Russian Akademy of Sciences 
Kola Science Centre 

Geological Institute 

	[image: image1.jpg]





GEOLOGY OF THE KOLA PENINSULA 

(BALTIC SHILD) 
Editor F. P. Mitrofanov

APATITY

1995

UDK 55(470.21)

Geology of the Kola Peninsula.

F. P. Mitrofanov, V .I. Pozhilenko, V. F. Smolkin, A. A. Arzamastsev, V. Ya. Yevzerov, V. V. Lyubtsov, E. CV. Shipilov, S. B. Nikolayeva, Zh. A. Fedotov. (Edited by F.P.Mitrofanov). Apatity, 1995, 145 pp.

This book presents a short description of major geological structures in the region and is based on current geological-geochemical and geophysical data and interpretations. New versions of the Geological Map of the Kola Peninsula and some of its structures are given.

The book was written for a wide audience of Russian and foreign geologists and can be used as a geological guide.

INTRODUCTION


The Kola Peninsula (region) is the northeastern part of the Baltic Shield, which is an area thoroughly covered by geological and geophysical investigations. In the region, any geological field studies can be easily arranged, and its attractive feature is not only the easy access and good exposures of Precambrian structures, but also the diversity of rocks and bodies varying in age, composition, structure, genesis and metallogeny. At the erosion section, one can observe infractustal, supracrustal and plutonic rocks, which were formed and transformed at different depth levels and bear signature of the crustal evolution from the Archean till present. 


First geological information on some parts of the region dates back to the 17-18th century. More information was obtained in the period 1880-1915, and in the 20-40s the interest in the Kola region was rekindled due to discoveries of iron, apatite and nickel-copper ores, kyanite schists, etc., and a mining industry center was created. All the geological material obtained in the 20-50s, including the classical investigations of academicians A.A.Polkanov and A.E.Fersman, was published in 1958 in the book titled "Geology of the USSR, vol.XXVII, Murmansk Region", edited by L.Ya.Kharitonov. In the following years, geological mapping at various scale continued in the region. A great body of information was obtained by topic studies on stratigraphy, magmatism, metamorphism, tectonics, geochemistry, etc. The results were published in numerous papers and books. Some of the most informative, summarizing works on geology of the Kola region published in the recent years are as follows: on the Earth crust structure  (Kratts et al., 1978; Negrutsa, 1984; Kozlovsky, 1984; Bel’kov, 1987; Sharov, 1993); on tectonics and geological structures (Vinogradov et al., 1980; Lobach-Zhuchenko, 1988; Zagorodny & Radchenko, 1988; Radchenko et al., 1992); on stratigraphy (Kharitonov, 1966; Bel’kov, 1963; Geological Map..., 1980; Zagorodny et al., 1982; Radchenko et al., 1994); on Precambrian magmatism (Batieva & Bel’kov, 1968; Batieva & Vinogradov, 1991; Smolkin, 1992; Mitrofanov & Torokhov, 1994); on Paleozoic magmatism (Kukharenko et al., 1965; Galakhov, 1975; Arzamastsev et al., 1987; Arzamastsev, 1994); on geochemistry (Predovsky et al., 1974; Belolipetsky, 1980; Predovsky et al., 1987); on isotope age determinations (Tugarinov & Bibikova, 1980; Pushkarev, 1990; Mitrofanov & Balashov, 1990a, 1990b; Balashov, Bayanova & Mitrofanov, 1992; Balashov, Mitrofanov & Balagansky, 1992).


Some of the most comprehensive publications in English are: “Nickel-copper deposits of the Baltic Shield and Scandinavian Caledonides”, eds. Papunen and Gorbunov, Espoo, 1985; “The Superdeep Well of the Kola Peninsula”, ed.Ye.A.Kozlovsky, Springer-Verlag, 1987; “Super-Deep Continental Drilling and Deep Geophysical Sounding”, ed. K.Fuchs, Ye.A.Kozlovsky, A.I.Krivtsov, M.D.Zoback, Springer-Verlag, 1990; “Precambrian Geology of the USSR”, ed. D.V.Rundqvist, F.P.Mitrofanov, Elsevier, 1993.


Owing to the revision of tectonic ideas in the recent years, the understanding of the history of the Baltic Shield as a whole and the Kola region in particular has been modified in the context of global plate tectonics applied to the Early Precambrian. In addition, results from isotope dating and geological-geophysical studies have also made a great contribution. A number of investigations have been performed in the framework of international projects, such as "Global Geotransects" on the Program "Lithosphere", IGSP Project 275 "Deep Geology of the Baltic Shield", Project "The study of the Lithosphere by seismic methods", "European Geotravers", "Barents Region", etc.


In progress are the joint studies of Kola geologists and Norwegian and Finnish colleagues - our closest neighbors, as well as with scientists from universities of England, Scotland, Ireland, USA, Denmark, including the projects that are conducted within the INTAS Program. In the next years, it is planned to perform international projects within "Europrobe" and "Svekalapko" programs.


A decision of the Association of European Geological Societies (AEGS) to hold the 9th Meeting of the Association in St.Petersburg in September 1995 provided an excellent incentive for the compilation of this book. The authors hope that this publication will serve a guide-book for the participants of the post-meeting field trip on the Kola Peninsula.


The translation from Russian into English was done by S.Yu.Delenitsina. Maps and Figures were drawn by S.B.Shustov. A valuable assistance in the technical preparation of this book was rendered by V.E.Ryavkin and N.G.Zhikhareva. Text processing was conducted by S.Yu.Delenitsina and M.P.Torokhov. The authors are very grateful to all these colleagues for their help in the preparation of the manuscript. 


A great financial assistance is rendered presently by the Russian Foundation for Fundamental Investigations (RFFI). In particular, this book was made possible owing to the financial support from RFFI, projects 95-05-15203 and 95-05-15206. 

1. GEOLOGICAL STRUCTURE (General information)

1.1. Geological-geophysical characteristics of the Baltic Shield structure


The Baltic Shield is the largest representative of the Early Precambrian crystalline basement of the East-European craton. In the south and southeast the surface of the crystalline basement gently plunges beneath the Riphean and Phanerozoic rocks of the Russian platform. In the north and northeast, the shield boundary is drawn tentatively along the Karpinski fault system, which borders the Barents Sea plate. Here, the basement surface dips gently in the northern and northeastern direction through a step-like fault system. The depth down to the shield surface ranges within 1-6 km, reaching 10 km and more in depressions. Some researchers believe that there are no depressions in the crystalline rocks of the continental crust. In the northwest, the Baltic Shield is overlain with allochtonous covers of Scandinavian Caledonides, among which there are tectonic windows of shield rocks. On the south and southwest, the Baltic Shield is bounded by a fault system of the Sorgenfrei-Tornquist zone of the Polish-German Caledonian Front.


The basic features in the Baltic Shield crust structure are determined by the history of the crust formation and transformation. The major Precambrian provinces of the Baltic Shield are Lapland-Kola-Karelian, Svecofennian and Sveco-Norwegian (Fig.1.1). They are characterized by different times of continental crust formation and by  various primary and secondary geological processes which acted in different combinations. Each province can be subdivided into units of a lower rank. 


Heterogeneity of major structures of the Baltic Shield finds its manifestation in the deep structure (Sharov, 1993).


Interpretation of a gravity field, "seismic-stratigraphical" reconstructions, and other physical parameters has led V.N.Glaznev and A.B.Rayevsky to compile a three-dimensional model for the Baltic Shield and adjacent areas, containing 15 two-dimensional sections for every 4 km-depth levels. In the upper levels, the Caledonian sheets, Platform and Barents Sea Plate covers, and averaged density fields of structures of different ages can be readily distingished. Down to a depth of 20 km, the Sveco-Karelian and Svecofennian provinces are distinguishable in density. At the depths from 20 down to 54 km, graben zones and central parts of the Svecofennian and Lapland-Kola-Karelian provinces are identified in the upper levels, and only the root parts of structures with the thickest crust and upper-mantle density inhomogeneities are recognized in the lower levels. 


Three "blocks" can be distinguished in the central and eastern parts of the Shield on the basis of the M boundary relief and velocity parameters. Two of the blocks, Southern and Central, approximately correspond to the Svecofennian province, and the Northern block - to the Lapland-Kola-Karelian province. The crust in the Southern block is distinctly layered. The lower crust has the highest velocities and velocity gradients. The depth down to the M boundary is 40 km in average. A high-velocity layer (6.5 km/s) has been recorded at a depth of 9-14 km. This layer and the crust-mantle transition are characterized by a fine layered structure. In addition, the P- and S-wave ratio at the depth of 15-20 km is anomalously high. In the Central block, the M boundary is located at a depth down to 60 km, beneath the boundary there is a high-velocity (8.5 km/s) mantle block. In the Northern block, the depth down to the M boundary ranges within 42-50 km. The upper and middle crust in these blocks shows almost no velocity variations. Maximum depths of the M boundary in the Baltic Shield and its slopes are recorded in Latvia (63 km), Ladoga-Botnian zone (63 km), in two localities in central and southern Sweden (55 km) and in the area where the Belomorian and the Karelian structures join (49 km). The M depth becomes shallower in the direction towards the Norwegian Sea (up to 14 km), in the southwestern and eastern parts of the Baltic Shield (30-35 km), and in the Barents Sea Shelf zone (30 km and less). 
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Fig.1.1.  Major Precambrian Provinces of the Baltic Shield.
The upper mantle in the Baltic shield is characterized by a layered structure, i.e. alternating layers with various velocities, which can increase from 8.1 km/s at the M boundary up to 8.8 km/s at a depth of 200-230 km. The lithosphere thickness exhibits a direct dependence on the age of the provinces: the Archean part of the Shield has a maximum lithosphere thickness (up to 230 km). It is considered that the revealed laterally changing layering in the upper mantle is a reflection of the mantle heterogeneity. 


Basing on the results from deep geoelectromagnetic sounding, A.A.Zhamaletdinov et al. (Sharov, 1993) established that electric conductivity of the shield crust has an inhomogeneous pattern.  The sedimentary cover of the platform has a high and more homogeneous conductivity (up to 3000 siemen) than the upper crust of the shield as a whole. Crustal conductivity anomalies on the Shield in the Lapland-Kola-Karelian province are confined to Archean and Proterozoic "greenstone" structures and are caused by the presence of electric-conductive rocks - schist and gneiss containing graphite and sulfides, and by the presence of fluid-saturated "horizons" and linear zones. An anomalously high impedance of the upper crust is found in the Central-Kola structure and the central part of the Karelian craton. Electroconductivity estimations obtained from depth levels below 10-15 km are ambiguous. It is supposed that the longitudinal conductivity increases exponentially with depth (starting with 15-20 km), and the first conductive "layer" appears only in the base of the lithosphere. Usually, three conductive "layers" are distinguished: at a depth of 10-14 km ( fractured fluid-bearing "layers"), 40-70 km (M boundary), and 200-300 km (at the lithosphere base).


Heat flow in the Baltic Shield, as well as the entire East-European platform, is characterized by a low (30-40 mW/m2) and stable thermal field, in contrast to a complex, contrasting, high thermal field of the younger West-European Platform, for example. To a first approximation, the thermal field depends on the age of geological structures. In the Lapland-Kola-Karelian Archean province the field values are lower than in other areas. The lowest thermal field has been determined in the Vodlozero structure. A considerable increase in the thermal field has been recorded in the Barents Sea plate and in the northwest, beyond the continental scarp. An estimation of heat generation in different crustal layers, the crust and the mantle, and an assessment of mantle heat-flow contribution to the total heat flow was performed by V.N.Glaznev and G.B.Skopenko (Sharov, 1993). The lowermost mantle heat-flow values are typical for the southeastern part of the Svecofennian province and the area in the southeast, where the Shield is adjacent to the Platform; elevated values are typical for the northern part of the West-European Platform and the entire Barents Sea Platform; maximum heat flow values are characteristic of the oceanic part of the North Atlantic.


Seismicity of the Baltic Shield and adjacent structures has been studied and illustrated in the schemes of earthquake epicenters recorded in the past 600, 100 and 35 years (Anan'in, 1987; Panasenko, 1993; Ahjos & Uski, 1991; etc.). Almost all the earthquake centers were located at shallow crustal depths, ranging from 5 to 25 km and rarely deeper. Their magnitude was 2-4 units and, very rarely, over 5. The most seismically active areas are (i) the western and northwestern coast of the Scandinavian Peninsula and a subparallel band, which is confined to the foot of the Fennoscandian continental slope and stretches up to the Spitsbergen Archipelago; (ii) a rift zone of the Mona and Knipovich oceanic ridges in the west and the Gakkel ridge in the north, and the Spitsbergen transform fault between them; (iii) northern part of the Botnian Bay; (iv) near-boundary areas between the Sveco-Norwegian, Svecofennian and Lapland-Kola-Karelian provinces; (v) the Kandalaksha graben; (vi) the northeastern coastal band of the Kola Peninsula, confined to the Karpinski fault; (vii) a NE-SW trending band, to which large Paleozoic alkaline intrusions - Lovozero, Khibiny, etc. - are confined. 

1.2. The main features in the structure of the northeastern Baltic Shield

1.2.1. Annotation of the Geological Map


The Geological Map (enclosed) was produced on the basis of a new version of the "Geological Map of the northeastern Baltic Shield, scale 1:500,000", compiled in 1993 by a team of researchers from the Geological Institute of Kola Science Center RAS - A.T.Radchenko, V.V.Balagansky, A.A.Basalayev, O.A.Belyaev, V.I.Pozhilenko, M.K.Radchenko, editor-in-chief F.P.Mitrofanov. When producing the map for this book we made a reduced and slightly schematized copy and followed the main points in the legend and the principles used for the base geological map at the scale 1:500,000 (Radchenko et al., 1994), which is now in press.


The Map shows real geological bodies, which have distinct boundaries, differ in composition, structure or/and age, and which it was possible to draw in the map scale (not less than 1 mm). Only the most important out-of-scale geological bodies, e.g. diatremes, are depicted. Rocks differing in genesis and composition - supracrustal (sedimentary, volcanic-sedimentary and volcanic), intrusive and of an unclear genesis, - and non-stratified associations are marked with color on the map and with position in the columns. Wherever the body shown on the map has an inhomogeneous or layered structure, the color of the body represents the predominating rock type: sediments or volcanics of basic, intermediate or acid composition, etc. In the columns all the bodies are positioned according to their age (from younger to older in descending order). Rocks of undetermined age are shown in those intervals that correspond to the most probable time of their formation or complete transformation.


As the basis for establishing the rock genesis we used direct features - textures and structures,  and indirect - petrochemical composition, geochemical and isotope parameters and other properties. The genesis for most lithotypes of Archean and some Early Proterozoic rocks was established from indirect features, and such a situation naturally raises debate. This is especially true for the infracrustal or supracrustal origin of granulite and migmatite associations. The age succession of supracrustal and intrusive rocks was determined by direct geological relationships, and in accord with isotope ages of reference geological bodies. The isotope ages for Archean intrusive rocks and metavolcanites of greenstone belts span the time interval of 2930-2556 Ma. Even model Rb-Sr and Sm-Nd ages of protoliths for the most "ancient" granitoids and gneisses do not exceed 2.95 Ga. This fact has not allowed us, so far, to identify rocks older than Late Archean on the Kola Peninsula.  The presence of Lower and Upper Proterozoic rocks is supported by geochronological and biostratigraphical data. There are some disagreements, sometimes considerable, on their stratification and correlation, and they are touched upon in the following chapters. Paleozoic ages are confirmed by isotope ages obtained for intrusions and by findings of flora in the sediments. Mesozoic and Cenozoic rocks are not shown on the map, nor in the legend. These are described in the relevant chapters. 


The small scale of the map did not permit us to show all the necessary intrusions and dykes of different ages, however, the information on their distribution is presented in the text. The deficiency of structural data on the map (Fig.1.3) is in part compensated in the text. 
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Fig.1.3. Geological structural map of the Kola region of the Baltic Shield.


Domains: Mur - Murmansk, Kol - Kola, Bel - Belomorian, Ter - Tersky, Ke - Keivy, In - Inari. Belts: Jon - Yona, K-V - Kolmozero-Voronja (Archean greenstone belts); LGB - Lapland, KGB - Kandalaksha-Kolvitsa (granulite belts); Pe - Pechenga, Im-V - Imandra-Varzuga (Early Proterozoic).


1 - contours of Paleozoic intrusions; 2 - Upper Proterozoic sedimentary rocks. Early Proterozoic: 3 - granite, granodiorite and diorite; 4 - charnockite and granite (a), alkaline granite (b); 5 - volcanic-sedimentary rocks; 6 - anorthosite and gabbro-anorthosite (in Keivy - Archean ?), gabbro, pyroxenite, peridotite. Early Proterozoic (or Archean ?): 7 - basic and intermediate granulite; 8 - acid granulite. Late Archean: 9 - granodiorite, diorite and enderbite; 10 - alumina and super-alumina gneiss and schist; 11 - acid gneiss; 12 - fragments of greenstone belts (gneiss, amphibolite and komatiite); 13 - fragments of banded iron formation (gneiss, amphibolite and ferrugeneous quartzite); 14 - gneiss and schist; 15 - gneiss and amphibolite; 16 - granodiorite and diorite; 17 - plagiogranite and granite-gneiss; 18 - kyanite-garnet-biotite gneiss; 19 - granite-gneiss, gneiss, migmatite and, rarely, amphibolite. 20 - strike and dip; 21 - subvertical faults and gently dipping thrusts that separate the Proterozoic domains; 22 - subvertical faults and thrusts.


Encircled numbers indicate type-sections: 1 - Keivy, 2 - Kolmozero, 3 - Ura-Guba, 4 - Kaskama, 5 - Korva, 6 - Ar-Varench, 7 - Voche-Lambina, 8 - Iona, 9 - Kovdozero, 10 - Tersky.

1.2.2. Structural units


The Kola region is the northwestern part of the Lapland-Kola-Karelian province. The region's current structure bears evidence of repetitive endogenic and exogenic processes which acted from the Archean to the Cenozoic time. However, it is now known that the main peculiarities of the region's structure have become settled in the Early Proterozoic (2.5-1.9-1.7 Ga ago).


In the past, the region was often called the "Archean Kola craton"; now it is termed as the "Lapland-Kola collisional orogen" by M.Marker, R.Gorbatschev et al., or the "Lapland-Kola-Belomorian collisional area"  ("Collision") (Mitrofanov, 1994). 


The list of major structural units is given in Fig.1.3, and their description is below.

Murmansk unit


This unit is bordered on the south by a fault system. The fault surfaces are steep near the surface; they become more gentle at depth and dip towards the north and the northeast. From geophysical data, the faults are traced down to a depth of 35-40 km. Apparently, the time of the formation of these faults is not younger than 2.7 Ga ago, and the upper age limit of their activity is constrained by the age of the Litsa-Araguba granodiorite intrusion, 1840±50 Ma (Pushkarev et al., 1975). The Murmansk unit is poorly studied. From west to east, several zones having different rock composition (Vetrin, 1984), deep structure and the position of Moho and Conrad discontinuities can be distinguished. The bulk of rocks was formed, possibly, in the Late Archean, for even model Sm-Nd ages of their protoliths do not exceed 2937 Ma (Timmerman & Daly, 1995). Intrusive and ultrametamorphic rocks are prevailing, and only in the southeast the gneisses that may be of supracrustal nature occur.


Among the intrusive rocks, there are tonalites, plagiogranites, granodiorites and enderbites. Plutonic bodies are represented by complex intrusions of diorite-plagiogranite, anatectite-granite, enderbite-granite, palingenetic-metasomatic and subalkaline granites associations of different ages, formed in abyssal conditions at PH2O from 0.5 to 4 kbar and crystallization T=700-800°C (Vetrin, 1984). Autochtonous granitoids contain a great amount or substrate relics. The substrate is composed of migmatite and granite-gneiss with amphibolite aggregates with small older structural forms. An interesting post-orogenic over 2.7 Ga old association of anorthosite and rapakivi-like granite has been described by Vetrin & Shlafshtein (1986). All this evidence testifies to the fact that the bulk of granite-metamorphic layer of the Murmansk unit was formed in the Archean. Later, mantle material played an insignificant part, while reomorphic processes predominated, as evidenced by a long gap between the time of crystallization of the most massifs and model ages of their protoliths. This time interval reaches 200-400 Ma, (Nd being negative (Timmerman & Daly, 1995).


Therefore, the structural ensemble of the Murmansk unit was formed apparently in the Late Archean, and its partial destructuring took place in the Early Proterozoic. In many compositional and structural characteristics, this unit resembles South-Greenland cratonic masses. Seemingly, this unit served as a northern foreland in the structure of the Lapland-Kola-Belomorian collisional area.

Kola domain

The Kola domain has a distinct boundary with the Murmansk domain. The southern boundary of the former is less clear, for there is a collage-pattern zone between the Kola and the Belomorian domain. The Kola domain has a variable composition and structure (Fig.1.3). Its major parts are located north of Pechenga and Imandra-Varzuga. These are the Central Kola, Litsa-Uraguba and Keivy structures. South of the Pechenga-Imandra-Varzuga rift belt, the Allarechensk part of the Inari domain, and the Tersky domain are located. 


The age of the most ancient processes, rocks and their protoliths does not exceed 3.0 Ga (Balashov et al., 1992; Timmerman & Daly, 1995, etc.). The upper age limit is constrained by the age of intrusions of the Litsa-Araguba and Strelna granodiorite complexes, 1840±50 Ma (Pushkarev et al., 1975).


In the Central-Kola structure, the most abundant are Late Archean infracrustal structural forms, which, together with fragments of supracrustal rocks, are involved in linear NW-SE trending folds. The northwestern structural plan was formed in the Late Archean (Dobrzhinetskaya, 1989). It is represented by an imbricate-thrust, lens-type structural arrangement with elements of fold structures of different ages and conspicuous ductile shear and thrust zones formed in conditions of amphibolite to granulite metamorphism (Avakian et al., 1990). In the Early Proterozoic, lens-forming processes were common in Archean structures. Tabular bodies locally have a 1:20 ratio of dimensions in plan. Within the bodies, relics of earlier small and medium fold structures may be preserved. Similar processes occurred in BIF formation of the Later Archean greenstone belt, the rocks of which are preserved in fragments and interblock structures. The presence of abundant Early Proterozoic dykes and linear medium- and low-temperature ultrablastomylonite zones suggests that the structures were significantly complicated in the Early Proterozoic under the epizone conditions. 


The Tersky domain also has an inhomogeneous structure and composition. Its southeastern part is represented by rocks of the Late Archean unstratified continental crust. In addition, fragments of greenstone belts with complementary granite-gneiss dome structures or fragments of such structures are common. In the central part, the rocks are linearizated and clustered to form a NW-SE trending structural ensemble, which is thrust upon the Imandra-Varzuga structure. A low-angle southernward dip of the Imandra-Varzuga rocks is supported by geophysical observations. The domain here comprises Late Archean and Early Proterozoic rocks. Even more mixed is the rock association in the ultrabalstomylonite zone known as Pikama Formation (Radchenko et al.,  1994). Model Sm-Nd age determinations for the protoliths of metamorphosed dacite and graywacke (Timmerman & Daly, 1995) suggested that the crust in this area includes Early Proterozoic 2.16-2.23 Ga old juvenile matter.


A continuation of the Inari domain on the Russian side of the Russian-Finnish state border is the Allarechka structure located between the Lapland Granulite Belt and Pechenga (Fig.1.4). The Allarechka structure comprises dome granite-gneiss structures and interdome zones. The interdome zones, either linear or complex, are composed of supracrustal rocks, which are similar in the structure and composition to BIFs of the Central-Kola structure and fragments of Late Archean greenstone belts. These rocks contain relics of small and medium-sized fold structures and structural elements of the Late Archean age. The Early Proterozoic linearization of rocks and structures was most intensive along linear zones, in the southern part near the boundary with the Lapland Granulite Belt, and in the northern part near Pechenga. The southern boundary of the structure is drawn along the system of listric faults dipping towards the north and the northeast. The northern boundary goes along the thrust system in the Southern Pechenga area. Elements of Late Archean structures are preserved in the central part of the structure. In the marginal parts, complex packages of allochthons of different ages are thrust upon the Pechenga rocks in the north and the Lapland Granulite Belt rocks in the south. This conclusion is supported by geophysical data. Most sublatitudinal faults in near-boundary areas have listric surfaces, whereas NE-SW faults - simple vertical surfaces.
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Fig.1.4. A sketch of the structure of the Yona segment of the Belomorian (middle reaches of the river Kanda). Complied on the basis of the geological map of V.V.Ez and D.E.Gaft (Ez et al., 1978).


1 - gabbro-amphibolite (coronite-drusite); 2 - amphibolite; 3 - garnet-biotitic and biotitic gneisses; 4 - gneiss and migmatite (kyanite-garnet-biotitic and muscovite-biotitic); 5 - gneiss, which is analogous to "4" and contains thin beds of amphibolite; 6 - amphibole and amphibole-biotitic gneisses; 7 - biotitic and amphibole-biotitic gneiss and migmatite; 8 - biotitic and amphibole-biotitic granite-gneiss, gneiss and migmatite, locally containing thin beds of amphibolite; 9 - geological inferred and identified boundaries (a) and faults (b); 10 - gently and steeply dipping schistosity, banding and boundaries between the rocks (a) and gently dipping hinges of small-scale folds (b).

The Keivy collage domain strongly differs from other parts of the composite Kola domain (Fig.1.4). A.T.Radchenko (Radchenko et al., 1992) subdivided the Keivy domain into seven structural units, which differ in the nature of fold structures, arrangement and composition; these are the Verkhneponoi block, Purnach block, West-Keivy zone, Ponoy zone, Central-Keivy block, synclinorium zone of Bolshy Keivy, and imbricate-block Maly Keivy zone. The morphology of syncline folds, undulation and virgation of their hinges depend to a great extent on the shape, dimensions and position of dome-block structures of the basement in the western and the eastern parts of the Keivy structure. Overthrusts from the north also had a considerable influence, especially in the northern part of the synclinorium zone of Bolshy Keivy. The interrelation of rocks with alkaline granites (Fig.1.4) suggests that the latter had a sheet form and intruded prior to the formation of folds (Radchenko et al.., 1992). The structure finally formed in the Early Proterozoic, which is supported by the fact that the structure is cut by Early Proterozoic gabbro-diabase dykes, which are most prominent in the Central Keivy block (Kozlov, 1980; Barzhitsky, 1988).

Belomorian domain

The Belomorian domain consists largely of Late Archean dome-fold and complex-fold structures reworked in the Early Proterozoic. For the most part the domain area is composed of granite-gneiss, migmatite and gneiss containing amphibolite bodies. In this domain, only small-scale structural forms and elements, linear blastomylonitization zones, and plutonic and brachyform structures have been identified. These serve as a background for three NW-SE zones, or “bands” (Fig.1.4). The largest number of geological bodies composed of kyanite-garnet-biotite gneiss of presumably terrigenous origin is associated with one of the zones. These geological bodies make up secondary and reworked structures - root parts of complex-folded synforms (Radchenko et al., 1992),  garlands of synform relics, packages or package fragments of isocline folds, tabular bodies with relics of earlier folded autonomous structures, etc. In some cases, the discordant position of interior structures with respect to the body boundary makes it possible to interpret the body boundaries as tectonic, and the spatial association of lenses and seams of different gneisses as tectonic packets (Fig.1.5). 


