Fennoscandian Shield (Murmansk region and Karelia). 

Table 1. Geochronological data on Eo-, Palaeo- and Mesoarchaean rocks in the eastern Fennoscandian Shield. 
	Deposit
	Rock
	Method
	Age, Ma
	Reference

	Vyg-Ruchey, Vodlozero Block
	Tonalites
	U-Pb TIMS
	(3138 ± 63)
	(Lobach-Zhuchenko, 1993)

	Vyg-Ruchey, Vodlozero Block
	Leucosomes of trondhjemite migmatites
	U-Pb TIMS
	(3210 ± 12)
	(Lobach-Zhuchenko, 1993)

	Lay-Ruchey, Vodlozero Block
	Tonalites
	U-Pb TIMS
	(3166 ± 14)
	(Lobach-Zhuchenko, 1993)

	Vodlozero Block
	Gneiss
	U-Pb TIMS
	(3151 ± 18)
	(Lobach-Zhuchenko, 1993)

	Vodlozero Block
	Tonalites
	SHRIMP II
	(2850 ± 74)
	(Chekulaev, 2013)

	Vodlozero Block
	Tonalites
	SHRIMP II
	(2767 ± 23)
	(Chekulaev, 2013)

	Vodlozero Block
	Gneiss
	SHRIMP II
	(2967 ± 7)
	(Chekulaev, 2013)

	Vodlozero Block
	Gneiss
	SHRIMP II
	(3240 ± 14)
	(Sergeev, 2007)

	Vodlozero Block
	Gneiss
	SHRIMP II
	(3153 ± 5.4)
	(Sergeev, 2007)

	Vodlozero Block
	Tonalite gneisses
	SHRIMP II
	(3236 ± 17)
	(Sergeev, 2007)

	Central Kola Block, Murmansk city area
	Garnet-biotite gneisses
	SHRIMP II
	(2909 ± 9) – (2732 ± 13)
	(Myskova et al., 2015)

	Central Kola Block, Murmansk city area
	Sillimanite-garnet-biotite gneisses
	SHRIMP II
	(2860 ± 10) – (2636 ± 9)
	(Myskova et al., 2015)

	Central Kola Block, Murmansk city area
	Sillimanite-garnet-biotite gneisses
	SHRIMP II
	(3202 ± 7)
	(Myskova et al., 2015)

	Central Kola Block, Murmansk city area
	Sillimanite-garnet-biotite gneisses
	SHRIMP II
	(3341 ± 10)
	(Myskova et al., 2015)

	Central Kola Block, Murmansk city area
	Sillimanite-garnet-biotite gneisses
	SHRIMP II
	(3461 ± 5)
	(Myskova et al., 2015)

	Voche-Lambina, Central Kola Block
	Tonalite gneisses
	U-Pb TIMS
	(3158,2 ± 8,2)
	(Morozova et al., 2012)

	Finland, Siuria
	TTG
	U-Pb, Nordsim
	3730
	(Huhma et al., 2012)

	Finland, Iisalmi complex
	TTG, orthogneisses, granodiorite
	U-Pb, SIMS
	(3181 ± 62)
	(Van Kranendonk, 2019)

	Finland, Iisalmi complex
	Mafic granulite
	U-Pb, SIMS
	(3197-3168)
	(Van Kranendonk, 2019)



Isotope data on zircon (SHRIMP-II) indicate the Eoarchaean age of core areas of zircon separated from garnet-biotite-staurolite-kyanite gneisses of the Central Kola Megablock in the western Baltic Shield (Figs. 1 and 2).
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Figure 1. Summarizing geological map of the Fennoscandian Shield (а) after (Holtta et al., 2012) and schematic map of the Murmansk region (b), sampling point F-09-08 dated at 3.7 Ga.
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Figure 2. Schematic geological map of the study area in 2017-2020.
1 – biotite, amphibole- and pyroxene-biotite gneisses, migmatites, amphibolites; 2 – basic and acidic volcanites, quartzites; 3 – granodiorites, plagiogranites, tonalites; 4 – leucogranites, granodiorites; 5 – garnet-biotite gneisses with kyanite and sillimanite; 6 – dolerites (dykes); 7 – structural elements; 8 – sampling points.

New U-Pb ID-TIMS and SHRIMP zircon ages of TTG in the Voche-Lambina (Belomorian block) area have been estimated at 2.9 - 2.82 Ga with Sm-Nd model ages of 3.0 Ga for the same rocks with positive εNd values of +0.6 to +3.2 (Morozova et al., 2012). There had been no chance to find a typical TTG complex with Palaeoarchean zircon ages in the Central Kola Megablock for a long time. Only several SHRIMP zircon data had been available for the gneisses, which were not older than 3.6 Ga (Myskova, 2015).
Precise zircon core ages of gneisses and TTG in the north-eastern Fennoscandian Shield (Siurua, Finland) measured at Nordsim at 3.45 and 3.73 Ga (Mutanen, 2003) have revived the study of the oldest rocks in the Central-Kola megablock. According to Holta et al. (Hölttä, 2012), the Fennoscandian Shield hosts the Murmansk, Belomorian, Norbotten and Karelian provinces with TTG and amphibolites with the age range of 2.7 - 2.8 Ga, as well as paragneisses, greenstone belts and sanukitoids, with the age range of 2.72 - 2.75 Ga. The Karelian province comprises the West-Karelian and the Central-Karelian subprovinces. The Vodlozero province is composed of TTG gneisses and amphibolites of greenstone belts with the ages of 2.9 to 3.5 Ga. The Belomorian province comprises TTG and amphibolites (2.7-2.9 Ga) altered in the Palaeoproterozoic. Eclogites have been recently reported to occur there (Van Kranendonk, 2019). The province also hosts the Voche-Lambina geological site. SHRIMP analysis of zircons from TTG has yielded the age of 3158.2 ± 8.2 Ma (Morozova et al., 2012, Chekulaev, 2013). 
The studied rocks refer to grey gneisses of the Central Kola Megablock basement in the Murmansk province. They occur near the monument to the Defenders of the Soviet Arctic (Murmansk, Russia). These rocks are composed of garnet-biotite gneisses with kyanite and sillimanite (Figure 3). Besides, there are biotite-amphibole gneisses with migmatites and amphibolites. This subprovince accommodates mafic and felsic volcanics, quartzites, granodiorites, plagiogranites and tonalities (Myskova, 2015; Petrovskaya, 2010).