The other two "bands" are associated with fragments of Late Archean greenstone belts, which are composed of ortho- and paragneisses, metamorphosed tholeiitic basaltoids and tuffs and komatiites. The largest fragment is Yona (Yensky) (Fig.1.6). This is a complex-folded synform - a relic of a Late Archean structure which was reworked in the Early Proterozoic (Pozhilenko, 1984, 1987; Markov et al., 1987; Balagansky & Pozhilenko, 1990). The synform has two NW-SE trending zones, which are separated by a system of faults with a negligible displacement of boundaries of amphibolite seams (up to 700 m along the horizontal line in plan). The southwestern zone is predominated by NE-SW trending structures, and the northeastern zone - by NW-SE structures. "Throughout-structure" folds have not been identified. Even the largest NE folds, which have an amplitude of 1-2 km and are spaced at every 10-15 km,
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Fig.1.5. A sketch of the structure of the Yona greenstone belt and the adjacent areas (southeastern part of the Yona segment).


1 - Kovdor ultrabasic alkaline massif; 2 - plagiomicrocline granite; 3 - gabbro-amphibolite, gabbro, pyroxenite and others (coronite-drusite); 4 - garnet amphibolite; 5 - amphibole, biotite-amphibole and biotitic gneiss and migmatite alternating with tabular amphibolite bodies of different thicknesses; 6 - the thickest tabular bodies of banded garnet-feldspar amphibolite with komatiite lenses; 7 - gneiss and migmatite (biotitic, garnet-biotitic, kyanite-garnet-(+/- cordierite)-biotitic); 8 - granite-gneiss, gneiss and migmatite (amphibole-biotitic and biotitic), with rare amphibolite bodies.

do not pass over to the northeastern zone. A similar situation is typical for NW-SE folds and sublatitudinal zones of Early Proterozoic ductile faults abundant in the northeastern part of the Yona greenstone belt and in adjacent areas. This zonation was interpreted by Yu.V.Miller as a packet of tectonic plates of different ages, but this interpretation still necessitates more convincing evidence. What is established with assurance is that there are not only elements of fold deformations, but also brittle and ductile faults of different ages and orientations, with steep and gentle, simple and listric fault surfaces.


Fragments of greenstone belts as components of the tectonic ensemble of the Belomorian domain are of a Late Archean age, as derived from the concordant U-Pb age on magmatic zircon (2778±4 Ma) from gneiss on rhyodacite in the eastern flank of the Yona greenstone belt (Polyarnye Zori area). A model Sm-Nd age for their protolith is 2765 Ma, (Nd=2.3 (Timmerman & Daly, 1995). The age of older gneisses of the infrastructure and their protoliths does not exceed 3 Ga (Balashov et al., 1992; Kudryashov, 1993; Bibikova et al., 1993; Timmerman & Daly, 1995).


In the recent time a number of facts have been found to testify to an intense endogenic reworking of the Belomorian domain in the Sumian time - 2.55-2.45 Ga ago. These are thousands of small intrusions of coronite-drusite, numerous granite and pegmatite veins, zones of migmatization, granitization and ultrabalstomylonitization. The upper age limit for the Belomorian domain reworking is constrained by dykes of Early Proterozoic gabbro-diabase and veins of granite and pegmatite 1.75-1.85 Ga in age. 
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Fig.1.6. Map of the Lapland suture.


1 - formations of non-stratified Late Archean rocks of the Belomorian domain; 2 - formations of non-stratified Late Archean rocks of the Kola domain; 3 - fragments of Late Archean greenstone belts; 4 - fragments of greenstone belts which probably have a Sumian (Early Proterozoic) age; 5 - diorite-gneiss and gneiss with granulite relics; 6 - crystalline schists (granulites) of basic to intermediate composition (a) and acid granulites (b); 7 - Early Proterozoic gabbro-anorthosite (~2.45 Ga); 8 - Proterozoic sublatitudinal ductile shear-zones; these are not shown in the granulites; 9 - Early Proterozoic faults: subvertical (a), shear-thrusts (b) and overthrusts (c); 10 - major Early Proterozoic (a) and Caledonian (b) overthrusts; 11 - direction of block movement; 12 - foliation and banding; 13 - encircled numbers are small terrains: 1 - Lapland, 2 - Southern Lotta, 3 - Northern Lotta, 4 - Katskimozero, 5 - Tuadash-Salnytundra, 6 - Kandalaksha-Kolvitsa, 7 - Annamsky (or Allarechensky), 8 - Zatulomsky, 9 - Kozhjozero, 10 - Near-Imandra, 11 - Notozero, 12 - Girvas, 13 - Nyavkinsky, 14 - Babinsky, 15 - Munozero, 16 - Yona.

Suture elements

The Kolmozero-Voronja belt links the Murmansk and the Kola domains. The belt is represented by a system of faults with listric surfaces dipping towards the northeast. Within the suture, there are Late Archean melange rocks from the neiboring domains, and fragments of linearizated supracrustal rocks of the Kolmozero-Voronja and Uraguba greenstone belts. The entire structural ensemble is considered to be secondary, reworked in the Early Proterozoic. This suture is linear; it has tectonic boundaries and relics of autonomous Late Archean fold structures. These are fragments of small-scale synclines and monoclines with a wide range of small structural forms and elements. Metamorphism zonation in pressure regime and morphology of folds and other structures has been identified from west to east. An attempt was made previously to interpret some of the suture rocks as ophiolites (Nikitin, 1986). This interpretation was not validated, and now it is assumed that the suture is an allochtonous fragment of an Early Archean greenstone belt (Vrevsky, 1983), which is composed of a bimodal series of volcanites, mantle komatiites and sediments.


The Lapland suture is referred to as an axial zone of the Lapland-Kola-Belomorian collisional area and as an Early Proterozoic collage structure, which is composed of infracrustal and supracrustal rocks and located between the Belomorian and the Kola domains (Fig.1.4). The suture  (Fig.1.7.)   is   inhomogeneous  along   and   across   the   strike.   It   comprises   the   Lapland   and 
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Fig.1.7. Map of the southeastern part of the Lapland Granulite Belt (Salny Tundra area). Compiled using geological maps of A.I.Ivliev, E.G.Minina and other sources.


1 - plagio-microcline granite; 2 - basic-ultrabasic rocks of Zasteid-I and Zasteid-II massifs; 3 - small isometric and tabular bodies of metamorphosed ultrabasic rocks; 5 - garnet-amphibole pyroxenite; 6 - schistosed (up to ultrablastomylonite) metagabbro-anorthosite and anorthosite; 7 - garnet-twopyroxene rocks; 8 - coarse-blastic garnet-twopyroxene rocks with quartz and scapolite; 9 - twopyroxene plagio-schist; 10 - large tabular bodies of garnet amphibolite (+/-pyroxene) and small tabular bodies of various pyroxenites and eclogite-like rocks; 11 - an interbed composed of rocks with an extremely high calcium content (black) in garnet amphibolite (in the area of Maly Salny Tundra); 12 - interbeds of biotite-garnet-kyanite plagiogneiss; 13 - banded amphibolite and gneiss; 14 - biotite-amphibole gneiss; 15 - amphibole-biotitic and biotitic granite-gneiss; 16 - schistosity, banding and lineation; 17 - geological boundaries and faults. 
Kandalaksha-Kolvitsa granulite belts, fragments of Sumian and Lopian greenstone belts, and autonomous anorthosites and gabbro-anorthosites. The inhomogeneous components are separated by systems of listric thrusts (ductile and brittle), and complementary shear-faults, which were subsequently complicated by subvertical upthrusts.


The Lapland Granulite Belt is composed largely of acid, intermediate and basic granulites. The age of their substrate is not younger than 2.45-1.9 Ga. The Belt rocks were linearizated in the Early Proterozoic in conditions of repeated high-pressure metamorphism, with P ranging from 8 to 15 kbar. The most intensive degree of blastomylonitization is found in the bottom part of the allochthon-uplifting structure, especially in the southeast, in the area of Salny Tundra (Fig.1.7). Northwards, the blastomylonitization is weaker, and there is abundant relict evidence that the rocks have derived from intrusive gabbro and diorite. The interior structure of extensive acid granulite areas is unclear. Only small-scale structural forms and elements have been identified in these areas. The boundaries between the acid and basic granulites are tectonic. A band in the bottom part of the structure, located between the Lapland Granulite Belt and the Belomorian domain, is characterized by a very complicated arrangement. This band comprises spatially associated geological bodies of different genesis, including mantle and lower-crustal outliers. This situation is well illustrated on the geological maps of the Javr and Pados-Nota areas (Fig.1.8). 
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Fig.1.8. Map of the southern part of the Lapland Granulite Belt (Korva fragment). Compiled using geological maps of L.I.Ivanova and L.N.Latyshev.


1 - plagiomicrocline granitoids; 2 - basic and ultrabasic rocks; 3 - acid granulite; 4 - basic granulite; 5 - ultrablastomylonite after gabbro-anorthosite; 6 - garnet-pyroxene amphibolite (diaphthorite) with a "horizon" of kyanite-biotite-garnet-amphibole schist and quartzitic rocks in the upper part; 7 - garnet, pyroxene and biotite-bearing amphibolite with gneiss; 8 - feldspathic (+/-garnet) amphibolite and gneiss (a) with several lenses composed of conglomerate and other rocks (b) and beds of melanocratic amphibolite (c); 9 - alternating biotitic, amphibole-biotitic and amphibole gneisses with rare interbeds of garnet-, muscovite-, kyanite- or staurolite-bearing gneisses; 10 - kyanite-garnet-biotitic gneiss with staurolite and muscovite, and two-mica gneiss with interbeds of amphibole-biotitic and biotitic gneiss, locally with a horizon of quartz rocks in the upper part (a), and alternating biotitic, biotite-amphibole and amphibole gneisses (+/-epidote) with rare interbeds of quartzitic quartz-carbonate, kyanite-, garnet- and staurolite-bearing gneisses and amphibolites (b); 11 - diorite-gneiss and granite-gneiss; 12 - schistosity and banding; 13 - geological boundaries (a), subvertical faults (b), and thrusts (c). 


The Kandalaksha-Kolvitsa Granulite Belt is represented by a group of tectonic sheets. These occur almost horizontally in the Kandalaksha Tundra area (Fig.1.9) and dip gently towards 
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	Fig.1.9. A geological map of Kandalaksha Tundra.

1 - garnet-amphibole-pyroxene and garnet-twopyroxene granulite and diaphthorite; 2 - unevenly schistosed and diaphthoric metagabbro-anorthosite; 3 - banded garnet-(+/-clinopyroxe​ne)-feldspathic amphibo​lite with rare inberbeds of biotite-amphibole gneiss; 4 - biotitic and biotite-amphibole gneiss, migmatite and granite-gneiss with rare interbeds of amphibolite; 5 - primary (a) and secondary (b) schistosity and foliation; 6 - inferred and identified geological boundaries; 7 - low-angle faults (a) and subvertical faults (b).




the northeast and the east in the Kolvitsa Tundra area. In both cases, the allochtonous sheets of metagabbro-anorthosite and basic to intermediate granulite have autonomous structures within the geological bodies, and these structures are discordant to the boundaries of the bodies. The most intensive imbricate-formation is observed in the Porjeguba thrust zone, where acid granulite is thrust over basic granulite. A formation of metamorphosed tholeiitic basalt, containing basal conglomerate at the base, may be considered an autochthon.


The Near-Imandra part of the suture has a very complicated structure (Fig.1.10). The structural ensemble of this "tectonic triangle" resulted from repeated Early Proterozoic faulting: submeridional thrust-faults from the west, and sublatitudinal thrusts and thrust-faults from the south. This fault system was complicated by later subvertical faults of various orientations. This area contains abundant gabbro-anorthosite of the autonomous type and layered series. Relics of high-pressure metamorphism have been also found (Mitrofanov & Pozhilenko, 1991). Fragments of structures composed of rocks from Archean greenstone belts of different ages have tectonic boundaries with fragments of the Early Proterozoic Imandra-Varzuga rift. Gabbro-anorthosite from the Main Ridge has an age of 2450±10 Ma (Mitrofanov et al., 1993), and gabbronorite from the Imandra lopolith  has an age of 2394±7 Ma (Bayanova, 1992).

Early Proterozoic rift belts (Karelides)

The largest Karelide zones are Pechenga, Imandra-Varzuga and Pana-Kuolajarvi; smaller fragments are represented by Keulik, Ust'-Ponoy, Serpovidny, etc. These zones were studied and described in many papers on regional tectonics and stratigraphy. The most complete information about them is given in the books by Kharitonov (1966), Zagorodny & Radchenko (1988), and Radchenko et al. (1992). Below we shall present a description of only the major features of large structures, and a more detailed information is given in the Chapter "Early Proterozoic".


Pechenga can be subdivided into three zones: the North-Pechenga monocline-brachyform basin composed of slightly faulted autochthons; the Southern zone, which comprises a complicated ensemble of dome-block, folded, thrust and other structures composed of rocks of different ages; the Intermediate zone, which is variously called in the literature (Porojarvi, South-Pechenga, Por'itash), and which is strongly linearizated and composed of tectonic sheets (allochthons) overthrust onto the North-Pechenga and consisting probably of only Early Proterozoic rocks (Radchenko et al., 1992).


The Imandra-Varzuga structure is zoned along and across the strike. The Northern zone (Purnach-Varzuga) is a monocline comprising fragments of a centroclinal closure in the eastern flank of the structure, in the area of Lake Babje. An autochthonous nature is believed to be preserved in the Northern zone, even though vertical faults and thrusts of blocks are common. The Southern zone (Varzuga-Chapoma) is represented by a structural ensemble of dome-block and interdome fold zones, and linearizated plates which are overthrust from the south onto the generally autochthonous Northern zone. The Southern zone containa mostly Early Proterozoic rocks. The South-Western zone, or the Near- 
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Fig.1.10. Map of the Near-Imandra region. Compiled using geological maps of L.N.Latyshev, A.B.Zaitsevsky and data obtained by the author.


Intrusive rocks


1 - dykes of gabbronorite (a) and porphyrite (b); 2 - plagiomicrocline granite; 3 - norite and diorite; 4 - norite and gabbronorite; 5-9 - rocks of the Monchegorsk pluton: 5 - norite and gabbronorite (a), melanocratic norite (b), olivine norite (c); 6 - feldspathic pyroxenite (a), orthopyroxenite (b); 7 - alternating pyroxenite, olivine pyroxenite and peridotite; 8 - peridotite; 9 - dunite. 10 - olivinite, wehrlite and clinopyroxenite; 11 - gabbro and gabbronorite; 12 - labradorite; 13 - metamorphosed and schistosed norite, gabbronorite and diorite; 14 - gabbro, gabbronorite and gabbro-anorthosite, schistosed to a variable extent; 15 - metagabbro and metahyperbasite; 16 - metamorphosed norite and gabbronorite; 17 - plagiomicrocline granodiorite.


Supracrustal rocks


18 - metabasalt and meta-andesite (a), with interbeds of metasalicite and schist (b); 19 - metavolcanic rocks of basic composition (a), with interbeds and lenses of quartzite, sandstone and carbonate rocks (b); 20 - metavolcanic rocks of acid to intermediate composition with rare beds of meta-ultrabasic rocks; 21 - metavolcanic rocks of basic to intermediate (a) and, more rarely, acid (b) composition; 22 - gneiss and schist after volcanic rocks of acid, intermediate and basic composition (a) with interbeds of metamorphosed sediments (b); 23 - epidote-biotite-amphibole gneiss (a) with rare interbeds of amphibolite (b); 24 - biotite-amphibole gneiss (a) with interbeds of garnet amphibolite (b) which contains lenses of komatiite; 25 - biotitic, amphibole and biotite-amphibole gneiss (a) with interbeds of two-mica gneiss (b), amphibolite (c) and lenses of conglomerate-breccia; 27 - granite-gneiss, gneiss and migmatite; 28 - kyanite-garnet-biotitic gneiss; 29 - biotite-amphibole gneiss, amphibolite and banded iron formation; 30 - granite-gneiss, granodiorite-gneiss, gneiss, migmatite and rare bodies of amphibolite (a), and areas of slightly gneissic plagiogranitoid (b).


31 - banding, gneissosity (a) and layering (b); 32 - lineation and hinges of low-scale folds; 33 - identified (a) and interred (b) geological boundaries; 34 - shear-thrusts and low-angle (a) and steep (b) faults, and subvertical faults (c); 35 - points of conglomerate occurrence. 

Khibiny-Tomingskaya according to A.T.Radchenko (Radchenko et al., 1992), is composed of the Karelian youngest rocks and comprises syncline fragments and their southern limbs. The rocks are linearizated at various degrees, thrust over the Northern zone, and in the south, - over the Late Archean formations. In the area of the Munozero dome, the rocks form a packet of imbricates of different ages, folded in an antiform. The structure of the western flank of Imandra-Varzuga (Figs.1.3 & 1.10) was interpreted as a centroclinal closure. Recent data have cast doubt on this statement. The western fragment of the structure is more complicated, being an ensemble of autochthonous and allochtonous blocks and sheets composed of Late Archean and Early Proterozoic rocks. 


The Pana-Kuolajarvi zone is located between the Belomorian and the Karelian domains. Pana-Kuolajarvi is subdivided into three zones: Northern, or Salla-Kuolajarvi synform, Southern complex-folded and Eastern complex-folded zones. Its structure is examined in (Zagorodny & Radchenko, 1988; Radchenko et al., 1992; etc.). Different interpretations are proposed by different authors. 


The Upper part of the Northern zone is either a normally occurring, autochthonous and young formation in a syncline, as is argued by some investigators (Radchenko et al., 1994), or an older overthrust allochthonous sheet, as maintained by others (Manninen, 1991). But only the following is unequivocally assumed: accretion processes found manifestation not only in the form of intense fold deformations but also in the form of overthrusting and block movements. 

1.2.3. Deep structure of the region from geophysical data


Results from an integrated interpretation of all the geophysical investigations have been published (Kratts et al., 1978; Bel’kov, 1987; Sharov, 1993; Sharov & Vinogradov, 1993). There have been identified structure elements differing in density parameters, and velocities and ratios of P- and S-waves. The most "spectacular" boundary is the Moho discontinuity. The crust thickness within the Kola region varies from 35 to 48 km. An anomalous crust structure is established for the jointing zone of the Belomorian and the Karelian domains, where the crust thickness increases up to 48 km. The Moho boundary has a large depth in the area of Pechenga and Pana-Kuolajarvi, and in the central part of Imandra-Varzuga. An abrupt rise of the M boundary from the depth of 45 km in the Kola domain towards the center of the Lapland suture has been recorded. This rise is interpreted by F.P.Mitrofanov as uplifting of the Lapland Granulite Belt - a lower-crustal packet of infracrustal sheets. Naturally, in the area of huge alkaline massifs of Khibiny and Lovozero, the M boundary is also elevated.


In the complicated "crust-mantle" transition zones, in areas with the thickest crust (over 36 km), a "transitional layer" has been identified. This layer is supposedly characterized by a high magnetization. It is interpreted to have a restitic composition of the "basite-hyperbasite type". 


From seismic data, the crust has a three-layer, mosaic, laterally and vertically inhomogeneous structure. It is most inhomogeneous in the uppermost and the lowermost "layers". The inhomogeneities are determined from velocity parameters, the nature of reflectors, electric conductivity, heat conductivity and heat generation, gravity and magnetic activity. As the crust thickness increases, the thickness of the middle layer decreases, and that of the lowermost layer, increases. The Belomorian domain is characterized by a generally increased thickness of the lowermost layer.


The seismic and other geophysical inhomogeneities of the uppermost crustal layer are in most cases reflected in near-surface geological structures. This is especially well seen on the profiles through the Lapland Granulite Belt and the adjacent areas. 


Results from zoning of magnetic and gravity field anomalies by their structure and morphology have mostly confirmed the scheme of tectonic features of the region (Bel’kov, 1987; Radchenko et al., 1992). The major structures (Fig.1.3) are distinguishable in the magnetic field. Most of the Murmansk unit and the southeast of the Tersky domain are characterized by a negative field. An alternating high-amplitude field has been established for the Kola domain, and a high-intensity field for the southeastern Lapland Granulite Belt. Linear regional zones of high horizontal (Ta gradient correspond to the boundaries of the major structures.


Regional negative anomalies of gravity fields are confined to the zones of intense regional granitization, and positive anomalies - to the structures that are composed predominantly of basic rocks. South of the central part of Imandra-Varzuga, positive gravity anomalies coincide with the underthrust part of the structure. In the Keivy structure, the negative gravity field is confined to the center, and the positive field coincides with the position of alkaline granite.


Locally structural fields of magnetic anomalies are in agreement with those of gravity anomalies. The Murmansk unit is characterized by a mosaic alternating structure of gravity and magnetic field and a weak zonation from west to east. Positive magnetic anomalies in the Kola domain coincide with the positive gravity anomalies, and negative magnetic anomalies - with negative gravity anomalies. 


The upper part of the crust has a thickness of 3 to 7 km (rarely more); this is a gravity- and magnetic-active layer of local contrasting inhomogeneities - sources of intense high-gradient gravity, magnetic, velocity and electric anomalies. The thickness of the gravity-active layer does not always coincide with the thickness of the magnetic-active layer: in the Lapland Granulite Belt and in the eastern Kola region the former is higher, and in the Yona segment of the Belomorian domain - lower than the latter (Bel’kov, 1987). The boundary between the upper and lower parts in the upper crust is conventional, corresponding to the greatest number of reflecting horizons. The lower part is characterized by an increase in the rate of electric conductivity, and an increase in the vertical density gradient. Most wave conductors and earthquake centers are confined to this part of the crust. 


At a depth of 5 to 30 km, no extensive reflectors, nor velocity anomalies have been recorded. V.N.Glaznev and colleagues have carried out a three-dimensional gravity modeling for this layer (Bel’kov, 1987). Some of the results can be accounted for geologically, whereas in other cases no direct correlation with surface structures exists. For example, a scheme of the formation of the upper crust as a combination of accretional sheets and granite-migmatite and granite-gneiss domes, which deform imbricated and thrust ensembles, has been developed in the framework of the plate tectonic model (Mintz et al., 1994). 

2.  LATE  ARCHEAN

2.1. Non-stratified and lithostratigraphic units

2.1.1. Basement formations


The oldest rocks on the Kola Peninsula were previously thought to be garnet and micaceous gneisses of the Kola and Belomorian domains (Polkanov, 1935, 1936, 1937). Later, rocks of the granodiorite-tonalite-plagiogranite formation were assigned to initially crustal rocks (Batieva & Bel’kov, 1968; Bel’kov et al., 1971; Geological Map..., 1980). It was suggested that these rocks have an Early Archean age. Isotope Sm-Nd, U-Pb and Rb-Sr studies of the recent years have not supported this suggestion. The age of formation of the oldest rocks and the ages of their protoliths do not exceed 2.95 Ga. Nevertheless, it is still necessary and possible to identify the most ancient rocks among the Late Archean. Several prerequisites for this are available: (1) the composition of pebbles from basal and intraformational conglomerate and the composition of psammite from Late Archean greenstone belts indicate that there existed provenance areas with a granite-metamorphic crust composition; (2) these terrigenous rocks contain most ancient detrital zircon; (3) granite-greenstone areas include complementary structures, such as greenstone belt--granitoid domes, and the substrate of the latter is granite-metamorphic rock. Therefore, by the time of the formation of Late Archean greenstone belts, granite-metamorphic rocks were present in the Kola region, and these rocks are herein referred to as the “basement complex” (BC).


The reliability of establishing the basement complex is, so far, not sufficient. In rare cases, these rocks are identified on the basis of geological-structural and isotopic data and radiological ages. In most cases, these are extensive fields of polymigmatite and gneiss that are not stratified. In the Murmansk unit, the basement complex is considered to be represented by the orthogneisses that were previously thought to be volcano-plutonic, primarily crustal granodiorite-tonalite-plagiogranite formation of the Saamian (Early Archean) basement. In the Kola domain, the basement complex is represented by biotitic and, more rarely, amphibole-bearing gneisses and migmatites with a negligible amount of amphibolites. Locally, garnet-biotite gneisses and magnetite-bearing amphibolites are present; from drilling data (Kozlovsky, 1984), there occur thin meta-ultrabasic bodies. It is still unclear, whether the latter are paragenetic to the biotitic gneiss or not. The U-Pb age on zircon from acid orthogneiss is 2930±52 Ma (Bibikova et al., 1993). In the Belomorian domain, the basement complex is identified as unstratified biotitic and amphibole-biotitic gneisses and migmatites with rare amphibolite bodies. 


Therefore, likewise in other Precambrian shields, the basement complex of the Precambrian Kola region is composed mostly of gray biotitic gneisses of tonalite-trondhjemite-granodiorite composition. Amphibole- and pyroxene-bearing gneisses occur rarely; they formed predominantly on granodiorite, diorite and amphibolite. Amphibolites occur in lenses, concretions and, more rarely, tabular bodies and build up not more that 1% of the rock volume in the basement complex. Garnet-(+/-kyanite, +/-sillimanite)-biotitic gneisses, being probable analogues of metasedimentary rocks, are also scarce. Rocks of the trondhjemite-tonalite-granodiorite formation belong to the Na series of a normal alkalinity. These are characterized by an oversaturation in SiO2, the prevalence of Fe over Mg, and Na over K, the alkalies totaling at 5-8%. Elevated K has been found only in granitized later varieties of the rocks. All the rocks have a low iron oxidation coefficient and an increased ferrugeneity. In chemical composition, the amphibolites are tholeiitic basalts; some varieties of garnet-biotitic and two-mica gneisses are metamorphosed clayey sandstone. In some localities, e.g. Tersky domain, the rocks exhibit well mappable fine and coarse banding, which may be interpreted as primary sedimentary. Homogeneous sequences of biotitic gneiss and migmatite frequently occur as relics of block-anticlinorium, dome or brachyform structures. Such a situation is typical for the northeastern part of the Belomorian and for theTersky domain. In peripheral parts of such structures, the gneisses commonly contain a great number of thin interbeds and lenses of amphibolites, which can be interpreted as volcanic-plutonic rocks. 


In most cases, extended geological boundaries are not traceable in the basement complex. Small-scale structures predominate; these reflect the inhomogeneitiy of repeated later processes - magmatism, metamorphism, granitization, migmatization, schistosity, ultrablastomylonitization, etc. Banding in these rocks is of a secondary nature and represents alternating bands and zones with different degrees of schistosity, migmatization and granitization, with various contents and proportions of rock-forming minerals, interlayered by areas with different number of lenses, concretions or "interbeds" of amphibole gneiss and amphibolite. Boundaries of later dykes and intrusions are determined by not only the primary morphology, but also the degree of subsequent deformations. 


The basement complex is polymetamorphic. In the Kola domain, the basement complex experienced isofacial metamorphism with gneiss from "overlying" sequences of garnet-biotitic gneisses in amphibolite to granulite facies, granulite parageneses being predominant (Petrov et al., 1986). In the rest of the Kola region, the basement complex was metamorphosed in amphibolite facies. Reiterated ultrametamorphic alterations are common. Later processes are characterized by a considerable lateral inhomogeneity and, in general, a regressive trend. 

2.1.2. Non-stratified complexes


Non-stratified complexes are those that consist of metamorphic rocks (gneiss and amphibolite) having the following features: (1) these rocks form easily mappable large geological bodies; (2) from geological-structural and radiological data they are mainly older than the rocks of greenstone belts; (3) the primary features that would allow to stratify these rocks have not been preserved. Multiple metamorphic events and deformations not only have destroyed the primary textural-structural features, but also have disturbed the original relationships and spatial position of parts in the cross-section. In such cases, it is very difficult to distinguish the top and the bottom of the sections by geological methods. 


A considerable amount of gneisses which were previously referred to as Kola and Belomorian Groups of the Kola-Belomorian complex (Bel’kov et al. 1971) are assigned to the non-stratified complex. Therefore, the complex retains the name "Kola-Belomorian" (Radchenko et al., 1994; see Map). The composition of rocks from the Kola-Belomorian complex in the Kola region does not show great variation. Four types of rocks associations can be distinguished from the structure of the sections: 1 - gneiss (terrigenous ? rocks); 2 - gneiss, amphibolite and rocks with anomalously high calcium content; 3 - gneiss, amphibolite, and metavolcanites (?) of intermediate composition, with BIF deposits.


Rock association of  the first type  occurs in extensive areas, bands, lenses, "tabular" bodies and fragments of composite synforms, packages of isoclinal folds and other structures in the Kola and Belomorian domains (see Map). The following units have been distinguished: Volshpakh in the Central-Kola terrain, Vyrnimsk in the Allarechensky terrain, and Chapoma - in the Tersky domain (Radchenko et al., 1994). 


In the Kola domain, these are mostly garnet-biotitic gneiss, locally with cordierite, kyanite or staurolite. Two-mica, biotite, amphibolite and biotite-amphibole gneisses are less abundant. Amphibole-pyroxene and magnetite-bearing schists and iron quartzite are present, although scarce. Many of these rock types exhibit fine graded banding of the “flyshoid type”. In places the banding apparently reflects tectonic melange and is represented by alternating "interlayers" of gneiss, eulysite, granulite, hypersthene and magnetite schists. A coarser alternation of several units of garnet-biotite gneiss and biotite gneiss and amphibolite has been revealed from drilling the Superdeep Well SD-3 (Mitrofanov, 1991). This is supposedly a normal section. However, it is more likely that the section is doubled due to folding or thrusting. The more so as relationships of this sort have been observed on the surface in other areas (Dobrzhinetskaya, 1978, 1989; Avakian et al., 1984).


The chemical composition of the garnet-biotite gneiss is fairly uniform: SiO2 50-60%, Al2O3 15-20%, the total alkalies 3-5%, and Na2O always prevails over K2O. The rocks are rich in ferrous iron: FeO 12-14%, Fe2O3 0.6-2.8%. The MgO content is 2.2-5.4%, and the CaO content - 1.4-3.3%. The garnet biotite gneisses almost on all petrogenetic diagrams fall within the field of clayey sandstone (Fig.2.1). Their sedimentary origin is supported by the data on oxygen isotope composition and REE content (Avakian, 1992).


The rocks underwent polycyclic deformations and metamorphic alterations in amphibolite to granulite facies. The age of the earliest metamorphism is 2830±10 Ma (Balashov et al., 1992), and that of the later - 2760±10 Ma (Avakian et al., 1990). The model Sm-Nd age of the protolith for the gneiss is 2925 Ma (Timmerman & Daly, 1995).


The non-stratified complex in the Belomorian domain is predominated by garnet-biotite and kyanite-garnet-biotite gneisses, locally containing cordierite, staurolite or sillimanite (Supina and Rikolatvino units, Radchenko et al., 1994). Two-mica and amphibole-biotite gneisses and garnet amphibolites are present in subordinate amounts. The latter probably are not paragenetic to the gneisses. The two-mica gneisses are predominant only in the northern part of the Notozero terrain, whereas fine-grained biotite gneisses, locally containing muscovite, garnet, epidote or amphibole, - in the area of Pirengi Lakes (see Map).
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	Fig.2.1. Compositional diagrams for Upper Archean gneiss and schist. Clay standard fields are given according to V.K.Golovyenok (1977): K - kaolinitic, M - montmorillonitic, H - hydromicaceous. 

1 - garnet-biotite and kyanite-garnet-biotite gneiss of the non-stratified complex of the Belomorian domain; 2 - similar gneiss of the Kola domain; 3 -- “alumina” (kyanite-garnet-biotite, etc.) gneiss from the Kolmozero-Voronja Greenstone Belt; 4 - acid granulite of the Umba and Lotta terrains of the Granulite Belts; 5 - composition points for garnet-biotite gneiss of the Peschanoozerskaya Fm of the Tersky domain; 6 - “alumina” (garnet-biotite, kyanite, staurolite, etc.) gneiss of the Chervurt Fm; 7 - “alumina” gneiss of the Pestsovaya Tundra Fm and 8 - of the Vykchurt Fm of the Keivy domain.



Most of the garnet-biotite gneisses in chemical composition are similar to those in the Kola domain. On petrogenetic diagrams they correspond to analogues of sedimentary rocks (Fig.2.1); some researchers consider them as metasomatic.


The rocks experienced polycyclic deformations and metamorphic alterations in amphibolite facies conditions. The garnet-biotite gneisses contain relics of structural elements of the most ancient Belomorian deformations (Balagansky et al., 1986) and metamorphism with an age of 2855±5 Ma (Bibikova et al., 1993). A maximum model Sm-Nd age of the protolith for the gneiss is 2929 Ma (Timmerman & Daly, 1995). 


Rock associations of the second type - gneiss, amphibolite and Ca-Si rocks - have been distinguished as a Sergovskaya unit (Radchenko et al., 1994). Rocks of this unit compose extensive fields in the Tersky domain. The structural arrangement of the unit is unclear, for the area is not well exposed and has been affected by widespread ultrablastomylonitization. The section through the unit is predominated by amphibole-bearing gneiss, locally with garnet, biotite and epidote, interlayered with amphibolite, and, more rarely, micaceous and garnet-(+/-kyanite)-micaceous gneisses. Rarely there observed interbeds of calcareous-silicate rocks - "calcifyre" of clinopyroxene-plagioclase-clinozoisite-scapolite-carbonate composition with copper and iron sulfides. The summary section is interpreted to be volcanic-sedimentary: the substrate of the paragneiss is graywacke, and that of orthogneiss and amphibolite - volcanites from dacite to basalt (Belyaev, 1985). The rocks were metamorphosed in the amphibolite facies.


Rocks associations of the third type - gneiss, amphibolite and iron quartzite - occur in the Kola domain. These form thin, up to 20 m long bodies in the Central-Kola terrain (Chudjavr sequence) and linear, simple and composite bodies in the Allarechensky-Annamsky  terrain (Annamskaya sequence). The rocks were repeatedly deformed and metamorphosed in amphibolite to granulite facies. Autonomous structures within the bodies are commonly discordant to the boundaries of the bodies. The structure of the sections is very uneven, varying laterally and vertically. The garnet-biotite (+/-sillimanite, kyanite or staurolite) and two-mica gneisses are not predominant in the section. The predominating rocks are biotite-amphibole gneisses, and locally amphibolites (or crystalline schists of basic composition). Interbeds and lenses of iron quartzites and magnetite-bearing schists are present. In rare cases, iron quartzite lenses reach 30x300 m in size. Most of these rocks are supposed to have a supracrustal nature, although other points of view also exist.


Rock associations of the forth type - gneisse, amphibolite and volcanites of intermediate composition, with BIF deposits, - form the Olenegorsk sequence in the Near-Imandra region (Radchenko et al., 1994). These rocks occur in linear bodies bordered by faults and elongated stripes, which in places have a complicated shape, located between the fragments of dome-like or block-lens structures. The sections of this type are similar to those of type three. The main distinctions are the predominance of amphibole and biotite-amphibole gneisses and volcanites of acid to basic composition (volcanites of the intermediate composition are prevailing), and the presence of commercial BIF deposits. The section is very uneven. The biotite, amphibole and garnet-biotite gneisses are alternating with amphibolites, schists and iron quartzites. The rocks were metamorphosed in conditions of a high-temperature amphibolite facies. 


A number of researchers consider these sections, as well as sections of the third type,  as fragments of greenstone belts (Pozhilenko, 1985; Dobrzhinetskaya, 1989; Radchenko et al., 1992).

Non-stratified complexes of undetermined age


These complexes are represented by the metamorphic rocks that are difficult to stratify and whose age and genesis are a subject of debate. Therefore, their position in the legend of the Geological Map (enclosed)  is conventional. In a number of features, some of these rocks may be Late Archean (Lopian), and some - Early Proterozoic (Sumian). Most rocks of this group show indications of a supracrustal origin, and the origin of some rocks, e.g. granulites, remains an open question. 


Granulites of basic to intermediate composition and enderbites occur within the eastern half of the Lapland granulite Belt and form several large geological bodies in two regions of the Kandalaksha-Kolvitsa Granulite Belt (Figs.1.2, 1.3, 1.7 & 1.8).


The basic granulites are confined mostly to the lower allochthons. The rocks were repeatedly schistosed up to ultrablastomylonites under granulite metamorphism conditions. Northwards, or from bottom to top of the conventional section through the allochthon package, the degree of schistosity decreases, and the intensity of enderbitization, charnockitization and granitization increases. The predominating crystalline schists are plagioclase-garnet-clinopyroxene, locally with quartz, plagioclase-hypersthene, two-pyroxene, garnet-plagioclase, garnet-pyroxene-plagioclase and quartz-garnet-feldspathic varieties. A similar series of schists with amphibole is present. In addition to the mentioned varieties, rocks which are transitional in composition, and rare and exotic rock types are found. For example, pyroxenites (including olivine-garnet-spinel pyroxenites), garnet pyroxenites, eclogite-like rocks, eclogites, garnetites (up to 90% garnet), calcifyres, and silicites have been encountered. The rocks are thick- to thin- and linear-banded. The banding is caused by an alternation of rock types differing either in mineral composition or in quantitative ratio of minerals. The "section" is subdivided into units by the predominating rock types - two-pyroxene, plagioclase-garnet-clinopyroxene schists, etc. For example, in the southeastern part of the Lapland Granulite Belt, a "unit" of plagioclase/garnet-clinopyroxene schists (75-80%) contains quartz-garnet-pyroxene schists with plagioclasite interbeds (7-8%), along with quartz-garnet schists (4-5%) and pyroxenite (8-10%).


Granulites of intermediate composition are predominant in the upper parts of the conventional "section", being widespread mostly in the northern part of the Lapland Granulite Belt. The rocks are represented by diorite-gneisses and diaphthoric crystalline schists, which are commonly amphibolized and biotitized and, locally, intensively granitized. Relics of mineral parageneses of granulite metamorphism - orthopyroxene and high-magnesian garnet - occur sporadically. Banding in the granulites of intermediate composition is less contrasting and less prominent than in the granulites of basic composition.


On the basis of the study of petrochemical properties of the granulites, attempts have been made to establish their primary nature (Zhdanov, 1966; Krylova, 1983; Kozlov et al., 1990, etc.). The most interesting and alternative points of view are the following: (i) the granulites are either mantle and(or) lower-crustal masses intruded tectonically into the upper crustal levels; (ii) the granulite substrate is represented by supracrustal rocks (mostly volcanites) deformed and metamorphosed in the granulite facies. There are also other, compromise points of view: e.g. granulites are blastomylonites on a layered intrusion, or products of metamorphic differentiation of heterogeneous rocks. However, all of these lack unambiguous and convincing evidence.


The maximum possible age of the granulite substrate is constrained by the model age of the protolith for the granulites and the age of gabbro-anorthosite; it can be not much older than 2.5 Ga. The age of ultrablastomylonitization under conditions of amphibolite to granulite metamorphism facies is discrete and spans the time interval from 2.4 to 1.9 (possibly, less) Ga. This conclusion is confirmed by the data on the ages on metamorphic zircons from gabbro-anorthosite (Mitrofanov et al., 1993) and the recent data on the age of zircon from the Kandalaksha-Kolvitsa Granulite Belt (Bogdanova & Kaulina, in press).


Acid granulites form extensive fields in the northwestern part and stripes in the central part of the Lapland Granulite Belt, and a homogeneous field in the northeastern part of the Kandalaksha-Kolvitsa Granulite Belt (see Map). These rocks represent sillimanite-garnet-biotitic and garnet-biotitic gneisses with some interbeds of biotitic and cordierite-bearing gneisses, and garnet-quartz and hypersthene-(+/-sillimanite)-garnet-quartz rocks. The rocks have variable structures: from homogeneous and coarse-banded to thin- and graded-banded. These structures, the chemical composition (Fig.2.1), and the recent data on the REE content and oxygen isotopy (Avakian, 1992) suggest a sedimentary origin of the substrate for the acid granulites. In this case, it is still difficult to explain the origin of substrate sources, the age of which is constrained by the model age of the protolith (not older than 2.4 Ga) in the one hand, and by the age of the granulite metamorphism 1920±50 Ma (Avakian et al., 1990), in the other. A 2.4 Ga old terrigenous material can be present only in insignificant amounts, and the bulk of it should then have an age between 2.4 and 1.9 Ga. 


Micaceous, chlorite-amphibole and carbonaceous schists with amphibolite and quartzite units are located in a tectonic contact zone between the central part of the Imandra-Varzuga zone and the Tersky domain. Chlorite-micaceous, epidote-chlorite-micaceous and two-mica (locally with garnet) schists predominate. Blastomylonite, mylonite and kataclasite are common. These alternate with amphibole-bearing schists and amphibolites with epidote and, rarely, quartzite and carbonaceous schists. It is possible that these units contain rocks of Early Archean and Early Proterozoic ages. These rocks were previously distinguished as the Pikama Formation (Radchenko et al., 1994). 


A unit composed of two-mica and quartz-feldspathic schists, or Talya Formation (Radchenko et al., 1994), is distinguished in the southwestern part of the Southern Pechenga zone. It consists of graded-bedded micaceous, garnet-micaceous and two-mica schists with interlayers of quartzitic, amphibole-biotitic, chloritic, muscovitic and carbonaceous schists, quartzites, and, rarely, amphibolites. The rock structures, chemical composition and the range of rock associations indicate that the rocks have a sedimentary origin. Metavolcanic rocks of andesitic and rhyolite-dacitic composition have also been found among them. The age of the rocks is debatable; structural investigations suggest a Sumian age (Smolkin et al., 1995).

2.1.3. Stratified complexes


Upper Archean (Lopian) supracrustal rocks with a determined or inferred age of 2.8-2.6 Ga are assigned to stratified complexes. These form both small structural fragments and extensive areas; the rocks represent mostly gneiss, schist and amphibolite. Areas, bodies and sequences differing in the rock associations present and the predominance of one or two rock varieties can be distinguished (see Map). Methods of stratification are applicable to these complexes, for almost elsewhere the primary sedimentary-volcanic origin of the complexes has been established. The bottom/top of the section and primary relationships between parts of the section have been identified only in some cases. Therefore, lithostratigraphic division serves as a  basis for the subdivision and correlation of the section. The rocks were repeatedly metamorphosed and deformed; the first metamorphic event occurred in amphibolite facies and dates back to the Late Archean. Despite this, metasediments (graded-bedded and thin-banded pelite, gravelstone, monotonous and graded-bedded conglomerate, conglomerate-breccias) and volcanic rocks (tuff, lava-breccia, pillow-lava, amygdaloid basalt and andesite, spinifex komatiites) can be easily identified in some of the sections. The nature of the strongly schistosed rocks has been determined from indirect evidence: e.g. from chemical composition, a set of rock associations,etc.


The Late Archean age of the stratified complexes was determined by geological data and isotope datings. In some cases, it is still an open question, whether the rocks really belong to this stratigraphic level.


In the Keivy domain, various rocks of the Lopian stratified complex form extensive fields (see Map). These rocks show no direct stratigraphic relationships with the gneisses of the Kola-Belomorian complex; however, they are overlain by Lower Proterozoic rocks with a structural-metamorphic unconformity in the area of Serpovidny Ridge. The Lebyazhka Formation gneiss was affected by a 2.36 Ga old alkaline granite (Mitrofanov & Balashov, 1990b). On the basis of the recently obtained structural data, a conclusion has been made that the rocks of the Lebyazhka, Chervurt and Vykchurt Fms were transformed already at the early stage - i.e. at the final stage of the origination of the Pestsovaya Tundra Fm, but before the first metamorphic event in the Early Proterozoic (Batieva & Vinogradov, 1990). 


In the Kolmozero-Voronja zone, linear sublatitudinal bodies composed of gneiss and amphibolite do not have immediate stratigraphic contacts with the rocks of the Kola-Belomorian complex. The recent structural data from the Chokvara area (N.E.Kozlova, pers.comm.) suggest that the gneiss and amphibolite have a younger age than the Kola-Belomorian rocks. The most reliable isotope age dating is 2.7 Ga, obtained by the U-Pb method on zircon from gneiss and schist, and 2650±60 Ma, obtained by the isochron Rb-Sr method on samples of the same rocks (Ovchinnikova et al., 1985).


A band of supracrustal rocks (Uraguba Formation) has been identified in the contact zone between the Murmansk  unit and the Kola domain; it is discordant with respect to the structure of the Kola-Belomorian gneiss. In composition and structure, the section of this band is similar to that of the western part of the Kolmozer-Voronja zone, and also to type-sections of greenstone belts, and it is referred to as Upper Archean (Borisova et al., 1991). 


South of the Lapland Granulite Belt, and in the Lapland suture, rocks of the stratified complex are also possible to identify, although with different degrees of certainty. These rocks occur in geological bodies of various sizes. Different rocks associations have been grouped as the Korva, Voche-Lambina, Arvarench, Kisloguba and Pyalochnaya Formations (Radchenko et al., 1994). 


The Kisloguba Fm is cut by intrusions of the 2396 Ma old Imandra lopolith (Bayanova, 1992). These intrusions also cut rocks of Vite- and Kislaya-Bay in the western coast of Imandra Lake, similar in composition and structure to the lower member of the Arvarench Fm. The Arvarench Fm is overlain with a structural unconformity by rocks of the Early Proterozoic Kuksha Fm (Pozhilenko, 1990) interpreted as Sumian in age. This can testify to the Late Archean age of the Arvarench and, correspondingly, Kisloguba Fms as well as  rocks of Vite- and Kislaya-Bay. 


The age of rocks from the Voche-Lambina Fm does not exceed 2.76 Ga, as indicated by model Sm-Nd and Rb-Sr protolith ages; the earliest metamorphic event terminated 2530±30 Ma ago (Daly & Mitrofanov, 1990; Mitrofanov & Pozhilenko, 1991; Balashov et al., 1992). The Kaskama Fm located south of the Pechenga zone does not have any immediate stratigraphic contacts with the younger and older rocks. The contacts are strongly tectonized, and the near-contact rocks are strongly lineated and occur concordantly. The Late Archean age of the Kaskama Fm has not been, so far, confirmed by isotope dating.


The Korva (Korvatundra) Formation occurs along the southern boundary of the Lapland Granulite Belt and consists of gneisses (originally, acid volcanites and sediments), and amphibolites (volcanites). Part of the amphibolites, which border the Korva rocks from the south and the north, are referred to as Sumian (Early Proterozoic), similarly to  analogous rocks of the Kandalaksha-Kolvitsa Granulite Belt, where meta-andesite of the Kandalaksha Fm has an age of 2.47 Ga (Balagansky et al., 1995). Rocks of the Pyalochnaya Fm have not been dated; since from structural data they rest stratigraphically below the rocks of the Kisloguba Fm, their age is assumed to be Late Archean.


The Irinogora Fm composed of Lopian rocks that are younger than the rocks of the Kola-Belomorian complex had been previously distinguished in the Chupino segment of the Belomorian domain. Structural data are in agreement with this. Lopian rocks (Yona Fm) younger than the rocks of the Kola-Belomorian complex have been identified in the Yona segment (Pozhilenko, 1987). A concordant U-Pb age on zircon from biotite-amphibole gneiss (volcanite) - 2778±4 Ma (Pozhilenko et al., in press) - is almost equal to the Sm-Nd model protolith age for these gneisses - 2765 Ma (Timmerman & Daly, 1995), and corresponds to the age of volcanism. A structural-metamorphic unconformity is present between the Yona complex and the Kola-Belomorian complex.


In the Tersky domain, the stratified complexes occur in extensive areas and are distinguished as Peschanoozerskaya, Babozerskaya and Pyalochnaya Fms (Radchenko et al., 1994). No immediate contacts between the former two and older rocks have been found. The Pyalochnaya Fm forms narrow synforms of inter-block and inter-dome structures, and the core parts of these synforms are composed of rocks of the Bezymyannaya Fm (Radchenko et al., 1994). The position of a band composed of rocks of the Vysokaya Zemlya Fm is unclear. Judging from the analysis of the structural plan of the Tersky domain, it is supposed that this formation constitutes upper levels of the stratified complex. The Rb-Sr system was closed 2550±83 Ma ago in biotite-amphibole gneisses (andesite-dacite) from this complex, which have a Rb-Sr model protolith age 2768 Ma (Balashov et al., 1992). 


Admittedly, the lithostratigraphic features remain the main reference features that allow us to assign rocks of different structures to the Late Archean stratified complex and correlate them. In contrast to the lower non-stratified complex, this complex consists of almost unequivocally determined bedded sequences having sedimentary and volcanic origin. At the same time, the type of the structure of cross-sections in this complex - alternation and combination of paragenetic rocks associations - is not repeated and has no analogues among Lower Proterozoic sections. In the most complete summary sections, terrigenous sequences in the base are followed by thick sequences of volcanic rocks belonging mostly to tholeiite-basalt or komatiite-basalt series and at the same time characterized by bimodal or multimodal volcanism. From bottom to top of the sections, the amount of acid volcanics increases, and terrigenous-sedimentary, strongly differentiated rocks terminate the sections.


The above succession and at most four-member structure (e.g. Keivy) have been established from the study of individual and composite sections of this complex. Certain parts or units of the sections exhibit similarities and distinctions, which determine type of the entire section or its part (Radchenko et al., 1992). Some parts can be missing in certain sections. Such a situation can be caused by either the way the structural zones developed, or the level of erosion, or later tectonic processes. The main features and peculiarities of the structure and composition of units and parts of composite sections through major structures of the Kola region can be examined more easily on a lithostratigraphic correlation scheme (Fig.2.2).


The first  (lowermost) part of the section is predominantly meta-terrigenous. This part has been found in the Keivy domain (Kolovay and Kinemur Fms) and in the Tersky domain (Babozerskaya and Peschanoozerskaya Fms). In the Keivy domain, these are biotitic, two-mica and biotite-amphibole gneisses with conglomerate and volcanic lenses. In the Tersky domain, the section is dominated by micaceous gneisses, locally with garnet, kyanite and staurolite, and contains interlayers of amphibole-biotitic gneisses, quartzite, amphibolite and a lens of conglomerate-like rocks. This part of the section greatly varies laterally and vertically; it is terminated by graded-bedded two-mica and garnet-two-mica schists.


The overlying (second) part has been observed in all the sections, except for the Korva Fm (Fig.2.2). In some localities of the Keivy domain, a structural unconformity with the underlying rocks is suggested. This part is composed mostly of amphibolites and epidote-amphibole, epidote-chlorite and sericite gneisses and schists (originally, volcanic rocks of basic, intermediate and, more rarely, acid composition); these rocks commonly bear structural features of explosive or pyroclastic origin. The volcanic rocks of basic composition constitute the bulk of the section. Komatiites and garnet-biotitic gneisses (psammite, gravelstone and conglomerate), conglomerate-breccia, iron quartzite, ferruginous schists, and carbonate rocks are less abundant.


By the structure of this part of the section, three types of sections can be tentatively distinguished. The first, Kolmozero, type is composed of komatiites, tholeiite-basaltic and other rocks types common for Late Archean greenstone belts (Mirskaya, 1978; Belolipetsky et al., 1980; Vrevsky, 1983; Smolkin, 1992). Its generalized sketch is illustrated in Fig.2.2. The second, Keivy, type is characterized by subordinate volcanic associations of basalts and andesite-basalts and the predominant terrigenous rocks. The Keivy section shares much in common with the Tersky section; the latter contains much more volcanic rocks of basic composition. The third, Yona, type differs from the first type in the absence of ferruginous, carbonaceous and meta-terrigenous rocks, and the presence of a significant volume of basic and intermediate volcanites. Rocks of the Yona section occur in the Yona synform (Yona greenstone belt) and in fragments of smaller structures in the northwestern part of the Belomorian domain. A distinctive feature of this section is the alternating of compositionally different rocks - fine- and coarse-banded garnet amphibolites (tholeiitic basalt and its pyroclastic analogues) with biotite-amphibole and amphibole gneisses (rhyolite-dacite and andesite). The amphibolites include tabular or lens-like bodies of meta-ultrabasic rocks which in 
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Fig.2.2. Summary stratigraphic sections of Upper Archean stratified complexes (based on data obtained by PGO “Sevzapgeologiya” and Geological Institute KSC RAS); Areas: 1 - Keivy, 2 - Kolmozero Lake, 3 - Uraguba, 4 - Kaskama Mountain, 5 - Korva Mountain, 6 - Arvarench Mountain, 7 - Voche-Lambina Lake, 8 - Yona, 9 - Kovdozero, 10 - Tersky.


1-5 - orthoamphibolite and orthogneiss, originally represented by: 1 - komatiite and picrite with relics of primary structures (a) and without the relics (b); 2 - basalt (a) and tuff (b) with relics of primary structures (a,b) and without (c); 3 - andesitebasalt (a) and tuff (b) with relics of primary structures (a,b) and without (c); 4 - andesite (a) and tuff (b) with relics of primary structures (a,b) and without (c); 5 - rhyolite-dacite and rhyolite (a) and tuff (b) with relics of primary structures (a,b) and without (c); 


6-18 - paragneiss: 6 - biotitic, 7 - two-mica, 8 - quartz-micaceous, 9 - garnet, 10 - staurolitic, 11 - kyanitic, 12 - kyanite-carbonaceous, 13 - carbonate rocks (dolomite, etc.), 14 - limy sandstone, 15 - quartzite, conglomerate and conglomerate-breccia, 17 - ferruginous schist, 18 - ferruginous quartzite. 19 - correlation line. 