[image: C:\Users\kunakkuzin\Desktop\3.7 Ga\IGR_Bayanova\New\fig2.jpg]
Figure 3. Outcropped staurolite-kyanite-sillimanite-garnet-biotite gneisses of the Central Kola Megablock dated at 3.7 Ga.
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You must give a concrete description of the petrographic, geochemical and isotopic analyses: how were they carried out? What equipment was used, and what make and model? What software was used to process the data obtained? These details are essential to guarantee the rigour and reproducibility of your study.
Apart from typical representatives of granite-gneisses and gneisses, the studied rocks encompass various, usually vein, types, such as pegmatites, dolerites and dynamic metamorphism products. 

Petrography of the studied rocks
Sample: 05MSK18 dolerite
The background shows large plagioclase in a polysynthetic twinning, generally as plates with the length of up to several mm (Fig. 4).
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Figure 4. Microscopic images in transmitted and polarized light, showing the structure and mineral composition of the rock. Orthopyroxenes, plagioclases, accompanying microcline and ore minerals with neighbour phlogopite, chlorites and serpentinization zones are observed.

Sample: 05dMSK18 garnet-staurolite-sillimanite gneiss
At the background, the rocks contain quartz crystals with irregular edges up to several mm in diameter, darkening in a wavy, sectoral manner. They are accompanied by plagioclases, polysynthetic twins and orthoclase. Myrmekites occur on edges between quartz and orthoclase (Fig. 5). 
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Figure 5. Microscopic images in transmitted and polarized light showing the structure and min-eral composition of the rock. There are visible grenades, ore minerals, myrmekite, sillimanite and staurolite, quartz, plagioclase and biotite with rutile and zircon. 

Sample: 8aMSK18 two-mica granitoid
At the background, the rock contains leucocratic minerals, i.e. quartz, plagioclase and orthoclase. Quartz is irregularly shaped and dark-coloured; plagioclase is polysynthetically closed; orthoclase is usually highly sericitized (Fig. 6).
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Figure 6. Microscopic images in transmitted and polarized light, showing the structure and mineral composition of the rock. Quartz, orthoclase, biotite, muscovite and admixtures of ore minerals are observed. The microscopic image (top left) shows crack zones underlined by the presence of iron oxides. Provided below is a hypersthene crystal (bottom left) and rutile in biotite (bottom right).

Sample: 17MSK18 granite-gneiss with kyanite
At the background, the rock contains dark quartz crystals with a varied grain size. Some of them host biotite inclusions. In addition to quartz, there is plagioclase, usually polysynthetic and twinned, and quite many cericitized orthoclases (Fig. 7). 	Comment by Dr Hallarou: The same observations as for the previous figure apply here.
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Figure 7. Microscopic images in transmitted and polarized light (a-c), showing the structure and mineral composition of the rock. Garnet, biotite, rutile and ore minerals are observed. The presence of kyanite and orthoclase is also shown in the microphotographs below.

Sample: 24/1MSK18 amphibolized pyroxenite
The rocks contain crystals of orthopyroxenes (hypersthene) and clinopyroxenes (diopside), forming aggregates of dense minerals of different sizes. These crystals occur as diablastic pyroxene intergrowths. Sometimes they have inclusions of apatite and zircon and sometimes also lamellar ilmenite. Minor crystals of talc also appear on edges of the studied minerals. In addition to the above-mentioned pyroxene, there are also numerous amphiboles in the rock, represented mainly by common hornblende, which surrounds pyroxenes, occurs in their interstices and sometimes as inclusions between ortho- and clinopyroxene crystals (Fig. 8). 	Comment by Dr Hallarou: The same observations as for the previous figure apply here.
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Figure 8. Microscopic images in transmitted and polarized light, showing the structure and mineral composition of the discussed rock. They show ortho - and clinopyroxenes, as well as plagioclases and ore minerals and amphiboles found in their interstices.

Sample: 26/1MSK18 granite gneisses
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Figure 9. Microscopic images in transmitted and polarized light, showing the structure and mineral composition of the discussed rock with quartz, biotite, plagioclase and orthoclase in it.

Sample: 27/1MSK18 granite gneisses (Fig. 10)
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Figure 10. Microscopic images in transmitted and polarized light, showing garnets with quartz and staurolite inclusions. The helicite structure is underlined by biotite and staurolite. Shown below are minerals with titanite and staurolite with biotite, as well as quartz and plagioclases.

Sample: 28MSK18 granite gneisses (Fig. 11)
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Figure 11. Microscopic images in transmitted and polarized light showing plagioclases, biotite and orthoclase in the studied rock. Next to it there is visible hypersthene, cordierite ore minerals and hematite.

Sample: 31MSK18 two pyroxene-amphibole xenolith (Fig. 12)
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[bookmark: OLE_LINK118][bookmark: OLE_LINK119]Figure 12. Microscopic images in transmitted and polarized light showing ortho - and clinopyroxene, accompanying plagioclases and ore minerals.

Sample: 32/1MSK18 granodiorite (Fig. 13)
Planimetric analyses show that the studied rock is mainly composed of plagioclase (32% vol.), orthoclase (26%), quartz (19%), hyper-hormone (7%), biotite (9%), epidote and chlorites (2%) and ore minerals prevail (4%).
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Figure 13. Microscopic images in transmitted and polarized light, showing plagioclases, quartz, hypersthene, biotite with chlorite and tremolite with ore minerals.

Sample: 32/2MSK18 amphibole-hypersthene xenolith (Fig. 14)
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Figure 14. Microscopic images in transmitted and polarized light, showing quartz with biotitization of hypersthene and an accompanying ore mineral. There are also plagioclases, biotite and hornblende.

To summarize the above observations, the studied rocks are mainly gneisses and granite, which mineral composition fluctuates within monzogranite or syenogranite; rocks in the area east of Murmansk range from quartz monzodiorite to monzogranite. The studied rocks were subject to the multistage metamorphism, as indicated by femic minerals in the rocks, i.e. hypersthene, clinopyroxene, garnet, amphiboles, biotite, etc. Additional components of these rocks are sillimanite, staurolite, kyanite and high-pressure minerals found in many gneisses. The polymetal mineralization of these rocks also indicates that they originated as sediments in the first weathered continents in the Earth evolution. 
The rocks crossing the studied complex contain metamorphic minerals as well (hypersthene, epidote), which implies similar transformation processes in the rocks. This indicates that they have been repeatedly metamorphosed, though the original rocks had to be consolidated and metamorphosed at the time of intruding into the surrounding rocks (gneiss). 
Inline Supplementary Materials provide detailed descriptions of the studied rocks and methods of their analysis.

Petrochemistry of the studied rocks
Comprehensive petrochemical studies were provided for all rocks. Thin sections were described in detail.  According to the SiO2-Na2O+K2O plot, the rocks show moderate alkalinity (3-10 wt. %), except several amphibolite samples. Granitoids and granodiorites are characterized by SiO2 values in the range of 65-75% (Inline supplementary Material, Appendix 1). Ms-Bt gneisses have similar alkalinity and flintiness values, just like Amp-Bt gneisses. Grt-Bt gneisses show widely varied compositions.
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	Figure 15. SiO2 vs. Na2O+K2O plot for rocks in the study area. Fields are as per (Middlemost, 1994).
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	Figure 16. AFM plot (Irvine and Baragar, 1971) for rocks in the study area.



The AFM plot (Irvine and Baragar, 1971) indicates that rocks in the study area are mainly related to the moderately alkaline series, except for one sample of Grt-Bt gneiss and amphibolites. The rocks are characterized by the alkaline component prevailing over the iron and magnesium contents.
Variation plots showing ratios of main rock-forming oxides to the SiO2 content indicate trends to increased Al2O3, MgO, CaO and FeOt contents and the decreased rock flintiness from granitoids to Ms-Bt gneisses, granodiorites and Gr-Bt gneisses. Gr-Bt and Amp-Bt gneisses are also marked by high K2O values in contrast to Ms-Bt gneisses. Amphibolites show a wider range of compositions of main oxides, though they are generally high compared to the other rocks, except Na2O and K2O. Metagabbro and dolerite dikes take an intermediate position between gneisses and amphibolites. A metagabbro sample stands out from the rest rocks with its high Na2O content.
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	Figure 17. SiO2 vs. main oxides plot for rocks in the study area.
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	Figure 18. Ab-An-Or plot (O’Connor, 1965) for rocks in the study area.



The Ab-An-Or plot (O’Connor, 1965) shows that gneisses of the Central Kola Block take an intermediate position between fields of tonalities, trondhjemites, granodiorites and granites. Amp-Bt gneisses are characterized by a marked prevalence of An minal, while some samples of Grt-Bt gneisses have dominant Or minal. Granitoids and granodiorites vary widely within the compositional range of tonalities, granodiorites, trondhjemites and granites, tending to the latter group. 
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	Figure 19. Source diagram. (Laurent et al., 2014) for rocks in the study area.