Wavy line indicates unconformity. Thin bodies are shown out of scale.   

chemical composition correspond to pyroxenite and peridotite komatiites (Pozhilenko, 1987a, 1987b). Kaskama and Kovdozero sections share much in common with the Yona section. The Kas​kama sections differs from Yona in the absence of komatiites, and the Kovdozero section differs in the absence of komatiites and the presence of pelitic meta-terrigenous rocks. The Arvarench section (Pyalochnaya Fm) is similar to that in the area of Vite- and Kislaya-Bay of Imandra Lake; it is also similar to the Tersky type of the section in having a paragenetic assemblage of lithotypes: basalt, andesitebasalt, andesite, carbonate rocks, sandstone, quartzite. However, the Arvarench section contains more andesitebasalt and andesite, which makes it similar to the Kaskama section. 


The third part of the sections (from bottom to top) is distributed regionally. Rocks of this part in some cases overlie with an unconformity the subjacent rocks (Fig.2.2). This part is repre​sented mainly by biotitic, locally with garnet, kyanite or staurolite, biotite-amphibole and amphibole gneisses, biotite-albitic, sericite-, chlorite- or epidote-bearing schists formed on sedimentary and volcanic rocks of andesite-dacite, dacite, rhyolite-dacite and dacite-liparite series in the orogenic stage of the region development (Radchenko et al., 1992). Relict structures are characterized by variable state of preservation, being best preserved in the rocks of the Kolmozero, Keivy, Voche-Lambina and especially Arvarench sections. These sections contain albitophyre, keratophyre, quartz and ignimbrite porphyries, lithoclastic, agglomerate, boulder and pisolite tuffs, amygdaloid dacite, etc. Among metasedimentary rocks, there is easily identifiable dolomitic limestone, carbonate shale, sandstone, quartzite and conglomerate-breccia, and lenses of olistostrome type in the Arvarench section, etc. 


A number of features common for all individual and composite sections can be distinguished in the structure of the third part of the section. These are (i) absolute predominance of acid volcanic rocks which contain lenses and interbeds of intermediate and basic volcanic rocks (amphibole gneiss, plagio-amphibolite and garnet amphibolite) combined with terrigenous coarse-detrital rocks; (ii) an increase (from bottom to top) in the amount of terrigenous, particularly psammitic (up to flyshoids in the Korva, Kovdozero and Tersky sections) and terrigenous-chemogenic rocks; (iii) considerable variation in thickness (laterally) and composition (laterally and vertically); (iv) different ratios of pyroclastic and explosive rocks in the sections. The most striking features of the Keivy section are a considerable thickness of this part in the section, and a great amount of hastingsitic and microcline-bearing gneisses in some localities of the Lebyazhka Fm. It is not improbable that these rocks are products of alkaline metasomatism of the Lebyazhka gneisses (Belolipetsky et al., 1980), although they could also reflect lateral inhomogeneity in the composition of the Lebyazhka Fm. The Voche-Lambina section differs significantly from all the other sections. This section is of mixed type: volcanic-sedimentary. Basic volcanites are minor; andesite and rhyolite-dacite are more abundant. Conglomerate-breccias and graywackes contain a great amount of pyroclasts (Mitrofanov & Pozhilenko,1991). 


The forth, and the uppermost part of the Late Archean stratified sections is found only in the Keivy domain and in the Kolmozero-Voronja greenstone belt (Bel’kov, 1963; Kharitonov, 1966; Mirskaya, 1975; Belolipetsky et al., 1980). The rocks of this part overlie unconformably the subja​cent gneisses of the Lebyazhinskaya and Voron’ya Tundra Fms. Locally, these rocks rest on crusts of weathering. This part of the section is represented by metasedimentary, highly mature and strongly differentiated rocks, which were formed in the Late Archean in the proto-platform stage of the region development (Radchenko et al., 1992; etc.). The predominating rocks are biotitic, garnet-biotitic (with muscovite, staurolite or chlorite), biotite-kyanitic, kyanitic, carbonaceous, staurolite-kyanitic, staurolitic gneisses and schists (pelite), muscovite-quartz paragneisses (sandstone and quartz sandstone), quartzite, limy sandstone, marl, and dolomite with well-preserved relics of sedi​mentary structures. These rocks are united into the Chervurt, Vykchurt and Pestsovaya Tundra Fms (Radchenko et al., 1994). 


The proposed version of a lithostratigraphic correlation of composite stratigraphic sections and their parts is naturally rather tentative. However, it has the right to exist at least until the neces​sary amount of isotope datings allows us to perform a chronostratigraphic correlation. In the pres​ent case, the lithostratigraphic principle of correlation is based, to some extent, on the data about geological interrelations between sequences and formations, and isotope ages of some of the rocks. And yet, the foundation of this is the assumption that greenstone belts in different structural zones developed synchronously, and the orogenic and protoplatform stages in the Late Archean on the Kola region were synchronous.

2.2. Intrusive complexes


Granitoid magmatism was very active in the northeastern Baltic Shield in the Late Archean. At first, it was related to the formation of primarily crustal granitoids only due to juvenile matter. Then, with the evolution of greenstone belts and the formation of Lopian stratified complexes, basic-ultrabasic metamorphism, along with the granulite one, became more widespread and diverse. These magmatites were formed not only from juvenile material, but also due to contaminated crustal material, and the influence of the latter increased progressively. This is supported by model Sm-Nd and Rb-Sr dating of protoliths (Timmerman & Daly, 1995; et al.).The models of magmatism in the region and the nomenclature and petrochemistry of mag​matic rocks have been published in numerous monographs (Batieva et al., 1985; Batieva & Vi​nogradov, 1991; Radchenko et al., 1994; etc.). Dyke complexes and small basic-ultrabasic intrusions of the Allarechenksy and Kaskama terrains are not discussed here, and these structures are not shown on the Map. Norite, gabbronorite and websterite of the Lapland Granulite Belt, and gabbro-amphibolite and ultrabasite of unknown age and genesis in the Tersky domain are not dis​cussed here either.


The earliest magmatitic rocks are diorite, granodiorite, tonalite and plagiogranite. These occu​py extensive areas in the Murmansk unit and the Kola domain, where they form intrusions of different sizes. In the Keivy domain, the Tersky and the Belomorian domains, they occur as exten​sive migmatite fields (see Map). The intrusions contain numerous inclusions of rocks of different composition.


An enderbite complex (Kanentjavr, Lumbovsky, Vezhetundra) is most widespread in the Murmansk unit and the Kola domain. The complex comprises a wide range of rocks - from quartz diorite and tonalite to plagiogranite. These rocks, as well as the granitoids of the earlier complex, belong to low- and normal-alkaline rocks (Na prevails over K). The intrusions are located mainly in the cores of dome-like structures. They underwent migmatization and microclinization and contain  numerous intrusions of gneiss, migmatite and basite. The age of the rocks varies from 2807±9 Ma (Balashov et al., 1992; Daly & Mitrofanov, 1990) to 2830±70 Ma (Bibikova, 1989). Model Sm-Nd and Rb-Sr ages for their protoliths fall within 2.8-2.9 Ga (Timmerman & Daly,1995; et al.).


Intrusions of diorite, granodiorite and plagiogranite (Kolmozero, Litsinsky, Ust'-Ponoy, etc.) are located in the contact zone between the Murmansk unit and the Kola domain. The rocks belong to the high-Na series with a decreased alkalinity and are saturated with iron group elements. These rocks were affected by palingenetic-metasomatic granites. The age of the rocks is 2745±35 Ma (Pushkarev, 1990). 


A complex of enderbite, granodiorite and monzodiorite has been found in the Murmansk unit and the Kola domain (Teribersky, Chudzjavr, etc.); it occurs in the form of relict bodies among the fields of palingenetic-metasomatic granites. Larger intrusions have a multiphase structure: the earlier phases are composed of hypersthene quartz diorite, and the later phases - granodiorite and leucogranite. The rocks are commonly affected by palingenetic-metasomatic granites. The age of formation of the rocks falls within the interval of 2720 to 2657 Ma (Balashov et al., 1992).


A complex of leucocratic granite and granodiorite (Voronja, Varzinski, Lakhtinsky and other intrusions) occupies about 20% of the Murmansk unit area. The rocks belong to the plagio​microcline granitoid Na-K series. The time of their formation is estimated at 2735-2610 Ma ago (Batieva & Vinogradov, 1992).


Large gabbro and gabbro-anorthosite intrusions (Tsaginsky, Achinsky, Medvezhjeozero, Pachinsky and Pogerjavr) are also of a Late Archean age. These rocks are characterized by high contents of iron, alumina, alkalies and titanium. In addition, some intrusions contain ilmenite-tita​nomagnetite mineralization. The age on zircon from gabbro-anorthosite is 2610±12 Ma (Mitrofanov et al., 1993). Monzodiorite, monzonite and syenite are associated spatially and geneti​cally with the gabbro-anorthosite.


The Late Archean intrusive magmatism is terminated by subalkaline granites of Jokanga and Verkhneponoi intrusions. These occur as cutting tabular bodies composed of lepidomelane-fer​rohastingsite granites, monzonites and granodiorites compositionally similar to rapakivi granite. At present, no reliable age datings for these intrusions are available. 

3. EARLY PROTEROZOIC
3.1. General geology


In the course of the Early Proterozoic time (2.5-1.65 Ga), within-plate continental rifting resulted in the formation of marine basins and volcanic arcs (Polmak, Pasvik, Pechenga, Keulik-Kenirim, Imandra-Varzuga and Ust'-Ponoy), which are composed of sedimentary-volcanic rocks of the Karelia Supergroup. The total thickness of the cross-sections reaches 11.5 km. Depressions had a trough- and graben-like asymmetric forms. The asymmetric character is manifested in an increase of the compound section from north to south, a monoclinal structure of northern flanks and strongly deformed patterns of southern flanks, and a zoned type of regional metamorphism (prehnite-pumpellyite facies in the center, and amphibolite facies in the periphery). Moreover, the structures of the areas bordering the block in the north and south are different.  Layered basic-ultrabasic intrusions and widespread dyke swarms of different ages and composition occur in the area outside the northern limits of the block, whereas dome-shaped granite diapires exposed due to erosion are found beyond the block's southern limits. 


The depressions and arcs originated at different times in the interval 2.50-2.35 Ga, nevertheless they share a lot of common features in the structure of their sections, succession of formation of volcanic and intrusive series, and contain similar mineral deposits. For this reason, they are combined in a single belt, known as Pechenga-Varzuga, which extends intermittently for over 700 km from the White Sea shelf to the Caledonides of Northern Norway. The distribution of basins and volcanic arcs, and their subsequent tectonic activity was determined to a great extent by the heterogeneous character of the structure of Archean basement. This is revealed in the fact that the general northwestward strike of the rocks is preserved, the depressions and arcs formed predominantly at the site of long-lived deep faults and Archean greenstone belts, and other features. 


During the Karelian orogeny the rocks of the Karelia Supergroup were affected by faulting and folding of various intensity, and experienced metamorphic alterations. Later, during the Late Proterozoic and the Early Paleozoic time, an intense erosion and a partial transgression of the sea resulted in the formation of a cover, fragments of which are preserved on the Tersky coast, and in the Sredny and Rybachy Peninsulas.


At the boundary between the Belomorian and the Kola domains, the Lapland granulite belt is located, which extends intermittently from the Kandalaksha basin through Lapland Finland to Northern Norway. It is most likely, that this belt is a tectonic outlier of a deep-metamorphosed lower crust, raised at an upper level in the course of the Karelian orogeny. Therefore, two new extensive NW-trending belts appeared in the Early Proterozoic time: Pechenga-Varzuga and Lapland. They underwent different histories of evolution,  have different geneses of rocks and  different ore specialization. At the same time, the Archean basement experienced intensive tectonic and metamorphic reworking. 

3.2. Lithostratigraphic subdivision


The concept regarding the total volume of rocks belonging to the Karelia Supergroup and division of its sections has changed several times in the course of investigation of the Proterozoic Karelian-Kola rocks. This was caused not only by the acquisition of new lithological, stratigraphical and geochro​nological data on the Karelides, but also by the change in geological paradigms. Until the 70-s, a geosyncline model of development held sway. According to this model, Proterozoic rocks formed during a single cycle of geological evolution from the origination of the Karelian geosyncline to its closure and a complete transformation to a platform. This model was pursued consistently by K.O.Krats (1963) and his followers. The Proterozoic rocks in this model were divided into three units: Lower (Loppi and Sumi), Middle (Sariola, Jatuli and Suisarian) and Upper (Iotnian).  In subsequent years, an idea about a rift-type of the Karelide zone began to be elaborated in an active way. This idea was first proposed by E.E.Milanovsky (1976, 1983) and most fully presented in monographs (Radchenko et al., 1992; Smolkin et al., 1993). According to this idea, the Karelide zones originated on the Archean (Saami-Loppi) basement and represent within-plate rift belts, which form rift systems. The variable activity of (i) endogenic processes led to the formation of volcanic-sedimentary basins, such as the Onega trough in Karelia, (ii) extensive graben-shaped belts with different magmatic activity and a great role of spreading processes, although the continental crust remained preserved in the basement (Imandra-Varzuga belt), and, finally, (iii) belts with a newly-formed oceanic crust, which was strongly granitized during the Svekofennian stage of the Karelian orogeny (Central Finland, Iormua, Outokumpu regions).


At present, the composite section of the Karelia Supergroup rocks in Karelia and the Kola Peninsula is subdivided into the following groups: Sumi, Sariola, Jatuli, Ludia, Kaleva and Vepsian (Semikhatov et al., 1991). Their stratotype sections are located in Karelia, whereas on the Kola Peninsula their analogues occur. The sections have been frequently correlated (Sokolov et al., 1976; Semikhatov, 1979; Semikhatov et al., 1991), using such stratigraphic references as changes in climatic conditions and paleosalinity of the basins, the presence of algae beds, area crust of weathering and regional structural unconformities,  volcanic series composition and geochronological data.


In the Pechenga-Varzuga belt, three major structural levels are distinguished apart from the basement. They are separated by regional unconformities and are composed of sedimentary-volcanic rocks of different composition and ages: Sumi, Sariola, Jatuli, Ludia and Kaleva (Zagorodny & Radchenko, 1988; Radchenko et al., 1992; Smolkin et al., 1995a). The lower structural level (4.5-5.0 km) is represented mostly by volcanic associations of intracratonic linear Sumi zones, which occur with an angular and structural unconformity on the Archean basement. It is most completely exposed by erosion in the eastern flank of the Imandra-Varzuga zone, and in the northern part of the zone. The overlying, and the thickest (7-8 km) level is found elsewhere. It is composed of volcanic and sedimentary rocks of  inherited and superimposed troughs. In the base of this level, there are crusts of weathering and basal conglomerates, which overlie the Archean basement (Pechenga) or Sumi rocks (in the center and the western flank of Imandra-Varzuga). This level is constituted by Sariola, Jatuli and Ludia rocks, the sections of which are most complete in the Northern Pechenga zone and in the center of the Imandra-Varzuga zone. Reduced sections are known in the Pasvik, Ust'-Ponoy and Serpovidny Ridge (Keivy) areas. The uppermost level (3-5 km) is composed of volcanic rocks and schists of superimposed near-fault troughs. This section is most complete in the Southern Pechenga zone, and fragments of it occur in the center of the Imandra-Varzuga zone (Panarechensky region). Table 3.1 shows a stratigraphic scheme of the Pechenga region, compiled on the basis of a recent reconnaissance geological survey (at a scale of 1:50,000) and research studies. Fig.3.1 illustrates summarized stratigraphic sections of Early Proterozoic rocks of the entire Pechenga-Varzuga belt.

	[image: image13.jpg]Table 3.1.  Lithostratigraphy of the Pechenga area
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Fig.3.1. A stratigraphic correlation scheme for the rocks of the Karelia Supergroup from the Pechenga-Varzuga belt (Kola region). From Smolkin et al. (1995a).


1 - Archean basement; 2 - crusts of weathering; 3 - conglomerate and tuffaceous conglomerate; 4 - graywacke and quartzite; 5 - psammite-silt shale; 6 - limestone and dolomite; 7 - ferropicrite (a), and picrite (b); 8 - low-titanium (a) and high-titanium (b) picrite-basalts; 9 - tholeiitic basalt; 10 - trachybasalt; 11 - andesite-basalt; 12 - trachyandesite-basalt; 13 - dacite; 14 - rhyolite; 15 - structural unconformities; 16 - stratigraphic boundaries; 17 - correlation boundaries. 

Sumi. Stratotypes of the Sumi Group are located in the northern and eastern parts of the Imandra-Varzuga zone, where they are represented by the Purnach, Kuksha and Seidorechka Fms (Fig.3.1, 3.2.). The lowermost parts of their sections consist of sedimentary terrigenous rocks, and the upper parts - predominantly of volcanic rocks (Zagorodny et al., 1982; Fedotov, 1985; Predovsky et al., 1987).


The Purnach Fm has tectonic contacts with the underlying rocks and this can be traced in the form of a band occurring along the northern boundary of the eastern part of the zone. The length of the band is 135 km, the maximum thickness being 4 km in the upper reaches of the Strelna river. At the base of the Purnach Fm,  a lens-shaped basal terrigenous sequence occurs. It has a regressive section, which begins with psammites - products of redeposition of deep chemical weathering crusts, and terminates with polymictic conglomerate. Typically, the psammites have increased alkali (up to 7.5%) and carbonate (up to 20%) contents. The upper volcanic sequence consists of amphibolites, among which fine- and medium-grained, massive and amygdaloid lavas and subvolcanic bodies of basic composition are recognized. These rocks alternate with four 100 to 200 m thick beds of carbonate-bearing psammite. A total thickness of this sequence reaches 1500 m in the basin of the Strelna river. A combination of horizontal and variously-directed cross-bedding structures in the sediments suggests shallow-water conditions of sedimentation. The material was transported predominantly from the north, from the areas of abundant plagiogranites and biotite and biotite-muscovite gneisses, which are compatible to the rocks of the Archean Lebyazhka Fm. 


The Kuksha Fm occurs on the entire Imandra-Varzuga zone. In the northern flank of the zone, this formation transgressively overlies the Purnach Fm, and in the south it rests on the Archean gneiss and contains polymictic conglomerate at the base. The conglomerate is interlayered with arkose and gravelstone and overlain with carbonate-cemented arkose, and tuffite. Conglomerates and conglomerate-breccias in the Monchegorsk region overlie the hydromica crust of weathering; the latter occurs on the granodiorite, and on amphibolized gabbronorites of the Mt.Vyruchuavench foothills, which are correlated with the rocks of the layered Moncha intrusion (2500 Ma). The distribution of facies and thicknesses of sedimentary units was, to a great extent, determined by synsedimentary faults. The overlying volcanics form a narrow band of amphibolites, among which lavas and subvolcanic rocks can be distinguished. Their thickness varies from 1200 m, in the area of the Kuksha river, to 300 m in the flanks. From chemical composition, the amphibolites of the Purnach and Kuksha Fms are similar, being low-potassium tholeiitic basalts with a poorly manifested differentiation. 


The Seidorechka Fm conformably overlies the Kuksha Fm volcanics, having sharp contacts with them.  Its lowermost part is composed of mature sedimentary rocks - quartzite, sericitic and feldspathic quartzites, montmorillonite-hydromicaceous and hydromicaceous pelite schists,  with a locally increased organic carbon content. Together with tuffs, these rocks form several members.  From structural evidence, delta, flow and coastal-dune facies are distinguished. Volcanic rocks of this formation are exposed as a continuous band extending for up to 300 km, their thickness being 2800 m. The total thickness of the formation is divided into three parts by thin lensed beds of volcanomictic sandstone and gravelstone, and conglomerates. These parts differ in the composition of volcanic rocks.
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	Fig.3.2. Geological sketch map of the Imandra-Varzuga zone. From Zagorodny et al. (1982) and Smolkin (1992). 


1 - nepheline syenite, Khibina pluton; 2 - leucocratic granite; 3 - basalt, andesite, rhyolite, and 4 - schist of the Saminga and Panarechka Fms; 5 - serpentinite, peridotite, pyroxenite and gabbro from gabbro-wehrlite, gabbro-pyroxenite and peridotite-pyroxenite complexes; 6 - basalt and 7 - tholeiitic basalt and ferropicrite of the Mittrijarvi Fm; 8 - shale, sandstone, conglomerate, limestone and dolomite of different formations; 9 - andesite-basalt of the Ilmozero Fm; 10 - picrite-basalt, trachybasalt, trachyandesite-basalt of the Umba Fm; 11 - picrite-basalt and andesite-basalt of the Polisarka Fm; 12 - alkaline granite; 13 - olivinite, harzburgite, norite and gabbronorite from peridotite-pyroxenite-gabbronorite complexes; 14 - picrite-basalt, andesite-basalt and rhyolite of the Seidorechka Fm; 15 - amphibolite and basalt of the Kuksha and Purnach Fms; 16 - gneiss, schist, amphibolite, granite and migmatite of the Archean basement; 17 - faults; 18 - thrusts; 19 - geological boundaries.




The lower part is composed of picrite-basalts and andesite-basalts, having a maximum thickness of 800 m; the middle part is represented by up to 1500 m thick andesite-basalt and andesite-dacite, and the upper - by rhyodacite. The rhyodacite has a variable thickness: from a few tens of meters to 1000 m. Granophyries (imandrites) in the northern flank (2424 Ma) and lepidomelane granite in the southern flank are spatially associated with the ryhodacite. 


The dominating types of volcanic rocks are andesite-basalt (75%), picrite-basalt (15%) and rhyodacite (10%), which form a single petrochemical series with a normal alkalinity and a decreased TiO2 content (0.5-1.0%). The volcanic rocks occur in thick sheets; pyroclastic facies, which are confined to the base, are scarce. The eruptions were, apparently, of a shallow nature. In the lower part of the sections through the Seidorechka Fm, and in the underlying rocks,  there occur sheet-like and, more rarely, cutting bodies of amphibolized pyroxenite and gabbroid of the Kuksha subvolcanic complex. In chemical composition, these are similar to picrite-basalts, being comagmatic with them. 


East of the Pechenga area, on the Keulik, Kenirim and Podvyd highs,  inhomogeneous schist amphibolites with rare interbeds of gneiss and carbonate schists, which are cut by thin intrusions of serpentine-amphibolized peridotite, occur.  Chemically, these are similar to the Purnach and Kuksha amphibolites, which suggests that they may have a Sumi age (Smolkin, 1992). 


The sedimentary-volcanic rocks of the Sumi part of the Imandra-Varzuga zone and the schistose part of Bolshy Keivy have been correlated by a number of researchers, as synchronous sediments of different facies (Negrutsa, 1984, Predovsky et al., 1987). Such a correlation would appear to lack sufficient grounds at the present time.


Sariola. Rocks of the Sariola group are widespread over the entire Pechenga-Varzuga belt,  and occur with a conspicuous structural unconformity on the Archean basement or Sumi volcanic rocks. The unconformity is marked with crusts of weathering and conglomerates. Two types of sections have been distinguished: Pechenga and Varzuga (Zagorodny et al., 1982; Predovsky et al., 1987; Radchenko et al., 1992; Smolkin et al., 1995a, 1995b).


The Sariola group of the Pechenga section type is represented by the sedimentary Televi and the volcanic Majarvi Fms (Fig.3.3, Table 3.1). The Televi Fm extends along the northern boundary of the Northern Pechenga zone and rests on sialic rocks of the Archean basement. Its sections are composed of polymictic conglomerate, graywacke gravelstone and psammite, which form several transgressive rhythms. The total thickness of the formation varies from 1600 m (in the center) to 100-200 m (on the flanks).  Fragments are composed predominantly of plagiogranite, granodiorite and granite-gneiss, and in the Luostari area - gabbronorite, which is identical to the rocks of the layered Mt.Generalskaya intrusion dated at 2453+-42 Ma (Balashov et al., 1993). Among conglomerates, there are boulders of supposedly glacial origin. In the Pasvik zone of Northern Norway, at the base of basal conglomerate of the Neverskrukk Fm, coarse and fine gravel of granite composition occurs (Melezhik et al., 1994).  The following facies are distinguished from the structure of the sections: channel, delta and sea-coast facies. The sediments were formed in conditions of transgression of the basin, and the main provenance area was located in the north and formed due to physical weathering of the Archean basement. Lithological studies have shown that the origination of the Pechenga paleobasin took place on the continental-type crust. 


The base of the overlying Majarvi Fm consists of tuff interbeds and thin sheets of low-titanium basalt and picrite-basalt, whereas the bulk of the section of this formation is composed of lava flows of massive and amygdaloid andesite-basalts, more rarely andesites and andesite-dacites, which are 0,5 to 15-25 m thick. Their total thickness ranges from 800 to 2000 m. In the area outside the northern limits of the Northern Pechenga zone, there are abundant NW-trending andesite-basalt dykes. Volcanic rocks and dykes formed in conditions of an extensive volcanic plateau. Judging from the sporadic appearance of pillow lavas, the eruptions in some cases occurred under the water. The age of formation of andesite-basalt and dacite from the Salmijarvi-Kuetsjarvi area and comagmatic dykes of the Acha river (Keivy) is 2324-2314 Ma (Smolkin et al., 1995). On the basis of these data, it is possible to estimate the time of erosion of the layered intrusions and the Archean basement, and the time of formation of the basal terrigenous Televi Fm - not less than 120 Ma. 


The Varzuga type of the section is observed in the central and western parts of the Imandra-Varzuga zone, and it is represented by the Polisarka Fm (Figs.3.1 & 3.2). Its lower part is composed of polymictic poorly-sorted conglomerate, locally with volcanic bombs, and pelites, silty pelite, silty psammite, transformed to chlorite-mica schists, with the total thickness of 50 to 100 m. In rare localities, there is a 60-70 m thick picrite-basal flow in the central part of the section. The composition of the sediments is significantly affected by the composition of the subjacent rocks, and also by tuffogenic admixture resulting from synchronous volcanism. The upper 300-600 m thick part of the section consists of interlayered picrite-basalt (80%), andesite-basalt and basalt (20%), which form beds and lenses of pillow and, more rarely, massive lavas, lavabreccia and breccia, and tuffs. From SiO2 content, the volcanic rocks are grouped to a normal-alkalinity differentiated petrochemical series depleted in TiO2; however,  from MgO content, two distinct maximums are distinguished, 12-15% and 4-6%, which correspond to picrite-basalt and andesite-basalt. The picrite-basalt is transformed into chlorite-tremolite-actinolite schists, which, in part, preserve relics of olivine-spinifex, clinopyroxene-porphyry, composed-fan, variolated and other magmatic textures. The picrite-basalt is characterized by an increased SiO2 content. Similar rocks, called komatiite or komatiite basalt, are well known in other areas of the Baltic Shield: in the Vetreny Poyas of Eastern Karelia, the Pana-Kuolajarvi Belt of Northern Karelia, and the Kittela Belt of Northern Finland (Bogatikov et al., 1988). They differ from Archean komatiites and chondrite in the increased LREE content (5-10-fold enrichment relative to chondrite), negative Ta and positive Zr anomalies, decreased Al2O3/TiO2 and Ni/Co rations, and the negative (Nd= (1.7 (Smolkin, 1992). 


Lower Jatuli. At the boundary between Sariola and Lower Jatuli, the composition of volcanic series changed abruptly, alkaline rocks were formed; the climate changed, humid conditions were replaced by arid conditions, and the composition of the atmosphere and sea water changed. This is reflected in the carbon isotope composition and the appearance of first stromatolites (Zagorodny et al., 1982, Predovsky et al., 1987; Karhu, 1993; Semikhatov & Raaben, 1994; Smolkin et al., 1995a). These changes are of a global character, since they have been observed in the entire Baltic shield. 


Lower Jatuli rocks of different parts of the Imandra-Varszuga rocks can be easily corre​lated, which permits us to consider them as a stratigraphic reference. The lower parts of these rocks are represented by carbonate-silica-terrigenous sediments of the Kuvernerinjoki Fm of the Northern Pechenga zone and the Lower-Umba Fm of the Imandra-Varzuga zone. Their thickness ranges from 600 to 400 m. Characteristic features of the Lower Jatuli sediments are a great diversity of lithological types and composition, red color, the presence of high-potassium and differentiated quartz-terrigenous rocks and, in some cases, phosphorus-bearing dolomite and sandstone, a consid​erable amount of pyroclastic admixture, and, finally, a combination of horizontal, cross- and wave-bedding. Sedimentation took place in shallow-water, island, small-sized marine basins in conditions of a weak bottom current and a fairly strong influence of volcanic and post-volcanic processes. Shallow-water, sea-coast and continental flow facies are distinguished; the largest depths are sug​gested for the Imandra-Varzuga, and the most shallow depths - for the Pechenga basins (Predovsky et al., 1987).


The upper part of the Kuvernerinjoki Fm contains sandy, oncolitic and stromatolitic dolomites with relics of stromatolites, similar to Sundia butin  from Jatuli sediments of Central Karelia (Lyubtsov, 1979; Semikhatov & Raaben, 1994). The lower Jatuli carbonates are characterized by an extremely heavy composition of carbon ( ( C13 from +4 to +8%) (Karhu, 1993).


The Lower Jatuli sedimentary rocks are overlain conformably by volcanic rocks, which compose the Pirttijarvi and Orshojarvi formations of the Northern Pechenga zone (Figs.3.2 & 3.3). They are exposed in the central part of the zones, and their maximum thickness reaches 200 m. The composition of the Lower Jatuli volcanic rocks is very diverse, and this reflects the changes in the composition of deep sources (Zagorodny et al., 1982; Predovsky et al., 1974, 1987; Smolkin et al., 1995b). Within the Northern Pechenga zone, the lower part of the section (Pirttijarvi Fm) is composed of picrite-basalt and tuffs (5%), trachybasalt (30%), trachyandesite-basalt (25%), and trachytes and dacites, which form a homodrome succession. The upper part of the section (Orshoaivi Fm) is dominated by thick basalt flows (35%), and contains dacite bodies, tuff interbeds and bomb beds. The base of the section consists of tuffaceous conglomerate. In the cross-section of the Umba Fm, four groups of flows may be distinguished, composed of picrite-basalt (13%), trachybasalt (72%) and trachyandesite-basalt (15%). Along with the flows, lavabreccias and tuffs are common. In the lower part of the section, there is a subvolcanic tabular body composed of serpentinized wehrlite (at the bottom) and amphibolized gabbro (on the top). Native copper occurrences, which have a postmagmatic hydrothermal genesis, are associated with the Umba volcanic rocks. Volcanism in the Early Jatuli time was mostly of a surface fissure nature, while underwater eruptions forming pillow lavas were only episodic. Before the volcanic rocks were buried by the overlying sediments, they had undergone near-surface hydrothermal decomposition. 


On the basis of chemical composition, the Lower Jatuli volcanic rocks are subdivided into two petrochemical series: tholeiite-basaltic and high-alkaline. The latter is represented by a differentiated series from picrite-basalt (14-16 MgO) to trachyandesite-basalts, and is characterized by an increased TiO2 content (1.3 to 3.5%),  a high degree of  iron oxidation, and a progressive increase in alkalies and silica content. The high degree of iron oxidation is caused by an increased content of primary-magmatic magnetite. In magnetic maps, the location of the Lower Jatuli rocks is marked with the positive magnetic field.
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Fig.3.3.  Geological sketch map of the Pechenga area. From Smolkin et al. (1995a & 1995b).


1 - dacite and rhyolite from the Poritash subvolcanic complex; 2 - tuff conglomerate, gravelstone and sandstone of the Kassesjoki Fm; 3 - andesite, dacite and rhyolite of the Kaplya Fm; 4 - picrite, basalt, tuff and sandstone of the Mennel Fm (a), and schistose amphibolite after picrite and basalt (b); 5 - basalt (a), andesite-basalt, andesite, tuff and sandstone (b) of the Bragino Fm; 6 - sandstone, siltstone, tuff and silicite of the Kalleojaur Fm; 7 - biotite, two-mica and garnet-mica gneiss of the Talya Fm; 8 - schistose amphibolite of uncertain stratigraphic position; 9 - serpentinite, wehrlite, clinopyroxenite and gabbro from the Pechenga intrusive complex; 10 - diorite and granodiorite (a), and granite and quartz granite (b) of the Kaskeljavr complex; 11 - basalt of the Suppvaara Fm; 12 - tholeiitic basalt, ferropicrite, tuff (a), siliceous schist (b), and predominantly tholeiitic basalt (c) of the Matert Fm; 13 - picritic tuff of the Lammas Fm, sandstone, siltstone and sulfide-carbonaceous schist of the Zdanov Fm; 14 - tholeiitic basalt (a) and schist (b) of the Zapolyarny Fm; 15 - sandstone, gravelstone and dolomite of the Luchlompolo Fm; 16 - basalt and trachybasalt of the Orshoaivi Fm; 17 - trachybasalt, trachyandesite-basalt, trachyandesite-dacite and trachyte of the Pirttijarvi Fm; 18 - quartzite and dolomite of the Kuvernerinjoki Fm; 19 - andesite-basalt and dacite of the Majarvi Fm; 20 - basal conglomerate, gravelstone and sandstone of the Televi Fm; 21 - gabbronorite of the intrusion of Mt.Generalskaya; 22 - alumina gneiss and 23 - gneiss, amphibolite and migmatite of the Archean basement; 24 - faults, 25 - thrusts; 26 - strike and dip. 


Upper Jatuli. The base of the Upper Jatuli section is composed of terrigenous-carbonate sediments of the Luchlompolo and Lower-Ilmozero formations (Fig.3.2 & 3.3), which overly conformably and transgressively the Lower Jatuli volcanic rocks. The sediments are red-colored hematite-bearing arkosic psammite, siltstone, lenses of gravelstone and conglomerate, red sandy and stromatolitic dolomites, limestone, limy sandstone, jaspers, silicite and tuffites, and their total thickness is 80 to 700 m (Zagorodny et al., 1982; Predovsky et al., 1987; Smolkin et al., 1995a). Among fragments, in addition to the subjacent volcanic rocks, there is well-sorted quartz, bright pink feldspar, and jaspers of different colors. The Upper Jatuli sediments are characterized not only by the red color, but also by an increase manganese content (0.5-2.5% MnO) and phosphorus (up to 1.5% P2O5). Stromatolites from the Luchlompolo Fm are compatible with those found in Late Jatuli dolomite of Karelia and Aphebian rocks of Canada (Lyubtsov, 1979; Semikhatov & Raaben, 1994). From lithological data, the following facies have been distinguished: current, delta, shallow-lacustrine, sea-coast, sea and reef. Sedimentation took place under a considerable influence of synchronous volcanism (Predovsky et al., 19878).


The Zapolyarny and Ilmozero volcanic formations of the Upper Jatuli in most cases have a lower tectonic contact. They have different sections, thickness and composition of rock associations (Predovsky et al., 1974; 1987; Zagorodny et al., 1982; Smolkin et al., 1995b). The Zapolyarny formation is exposed in the Northern Pechenga zone and is wedged out completely at its flanks (Fig.3.3). In the base of the formation, there occur schistose lavas containing 15-19% MnO; these lavas indicate first levels of ferropycrite volcanism (Smolkin, 1992). The total section of the formation is formed by two sequences separated by a thin discontinuous bed of tuffs and tuff-schists. The sequences have a total thickness of 1600 to 1800 m and both are composed of massive (72%) and pillow (23%) basalt lava sheets and beds of lava breccias, tuff-breccias, hyaloclastites, tuffs and sulfide-carbonaceous schists, which are intruded by sills of ophitic gabbro. The rocks are metamorphosed in greenschist and epidote-amphibolite facies. The basalt melts derived from subaqueous fissure eruptions. In chemical composition, the volcanites are predominated by low-alkali tholeiitic basalts containing 0.9-1.5% TiO2.


Volcanites of the Ilmozero Formation form the core of a syncline and extend as a 50 km long band. They are represented by lavas and, rarely, tuff agglomerates of relatively homogeneous andesite-basalt and, in places, andesite-dacite. The total thickness of the section reaches 500 m. These rocks are associated spatially with low-TiO2 picrite-basalt, which forms a ca.70 m thick bed, whose stratigraphic position remains unclear. The volcanic sequence contains abundant subvolcanic gabbro-dolerite bodies. In chemical composition, the rocks of the Ilmozero Formation are similar to those of the Seidorechka and Polisarka Formations. Therefore, during the Upper Jatuli, the rock types and composition of volcanic rocks in the Northern Pechenga zone changed abruptly, which testifies to a change in the composition of parental melts and conditions of their generation. Such a situation has not been established in the Imandra-Varzuga zone. Within the Ust'-Ponoy area, erosion made it possible to find sections that are correlated with Sumi, Sariola and Jatuli rocks of the central and the eastern parts of the Imandra-Varzuga zone (Fig.3.1).


Ludia. Thick tuffaceous-sedimentary and volcanic sequences forming the central core part of the Pechenga zone and exposed in fragments in the eastern flank of the Imandra-Varzuga zone (Figs.3.2 & 3.3). Rock sequences similar in composition and lithology are also exposed in the western flank of the belt, in the Pasvik area (Melezhik et al., 1994). All these sections can be easily correlated (Fig.3.1), and they indicate the existence of a common volcanic-sedimentary basin. Ludia type-sections on the Kola Peninsula are represented by Zdanov (Lower Productive), Lammas (Upper Productive), Matert and Suppvaara Formations (Table 3.1, Fig.3.1).


The Zdanov Fm rests on the Upper Jatuli basalt without any evidence of depositional breaks. The Formation can be traced from the eastern (Mt.Kuchin) to the western (south of Kuetsjarvi Lake) flank (Fig.3.3). Further on it is wedged out, and is exposed again in the western bank of the river Pasvik. The Formation is composed predominantly of terrigenous rocks and, more rarely, tuffs, with the overall thickness of 800 to 1000 m. These rocks represent a complete transgressive-regressive cycle, and they can be referred to as flyshoid formation. The sediments are predominated by siltstone, pelite and psammite, metamorphosed in greenschist facies. The overlying Lammas Formation is characterized by varying thicknesses (5-10 to 400-600 m) and a strong prevalence of ferrobasalt and basalt tuffs. A significant feature of the formations described is the presence of sulfide-carbonaceous schist beds, that contain a large amount of organic material (up to 4% Corg), pyrite-pyrrhotine mineralization, lenses of phosphate-bearing conglomerate and silica schist, and carbonate, phosphate, silica and sulfide concretions. In the Lammas Formation, there are lenses of pebble and some boulders of plagiogranite, granite-gneiss, quartzite and other rocks, that may be referred to as Iceberg formation. 


The sedimentary basins, the thicknesses of sedimentary formations, and facies distribution in the Zdanov and Lammas time were controlled by a system of synsedimentary faults; high-gradient movements of blocks resulted in drastic facies changes even in small areas (Predovsky et al., 1974, 1978). Three facial subzones have been distinguished: western, the most deep-sea sediments; central, predominated by coarse-detrital sediments of fans and shallow coastal areas; and eastern, with tuffaceous material playing a significant part. In the Imandra-Varzuga zone, tuffaceous-sedimentary rocks of the Ludia Group (Solyonoozero Fm), which contain sulfide-carbonaceous schists, phosphorite pebble conglomerate, tuffs and lava breccias of ferropicrite, were cut by boreholes in the area of Solyonoye - Lower Polisara Lakes (Figs.3.1 & 3.2).


At present, there is no consensus of opinion on the sedimentation conditions in Ludia basins. According to A.A.Predovsky et al. (1974, 1987), the sediments formed in shallow-water, mainly lagoon-lacustrine conditions of a compensated trough under a rather stable tectonic regime. In contrast,  V.Z.Negrutsa (1984) suggests a deep-sea nature of the sedimentation, basing on mostly turbiditic rhythmic layering and the presence of abundant slump structures in the sediments under consideration. Whereas the Jatuli sediments are noted for their red color, the Ludia rocks are distinguished by their high carbon content, which indicates that not only sedimentation conditions, but also paleoclimatic conditions changed significantly. 


The tuffaceous-sedimentary rocks of Ludia are host rocks for numerous subvolcanic and intrusive bodies of different composition and age, and also for dykes. Two major complexes can be distinguished among them: ophitic gabbro (or gabbro-diabase) and gabbro-wehrlite. Sulfide Cu-Ni ores of the Pechenga ore field are confined to the latter (Papunen & Gorbunov, 1985).


The Ludia volcanic formations overlie conformably the tuffaceous-sedimentary rocks. In a number of localities, the contacts between them are complicated by tectonic dislocations, mostly upthrow-overthrusts. In the Northern Pechenga zone, two formations, Matert and Suppvaara, can be distinguished, and in most cases a tectonic contact between them is established (Fig.3.3). The Matern Fm comprises thick sheets of massive, variolite and pillow lavas of tholeiitic basalts and ferropicrites, hyaloclastites, beds of sulfide-carbonaceous schists, tuffs and lava breccias, which are alternated with numerous tabular subvolcanic bodies of ophitic gabbro. The overall thickness of the sections reaches 2000- 3000 m. Ferropicrites occur in several levels. Along with massive and pillow lavas, they form layered 3-5 to 25-50 m thick flows, the lower part of which is composed of olivine ferropicrite with 18-27% MgO, and the upper - globular and spinifex ferrobasalt with 5-7% MgO (Hanski & Smolkin, 1989, 1995). Volcanism was accompanied by subaqueous erosion, or halmyrolysis, to form montmorillonite-hydromica-chlorite zones (Smolkin, 1992).


In the middle part of the section through the Matert Formation, there is a  5-10 to 200-300 m thick marker horizon, which is traced for over 200 km (Fig.3.3). It consists of alternating high-SiO2 massive, thin-bedded, fine- and coarse-detrital tuffaceous-sedimentary-silicachemofacies sediments with turbiditic rhythmic bedding. In the composition of their detrital fraction, in addition to the underlying basalt and ferropicrite, quartzite and acid tuffs, there are Late Archean rapakivi granites with a granophyric texture and hedenbergite pyroxene (Smolkin, 1992).


The overlying, up to 1770 m thick Suppvaara Formation has a more uniform structure and comprises monotonous alternating thick sheets of massive and pillow basalt lavas, and tabular bodies of ophitic gabbro. It occurs in the Northern Pechenga zone, and in the eastern flank of the Southern Pechenga zone (Fig.3.3). The volcanites comprise 47% massive lavas, 40% pillow lavas, 1% lava breccias and 8% tuffs of basic composition, and 4% ferropicrites and their tuffs.


In the western flank of the Imandra-Varzuga zone, or Toming syncline, in the watershed area of Lakes Solyonoye-Lower Polisara and Mittrijarvi Creek, the volcanic Mittrijarvi Formation occurs (Figs.3.1 & 3.2). Its thickness is 1500 m, and it is composed of massive and pillow lavas of basalt and ferropicrite, which are geochemically similar to the rocks of the Matert Formation (Smolkin, 1992). Numerous dolerite and picrite dykes surrounding the Toming syncline are of the same ages as the rocks of the Mittrijarvi Fm, and they intrude the Jatuli and older rocks (Fedotov, 1985). 


The Ludia volcanism had a subaqueous fissure nature and was accompanied by seismic events. The sedimentation basin deepened with the development of volcanism; the deepening was uncompensated, and the lowest depths (down to 2-3 km) were apparently attained during the formation of high-silica sediments. Subaqueous slopes, in a number of cases, were rather uneven. Magmatic eruptions into the basin brought a significant amount of S, which caused the formation of mineralized schists. The volcanism was accompanied by intrusion of dolerite and picrodolerite dykes of at least two age groups; these dykes cut the nickel-beating gabbro-wehrlite intrusions of the Pechenga ore field. Metamorphosed dykes of a similar composition are common outside the northern margins of the Pechenga area, and, as indicated by the study of core samples from the Kola Superdeep Well, in the Archean granite-gneiss basement (Smolkin et al., 1995a). 


The Ludia basalts are similar mineralogically and chemically to the Upper Jatuli basalts, and belong to the tholeiite-basalt series. These basalts typically have smooth REE spectra, similar to the spectra of E-type MORB, and differing from the latter in a positive K, Rb and Ba anomaly related to the contamination of sialic crust (Smolkin et al., 1995b). The Ludia ferropicrites are unique, for they are encountered only in the Pechenga-Varzuga belt. These are characterized by the presence of titanaugite, kersutite, Ti-biotite, titanochromite, Cr-ulvospinel, ilmenite, an elevated content of total iron (FeO>14%) and TiO2 (1.5-4.5%), and elevated Cr, Ni, Zr, LREE, P2O5 and S contents, which makes them similar to nickel-bearing gabbro-wehrlites, and discriminates them from adjacent basalt or Archean komatiite (Hanski & Smolkin, 1989, 1995; Smolkin, 1992). The age of their intrusion, from Sm-Nd, Re-Os and Pb-Pb data, ranges from 1990 to 1970 Ma (Hanski et al., 1990; Smolkin et al., 1995a). A similar Rb-Sr age, although with a lower initial 87Sr/86Sr ratio (0.7021), has been obtained for tholeiitic basalt. These data, in conjunction with other information, make it possible to conclude that the magmatism affected a considerable area in the Ludia time; magmatic melts came rhythmically from two independent sources of tholeiite-basalt and ferropicrite composition located at different depths; as the melts ascended, they experienced selective contamination; each rhythm started with the eruption of ferropicrite, and continued and terminated with the eruption of tholeiitic basalt; volcanism was accompanied by intrusion of subvolcanic and dyke bodies.


Kaleva Group. Volcanic-sedimentary rocks of the Kaleva Group occur mostly in the Southern Pechenga zone, and their fragments are found in the central and western parts of the Imandra-Varzuga zone. The Southern Pechenga zone is separated from the Northern Pechenga zone by the plane of the Por'itash fault that is traceable in the surface south of  mountains Por'itash and Lak-Por'itash and, from geophysical data, dips south at 50-60° (Fig.3.3). It should be noted that the geological structure and lithological-stratigraphical division of the Southern Pechenga zone have long been the subject of debate. The structure of this zone is complicated and dislocated, the rocks are strongly metamorphosed, and reliable geochronological data are lacking. At present, it has been established that the rocks of the Southern Pechenga zone rest on the Ludia volcanic rocks with an angular unconformity, and belong to the composite section of the Karelia Supergroup (Smolkin et al., 1995a, 1995b). The total section of the Kaleva Group is subdivided into five formations; the lowermost (Kalleojaur) and the uppermost (Kasesjoki) formations are composed of tuffaceous-sedimentary rocks, and the middle formations (Bragino, Mennel and Kaplya) have a mixed sedimentary-volcanic composition (Table 3.1, Fig.3.3).


The Kalleojaur Fm has a rhythmically bedded structure. It is composed of tuffs, tuff-sandstone and tuff-gravelstone of andesite composition, siltstone, pelite, sulfide-carbonaceous schists, silicite and dolomite, which were metamorphosed at epidote-amphibolite to amphibolite facies. Their total thickness varies from 300 to 1800 m. These rocks are characterized by a combination of flysch-like bedding and slump structures. Most researchers accept deep-sea conditions of the formation of these rocks and a turbiditic nature of sedimentation (Predovsky et al., 1974, 1987; Negrutsa, 1984; Smolkin et al., 1995a). 


The overlying formations have variable thicknesses, contain a great diversity of volcanic rocks, and comprise abundant pyroclastics along with lava and extrusive bodies. Several volcanic areas can be distinguished; these differ in the variety of facies, thicknesses and rock compositions. From bottom to top, basalts, andesite-basalts and picrite-basalts of the Bragino Fm are replaced by picrite, picrite-basalt and basalt of the Mennel Fm, and then andesite, andesite-basalt and rhyolite-dacite of the Kaplya Fm. The thicknesses of these formations are 400-2500, 300-2000 and 100-2000 m, respectively. Rocks of similar composition occur in the southern part of the Pasvik zone; these rocks, together with schists, form the Langvannet Fm (Melezhik et al., 1994). In the interdome areas, the volcanic rocks are transformed into schistose amphibolites, which were initially represented by picrite, picrite-basalt and basalt, as indicated by geochemical data (Smolkin et al., 1995a; Smolkin et al., 1995b).


In the area of Mts. Por'itash and Lak-Por'itash, there is a set of echelon lens-shaped extrusive bodies of the Por'itash Complex, which intrude the Matert volcanics and Kalleojaur schists and contain xenoliths from these rocks. The central and the near-roof parts of the extrusions are composed of leucocratic dacite with porphyry grains of plagioclase, and the lower parts comprise andesite-dacite enriched with pyroxene phenocrysts and eruptive breccias of rhyolite composition. The Kola Superdeep Well cut a 100 m thick tabular body of mylonitized andesite-dacite, confined to the contact between the Luchlompolo and the Zapolyarny Fms (Kozlovsky et al., 1985). From geochemical studies, the rocks of the Por'itash complex bear a strong resemblance to stratified volcanic rocks of the Kaplya Fm, and differ from them in a conspicuous negative Eu-anomaly, which suggests fractionation of feldspar (Smolkin et al., 1995b). 


Metamorphosed sedimentary rocks of the Kasesjoki Fm form a block bordered by tectonic faults and are exposed east of Lake Porojarvi (Fig.3.3). The base of the exposed section consists of tuffaceous conglomerates and tuffaceous gravelstone; these are overlain by psephitic and psammitic tuffaceous sandstone followed by micaceous sandstone and siltstone with the total thickness of 400 m. These rocks may be interpreted as molasse. The schists are alternated with tabular bodies of ferrodolerite. In some localities there are lahars, which contain fragments of lavas and lava-breccias of andesite and rhyolite, and andesitic, andesite-basaltic and rhyolitic tuffs.


In the Panarechka region, the Panarechka and Saminga Fms are considered to belong to the Kaleva Group. The rocks of these formations form a brachysyncline, which occupies an area of 20x8 km and is bordered by a ring fault. The brachysyncline apparently represents a fragment of a paleocaldera (Fedotov, 1985; Predovsky et al., 1987). A chain of small extrusions of monzonite and trachyandesite is confined to the fault. The lowermost part of the section through the Panarechka Fm (about 600 m) consists of graded-bedded polymictic and arkose sandy and pelitic schists, quartzites and carbonate schists; the upper part (400-500 m) - of basalt and dolerite sheets alternated with interbeds of micaceous schists and psammitic tuffs of picrite-basalt. They are overlain, with an angular unconformity, by rhyolites, dacites and their tuffs, and tuffaceous schists of the Saminga Formation, which are spatially associated with fine-grained granites. In the Southern Near-Khibina area, there occur alkaline volcanites; they form a lens 7000-800 m in size, and the stratigraphy of these rocks is unclear (Zagorodny et al., 1982). These volcanites are represented by the trachybasalt - trachyandesite-basalt - trachyte - alkaline trachyte - phonolite series, and they are adjacent to the Soustovo intrusion of nepheline-syenite (Batieva & Vinogradov et al., 1991).


The Kaleva volcanic rocks are characterized by various types of eruption. Subaqueous fissure eruptions are typical for the basalt and picrite-basalt melts; central-type eruptions and explosions - for andesite, dacite and rhyolite melts. Commonly, melts of different composition erupted at nearly the same time. The volcanism was accompanied by the intrusion of dykes and extrusive bodies of different composition. Sedimentation at that time took place in active seismic environments strongly affected by volcanic and post-volcanic processes. The source was provided predominantly by rocks of the Karelia Supergroup, and, to a lesser degree, surrounding Archean rocks.


Geochemically, the Kaleva volcanic rocks form two petrochemical series: tholeiite-basaltic and calc-alkalic; each of these has an antidrome succession (Smolkin et al., 1995b). The formed includes the picrite-basalt-andesite association, and the latter - the andesite-dacite-rhyolite association and the rocks of the Por'itash extrusive complex. The series differ in the proportion of incoherent elements and in REE spectra. They differ from the Ludia volcanites in a moderate and strong LREE enrichment and an increased initial 87Sr/86Sr ratio (0.7043). Geochemical and isotope-geochemical data suggest a different nature of magmatic melt sources: mantle for the basalt and picrite, mantle-crustal for the andesite-basalt and andesite, and mostly crustal for the dacite and rhyolite.
3.3. Dyke complexes


A great number of dykes of various composition and orientation intruded during the Early Proterozoic. Occurring in the rocks of the Archean basement, the dykes seem to surround the Pechenga-Varzuga Belt, and they are much more scarce within the Belt. At present, the area outside the northern margins of the Pechenga zone has been studied in detail; in addition, the Imandra and Monchegorsk regions have been studied fairly well (Fedotov & Fedotova, 1989; Dokuchaeva et al., 1989; Smolkin et al., 1995a). Seven regional dyke complexes can be distinguished in the area outside the northern margin of Pechenga (Fig.3.4): (1) gabbronoritic; (2) quartz doleritic; (3) picrite-doleritic; (4) high-FeO doleritic; (5) high-TiO2 picritic, kersutite peridotitc and olivine gabbro; (5) and (6) unmetamorphosed doleritic. The first five complexes formed during the Early Proterozoic, and the latter two - during the Late Proterozoic and the Paleozoic (Fedotov & Fedotova, 1989; Smolkin et al., 1995a).


The complex of gabbronorite comprises the earliest dyke swarms trending towards the northeast (predominantly, 10-30°). Their composition varies from olivine-bearing melanocratic norite to quartz-bearing dolerite with a granophyric texture. The thickness is from 0.5 to 60 m. Their Sm-Nd isochron age is 2555±65 Ma. Compositionally similar dykes, although slightly younger (about 2314 Ma), are common in the Keivy zone, in the area of the river Acha. From mineralogical and geochemical features, these dyke rocks can be well correlated with the rocks of the layered intrusion of Mt.Generalskaya, along with which they should be referred to as Sumi magmatic rocks.
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Fig.3.4. Location of dyke complexes in the area outside the northern and southern margins of the Pechenga zone. From Smolkin et al. (1995a).