The source diagram (Laurent et al., 2014) for the studied rocks shows a wide variability in Gt-Bt gneisses compared to Amp-Bt and Ms-Bt gneisses and indicates the affinity to the field of metasedimentary rocks.
Isotope REE investigations
Chemical isotope REE investigations were carried out at two laboratories in Apatity, Murmansk region, and Novosibirsk (Inline Supplementary Materials, Appendixes 3, 4).
Granitoids (plagiogranites, microcline granites) are characterized by high values of total REE of 52.54-199.43 ppm (aver. 121.74 ppm), the steeply inclined distribution spectrum of 13.73-113.17 (44.06) and high ratios of La/Sm and Gd/Yb 2.23-6.43 (3.94) and 3.59-6.92 (5.07), respectively. Besides, the rocks typically show both negative (0.52), and positive (1.85) Eu anomaly with average values close to zero (0.85). One of granitoid samples has high values of total REE (378.97 ppm), strong prevalence of LREE over HREE (La/Yb = 202.62, La/Sm=5.59, Gb/Yb=13.60) and a weak negative Eu anomaly (0.72). Tourmaline granites differ from granitoids significantly. The main difference is reflected in low values of total REE of 11.11-11.20 ppm, gentle and moderately steep inclines of REE distribution spectra, i.e. the La/Yb ratio ranges from 2.56 to 7.04, the La/Sm ratio from 2.30 to 3.51 and the Gd/Yb ratio from 0.97 to 1.26. The rocks are characterized by a weak positive Eu anomaly (1.06-1.31). Granodiorite has the total REE of 176.78 ppm, a steeply inclined distribution spectrum (La/Yb=44.58, La/Sm=6.00, Gd/Yb=4.42) and almost no Eu anomaly. Geochemically, granodiorite is similar to granites.
Gneiss varieties have differences either. Gt-Bt gneisses and their varieties (Gt-Bt-Ms, Gt-Bt-Ms-Sill gneisses) are characterized by total REE values of 83.89 to 151.52 ppm (aver. 115.15 ppm), steeply inclined REE distribution spectra (the La/Yb ratio ranges within 9.23-26.51 (14.82), La/Sm 2.51-6.02 (4.37) and Gd/Yb 1.41-4.98 (2.11)) and no distinct Eu anomaly (0.76-1.23 (0.90)). Among Gt-Bt gneisses, one sample (П-2-17) stands out with a high concentration of REE (303.82 ppm) and a negative Eu anomaly (0.31), while the incline of the REE distribution spectra coincides (La/Yb = 9.59, La/Sm = 4.11 и Gd/Yb = 1.60). Ms-Bt gneisses differ from Gt-Bt gneisses in higher contents of total REE (97.44-264.44 ppm (aver. 163.57 ppm)), a steeper incline of the REE distribution spectra reflected in stronger HREE fractionation (La/Yb ratio ranges within 15.13-48.12 (28.23), La/Sm 2.74-5.47 (3.70) and Gd/Yb 2.49-6.64 (4.28)) and no negative Eu anomaly, i.e. 0.55-0.72 (0.64). Among Ms-Bt gneisses, one sample (MSK-37/2) is characterized by a low value of total REE = 30.89 ppm, a moderately steep incline of the REE distribution spectrum REE (La/Yb=5.26, La/Sm = 1.76 and Gd/Yb = 1.41) and no Eu anomaly (1.02). This sample is geochemically similar to a dolerite dike (MSK-37-5), intersecting it in the MSK-37 exposure. In average, values of geochemical parameters of REE for gneisses in the study area coincide with average values for grey gneisses, according to (Moyen and Martin, 2012).
Metagabbro and dolerite dikes show similar geochemical features. The total REE values of 35.67 ppm and 24.99-35.97 ppm (29.58), gently inclined REE distribution spectra (La/Yb = 2.95 and 1.46-3.46 (2.31), La/Sm = 4.89 and 1.80-2.91 (2.33), Gd/Yb = 0.45 and 0.44-1.03 (0.64), respectively) and a weak negative Eu anomaly (0.78 and 0.78-1.16 (0.92), respectively). Amphibolite is characterized by a high total REE value (449.64 ppm), a steep REE distribution spectrum (La/Yb = 18.68, La/Sm = 3.81 and Gd/Yb = 3.00) and a weak negative Eu anomaly (0.78).
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	Figure 20. Chondrite-normalized REE distribution plot after (Boynton, 1984) for rocks in the study area.