1 - granitoids of the Litsa-Araguba and Inari complexes; 2 - unmetamorphosed dolerite; 3 - high-titanium ferrugeneous picrite and dolerite; 4 - gabbronorite; 5 - gabbronorite, bronzitite and anorthosite of the layered intrusion of Mt.Generalskaya. 

The dykes of the quartz dolerite complex are predominating in the region. They form a tight SW-NE trending, about 30 km wide swarm extending from the northeastern boundary of the Pechenga zone to the Barents Sea coast, including the Isthmus of the Sredni Peninsula (Fig.3.4). These dykes cut not only the Archean basement, but also the layered intrusion of Mt.Generalskaya. Their thickness varies from 0.5 to 80 m, predominantly being 10 to 15 m. The dykes are composed of homogeneous fine-grained dolerites with a granophyric texture. Near the boundary with the Pechenga zone, the dyke rocks are altered to amphibolite, and the amphibolization degree decreases with distance from the boundary. From chemical composition, the dyke rocks are compatible with the Majarvi Fm volcanics of the Sariola Group; the difference between them is that the former have a lower Cr content and a higher Ni content. 


The dykes of the picrite-dolerite complex are located on the Murmansk coast from the Pechenga Bay to the town of Kirkenes. These dykes occur in echelons and have a very complicated shape, commonly forming multilevel constructions with vertical and oblique links. Bodies gently dipping towards the southeast and having a thickness of a few to 10 m are prevailing. Some of the dykes are over 10 m thick, and these dykes are typically differentiated into olivine-bearing picrite-dolerite (in the bottom) and dolerite (on the top); the dykes that are less than 10 m thick are not differentiated and consist mostly of picrite-dolerite. In the Liinnahamaari area, dykes of the picrite-dolerite complex cut the quartz dolerite dykes. From chemical composition, the picrite dolerite may be correlated with high-MgO amphibolized gabbroid from sills occurring in volcanites of the Majarvi Fm of the Sariola Group.


The complexes of high-FeO dolerite and high-TiO2 picrite, kersutite peridotite and olivine gabbro are similar in the age of formation and occupy identical structural position. These dykes occur in a 30 to 40 km wide swarm, which extends for over 300 km from the Monchegorsk region to Northern Norway. The dykes trend predominantly towards the northwest or northeast. The thickness of the dykes shows a great variation, from 1-3 to 20-30 m. The largest dykes of the Nyasyukk swarm are 120-200 m thick and 16-26 km long. The dyke forming process was strongly affected by deep differentiation (in intermediate chambers), which resulted in the concentration of dykes of different composition in different swarms. The earliest are the high-FeO dolerites, which are cut by high-TiO2 picrites. In the Pechenga ore field, dykes of dolerite and, more rarely, picrite-dolerite that cut the rocks of nickel-bearing intrusions of the Western and Eastern ore clusters are known.


The high-FeO dolerites are characterized by an olivine-free clinopyroxene-plagioclase paragenesis and ophitic textures. These dolerites can be subdivided into moderate-TiO2 (TiO2< 2.2%) and high-TiO2  (TiO2 >2.2%) varieties. The picrites, kersutite peridotites and olivine gabbro are composed of the olivine-titanaugite-bronzite-kersutite-plagioclase paragenesis. With the transition from peridotite to gabbroid, there is a gradual increase in ferrugineity of olivine (from 25 to 49% fayalite) and clinopyroxene (from 9 to 12% ferrosilite), and an increase in alkalinity of plagioclase (from 50-60 to 40-55% anortite). From mineral composition and geochemical features, the high-FeO dolerites are similar to tholeiitic basalt of the Zapolyarny and the Matert Fms of the Upper Jatuli and the Ludia. Rocks of the high-TiO2 picrite, kersutite peridotite and olivine gabbro complex can be correlated with the ferropicrite of the Matert Fm, on the one hand, and with intrusive rocks of the nickel-bearing gabbro-wehrlite complex, on the other; the difference is a lower degree of differentiation. A Sm-Nd isochron age of the kersutite peridotite is 1956±20 Ma.


In the Near-Imandra region (Kirovogorskoye, Olenegorskoye and other banded iron formation deposits), dykes of gabbronorite, quartz dolerite, high-FeO dolerite and high-TiO2 olivine-gabbro are common, as well as dykes of olivine-free quartzbearing microgabbro (Fedotov & Fedotova, 1989). In the Monchegorsk region, over 200 dykes have been mapped and drilled in the Archean basement, the Moncha intrusion, and in some localities of the Sumi volcanics. The largest dykes among these are striking towards the northwest, almost meridionally (Dokuchaeva et al., 1989). Complexes of gabbronorite, quartz dolerite, high-FeO dolerite, high-TiO2 kersutite olivine gabbro and olivine dolerite can be distinguished; the first four complexes are Early Proterozoic, and the last one is Late Proterozoic. Dykes of high-FeO dolerite are the most widespread; they also can be subdivided into moderate-TiO2 and high-TiO2 varieties. 


Dykes of high-FeO dolerite and, more rarely, high-TiO2 picrites occur in the area where the western and the central parts of the Imandra-Varzuga zone join, outside the northern and the southern margins of the Toming syncline (Fedotov, 1985). These dykes form a large, over 20 km wide swarm extending for over 100 km, and they mark the eastern closure of the Pechenga-Varzuga belt in the Ludia time. Most dykes are located in Archean rocks, and a smaller portion - cut the Jatuli volcanic and sedimentary rocks. In composition, the dolerites are similar to tholeiitic basalt, and the picrites - to ferropicrite of the Mittrijarvi Fm of the Ludia Group.

3.4. Intrusive magmatism


The Early Proterozoic (Karelian) epoch in the evolution of the earth crust in the Kola region is characterized by widespread intrusions of different ages, composition and dimensions (Batieva et al., 1985, 1991; Smolkin, 1993). Three major groups can be distinguished tentatively by the composition of intrusive rocks. These are rock associations of basic-ultrabasic, intermediate-acid and alkaline composition, which are alternating in time and source. The first group includes sequentially intruding peridotite-pyroxenite-gabbronorite, lherzolite-gabbronorite, clinopyroxenite-wehrlite, gabbro-anorthosite, peridotite-pyroxenite, gabbro-pyroxenite and gabbro-wehrlite complexes, the intrusion of which is related to the repeated tectonic-magmatic activation of the Kola region during the Karelian epoch, and origination and development of rift systems. The second group comprises charnockite-granite, monzodiorite-granite, diorite-plagiogranite, granodiorite-granite and leucogranite complexes, which formed within the Archean structural level. The third group represents alkaline granite-granosyenite and alkaline gabbro-nepheline syenite complexes, each terminating one of tectonic-magmatic stages. A brief description of the complexes presented in the order of intrusion, stage by stage, according to determined or inferred ages follows below.

Strelna (Sumi) stage


The Kola craton experienced a very intense tectonic-magmatic activation in the time interval 2550-2400 Ma; as a result, a set of paleoaulacogens formed and huge masses of magmatic mantle-derived melts intruded into the crust to form large and small intrusions, dyke swarms and volcanogenic formations. In the erosion section, a considerable part of intrusions is found outside the northern and the southern margins of the Pechenga-Varzuga and the North-Karelian belts. Some of the intrusions are confined  to the Lapland Granulite Belt and the Belomorian domain. 


The peridotite-pyroxenite-gabbronorite complexes are represented by strongly differentiated intrusions of lopolith-like, fracture or interformation-sheet form with an autonomous pseudostratified bedding (Batieva et al., 1985). The largest are the intrusions of Fedorova and Pansky Tundra (230 km2) and Moncha (65 km2); intrusions of Mt.Generalskaya, Mt.Zasteid, and Karikjavr and Imandra (or Umbarechensk) complexes are smaller (from 3 to 30 km2) (Fig.3.5). Some of the intrusions are interformational, occurring between Archean gneisses and Sumi volcanic-sedimentary rocks; others are located in the Archean surrounding rocks and trace Early Karelian brittle faults. The distribution area of layered intrusions covers not only the Kola Peninsula, but also Northern and Central Karelia (Oulanka complex, Burakovskaya intrusion), and Northern and Central Finland (Koitelainen, Portimo and Koillismaa complexes) (Alapieti et al., 1990). The geological age of the formation of the layered intrusions is determined on the basis of the fact that the intrusive rocks are overlain by Sariola conglomerate (Mt.Generalskaya, Lukkulaisvaara), or by crust of weathering lying at the base of the section of the Kuksha Fm of the Sumi Group (Monchegorsk region). The U-Pb ages on zircon and baddeleyite from the intrusions of Mt.Generalskaya, Moncha and Pansky Tundras range from 2505±2 to 2470±9 Ma, those of Karelian and Finnish intrusions - from 2445±9 to 2436±5 Ma (Alapieti et al., 1990; Balashov et al., 1993). The Sm-Nd isochron method yielded similar ages: from 2492 to 2410 Ma, averaging at 2440±51 Ma, the initial 143Nd/144Nd=0.509367±53 and (Nd= (2.1 (Alapieti et al., 1990; Tolstikhin et al., 1992; Balashov et al., 1993). The intrusions formed as a result of multiple magmatic injections, which were crystallized as closed systems. Processes of crystal differentiation and, in endocontact zones, contamination and assimilation played a leading part in the formation of intrusions. Sequentially intruding portions evolved with time from high-magnesian to lower-magnesian and more aluminous. During the Karelian orogeny, the intrusions were tectonized to a different extent, and tectonization was accompanied by dynamometamorphic processes. The age of these processes in the Karikjavr intrusion is dated by the Sm-Nd and Pb-Pb methods at 1970-1940 Ma.


The intrusions are build up by dunite, olivinite, harzburgite, lherzolite, bronzitite, norite, gabbronorite, gabbro and anorthosite. The proportions of these rocks are different in different intrusions or intrusion fragments; generally gabbronorite prevails. A summary geological section is as follows (from bottom to top): (1) a near-bottom or marginal zone of gabbro and gabbronorite (20-150 m); (2) a lower peridotite zone (100-500 m); (3) a pyroxenite zone at the base of which there is a bed of alternating pyroxenite and peridotite (300-700 m); (4) a norite zone (200-400 m); (5) a gabbronorite zone (100-400 m); (6) a gabbro zone containing a bed of alternating olivine-bearing 
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Fig.3.5. Location of Early Proterozoic layered intrusions in the northeastern Baltic Shield.

and olivine-free rock types, and interlayers of gabbronorite and anorthosite (200-1000 m) (Batieva et al., 1985). In some localities, diorite and granophyre are present in the upper parts of the section. The total thickness of the sections varies from 200-300 to 3000 m.


All rocks of ultrabasic to intermediate composition are linked by transition varieties and form united series. They are characterized by low contents of TiO2 and alkalis, a high Cr content, a relative enrichment in Ba, Rb, Zr and LREE, and a negative Eu-anomaly. These characteristics make them similar to the volcanic rocks of the picrite-basalt association from the Sumi and Sariola in the Imandra-Varzuga zone and the Vetreny belt (Fedotov, 1985; Smolkin, 1992; Balashov et al., 1993).


The layered intrusions contain veined and disseminated sulfide Cu-Ni ore deposits (Moncha) and occurrences of chromite and high-vanadium titanomagnetite ores (Umbarechensk) (Gorbunov et al., 1981; Papunen & Gorbunov, 1985). Some of the intrusions are PGE-bearing (Fedorova-Pansky Tundra, Tsipringa, Lukkulaisvaara) (Yakovlev et al., 1991).


The lherzolite-gabbronorite (or drusite) complexes. Rootless thin intrusive bodies composed mostly of gabbronorite, lherzolite and anorthosite are common in the northwestern part of the Belomorian domain, in the area of Archean rocks (Stepanov, 1981; Batieva et al., 1985; Sharkov et al., 1994). Plagioclase-bearing lherzolite may either form individual bodies, or occur in the bottom zones of relatively large bodies (>3 km2). The gabbronorites typically have drusite (coronitic) structures and trachytoid textures and contain schlieren of melanocratic rocks and nests of leucocratic rocks. At the contacts of some of the bodies, evidence of hornfels-formation or anatexis (melting) of host gneiss has been preserved, although in most cases the contacts are complicated by schistosity and amphibolization, and the bodies represent boudins. 


The magmatic melts intruded along SE-NW and sublatitudinally oriented zones, which are subparallel to axial planes of Late Archean and Early Proterozoic isoclinal folds. The intrusions apparently formed in conditions of active tectonic movements, simultaneously with the deformation of the frame, under the pressure of 6-7 kbar (Sharkov et al., 1994). After consolidation, the intrusions were involved in deformation and metamorphosed at the amphibolite facies. The U-Pb age of rocks from this complex is 2451±17 Ma (Bibikova et al., 1993b). Some intrusions contain ore occurrences of metamorphosed sulfide Cu-Ni ores (Lake Moroshkovoye). At present, several intrusions of the Belomorian region are considered to be promising for platinum. In the nature of differentiation, rock composition, geochemical specialization and isotope age, the lherzolite-gabbronorite and peridotite-pyroxenite-gabbronorite complexes are similar, and they differ in the nature of intrusion of parental melts and the concentration of ore components.


The gabbro-anorthosite complexes are widespread in the Kola region. Until recently, they were considered to have a Late Archean age (Yudin, 1980; Batieva et al., 1985). In the recent years, fundamentally new results from zircon analysis have been obtained, and now we distinguish Late Archean complexes, which are located mostly in the Keivy zone and the adjacent areas (Medvezhjegorsky, Tsaginsky, etc.), and Early Proterozoic complexes, which are confined to the Lapland belt (Kandalaksha, Kolvitsa, Pyrshin, Elgorassky, Anistundra, etc.) and the Central-Kola region (the Main Ridge). The U-Pb ages of the rocks from the Main Ridge, Kolvitsa Tundra and Mt.Pyrshin are 2453±4, 2450±10 and 2452±7 Ma, respectively (Mitrofanov et al., 1993).


Intrusions of the Early Proterozoic complexes are of lens-like, interformational-sheet or lopolith-like forms, and have different thicknesses and lengths. Their distribution is controlled by deep and interlayer faults, and they are concordant with the bedding plane in host rocks. The intrusions participated in the Early Karelian folding, which caused a tectonic nature of the contacts with the Archean frame rocks. In individual cases (the Main Ridge), intrusive contacts have been preserved, and there are hornfelss with granulite paragenesis (orthopyroxene + garnet) in hanging walls. The intrusive bodies formed in one phase, simultaneously with tectonic movements causing differentiation of the melt in magmatic chambers from contacts towards the center. The differentiated rock series includes norite, gabbronorite, gabbro, leucocratic gabbro, diorite and anorthosite. The most complete series is found in the Main Ridge; leucogabbro and anorthosite predominate in most intrusions.


A distinguishing feature of the gabbro-anorthosite complexes is a high-vanadium Fe-Ti oxide mineralization, located in the intrusions of the Main Ridge, and Salny, Kandalaksha and Kolvitsa Tundras (Yudin, 1980). The ores consist of titanomagnetite, magnetite and ilmenite and are of late magmatic fusive origin.


The clinopyroxenite-wehrlite complexes are related spatially and, possibly, genetically to gabbro-anorthosite, apparently being their terminating phase. Three complexes are distinguished: Rainenchorsky (intrusions of Rainenchorr, Kerkchorr and Tulpjavr) in the southern part of the Main Ridge, Salnotundra (Magnetite Log, Mt.Bolshoi Girvas, Mt.Maly Girvas, Jaurshlag, etc.) in the eastern closure of the Lapland Granulite Belt, and Porjegubsky located east of the Kolvitsa zone. The intrusions are of lens-like form and have concordant contacts with host gneiss or gabbro-anorthosite, which are complicated by schistosed zones. They commonly contain xenoliths of garnet-hypersthene schists and schistosed gabbro-anorthosites. In addition, the intrusions contain olivinite, wehrlite, clinopyroxenite and amphibole gabbro. In contrast to the gabbro-anorthosite, these typically have slightly increased contents of TiO2, alkalis and, more rarely, P2O5. Commercial high-vanadium titanomagnetite ores are associated with the clinopyroxenite and wehrlite (Salny Tundra) (Yudin, 1980).


The peridotite-pyroxenite complexes include numerous, small, ore-free intrusions of metamorphosed harzburgite, lherzolite and olivine pyroxenite, which are located in amphibolite of the lower structural level of the Pechenga-Varzuga belt (Keulik-Kenirim zone, Pulon'ga-Purnach interfluve in the eastern part of the belt), and  in the granite-gneiss outside the southern margins of the belt (river Strelna). The intrusions were emplaced during the pre-riftogenic stage, and their distribution is controlled by systems of brittle faults; during the orogeny, the intrusions were partially broken into blocks and strongly metamorphosed to produce abundant antophyllite-cummingtonite-actinolite-chlorite parageneses. On the whole, the rocks of the peridotite-pyroxenite complexes are characterized by an increased ferrugineity, a high Cr content, and low contents of TiO2, Ni and S.


The charnockite-garnet complexes are located in intersections of long-lived deep-seated submeridional and sublatitudinal faults. On the Kola region, the Umba and Jarvavarr complexes have been distinguished. These complexes formed in mesoabyssal (3-4 km deep) and shallow (1-2 km) facies, respectively (Batieva et al., 1978). Their analogue in Northern Karelia is the Topozero charnockite complex, the U-Pb isochron age of which is 2370±20 Ma (Tugarinov & Bibikova, 1980).


The Umba complex coincides in space with the intersection area of three deep faults: Umba-Kanozero, Kandalaksha and Tsaginsky. The intrusions are of tabular or lopolith-like shape, and have a multiphase or differentiated structure. In the erosion sections, their area varies from several to 620 km2. The intrusions are composed of granitoids of three series: enderbitic, charnockitic and prophyrogranitic; each of the series corresponds to an independent intrusive phase. The enderbites are characterized by the presence of hypersthene, the predominance of plagioclase over K feldspar, and an equigranular structure. The charnockites have a porphyraceous rapakivi-like texture, increased contents of hypersthene, amphibole, biotite and garnet, and a high content of quartz. In the porphyraceous granites, the general grain size and the proportion of impregnations are increased. The enderbites and the charnockites produce an active contact-metasomatic effect on the host rocks to initiate recrystallization in pyroxene hornfels facies. The Jarvavarr complex is represented by a lopolith-like intrusion 2.0x1.5 km in size, which is located in the Monchegorsk region. The intrusion is composed of diorite, quartz diorite, granodiorite with a granophyric texture, and microclinoplagioclase granite.


Chemically, the rocks of the charnockite-granite complexes form a single K-Na series of the andesitic type with a normal or slightly increase alkalinity. It is supposed that their formation is related to crystal differentiation of andesitic magmas in intermediate chambers at moderate depths, with some melt portions successively separating and moving to the epizone (Batieva et al., 1978).


The monzodiorite-granite complex is situated beyond the Kola region, in the zone where the Belomorian and the Karelian domain join. The Nuorunensk, Kormansk, Koigersk and other, smaller intrusions were previously thought to belong to a complex of potassium granite of the Mt.Nuorunen type, which terminated the Early Karelian acidic magmatism. No reliable geochronological data have been obtained for them. The complex is composed of monzodiorite, quartz monzonite, leucogranite, quartz syenite, alkaline quartz porphyry and pegmatite. Mafic rocks occupy a total area of about 150 km2, granite rocks - 250 km2. The intrusions have a fracture shape and a multiphase structure. The earliest phase is represented by fine-grained biotite-amphibole-diopside monzodiorite, the middle phase - by dykes of porphyraceous biotite-amphibole quartz syenite with a rapakivi-like texture; the latest phase - by dykes of porphyraceous granosyenite and leucogranite with an opal-blue quartz. In chemical composition, the rocks of this complex form a continuous series showing a great variation in SiO2 content and an increased alkalis content (6.5-8.5%), with K prevailing over Na. Increased Zr, Nb, Mo and Ti contents are found in leucogranites.


The alkaline granite-syenite complexes are the most widespread among the Proterozoic granites. Occupying a total area of over 3000 km2, these complexes apparently terminate the Strelna stage and are common in the Keivy zone and south of the Imandra-Varzuga zone. The following complexes can be distinguished: West-Keivy, White Tundra, Lavrentjev, Ponoy, Purnach, Gremyakha, Kanozero, etc. They occur in zones of deep and adjacent faults in areas where tectonic blocks join (Batieva et al., 1979). The Pb-Pb ages on zircon from the alkaline granite vary over a wide range, mostly from 2465 to 2330 Ma, the Sm-Nd isochron age being 2360±60 Ma. Similar datings have been obtained by the Rb-Sr whole rock method: 2350±70 Ma (Pushkarev, 1990; Batieva et al., 1991). Depending on the depth of formation, which varies from 12-15 to 6-8 km, the intrusions have either tabular, dyke, ring or stock-like forms. Mafic minerals in them are distinctly linear and flat-oriented. A vertical zoning has been established in the structure of the intrusions. Deeper and most eroded parts are composed mostly of subalkaline granite, and shallower parts - of alkaline leucogranite. The most extensively developed in area are the aegirine-arfvedsonite (alkaline) granites (85%); less abundant are ferrohastingsite-lepidomelane (subalkaline) granites (10%) and granosyenites, as well as syenites (5%), which in part are of hybrid origin. 


All the rocks are crystalline, their grain-size varies from fine to pegmatoid, and the texture from equigranular to porphyraceous. In normative composition, most rocks are alkali-oversaturated (K+Na>Al), with anortite absent and aegirine present. In chemical composition, these rocks are notable for an increased ferrugineity, enlarged agpaitic coefficient, which is higher in the alkaline granite, increased contents of Zr, Nb, Sn, Ga, Pb, Zn and LREE, and a prominent negative Eu-anomaly. Zr, Ta-Nb, Y and HREE ore occurrences are genetically related to the alkaline granite. Spatially, amazonite pegmatite deposits with a Rb-Sr isochron age of formation 1665±5 Ma (Pushkarev, 1990) are confined to these granites.

Pechenga-Varzuga (Jatuli-Ludia) stage


In the time interval of 2350-2200 Ma, further tectonic-magmatic activation took place on the Kola region, and extensive within-continent paleorift systems, including the largest one, Pechenga-Varzuga, emerged at the site of the earlier developed paleoaulacogens. Later (2200-1950 Ma), the Pechenga-Varzuga rift system underwent an intensive spreading accompanied by intense mantle magmatism, commonly bearing commercial Cu-Ni mineralization.


The gabbro-pyroxenite complexes are common in the Imandra-Varzuga zone; their formation is related to the beginning of the ultrabasic magmatism in the Sariola time. The intrusions were emplaced mostly in the marginal parts of the grabens. Two complexes have been distinguished: Kukshinsky and Fomkinsky. The former comprises numerous tabular and dyke-like bodies, occurring mainly in the eastern part of the zone, in the lower structural level. The Fomkinsky complex is represented by lens-like, commonly boudinated bodies located in the southern tectonized contact zone (in the middle reaches of the river Varzuga). Both the complexes have a subvolcanic appearance, and both were differentiated weakly. In their composition, olivine and monomineral amophibolized pyroxenites and gabbro prevail; the rocks have a low TiO2 content and a moderate Cr and Ni content; ore concentrations are absent. Geochemically, the pyroxenites and gabbro show a great similarity with the picrite-basalt of the Polisarka Fm and are products of the least differentiated magmatic melts.


The gabbro-wehrlite complexes are typical of the Pechenga-Varzuga belt, being completely absent in other Karelide zones of the Baltic Shield. These occur in tuffaceous-sedimentary Ludia sequences, and locally cut the subjacent volcanic units (Fig.3.6). The emplacement of the intrusions had a multistage nature and took place apparently after the termination of several of the five cycles of ferropicrite volcanism (Smolkin, 1992; Smolkin et al., 1995a). Two complexes have been distinguished: the nickel-bearing Pechenga, and Solenoozero. Numerous intrusions of the Pechenga complex are located in the center of the North-Pechenga zone, and sulfide Cu-Ni ores of the Pechenga ore field are genetically and spatially related to them (Gorbunov et al., 1991; Papunen & Gorbunov, 1985; Marakuchev et al., 1986; Smolkin et al., 1995a). The Solenoozero complex is represented by several blind intrusions, which were drilled by boreholes in the southwestern part of the Imandra-Varzuga zone. The intrusions are lens-, phacolith- and, more rarely, fissure-shaped. In some localities, intrusive contacts are preserved, being marked with chilled zones, apophyses and hornfels zones in host rocks; however, tectonized contacts with brecciated or schistosed zones are predominant.


The following succession of intrusions is supposed to have taken place in the Pechenga ore field: (1) weakly differentiated, steeply dipping bodies confined to diagonal faults; (2) thin, low-grade ore, lens-tabular, commonly boudinated bodies in the lower part of the Zdanov Fm; (3) relatively large, phacolith-like, strongly differentiated intrusions of the Eastern ore cluster, with high-grade 
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	Fig.3.6. Geological sketch map of the Pechenga ore field. From Smolkin et al. (1995a).


1 - serpentinite, wehrlite, clinopyroxenite, gabbro and sulfide Cu-Ni ores of the Pechenga intrusion complex; 2 - ophitic gabbro; 3 - tholeiitic basalt, 4 - tuff and 5 - ferropicrite of the Matert Fm; 6 - ash and gravel-ash tuffs of basalt and ferropicrite; 7 - sandstone, siltstone and phyllite; 8 - gravelstone and sandstone and 9 - sandstone and, more rarely, siltstone of the Lammas and Zdanov Fms; 10 - tholeiitic basalt, and 11 - tuff-breccia and sandstone of the Zapolyarny Fm; 12 - transcurrent synsedimentary faults; 13 - transcurrent and diagonal shear zones (a), faults (b), upthrusts, overthrusts (d) and complementary displacements; 14 - longitudinal interseam shear and upthrust zones; 15 - geological boundaries; 16 - strike and dip.




ore. The Sm-Nd and Rb-Sr isochron ages of the Pilgujarvi intrusion rocks are within 1980-1870 Ma, and from the Pb-Pb whole rock analysis the formation of the intrusions in the Eastern and Western ore clusters occurred in the time period of 1980-1900 Ma (Smolkin et al., 1995a).