Results and Discussion
Evolution of the continental crust in the north-eastern Fennoscandian Shield. U-Pb data
New U-Pb (ID-TIMS) data on single zircons from paragneisses of the Central Kola Megablock show the age of 3.17 Ga. The cores of these zircons were dated at 3695±5 Ma (SHRIMP-II) and ca. 100 Ma older ages, as compared to paragneisses of the Central-Kola megablock, according to (Myskova, 2015) (Figure 21a). 
The age of the amphibolite facies metamorphism was estimated at 2753 ± 3 Ma. The Voche-Lambina geological site lies at the boundary between the Belomorian Mobile Block and the Central Kola domain (Morozova, 2012). New Neoarchaean U-Pb data on single zircons of the Voche-Lambina TTG yielded the age of 3158.2±8.2 Ma. The zircon has low U and Pb concentration and the low U/Th ratio of 0.2. REE plots for grey gneisses show high fractionation of La/Yb > 30 rich in LREE and poor in heavy Yb (<0.6 ppm). The precise (ID-TIMS) single zircon age of the amphibolite facies metamorphism was estimated at 2704.3±5.9 Ma. Model Sm-Nd WR data indicate the protolith ages of 3.4 to 3.2 Ga, positive εNd of +1.29 to +3.3 and ISr of 0.702 (Morozova, 2012).
Thus, the new data on single zircon grains from TTG and paragneisses of the Central Kola Megablock imply a long-term and discrete evolution of the continental crust in the Fennoscandian Shield (3.17-3.73 Ga). Noteworthy, the oldest part of the Hadaean component is well-preserved in zircons that were subject to high-pressure metamorphism in Finland and granulite facies metamorphism (Glukhovskii, 2017) in Siberia (Aldan Shield, Russia). The latter was dated using the ID-TIMS method; the single zircon age was measured as 3.94 Ga.
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Figure 21. U-Pb (ID-TIMS) concordia diagram for single zircons (a) and SHRIMP-II data for zircon grains from the gray gneisses of the Central-Kola megablock (b), sample F09-08; isotope data are shown in Supplementary 11. Red line indicates the primary rock based on results for 990 samples (data on 740 of them are published) (c). The green line indicates the age distribution of detrital zircons in Paleoproterozoic metasediments based on 1936 U-Pb analyses made by SIMS (ca. 1000 published) and LA-MC-ICPMS (unpublished). Image of ca. 3.5 Ga zircon from the oldest rock in Siurua (Finland) with an older core of ca. 3.73 Ga (Mutanen et al., 2003).
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Figure 22. U-Pb isotope data on zircon from biotite gneiss, Murmansk, Central Kola Block (sample МSK-19/2) a, zircon from biotite gneiss, (sample MSK 43/1) b, zircon from biotite gneiss, (sample MSK 17/1) c, zircon from biotite gneiss, (sample MSK 28) d
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Figure 23. U-Pb isotope data on zircon from plagiogranite with biotite and tourmaline, Murmansk, Central Kola Block (sample MSK 29/1) a, zircon from plagiogranite, (sample MSK 2/3) b, zircon from biotite gneiss, (sample MSK 50/1) c, zircon and rutile from amphibole-biotite gneiss (sample MSK 53/1) d
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Figure 24. U-Pb isotope data on zircon from tonalites, Murmansk, Central Kola Block (sample MSK 53/2) a, zircon from amphibole-biotite gneiss (metagabbro (sample MSK 26/1) b, zircon from tourmaline granites (sample MSK 19/1) c, zircon from plagiogranite (sample MSK 21/2) d
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Figure 25. U-Pb isotope data on zircon from amphibolites, Murmansk, Central Kola Block (sample MSK 41/1) a, for single grains of zircon (1, 3) and baddeleyite (2) from dolerite (sample MSK-5/1) b
For the first time, zircons from the Central Kola Megablock were dated using the SHRIMP method. As a result, the oldest age of 3.7 Ga was obtained. Taking into account the age of Siurua TTG, Finland (3.73 Ga), these results suggest the presence of older (Hadaean) rocks with zircon ages of >4.0 Ga. It will also allow specifying the age of the continental crust, which provides the basement necessary for the formation of the regional deposits, such as the Neoarchaean BIF in the Olenegorsk ore area, Palaeoproterozoic PGE-Cu-Ni and PGE-Cr-Ti deposits (Monchegorsk, Fedorovo-Pana and Imandra ore areas) and Cu-Ni deposits (Pechenga, as well as large-scale Proterozoic apatite-nepheline and phosphorite deposits (Khibiny, Lovozero, Kovdor, etc.).

Sm-Nd isotope data
The Sm-Nd isotope analysis was provided for plagiogranites, tonalities, gneisses and amphibolites in the Central Kola and Murmansk Blocks (Inline Supplementary Materials, Appendix 7). In addition, rocks of the non-stratified complex exposed south of Murmansk were studied, e.g. granitoids and pegmatite bodies with sulfide mineralization, intensely altered rock varieties, i.e. talc-chlorite-biotite schists and highly schistose amphibolites registered in many sections of the study area (Figs. 2 and 3). The obtained isotope data are provided in Tables 2 and 3. Isotope investigations were facilitated by Sm-Nd dating of amphibolites (bt-amf gneisses), quartz dolerites (thick dike) and late granitoids developed in the study area (Table 2).  

Table 2. Sm-Nd data on geochronological samples from the Central Kola domain.
	
	Concentration, ppm
	Isotope ratios
	TDM,
Ma
	εNd(T)

	
	Sm
	Sm
	147Sm/144Nd
	143Nd/144Nd
	
	

	Amphibolite

	WR
	5.26
	32.9
	0.0965
	0.510904±10
	2907
	+2.2

	Pl
	0.224
	1.070
	0.0737
	0.510491±14
	
	

	Amf
	4.87
	24.2
	0.1249
	0.511392±23
	
	

	Sulf
	2.59
	11.15
	0.1404
	0.511701±15
	
	

	Grt
	99.3
	79.5
	0.7554
	0.523064±14
	
	

	Dolerite (dyke)

	WR
	1.339
	7.78
	0.1040
	0.511230±11
	2657
	+2.3

	Pl
	0.346
	1.711
	0.0923
	0.511033±17
	
	

	Chr
	0.094
	0.493
	0.1157
	0.511424±7
	
	

	Cpx
	0.805
	4.07
	0.1269
	0.511601±11
	
	

	Opx
	0.084
	0.382
	0.1325
	0.511697±14
	
	

	Late granite (vein)

	WR
	10.46
	80.9
	0.0781
	0.510585±9
	2869
	-6.4

	Fsp
	0.396
	2.91
	0.0823
	0.510655±18
	
	

	Pl
	0.705
	6.70
	0.0636
	0.510385±11
	
	

	Grt
	92.2
	194.0
	0.2874
	0.513639±13
	
	



A dolerite dyke cross-cutting rocks of the TTG-complex was dated at 2495±73 Ma based on the Sm-Nd analyses of heavy concentrate of plagioclase, pyroxene, chrome-spinellid and WR (Fig. 26). 
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Figure 26. Mineral Sm-Nd isochron for amphibolites (bt-amf  gneisses) with sulfide mineralization (a), Mineral Sm-Nd isochron for dolerites (b), Mineral Sm-Nd isochron for late granitoids (c).

The positive εNd(T)=+2.2 value indicates the juvenile source and suggests no significant contamination of the isotope system by the crustal material. The obtained age conforms to the age of quartz dolerites that occur in this area. They were previously dated at 2505 Ma (Samsonov et al., 2019; Stepanova et al., 2019).
The mineral Sm-Nd isochron constructed for late granitoids on plagioclase, feldspar, garnet and WR shows the age of 2210±15 Ma and interpreted as the intrusion time of later granite bodies. The obtained data comply with the start time of the regional metamorphism at 2.0-2.2 Ga (Veselovsky et al., 2020). 

Model ages and isotopes
Model ages of palaeogranites and tonalities in the Central Kola block were dated at 2.83-3.43 Ga. Granitoids in the Murmansk block show the age of 2.82-3.26 Ga (Table 3). Later granitoids represented by tourmaline and microcline granites, as well as bodies of later pegmatites with sulfide mineralization, typically have ancient model ages of 2.96-3.8 Ga. Gneisses of Siurua are the oldest-known rocks in Fennoscandia (Pudasjärvi, Finland) with the Sm-Nd model ages to 3.7 Ga (Mutanen and Huhma, 2000; Lauri et al., 2011). The low-crust granulite xenoliths of the Karelian craton show the same ancient age (Peltonen et al. 2006). Notably, in the Central Kola Block, the most ancient model ages (3.3-3.6 Ga) and extremely low εNd(T) values of -13.7 were obtained for tourmaline granites and late vein granite and pegmatite bodies with sulfide mineralization. In general, there is a trend for model ages getting older from tonalities and plagiogranites to later tourmaline granites and pegmatite bodies. 

Table 3. Sm-Nd data on rocks in the Kola Peninsula

	№
	Sample
	Rock type
	Concentration, ppm
	Isotope ratios
	±2
	T, Ma
	εNd(T)
	TDM, Ma

	
	
	
	Sm
	Nd
	147Sm/144Nd
	143Nd/144Nd
	
	
	
	