A complete rock series includes pyroxenite, olivinite, wehrlite, titanomagnetite olivinite, olivine pyroxenite, clinopyroxenite, gabbro, orthoclase gabbro and diorite. This series is observed only in relatively large intrusions of the Eastern ore cluster. In most intrusions, serpentinites after peridotite or saussuritized gabbro predominate. Wehrlite and pyroxenite commonly have cumulative textures, whereas gabbro is characterized by trachytoid, linear and other textures of preferred orientation, caused by melt flowing. Being composed of olivine-chrysolite,  titanaugite and plagioclase, the rocks also contain kersutite, Ti-chromite, titanomagnetite and ilmenite. The rocks of the gabbro-wehrlite complexes typically have a high TiO2 content, a high total Fe2O3+FeO, increased Cr, Ni, P2O5 and S contents, and a relative enrichment in LREE. The parental magma represents ferropicrite in composition. When the magmas were raised, differentiated in intermediate chambers and intruded into the upper structural level, they were strongly contaminated, and as a result the Pb-Pb and Re-Os systems and the S isotope composition were altered. The mantle source for the ferropicrite magmas is established to have been undepleted and anomalous: (Nd=+1.6±0.4; 87Sr/86Sr=0.7032±0.0001; 187Os/186Os=0.935±0.031 (Hanski et al., 1990; Smolkin, 1992; Walker et al., 1994; Smolkin et al., 1995a). This suggests preliminary deep-metasomatic alterations of the upper mantle, which took place 200 Ma before the intrusion of ferropicrite magmas. 


Cu-Ni mineralization is represented mainly by an association of pyrrhotine, pentlandite, chalcopyrite and magnetite (Papunen & Gorbunov, 1985). Ore bodies are mostly tabular and lens-shaped, and elongated along the dip and the strike. Complex shapes of bodies are also common, being caused either by a split of the host intrusion, or (and) tectonic deformations. The dimensions of the bodies do not depend on the thickness of parental intrusions, nor on the nature of tectonic movements. The ores have a complicated genesis, and apart from primary-magmatic mineralization, there were metamorphic and metasomatic processes of alteration and redeposition of the ore. The alterations reached the climax at 1720 Ma, as indicated by the Re-Os analysis. 


The diorite-plagiogranite (Kaskeljavr) complex is located outside the southern margins of the South-Pechenga zone; the complex includes the Shuoninsky, Kaskeljavr and other, smaller granite rootless domes (Batieva et al., 1991). The dome shape is almost isometric, and the dome boundaries are tectonic elsewhere and are accompanied by migmatization zones. The rocks have a prominent gneissic structure oriented concordantly with the outer boundaries of the domes. In chemical composition, the granitoids belong to a sodium row of normal alkalinity, and form a continuous series on petrochemical diagrams from diorite to plagiogranite with the predominance of quartz diorite. A Pb-Pb age on zircon from the rocks of the Kaskeljavr dome is estimated at 1940±40 Ma, on apatite and sphene - 1945±40 Ma (Pushkarev, 1990).

Svecofennian (Kaleva) stage


Magmatism of the Svecofennian stage differs in nature and scale from that of the previous stages, marking the transition of the Kola region into a cratonized state. In the Svecofennian stage, complexes of alkaline gabbro-nephelinite syenite, granodiorite-granite and leucogranite formed; these are located outside the Pechenga-Varzuga belt, independently on its position.


 The complex of alkaline gabbro-nepheline syenite includes the Gremyakha-Vyrmes, Sakharjok and Soustovo intrusions and other, smaller, bodies, occupying the total area of about 40 km2 (Batieva et al., 1985; 1991). They are analogous to Elet'-ozero and Tiksh-ozero intrusions in Northern Karelia. The intrusions have conspicuous intrusive contacts; most of the intrusions are multiple and have complicated structures. Three series of intrusions have been distinguished in the Gremyakha-Vyrmes: (1) peridotite, pyroxenite, gabbro and gabbro-anorthosite, (2) subalkaline gabbro and akerite, and (3) alkaline and nepheline syenite and foidolite; each series forms an independent intrusive phase. The Sakharjok, the Soustovo and other intrusions are composed predominantly of alkaline and nepheline syenite, the proportion of alkaline gabbro being low.


The formation age of the rocks from this complex varies in a wide range: from 1900 to 1810 Ma; a Pb-Pb age of apatite from the Gremyakha-Vyrmes alkaline gabbro is 1865±100 Ma (Pushkarev, 1990).


Most intrusions are characterized by an increased aluminous coefficient, a low agpaitic coefficient, and the geochemical specialization on Zr, REE, Li and P. Occurrences of complex apatite-ilmenite-magnetite ores are related to the subalkaline Gremyakha-Vyrmes gabbro, and the zirconium ore occurrences are related to the Sakharjok alkaline syenite. 


The granodiorite-granite complexes are confined to a long, SW-NE trending tectonic zone, which is 50 km wide and can be traced for 200 km. The time of the formation of these complexes (1815-1720 Ma) coincides with the final stage in the development of the South-Pechenga zone: its orogenesis and metamorphism. The largest complex, Litsa-Araguba, is located in the northeastern part of the zone, and the Juovoaj complex - in the southwestern part. All the intrusions are multiple (up to five phases) and were formed in different depth facies, from abyssal to hypabyssal and subvolcanic. Rocks of the earlier phases were brecciated during the emplacement of main intrusive phases. In some intrusions, feeding channels have been identified tentatively.


Granitoids of this complex can be subdivided into two groups from petrochemical data: (1) quartz monzodiorite, granosyenite and lamprophyres of the latite type, which compose the initial and final phases and generated due to mantle-derived high-heated melts of increased  basicity that intruded into the crust; (2) granodiorite, leucogranite, alaskite and aplite, which form one differentiated row and represent differentiates of a secondary intracrustal source of acid anatectic melts (Batieva et al., 1978, 1985). These groups can be easily distinguished by the initial 87Sr/86Sr isotope ratio in accessory apatite: 0.702-0.704 in the monzodiorite of phase I and the granosyenite of phase V, 0.706-0.709 in the granite of phases II-III; an in intrusions of additional phases the ratio is increasing up to 0.712-0.715 (Batieva et al., 1991). In chemical composition, these rocks belong to the K-Na series of increased alkalinity. They are specialized in Pb, Zr, Sn, Mo, REE, U and Th. A characteristic feature is the 1000-fold increase of LREE relative to chondrite. Molybdenum mineralization of the sulfide-quartz, quartz and greisen types is associated with some of the intrusions. 


The leucogranite complexes are confined to deep-seated SW-NE trending faults, being located in the zone where the Murmansk unit and the Keivy domain join, in the area outside the southern margins of the Imandra-Varzuga zone. The largest is the Strelna intrusion (250 km2); intrusions of the Kontozero, Lyavozero and Umba complexes are less than 50 km2 in area. The intrusions are composed mostly of microcline-plagioclase granite, among which granite-aplite, leucocratic granite, granite-pegmatite and micaceous pegmatite are distinguishable (Batieva et al., 1978, 1985). In mineral and chemical composition, these rocks are alkaline and subalkaline leucogranites of the K-Na series. They are characterized by high contents of SiO2 and alkalis, an increased ferrugineity, and low Fe, Ca, Mg and Ti contents, and this suggests a palingenetic type of magma-generation. The intrusions formed at a depth of 5-7 km; the amplitudes of the melt movement from the generation source were insignificant, and the melt was highly saturated with water. Pb, Sm and Nb accumulated in later differentiates. Under favorable conditions, albite-amazonite apogranites and randpegmatites with Li-F and Y-Ta specialization developed in the frontal parts of the intrusions. The granitoids of the Strelna intrusion formed in the time period within 1830-1760 Ma; the micaceous pegmatite of the Kola Peninsula and Northern Karelia - 1770-1750 Ma (Pushkarev, 1990).


Therefore, in the final period of the Svecofennian stage, mantle magmas of latite series rose along deep faults, and secondary palingenetic-anatectitic sources were initiated in the crust.

3.5. Regional metamorphism


In the recent 20 years, detailed investigations of the main parageneses of metamorphic minerals in rocks of different genesis and composition have been conducted; metamorphism facies and zoning in some blocks and belts and the entire Kola region have been determined; P-T conditions of endogenic tectonic-metamorphic regimes and their evolution during the Early and Late Proterozoic have been reconstructed; a relationship between tectonics and metamorphism has been identified (Belyaev et al., 1977, 1990; Petrov et al., 1986, 1990; Radchenko et al., 1992). 


  Metamorphic events of moderate and low-gradient thermodynamic regimes were extensive and repeated in the Early Proterozoic on the Kola region; these metamorphic processes affected Archean complexes of the pre-Karelian basement and the sedimentary, volcanic and intrusive rocks of the Karelia Supergroup. These processes developed most intensively in the Svecofennian stage, during which the Early Proterozoic disthene-sillimanite metamorphic zoning of a composite structure developed. Four metamorphic belts are conventionally distinguished: Kola-Norwegian, Pechenga-Varzuga, Lapland and Belomorian; these complexes differ in the duration of development, features of the interior structure and evolution of thermodynamic conditions (Petrov et al., 1986, 1990; Radchenko et al., 1992).


Within the Kola-Norwegian belt composed of strongly displaced high-metamorphosed complexes of Archean rocks, superimposed diaphthoric alterations of disthene-staurolite and lower-temperature facies were widespread in the Early Proterozoic. They were controlled by systems of deep SE-NW and submeridional tectonic faults.


The regional metamorphic zoning in the Pechenga-Varzuga-Keivy belt is represented by low-temperature and medium-temperature facies. In the best studied, North-Pechenga zone, the regional metamorphism degree varies from prehnite-pumpellyiite (T=250-350°C, P=2.5-3.0 kbar) to medium-temperature amphibolite (T=600-620°C, P=4.5-5.5 kbar) facies. The boundaries of metamorphic facies and subfacies roughly follow the current contours of the zone, the metamorphic degree increasing towards the flanks. They dip gently towards the southwest, cutting stratigraphic boundaries. In the flanks, the facies boundaries and markedly discordant relative to the lithologic-stratigraphic boundaries, axial planes and schistosity. In the south-Pechenga zone, the boundaries of facies and subfacies are adjacent to each other and oriented subparallel with the frontal parts of upthrow-thrusts. The main metamorphic events terminated and the isotope-geochemical systems closed in the period of 1750-1700 Ma (Smolkin et al., 1995). A similar zoning is found in the Pasvik and Ust'-Ponoy zones. 


In the Imandra-Varzuga zone, the metamorphic zoning is broken, since the zone was broken into blocks by tectonic processes. In the central part of the zone, there is a preserved fragment of greenschist metamorphism, which includes biotite-actinolite, chlorite-biotite-actinolite and chlorite-actinolite subfacies. The boundaries between subfacies are striking towards the northwest and dipping towards the southwest, obliquely cutting the stratigraphic boundaries. The metamorphism degree increases from south to north. The eastern part of the zone is metamorphosed at the epidote-amphibolite facies conditions. An increase in the metamorphism degree to the amphibolite facies is observed in the area outside the granite-gneiss domes. A metamorphic zoning from the biotite-chlorite subfacies to low-temperature subfacies has been mapped in the western part of the zone, the metamorphism degree increasing from the center towards the periphery.


The Early Proterozoic metamorphism in the Keivy domain affected rocks of different composition and age; it is represented by the disthene-staurolite-twomica subfacies of the amphibolite facies. The initial metamorphism prior to folding (kyanite-muscovite parageneses) occurred at T up to 400°C and P up to 2 kbar, and the peak of the metamorphism (garnet parageneses) occurred under T=550-570°C and P=5-6 kbar. Of considerable influence were alkaline granite intrusions, at the contact with which the metamorphism in host gneiss reached sillimanite-muscovite and sillimanite-feldspar grades (T=560-630°C, P=4.1-4.5 kbar).


The regional metamorphic zoning in the Pechenga-Varzuga belt and the Keivy domain was strongly complicated by tectonic-metamorphic processes related to the development of shear and upthrow-thrust deformations in the latest orogenic stages. In areas of low-temperature facies these processes are manifested in schistosity, quartz-formation, chloritization and carbonatization; in epidote-amphibolite and amphibolite facies - porphyroblastesis and blastomylonitization. The highest intensity of these processes is found in the shear- and upthrow-thrust zones that border the Keivy domain in the north and the south (P=7-10 kbar).


The Lapland Belt exhibits a conspicuous asymmetric structural-metamorphic zoning, which is markedly discordant relative to the rock association boundaries. In the northern and north-axial parts, granulite facies is common (garnet-cordierite granulite and migmatite, blastomylonite garnet-sillimanite granulite), and in the southern part, - almandine-amphibolite and disthene-staurolite subfacies of the amphibolite facies are developed. Earlier garnet formed under T of up to 840°C and P=9.5 kbar; intense porphyroblastesis of the garnet - under T=770-675°C, P=7.5-5.0 kbar. The highest pressures have been estimated for the blastomylonite granulite - up to 11-12 kbar. The U-Pb, Sm-Nd and Rb-Sr data indicate that the metamorphism reached its peak at 1.96-1.90 Ma (Bibikova et al., 1993a), i.e. this metamorphism is synchronous to the maximum spreading of the Pechenga-Varzuga paleorift system. At present, relics of an earlier metamorphism, Sumi in age (2.54-2.42 Ga), have been found (Mitrofanov et al., 1993), which testify to a complex, multicycle nature of metamorphic processes in the Lapland belt.


The Early Proterozoic metamorphism in the Belomorian domain is represented by a medium-temperature amphibolite facies, which is becoming stronger from south to north or in the direction towards the Lapland Granulite Belt.


Metamorphic belts of the Early Proterozoic on the Kola region reflect the inhomogeneity of thermodynamic regimes in the earth crust, for geotectonic and geodynamic development of different blocks of the crust were different. The metamorphism degree in different belts is different and does not show a direct dependence on the age of rocks. In the Kola-Norwegian and the Pechenga-Varzuga-Keivy belts, thermodynamic gradients decrease from early (120-130°C/kbar) to culmination (60-75°C/kbar) stages of the Svecofennian metamorphism. The lowest gradients are found in shear-thrust zones, and the highest - in the zone affected by alkaline granites. The Lapland belt is characterized by decreased thermodynamic gradients - 65-67°C/kbar. 

3.6. Models of the Proterozoic supracrustal belts development and mantle evolution


Various geotectonic and geodynamic models based on the knowledge available and the prevailing geological paradigms were proposed for the Early Proterozoic belts of the Kola region and the Karelian-Finnish province.


One of the first investigators of the Pechenga zone, a Finnish geologist H.Vayrynen (1938), referred the ore-bearing serpentinite, gabbro-diabase and basalt pillow lavas as to ophiolites, and this conception was supported by V.G.Zagorodny et al. (1964). In the 60s, a geosyncline model was accepted for the interpretation of Proterozoic formations; according to this model the Karelides experienced a complete cycle of development: from the origination of a geosyncline belt to its orogeny and transformation into an ancient platform (Kratz, 1963). Achievements in the plate tectonics theory, which is based on the oceanic geology, could not but influence the geology of continents. One such example is the application of the riftogenesis theory to Precambrian formations. E.E.Milanovsky (1976, 1983) was one of the first to assign the Early Proterozoic Pechenga-Varzuga belt to a paleoaulacogen most similar to the current epiplatform rifts of the fissure type. At the same time, the cited author mentioned that ancient aulacogens differ from Phanerozoic rifts in the presence of internal folding caused by a transition from initial extension to subsequent compression. In the opinion of V.G.Zagorodny and A.T.Radchenko (1983, 1988), the Karelide zones were originated in the Sumian time as a result of arc-rifting and had a predominantly subplatform regime of development.


It is necessary to note that the reconstruction of geodynamic regimes for the Early Proterozoic belts, including Pechenga-Varzuga, and identification of geotectonic units in the earth crust were conducted mainly on the bases of the study of cross-sections, facies thicknesses and distribution, and conventional chemical analyses of rocks. In the recent decade, geochemical and isotope-geochemical data obtained by precision methods are gaining in importance. Thus, basing on the geochemical analyses, several researchers suggested a transition from continental to oceanic rifting accompanied by subduction (Kremenetsky & Ovchinnikov, 1986; Minz, 1993). Two geotectonic models include both the Pechenga-Varzuga belt and the Lapland Granulite belt. According to the model of P.Barbey et al. (1984), the source rocks for granulites were deposited 2.1-2.0 Ga ago in an oceanic basin which experienced subduction 2.0-1.9 Ga, with the simultaneous opening of the Svecofennian ocean and folding of the Pechenga-Varzuga rift. According to the model of A.Berthelsen & M.Marker (1986), the Pechenga-Varzuga belt represented an oceanic basin. Subduction of the oceanic crust in the southwestern direction beneath the Karelian craton resulted in the formation of a back-arc basin. The rocks deposited in this basin were subsequently metamorphosed in the granulite facies. The cited above authors suggested the subduction zone located within the modern Pechenga-Varzuga belt.


The author of this Chapter has analyzed structural, geochemical and isotope-geochemical data and developed a modified geodynamic model for the Pechenga-Varzuga belt. According to this model, the belt is referred to as an intracontinental paleorift system (Smolkin, 1992; Smolkin et al., 1995a, 1995b). Before turning on to this model, let us analyze the results from isotope-geochemical studies, which have been involved in the model.


Before the 70s, major efforts of geochronologists who studied the Precambrian were directed towards the studying the Rb-Sr and U-Pb systems in products of acidic magmatism and the Pb-Pb systems in rocks and ores of different genesis. The results obtained made it possible to outline the main regularities in the evolution of crustal and, partially, mantle-crustal material and establish a cyclic nature of endogenic processes (Pushkarev, 1990; et al.). With advances in Sm-Nd and Re-Os techniques, there emerged a possibility to examine mantle-derived ultrabasic and basic rocks. The necessary background was thus provided to the study of mantle isotope evolution. One of the best known models for the Sm-Nd system was proposed by De Paolo & Wasserburg (1976). This model distinguished a homogeneous chondrite reservoir, a depleted mantle and the crust. In the recent decade, a great number of Sm-Nd data have been obtained for Precambrian sheilds, including the Baltic Shield.


Fig.3.7 illustrates the data on intrusive and volcanic rocks of predominantly mantle genesis, including komatiites, picrites, basalts, gabbros and peridotites of different ages and from different geotectonic areas. When compiling the data bank, we focused on Precambrian rocks, and much less attention was given to Phanerozoic rocks. The upper inset shows evolution trends for the granitoids of Central Finland from the data of Huhma et al. (1990), and the lower inset demonstrates the age of Early Proterozoic intrusions from the Baltic Shield, which was corrected from the results of zircon studies (Balashov et al., 1993). Calculated trends of mantle development starting from the 
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Fig.3.7. Variation of  (Nd(T) in mantle-derived volcanic and intrusive rocks. From Smolkin (1993).


1 - chondrite; 2 - komatiite and komatiitic basalt; 3 - picrite and meymechite; 4 - basalt; 5 - gabbro; 6 - volcanic series; 7 - boninite; 8 - ophiolites (serpentinite, gabbro, basalt); 9 - gabbronorite, gabbro and pyroxenite of layered intrusions; 10 - MORB-type basalt; 11 - tholeiitic MORB; 12 - Precambrian gneiss; 13 - evolution of granitoids from Central Finland (I - southern, II - eastern and III - northern regions, from Huhma et al.(1990). DM - depleted mantle, CHUR - homogeneous chondritic reservoir, AR CRUST - Archean crust, CH - chondrite, according to the model of De Paolo-Wasserburg (1979).


Numbers indicate sampling sites: 1 - Middle Near-Dnepr area (Zhuravlev et al., 1987); 2 - North Labrador (Collerson et al., 1991); 3 - East Greenland (Hamilton et al., 1983); 4 - Pilbara Block, Talga-Talga Group (Gruan et al., 1987); 5 - Barberton, Onverwaht Group (Jahn et al., 1982); 6 - Olekminsky Belt, Anabar Shield (Pukhtel et al., 1991); 7 - North Labrador (Collerson et al., 1984); 8 - Vodlozero Block, Eastern Karelia (Pukhtel et al., 1991); 9 - basement of the Olondin Belt, Anabar Shield (Pukhtel, 1992); 10 - Yilgarn Block, Kambalda (Claone-Long et al., 1984; Chauvel et al., 1985); 11 - Olondin Belt, Anabar Shield (Zhuravlev et al., 1989); 12 - Kanozero and 13 - Shilos zones, Central Karelia (Sochevanov et al., 1991); 14 - Abitibi, Newton Township (Cattel et al., 1984); 15 - Kambalda, Orabanda sill (Chauvel et al., 1985); 16 - Abitibi, Alexo (Dupre et al., 1984); 17 - Ontario, Superior Province (Shirey et al., 1986; Czamansky et al., 1990); 18 -Abitibi, Munro-Township (walker et al., 1988); 19 - Kolar Belt, South India (Balakrishnan et al., 1988); 20 - Stillwater Complex (Lambert et al., 1985, 1989; Premo et al., 1990); 21 - Belingve and other belts (Hamilton et al., 1977); 22-26, 28-31 - layered intrusions of the Baltic Shield (22 - Moncha, 23 - Pansky Tundra, 24 - Mt.Generalskaya, 25 - Lukkulaisvaara, 26 - Burakovskaya, 28 - Kivakka, 29 - Tsipringa, 30 - Penikat, 31 - Imandra Complex (Alapieti, 1982; Huhma et al., 1990, 1992; Amelin & Semenov, 1990; Tolstikhin et al., 1992; Balashov et al., 1993); 27 - Vetreny Poyas, East Karelia (Pukhtel et al., 1991); 32 - Runkaus and 33 - Koli, Finland (Huhma et al., 1990); 34 - Olondin Belt, Anabar Shield (Pukhtel, 1992); 35 - Cape-Smith, Canada (Hegner et al., 1989, 1991); 36 - Oravaara, Finland (Huhma et al., 1990); 37 - Karasjok, North Norway (Krill et al., 1985); 38 - Louttivaara, Finland (Huhma et al., 1986, 1990); 39 - Pudozhgorsk intrusion, East Karelia (Amelin et al., 1990); 40 - Pechenga zone, Matert Fm (Hanski et al., 1990; Smolkin et al., 1995); 41 - Koli-Kaltimo, Finland (Vuollo et al., 1992); 42 - Onega trough, Suisara Fm (Pukhtel et al., 1992); Iormua and 44 - Outokumpu, Central Finland (Huhma et al., 1990); 45 - Soukkio and 46 - Evijarvi, Finland (Huhma et al., 1990); 47 - Circum-Superior Belt, Canada (Chauvel et al., 1987); 48 - Sudbury (Faggart et al., 1985; Walket et al., 1991); 49 - Colorado (De Paolo, 1981); 50-53 - Proterozoic belts of North America (Nelson et al., 1984); 54 & 55 - South Arabia (Claesson et al., 1984); 56 - South Arabia (Bokhari et al., 1981); 57 - Zurbagan Lake, Red Sea (Brueckner et al., 1988); 58 & 59 - Chaisk intrusion, North Baikal area (Neimark et al., 1989); 60 - Newfoundland (Jacobsen et al., 1979); 61 - Shamrus Complex, Western Alps (Pin et al., 1987); 62 & 65 - Kings-River, California (Shaw et al., 1987); 63 & 64 - Kempirsai, the Urals (Lawrence et al., 1984); 66 - Ivrea zone, Italy (Voshage et al., 1989) 67 - Meimecha-Kotui Province of Siberia (Karpenko et al., 1987; Kogarko et al., 1988; Arndt et al., 1995); 68 - Norilsk trapps (Sharma et al., 1991); 69 - Gorgona Island, Columbia (Aitken et al., 1984; Walker et al., 1990); 70 - Valaginsk and 71 - Tumrocksk ridges, Kamchatka (Karpenko et al., 1990); 72 - Tongo Island (Dubinina et al., 1991); 73 - Puerto Rico, Afar (Jahn et al., 1980; Barrat et al., 1990); 74 - Atlantic, Indian and Pacific Oceans (Ito et al., 1987).


The lower inset shows U-Pb ages on zircon from layered intrusions (Balashov et al., 1993).

Earth accretion till the present (Smith & Ludden, 1989) are given for the sake of comparison. Data on MORB chondrite and basalt were taken as the starting points for calculating the trends.


The oldest 3.91 Ga komatiites of the Archean greenstone belt in Middle Near-Dnepr area fall in the trend of mantle isotope evolution, whereas "younger" komatiites from Canada and Western Australia have a (Nd ratio lower than the calculated value. This can be accounted for by global processes of mantle division and crust separation at least 4.0 Ga ago, and the beginning of the crust-mantle interaction process. An intensive crustal growth and enhancing mixing of crustal and mantle material took place in the time interval of 3.8-2.6 Ga. For the komatiite from the Belingve belt, a considerable contamination of upper crustal sialic material by parental melts may be suggested. 


At the boundary between the Archean and the Proterozoic, mantle source composition and evolution of mantle melts markedly changed. This is indicated by the emplacement in the Baltic Shield of numerous layered intrusions and genetically related komatiites with negative (Nd of (1.2 to (2.3. While their parental melts intruded, contamination and assimilation played a subordinate part,  as judged from the mantle values of the 87Sr/86Sr ratio (Fig.3.8). It follows from this that the negative (Nd values can be caused by the anomalous nature of the source, which resulted from mixing of the upper mantle and lower crustal basite-granulite material. The layered intrusions on the Baltic Shield have similar U-Pb and Sm-Nd ages and similar isotope and geochemical characteristics. Such a situation suggests that during the Sumian time a fairly large asthenolens was formed and raised, and the projection of this asthenolens on the surface could have occupied most of the Karelian-Finnish province and the Kola region. 


In the course of origination and development of Early Proterozoic belts, mantle sources were differentiated and became more diverse. In the interval 2.2-1.9 Ga, two types of sources can be distinguished: one corresponding to a depleted mantle (Jatuli basalt in Karelia, and komatiites of the Karasjok belt), and the other - to anomalous (metasomatized, according to the author of this Chapter) mantle (ferropicrite and gabbro-wehrlite of the Pechenga ore field with sulfide mineralization, and Podogozh intrusion in Eastern Karelia with titanomagnetite mineralization). The source for ophiolite of Central Finland (Jormua and Outokumpu) was intermediate.


On the example of the granitoids from the Svecofennian province in Finland, one can see that originally these rocks had a mantle source. As granitization or sialization of the crust proceeded, crustal formations acquired more importance, probably because of melting and subsequent origination of secondary crustal sources. Analogous processes are characteristic for the granitoids of the Svecofennian stage on the Kola region, as judged from the variations of the 87Sr/86Sr ratio (Batieva et al., 1985). 
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Fig.3.8. Variation of initial 87Sr/86Sr versus time for volcanites and gabbro-wehrlite intrusions of the Pechenga zone, from Smolkin et al. (1995b).