	Plagiogranites and tonalities

	Central Kola Block

	1
	MSK-2/3
	Plagiogranite 
	10,45
	80,9
	0,0781
	0,510585
	9
	2910
	+4.4
	2869

	2
	MSK-11/1
	Granite  with sulfide mineralization
	1,442
	7,946
	0,1096
	0,511063
	14
	2910
	+1.9
	3039

	3
	MSK-34/1
	Q-K-feldspar-Bt rock with sulfides
	3,079
	16,41
	0,1134
	0,510921
	8
	2910
	-2.3
	3366

	4
	MSK-35/1
	Q-feldspar rock with sulfides
	0,754
	4,113
	0,1108
	0,510818
	13
	2910
	-3.3
	3431

	5
	MSK-38/2
	Migmatite with sulfides
	3,609
	19,13
	0,1140
	0,511103
	10
	2910
	+1.1
	3112

	6
	MSK-52/1
	Migmatite
	1,905
	11,66
	0,0987
	0,510966
	10
	2910
	+4.2
	2880

	7
	MSK-52/2
	Q- feldspar rock
	2,44
	16,16
	0,0912
	0,510857
	9
	2910
	+4.8
	2839

	8
	MSK-53/2
	Tonalite 
	4,223
	30,73
	0,0831
	0,510616
	9
	2703
	+0.1
	2942

	9
	MSK-53/5
	Granite 
	0,698
	5,238
	0,0805
	0,510566
	14
	2703
	0.0
	2941

	Murmansk Block

	10
	MSK-28
	Granodiorite-gneiss
	2,846
	10,49
	0,1039
	0,510817
	18
	2834
	-1.7
	3219

	11
	MSK-29/1
	Diorite-gneiss
	1,638
	8,690
	0,1009
	0,510979
	15
	2828
	+2.5
	2919

	12
	MSK-30/2
	Granodiorite-gneiss
	4,967
	23,837
	0,1260
	0,511337
	10
	2910
	+1.1
	3134

	13
	MSK-31
	Plagiogranite with xenoliths
	12,555
	26,823
	0,1829
	0,512490
	12
	2910
	+2.3
	3257

	14
	MSK-46
	Gneiss granite
	2,327
	15,
	0,0884
	0,510756
	16
	2734
	+1.4
	2897

	15
	MSK-47/1
	Gneiss granite
	1,438
	9,59
	0,0906
	0,510801
	6
	2734
	+1.5
	2894

	16
	MSK-47/2
	Gneiss granite
	16,069
	91,417
	0,1062
	0,511032
	10
	2734
	+0.5
	2987

	17
	MSK-48
	Plagiogranite gneiss
	5,919
	36,716
	0,0974
	0,510897
	9
	2734
	+1.0
	2938

	18
	MSK-49/1
	Plagiogranite
	3,734
	23,12
	0,0996
	0,511025
	4
	2734
	+2.7
	2825

	19
	MSK-50
	Plagiogranite
	4,654
	31,476
	0,0893
	0,510666
	14
	2734
	-0.7
	3027

	Late granitoids

	20
	MSK-54/1
	Microcline granite
	2,71
	21,805
	0,0751
	0,510396
	4
	2703
	-1.4
	3012

	21
	MSK-54/2
	Plagiomicrocline granite
	2,276
	18,435
	0,0746
	0,510338
	8
	2703
	-2.4
	3064

	22
	MSK-71/1
	Microcline granite, Teriberka
	5,023
	34,5
	0,0879
	0,510691
	16
	2700
	-0.1
	2964

	23
	MSK-6/2
	Pegmatoids with sulfide mineralization
	0,423
	2,003
	0,1275
	0,511361
	15
	2320
	-4.3
	3146

	24
	MSK-19/1
	Tourmaline granite
	0,35
	1,808
	0,1169
	0,510721
	17
	2320
	-13.7
	3795

	25
	MSK-35/2
	Tourmaline granite  with sulfides
	1,901
	4,965
	0,1214
	0,510871
	22
	2320
	-12.1
	3735

	26
	MSK-36/1
	Tourmaline granite
	1,538
	5,672
	0,1239
	0,511114
	13
	2320
	-8.1
	3433

	27
	MSK-40/1
	Q-feldspar rock with sulfides
	0,376
	1,921
	0,1084
	0,511409
	16
	2320
	-5.1
	3054

	28
	MSK-43/1
	Plagiogranite with bt and tourmaline
	0,463
	1,596
	0,1054
	0,510783
	30
	2320
	-9.0
	3310

	29
	MSK-51/2
	Late granite bodies
	11,172
	53,442
	0,1063
	0,510786
	11
	2320
	-9.2
	3334

	30
	MSK-26/2
	Muscovite-KFS pegmatoid rocks from a vein with sulfides
	1,706
	3,837
	0,1488
	0,511604
	6
	2320
	-5.9
	3607

	Gneisses and amphibolites

	Central Kola Block

	31
	MSK-1/1
	Grt-bt-gneiss
	3,316
	18,688
	0,1072
	0,51111
	15
	2910
	+3.8
	2905

	32
	MSK-2/2
	Biotite gneiss, medium-grained
	8,006
	57,817
	0,0837
	0,510582
	11
	2910
	+2.3
	2994

	33
	MSK-4/1
	Biotite gneiss
	1,049
	6,086
	0,1042
	0,511033
	11
	2910
	+3.4
	2932

	34
	MSK-5/4
	Biotite gneiss with garnet (paragneiss)
	3,667
	21,896
	0,1012
	0,510953
	6
	2910
	+2.9
	2961

	35
	MSK-7/1
	Grt-bt-gneiss (with sillimanite?)
	2,178
	12,827
	0,1026
	0,510908
	7
	2910
	+1.5
	3059

	36
	MSK-8/1
	Biotite gneiss with garnet and sulfide mineralization
	2,204
	13,048
	0,1017
	0,510849
	4
	2910
	+0.7
	3114

	37
	MSK-13/1
	Garnet-staurolite-biotite gneiss with kyanite 
	2,736
	12,328
	0,1041
	0,510887
	10
	2910
	+0.6
	3129

	38
	MSK-14/1
	Grt-bt-gneiss
	2,002
	16,454
	0,1235
	0,511305
	19
	2910
	+1.4
	3101

	39
	MSK-17/1
	Biotite gneiss with garnet
	2,698
	13,583
	0,1132
	0,510975
	21
	2910
	-1.2
	3279

	40
	MSK-19/2
	Garnet-biotite-staurolite gneiss
	3,913
	21,892
	0,1080
	0,511036
	5
	2970
	+2.7
	3032

	41
	MSK-20/1
	Amphibolite with garnet and sulfide mineralization (from a lens) 
	5,259
	32,952
	0,0965
	0,510704
	10
	2910
	+0.2
	3162

	42
	MSK-24/1
	Bt-Px gneiss
	7,532
	41,578
	0,1095
	0,511047
	10
	2910
	+1.7
	3060

	43
	MSK-26/1
	Metagabbroids (amf-bt gneisses?)
	3,88
	25,336
	0,0926
	0,510812
	12
	2673
	+0.2
	2928

	44
	MSK-26/3
	Metagabbroids (amf-bt gneisses?)
	3,465
	19,384
	0,1080
	0,510835
	10
	2673
	-4.7
	3317

	45
	MSK-27
	Grt-Bt gneiss
	2,669
	14,928
	0,1081
	0,5109
	15
	2910
	-0.7
	3228

	46
	MSK-34/2
	Grt-Bt gneiss
	2,012
	11,822
	0,1029
	0,51087
	10
	2910
	+0.7
	3119

	47
	MSK-37/1
	Grt-Bt gneiss with sulfides
	4,081
	23,134
	0,1066
	0,510804
	4
	2910
	-2.0
	3318

	48
	MSK-38/1
	Bt-gneiss 
	2,45
	14,283
	0,1037
	0,510983
	9
	2910
	+2.6
	2987

	49
	MSK-39/1
	Amf-Bt-gneiss (metagabbroid)
	4,456
	26,961
	0,0999
	0,510868
	12
	2910
	+1.8
	3040

	50
	MSK-40/2
	Two-mica gneiss
	3,419
	20,663
	0,1000
	0,510901
	5
	2910
	+2.4
	2999

	51
	MSK-41/1
	Bt-Px gneiss
	2,998
	6,847
	0,1447
	0,511694
	10
	2654
	-0.7
	3200

	52
	MSK-42/1
	Two-mica gneisses with interlayers of plagiogranites with sulfides
	4,194
	15,231
	0,1065
	0,511034
	9
	2654
	-0.5
	2993

	53
	MSK-51/1
	Bt-Amf gneiss
	10,727
	48,912
	0,1325
	0,511473
	9
	2910
	+1.4
	3131

	Intensely altered rocks

	54
	MSK-7/2
	Amphibolite with sulfide mineralization
	5,152
	23,851
	0,1015
	0,510858
	16
	1980
	-10.6
	3096

	55
	MSK-37/2
	Talc-chlorite-biotite schists
	1,672
	7,585
	0,1333
	0,511414
	9
	1980
	-7.8
	3272

	56
	MSK-37/3
	Talc-chlorite-biotite schists with sulfides
	3,086
	16,568
	0,1126
	0,511122
	11
	1980
	-8.3
	3041

	57
	MSK-36/2
	Biotite-muscovite gneiss, highly schistose
	2,757
	14,821
	0,1124
	0,510997
	20
	1980
	-10.6
	3220

	58
	MSK-38/3
	Amphibolite
	20,574
	98,895
	0,1257
	0,511324
	16
	1980
	-7.6
	3146

	Non-stratified complex

	59
	MSK-53/1
	Amf-Bt gneiss
	17,682
	88,36
	0,1209
	0,511170
	4
	2751
	-1.8
	3233

	60
	MSK-53/4
	Amf-Bt gneiss
	8,184
	45,059
	0,1197
	0,511181
	10
	2751
	-1.2
	3175

	61
	MSK-53/6
	Amf-Bt gneiss
	8,72
	45,948
	0,1147
	0,511174
	23
	2751
	+0.5
	3026

	62
	MSK-53/7
	Amphibolite
	13,054
	76,153
	0,1136
	0,510914
	9
	2751
	-4.2
	3383

	63
	MSK-53/8
	Amphibolite
	22,426
	70,772
	0,1215
	0,511076
	9
	2751
	-3.9
	3407

	Kolmozero Voronya Greenstone Belt

	64
	MSK-55/1
	Bt-Amf gneiss with sulfides KV
	3,932
	22,254
	0,1068
	0,510997
	23
	2830
	+0.7
	3053

	65
	MSK-55/2
	Bt-Amf gneiss with sulfides KV
	2,861
	16,441
	0,1051
	0,511049
	9
	2830
	+2.4
	2934

	66
	MSK-56/1
	Bt-Amf gneiss with muscovite KV
	3,755
	21,941
	0,1034
	0,510991
	8
	2830
	+1.9
	2968

	67
	MSK-56/2
	Bt gneiss KV
	4,547
	27,646
	0,0994
	0,510954
	9
	2830
	+2.6
	2914

	68
	MSK-16/2
	Amphibolite with sulfide mineralization KV
	3,432
	20,06
	0,1034
	0,510943
	14
	2830
	+0.9
	3033


A mean value of 143Nd/144Nd ratio in a JNdi-1 standard was 0.512081±13 (N=11) in the test period.








Nd isotope compositions of rocks from the TTG-complex indicate a wide dispersion, i.e. εNd(T) values vary from -4.7 to +4.8, while plagiogranites and tonalities are characterized by a more radiogenic isotope composition, than gneisses and amphibolites. The lowest εNd(T) values of -13.7 are typical of tourmaline granites and late vein granite and pegmatite bodies with sulfide mineralization dated at 2.32 and 2.70 Ga.
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Figure 27. Plot of εNd(T)-T for rocks in the Central Kola and Murmansk domains: 1 – tonalites, gneisses, amphibolites, granites dated at 2.6-2.9 Ga; 2 – late granitoids, pegmatite bodies and tourmaline granites dated at 2.23 and 2.70 Ga; 3 – 2.8 Ga metavolcanites (gneisses on volcanites) of the Kolmozero-Voronya Greenstone Belt; 4 – altered rocks, talc-chlorite-biotite schists dated at 1.98 Ga.

Analyses of data on different isotope systematics (Nd-Hf mainly) of rocks from many ancient regions in the world suggest a common feature of almost all ancient cratons, i.e. the presence of a significant dispersion of isotope compositions from extremely radiogenic to crustal indicators and a significant time span between the crystallization time of rocks in TTG-complexes and their Sm-Nd model age. It may indicate the presence of several sources, the juvenile and crustal ones, which mixture results in the observed diversity of isotope compositions (Hanski et al., 2001; Upadhyay et al., 2019). 
Thus, the obtained data suggest that an ancient Palaeoarchaean core could exist in the junction zone of the Murmansk and Central Kola geoblocks. Analogues of this core are known on examples of three isolated areas of tonalities with the age of more than 3.3 Ga in Finland and North Karelia. Jointly, these areas (including the Vodlozero domain) can be fragments of a larger craton (Vrevsky et al., 2019). Recent studies of short-lived 82W, 142Nd and 129Xe isotopes and the Re-Os system show that the ancient mantle reservoirs could be preserved for a long geological time, while the mantle areas could be convectively isolated for more than 1 Ga (Tusch et al., 2021; Van de Löcht et al., 2018).  On the other hand, such fragments can be considered “embryos” of the ancient crust that were further accreted by the continental crust in the Archaean (Bleeker et al., 2003; Reimink et al., 2016a).
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