The initial 87Sr/86Sr ratio shows a great variation in volcanic and intrusive rocks of the Pechenga zone (Smolkin et al., 1995a, 1995b). In the andesite-basalt of the Majarvi Formation it is equal to 0.7042, in trachybasalt and trachyte of the Pirttijarvi Fm - 0.7035, in the tholeiite basalt of the Zapolyarny Fm - 0.7025, in the tholeiite basalt and the ferropicrite of the Matert Fm - 0.7021 and 0.7032, respectively, in the metabasalt and the metapicrite of the Bragino and Mennel Fms - 0.7029, in the andesite and the rhyolite of the Kaplya Fm - 0.7043. These results are demonstrated in the diagram 87Sr/86Sr - Time (Ga) (Fig.3.8). An analysis of this diagram and geochemical properties of the study rocks suggest that sialic crustal material provided a great contribution in the earliest magmatic andesite-basalt melts, and as magmatism proceeded or paleorift systems opened, the contribution became lower, and it was the depleted mantle that acted as a source for later tholeiite-basalt melts. Simultaneously with these later melts, ferropicrite melts that had anomalous mantle source formed. The Sr and Nd isotope composition could mix due to mantle metasomatism caused by fluid flow from the lower mantle. In the Southern zone, two processes could be assumed as most realistic: an increase in the contribution from the crustal material due to melting (Kaplya Fm), and mixing of basalt and picrite melts (Bragino Fm). 


Isotopic data and the above geochronological material impose certain constraints which should be taken into account when creating any geodynamic models. For example, the isotopic data do not agree with the models implying that the Pechenga-Varzuga belt represented an oceanic rift (Berthelsen & Marker, 1986), or originated as an oceanic rift which subsequently experienced subduction and formed a back-arc basin (Minz, 1993). The model of Barbey et al. (1984) can not be accepted in the present either, for it has been established that the anorthosites occurring in the Lapland Granulite Belt are Sumian in age (Mitrofanov et al., 1993),  and the orogenesis in the Pechenga-Varzuga belt took place not in the period of 2.0-1.9 Ga, but considerably later. 


In the opinion of the author of this Chapter, the Pechenga-Varzuga belt is an example of a paleorift system which has undergone a complete cycle of development - from origination and spreading to closure and orogeny (Smolkin, 1992, 1993). Four stages can be distinguished in the history of the belt development: pre-riftogenic, early riftogenic, late riftogenic and orogenic. 


Figs.3.9 and 3.10 present models of geotectonic development for the Pechenga zone and the entire Pechenga-Varzuga belt or paleorift system. This belt, along with other Karelide zones of Karelia and Finland, was formed on the Archean continental crust as a result of uplifting of a large asthenolens and extensive doming. Initially, the belt represented a set of individual paleoaulacogen depressions. In the early riftogenic stage, which is marked by the appearance of first subalkaline products of mantle magmatism, the original lens broke up into more distinct diapirs of different size, and this caused a strong differentiation in the intensity of extensional processes. As a result, structures of diverse shapes formed: basin, fault troughs and abyssal trenches. The highest degree of spreading is supposed to have taken place  in the Pechenga-Varzuga belt which contains abundant tholeiitic basalts - products of melting of depleted mantle, and was characterized by uncompensated sedimentation. The Karelide zones of Central Karelia experienced tectonic movements of lower intensity and were not transformed into distinct, elongated rift systems. Geophysical data suggest that the depth down to the Moho discontinuity in the Pechenga-Varzuga belt is 29-36 km, and that in the flanks of the belt - 36-43 km.


The distribution of dyke swarms and small intrusions outside the margins of the belt suggests that the Murmansk unit and other northern blocks had a relatively stable position, whereas southern blocks moved actively towards the southwest, i.e. spreading was unilateral. In addition, shearing played a considerable part during the spreading. A collision of the Lapland Granulite Belt took place simultaneously with the spreading in the Pechenga-Varzuga system,  and as a result, granulite parageneses and oceanic crust formed in Central Finland. 


In the late-riftogenic stage, melts of two types were independently generated at different depth levels; these were tholeiite-basalt and ferropicrite melts that intruded in the course of several volcanic cycles. In the beginning of each cycle, ferropicrite melts rose from deep sources and intruded as volcanites and dykes; then the "drainage" channels were closed, and shallower sources of tholeiite-basalt melts began to function. There is evidence that at each terminating stage of ferropicrite volcanism there formed rootless nickel-bearing gabbro-wehrlite intrusions which had a thermal effect on host schists. As indicated by the Pb and S isotope composition, the ore potential in these intrusions was determined not only by the originally increased ore component content in 
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	Fig.3.9. A principle scheme of tectonic development of the Early Proterozoic Pechenga zone, from Smolkin (1992).

1 - tonalite and trondhjemite of the Archean basement; 2 - rocks of the Archean greenstone belt; 3 - gabbronorite of the layered intrusion of Mt.Generalskaya; 4 - granulites of the Lapland Belt; 5 - pre-riftogenic complex (Sariola); 6 - dolerite and picrite-dolerite dykes; 7 - early riftogenic and late riftogenic complexes (Jatuli-Ludia); 8 - dykes of the Nyasyukk complex; 9 - dome granitoids from the area outside the southern margins of Pechenga; 10 - orogenic complex (Kaleva); 11 - porphyraceous granites of the Litsa-Araguba complex; 12 - steeply dipping faults; 13 - feeding channels; 14 – thrusts.


parental melts, but also by contamination and assimilation in intermediate sources and magmatic crystallization chambers. These data and the information above testify to the existence of continental crust in the basement of the Pechenga-Varzuga belt in the Ludia time. 


In the orogenic stage, inversion of the tectonic regime occurred, and compressional regime started to predominate. As a result, mantle sources were replaced by mixed mantle-crustal and crustal ones, and numerous chambers of intermediate and acid composition formed. The composition of volcanic rocks formed in this stage is similar to the composition of island-arc volcanic association. As judged from the orientation of overthrusts and uprthrusts in the southern walls of the Pechenga and Imandra-Varzuga zones, the movements were directed mainly to the north, owing to the pressure and the subhorizontal movement of the Belomorian domain. In the final stage of orogeny, granitoids of mantle-crustal and crustal genesis intruded along the SW-NE trending fault system, and the rocks underwent regional metamorphism at moderate pressures of the kyanite-sillimanite type. The Archean frame was intruded by multiphase intrusions of alkaline gabbro-nepheline syenite and alkaline granite, which are typical of cratonic areas and represent products of isolated residual magmatic sources. The Early Proterozoic orogenic areas were partially peneplanated in the Riphean-Vendian time, and the peneplanation was accompanied by intrusion of dyke swarms into the Archean frame. 
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Fig.3.10. A scheme of geotectonic development of the Early Proterozoic Pechenga-Varzuga complex.


1 - Sumi basalt, andesite-basalt, rhyolite and quartzite; 2 - Sariola-Jatuli picrite-basalt, andesite-basalt, trachybasalt, trachyandesite-basalt and conglomerate, quartzite, and dolomite; 3 - Jatuli-Ludia tholeiitic basalt, ferropicrite and black schist; 4 - Kaleva basalt, andesite, rhyolite and schist; 5 - ultrabasic and basic intrusions; 6 - anorthosite intrusions; 7 - ultrabasic and basic dykes; 8 - alkaline granite-syenite; 9 - charnockite; 10 - diorite and plagiogranite; 11 - alkaline gabbro; 12 - monzodiorite, granodiorite and leucogranite; 13 - main directions of block movements under extensive dome-formation (1), spreading with a shear amplitude (b) and orogenesis (c). 
4. LATE PROTEROZOIC

4.1. On the age of sedimentary rocks


Upper Proterozoic sedimentary rocks are widespread in the aquatic regions of the Barents and the White Seas, and they make up the Rybachy and Sredny Peninsulas, erosion outliers on the coast, etc. (Fig.4.1). The sediments rest on Late Archean rocks of the basement. The conglomerates contain pebbles of Late Archean and Early Proterozoic rocks. The Upper Proterozoic sedimentary rocks are cut by Paleozoic dykes and diatremes. In addition, the sediments are assumed to be cut by Late Proterozoic dykes, having mafic-ultramafic composition. 
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Fig.4.1. A scheme of distribution of Upper Proterozoic sedimentary rocks on land (1) and offshore (2).

1 - Sredny Peninsula; 2 - Rybachy Peninsula; 3 - Kil’din Island; 4 - Ivanovskaya Bay; Svyatoi Nos Peninsula, river Iokanga; 6 - Peschanka river; 7 - Ostry creek, Orlovsky Cape, Aldobin creek; 8 - Sosnovka river, Snezhitsa river;  9 - Chapoma river; 10 - Kamenka river, Shumilovsky creek; 11 - Makeevsky creek, Gremyakha Creek, Chavanga river; 12 - Varzuga-Olenitsa-Kuzreka rivers; 13 - Tury cape.


The sediments were lithified in conditions of deep epigenesis, and are, in places, slightly dislocated. The rock sequences are mostly monoclinic, gently dipping towards the north-north-west. K-Ar ages on glauconite range from 1050 to 650 Ma (Bekker et al., 1970), which made is possible to assign these rocks to the Upper Riphean (Bekker et al., 1970). A study of microfossils (Lyubtsov et al., 1989) provided the following, more reliable age estimates.


1. The sediments of the Sredny Peninsula, Kil’din Island and Chapoma Fm contain microfossil assemblages characteristic of the Late Riphean period. In addition, the sedimentary rocks of the Kil’din Island contain organogenic columns of stromatolites Gymnosolen ramsayi steinm. and others. On the basis of similarities in the microfossil assemblages, the Upper Riphean sediments of the Chapoma Fm are correlated with the Basneringen Fm in Norway and with the sedimentary complexes of the Southern Urals and the South-Western  Siberian Platform. 


2. Rocks of the Terskaya and Tur'inskaya Fms of the Tersky coast of the White Sea have yielded microfossils which are common in rocks from the Riphean up to the Vendian age. However, for these rocks the oldest K-Ar ages (1263±40 and 1090±40 Ma) are also known. Therefore, the Tur'inskaya and Terskaya Fms are tentatively referred to as different levels of the Middle Archean. As it is the older of the two, the Tur'inskaya Fm has some features in common and is correlated with the Urmatinskaya Fm of the Southern Urals, and the Terskaya Fm is correlated with the lower part of the Serdobskaya Group. 


3. To carry out a correlation of the Rybachy sedimentary successions presents even more difficulties. Here we find no diversity of microfossils. This microfossil assemblage from Rybachy is not well preserved and does not include typical Vendian forms. A similar set of microfossils and their bad state of preservation is typical of the Basneringen Fm of the Barents Sea Group. These similarities and other features allowed V.V.Lyubtsov (Lyubtsov et al., 1989) to correlate the Rybachy sedimentary sequences with the Basneringen Fm. The Rybachy sediments were previously thought to have a tillite nature and thus considered to be Vendian in age. This would seem to be incorrect, since there is no evidence of a tillite presence. Suggestions about a Middle Riphean age of Rybachy turbidites (Konoplyova et al., 1977; Radchenko et al., 1994) appear to be more reliable. They are based on the similarities between these sediments and the rocks of the Middle Riphean Kongsfjord Fm of the Varanger Peninsula, which is located about 100 km WNW along the strike. Moreover, these rocks may be of the same age as Middle Riphean turbidites of the Timans (Getsen, 1991). 


Fig.4.2. shows a possible correlation scheme, compiled by A.A.Basalayev (Radchenko et al., 1994).

4.2. A brief lithologic-facial description of the sedimentary rocks


The structure and lithological composition of the most representative localities are summarized in Figs.4.3, 4.4, 4.5.


Kil’din Island (Fig.4.4). The rocks are represented by sediments of two incomplete transgressive-regressive cycles: conglomerates, graywackes, sandstone, quartzite, siltstone, mudstone, clay shale, dolomite and limestone with stromatolite columns. The rocks are variegated and have various types of bedding. The types of bedding and rock composition testify to the following (Lyubtsov et al., 1989): the influx of terrigenous material was irregular; disintegrated rocks of the provenance area had different degrees of maturity - from crusts of deep weathering to primitively disintegrated rocks; the sediments originated at different depth levels - from coastal-channel and flow to deep shelf and, possibly, continental slope; the tectonic regime rhythmically changed - from stable to unstable (as in platform active margins). 
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Fig.4.2. A correlation scheme of Upper Proterozoic sediments of the Kola Peninsula and Norway.
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Fig.4.3. The generalized stratigraphic sections of the Late Proterozoic deposits of the Kola Peninsula and their correlation, compiled by A.Basalayev (Redchenko et al., 1994), based on data in (Konoplyova, 1977, Lyubtsov et al., 1989; Negrutsa, 1971; Sergeeva, 1973).

1 - Archean and Proterozoic gneiss, granite-gneiss and granite; 2 - conglomerate and conglomerate-breccia; 3 - oligomictic quartz sandstone; 4 - arkosic polymictic sandstone; 5 - siltstone and silty-clay shale; 6 - clay shale, mainly hydromica and chlorite; 7 - oolitic dolomite; 8 - dolomite and marl; 9 - stromatolitic dolomite and limestone; 10 - limestone; 11 - lens of phosphorite fragments; 12 - pre-Riphean weathering crust; 13 - parallel and angular unconformities; 14 - motley- and 15 - red-colored rocks. 

   Formations (from top to bottom): pm - Pumanskaya, kk - Kuyakanskaya, krh - Karhujarvi, zm - Zemlepakhtinskaya, prg - Prigonnaya, kr - Korovinskaya, tr - Tur'inskaya, cp - Chapoma, - trs - Terskaya, tst - Tsypnavolok, sk - Skorbeevskaya, mt - Motovskaya, zb - Zubovskaya, pr - Perevalnaya, ln - Lonskaya; th - thickness (in m).
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Fig.4.4. A sketch geological map of the Kil’din Island. (The names of the formations and symbols are the same as in Fig.4.3).


Sredny Peninsula (Fig.4.3 and 4.5). The sediments are represented by a wide range of rock types: from conglomerate, graywacke and quartz sandstones to siltstone, mudstone, dolomite and stromatolitic limestone. A lithofacial analysis of the cross-section has made it possible to distinguish 3 rhythm-formations (Konoplyova, 1972, 1977), or 5 macrorhythms of sedimentation, according to V.V.Negrutsa (1971). It is possible to speak with greater confidence about manifestations of four transgressive-regressive cycles. The main conclusions are as follows (Lyubtsov et al., 1989): 

(1) The composition and morphology of quartz sandstone fragments testify to the existence of a thick pre-Riphean crust of weathering on the area that became a provenance in the Riphean time. This crust was the source for 12 beds of quartzite in the Palvinskaya Fm containing up to 98.12% SiO2 and clay mudstone containing up to 22% Al2O3. 

(2) The two lower cycles are the most distinct. They are characterized by the formation of flow-delta and sea-coast facies to remote-shelf facies at transgressive stages and a reverse succession, which was terminated by the accumulation of carbonate rocks of drained lagoons. 

(3) The tectonic regime of deposition was characterized by unstable conditions ranging from stable to active. This is confirmed by the rock structures and composition. The rocks are flat-bedded, graded- and cross-bedded. Erosion pockets have been found in the rocks of the Karhujarvi Fm. There is evidence for slump deformation and olistostrome nature of the rocks from the upper layers of the Kuyakanskaya Fm.

(4) The incompleteness of the transgressive-regressive cycles, the  regressive part of which is either incised or missing, is probably caused by the spasmodic and abrupt character of activation of the shelf zone and the provenance area, resulting in sharp changes of the erosion basis.


Rybachy Peninsula (Figs.4.3 and 4.5). The rocks are represented predominantly by conglomerate, gravelstone, sandstone and clay sandstone with rare interbeds of clay limestone, marls and slates. Only the upper part of the Zubovskaya Fm and the Tsypnavolok Fm contain a great amount of shale and carbonate rocks. A characteristic feature of the Rybachy sediments is the presence of turbidites at all levels of the cross-section. In general, the conglomerate, sandstone, graywacke, clay sandstone, siltstone, mudstone and marls of the Motovskaya, Lonskaya and Perevalnaya Fms represent rocks of a transgressive-regressive cycle (Lyubtsov et al., 1989). Rocks of the Perevalnaya, Zubovskaya and Tsypnavolok Fms, represented by coarse-fragment sediments, aspid shale and limestone, show numerous features of submarine erosion, redeposition and slump deformation, and have coarse-bedded, rhythmic-bedded and thin-bedded parallel fabrics. This suggests that the rocks formed in unstable conditions of sea-coast and submerged flows, alternating with stable conditions of a deep shelf. 
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Fig.4.5. A sketch geological map of the Sredny and Rybachy Peninsulas. (The names of the formations and symbols are the same as in Fig.4.3.).


The Tersky coast is mainly composed of red rocks (Fig.4.3). Tur'inskaya Fm on the whole represents a transgressive type of the cross-section (from conglomerate and sandstone to quartzite and carbonate shale), formed in shallow coastal conditions. Terskaya Fm consists of redrocks formed in mixed facial environments: from alluvial fans opened to a shallow-water basin to lacustrine facies. Chapoma Fm is composed of sandstone, siltstone and mudstone, which are red in the lower part and variegated (grey to black) in the upper part of the section. This may indicate that sedimentation conditions possibly changed from a closed to an opened shallow-water basin. 

4.3. Paleogeographic and paleotectonic conditions of formation of the sediments (Lyubtsov et al., 1989, 1990; Dedeyev et al., 1982; Getsen, 1991, et al.).


For the Tersky zone, the sedimentation environments are supposed to be continental (closed-basin facies of different depth levels) to coastal-shelf (opened-basin facies or large rift struc​tures within the continent). The material arrived from the north-west, the north and, more rarely, from the north-east (in the modern coordinate system).


The Barents Sea zone formed in conditions of a coastal shelf, deep shelf and continental slope. The sedimentation basin was open towards the north (in the modern coordinate system), as indicated by the submeridional direction of paleocurrent flows (which transported terrigenous ma​terial from land), by the direction of subaqueous slump structures, by the orientation of the incur​sion of tidal waves in the basin hydrosphere, and by the increase in the marine environment from south to north. The Barents Sea sedimentation area is characterized by changeable conditions: from coastal and shallow-shelf to deep-shelf, and, probably, even continental slope. In this case, one should assume, that the area of the Kola Peninsula could have been considerably, if not totally, covered by sea. The absence of products of possible simultaneous volcanism among the graywackes, along with a rather active tectonic regime of formation of Riphean sediments of the Kola region, suggest that active structures (mobile zones, rifts) were located fairly far north and north-east.


V.A.Dedeyev et al. (1982) proposed a model to interpret Riphean structures and sediments of the North-East of the East-European Platform. In the Early Riphean, N-W trending linear extension zones with a geosyncline sedimentation regime and pericratonic troughs (e.g. Timan-Varanger zone) appeared on a sufficiently consolidated margin of the platform. At a distance from the platform margin, in complementary zones of compression and arcuation, graben and troughs (Kandalaksha, Onega, etc.) were formed. In the Middle Riphean, and in the Late Riphean, the processes of destruction became stronger. However, by the end of the Riphean and Vendian (except for a short activation stage in the Early Vendian), the area under consideration became stable after the preceding collision. The Upper Vendian- Lower Cambrian sediments overlie the block structure on the South-Eastern Baltic Shield, forming extensive monocline fields of the plat​form cover. Plate tectonic processes, not elaborated in this model, are presented more satisfactorily in the scheme proposed by V.G.Getsen (1991). For the north-eastern Barents Sea Plate, spreading environments and oceanic crust formation are suggested. At first, linear N-W trending troughs de​veloped, in which the continental crust was thinning out in conditions of extension, and then "continental" blocks were separated and oceanic crust was formed. Processes of subsequent joining of "continental" blocks and the continent in the Late Riphean time were accompanied by the appearance of island arcs near pericratonic troughs, and subduction. It is not excluded, that the final (but not complete) closure (shut-down) of the Barents Sea rift was in some way triggered off by the formation of the Japetus  ocean north and north-west of the Baltic Shield.

4.4. Intrusive rocks


The Late Proterozoic intrusive rocks are sills and dykes of dolerite and quartz dolerite of the tholeiite-basalt series, which experienced only autometamorphic alternations. Large gently-dipping sills and dykes are locally differentiated. They are interpreted as typical platform formations, and are located mostly along the Barents Sea coast, being confined to complementary faults, which surround the Karpinski deep fault zone (Sinitsin, 1963; Mitrofanov, 1989). Sills and dykes are also known in the Keivy block. It can not be excluded that some of the numerous unmetamorphosed dykes of the Kola Region, interpreted to be Paleozoic, can have a Late Proterozoic age. Almost no isotope age determinations have been performed for them. 

5. PALEOZOIC


Since the Riphean time the NE Baltic Shield formed as a stable continental crust with a constant uplift tendency. As a result, Paleozoic supracrustal rocks in the Kola Peninsula are not abundant and sediments were formed only in depressions. However, the northeastern part of Fennoscandia has been the main theater of intense Phanero​zoic alkaline and carbonatite magmatism in the shield. 
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Fig.5.1. Locality map of alkaline occurrences in the Kola Province. 

Proterozoic alkaline rocks: A - Gremyakha-Vyrmes intrusion, B - Soustov intrusion, C - Tominga vol​canic series,  D - Tiksheozero intrusion, Eletozero intrusion, F - Pesochny, G - Sakharjok and Kuliok intrusions. 

Paleozoic complexes: 1 ‑ Khibina, 2 ‑ Lovozero, 3 ‑ Turiy Mys, 4 ‑ Salmagora, 5 ‑ Lesnaya Varaka, 6 ‑ Ozernaya Varaka, 7 ‑ Afrikanda, 8 ‑ Mavraguba, 9 ‑ Kovdor, 10 ‑ Sallanlatva, 11 ‑ Vuoriyarvi, 12 ‑ Kovdozero, 13 - Kandaguba, 14 ‑ Seblyavr, 15 ‑ Kurga,  16 ‑ Kontozero, 17 ‑ Ivanovka, 18 ‑ Sokli, 19 ‑ dyke and pipe swarm of the Tersky Coast.

5.1. Volcanic and sedimentary rocks


The process of Paleozoic volcanism and related sedimentation in tectonic depressions was somewhat a precursor of Devonian tectonic-magmatic activation. Volcanic and sedimen​tary rocks are located mainly in the area of  alkaline plutonic complexes, where they occur as huge blocks (remnants of caldera covers)  and xenoliths. 


In the Lovozero intrusion Paleozoic volcanics and sediments are widespread throughout the northeastern part of the complex. Sediments are represented by gravelite, sandstone, and clay schists with remnants of Devonian flora. Volcanic material exhibits a wide range of alkaline series: Ankaramite and alkali basalt are dominant rock types, alkali picrite, trachybasalt and phonolite are less abundant. Aside from Lovozero intrusion,  the alkaline volcanic rocks of the same affinity were found in the Khibina and, recently, in the Ivanovka Fjord (Fig.5.1.).

The Kontozero complex comprise both alkaline plutonic bodies and volcanics with minor sediment material (Fig.5.2). The total thickness of this complex exceeds 2 km. By contrast to the Lovozero volcanic rocks the Kontozero depression is filled with silica-undersaturated alka​line series. The volcanic succession consists of three main units: 1) The upper part comprises carbonatite lavas and tuffs, with minor intra-volcanic sediments; 2) Melilitite and nephelinite, interbedded with melilitite tuff, tuff breccia, tuffisitic schist, and argillite form the intermediate part of the succession; 3) The bottom of the caldera is filled with basalt tuff breccia and con​glomerate interbedded with limburgite and augitite. The funnel, located in the central part of caldera, consists of carbonatite-picrite, containing coarse-grained xenoliths of magnetite-apatite rocks, xenocrysts of garnet, perovskite, and diopside. Carbonatite lavas is directly associated with the central feeder zone of the complex (Pyatenko & Saprykina, 1980).


5.2. Plutonic complexes


The Paleozoic magmatism of the northeastern Baltic Shield is represented by alkaline plutons, minor intrusions, dyke swarms, pipes, and extrusives. According to the available isotope data, the most of intrusions were formed during a relatively short time span of 362-378 Ma(Kramm et al., 1993). Distribution of Paleozoic magmatism in the Kola Peninsula is con​trolled by the structure of the Precambrian basement. Paleozoic rocks occur particularly in the Late Archean Belomorian Belt, which is interpreted as an intracratonic collision zone located between Fenno-Karelian and Murmansk Archean cratons (Mitrofanov, 1992) (Fig.1.1).  Alka​line complexes are traditionally divided into two main groups: 1) Carbonatite intrusions and 2) Giant nepheline syenite plutons of Khibina and Lovozero.
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Fig. 5.2. Generalized geological maps of the Kola alkaline complexes. 

Intrusions: LSV - Lesnaya Varaka, KVD ‑ Kovdor, AFR ‑ Afrikanda, OZV ‑ Ozernaya Varaka, SOK ‑ Sokli, SEB ‑ Seblyavr, SLM ‑ Salmagora, VUO ‑ Vuoriyarvi, TUR ‑ Turiy Mys, SLN ‑ Sallanlatva, KNT ‑ Kontozero, KUR ‑ Kurga. 

Rock types. Carbonatite: 1 - phoscorite, 2 - calcite, 3 - dolomite, 4 - ankerite, Silicate rocks: 5 - nepheline syenite, 6 - alkaline syenite, 7 - ijolite, 8 - melteigite, 9 - melilitolite, 10 - melilite-monticellite olivinite, 11 - phlogopite-diopside-olivine rock, 12 - pyroxenite normal(a), magnetite bea​ring(b), 13 - peridotite,  14 - olivinite, 15 - carbonatite lavas and tuffs, 16 - melilitite, nephelinite and tuffs, 17 - alkaline picrite, 18 - ankaramite and tuffs, 19 - sedimentary rock
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5.2.1. Carbonatite intrusions

The observed field relations in multiphase carbonatite complexes of the Kola province demon​strate a constant order of their formation and support the general rule of rock sequence, de​scribed for carbonatite intrusions elsewhere in the world. In Table 5.1. the rock series are listed in ac​cordance with the order of emplacement. No disturbances or reversed order of emplace​ment have yet been noticed. Nearly the whole rock sequence is best represented in the biggest in the province and well exposed Kovdor intrusion. Due to the presence of magnetite, apatite, rare metals, phlogopite and vermiculite deposits, a detailed prospecting was undertaken, and Kovdor is now the most profoundly studied carbonatite intrusion in the region. Kovdor intrusion is typical for the Province, thus it can be described as an example of carbonatite complexes in the province. 

From geophysical data and drilling evidence the outer contacts of the Kovdor intrusion are subvertical or dip steeply to the center. The contacts between different rock types are also subvertical, thus the Kovdor intrusion can be represented as a neck. Two satellite bodies were found 0.8 km north‑east from the main intrusion. Both of them consisting of foidolite and nepheline syenite series and are less than 300 m in diameter. The fenite zone exceeds 350‑500 m at the northern contact, whilst at the western and in south‑western contacts fenites are found at the distance of 4 km away from the intrusion.  


Table 5.1.  Distribution of the rock types in Paleozoic massifs of the Kola Peninsula.
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Olivinite occupies the central part of the Kovdor intrusion and, according to geological evidence, belongs to the earliest stage of magma intrusion. The olivinite is a medium to coarse-grained rock with panidiomorphic texture. Typically, it contains 85‑95 modal % olivine and 5‑10% titanomagnetite with minor pyroxene, phlogopite, clinohumite and apatite. The acces​sories are perovskite, pyrrhotine and chalcopyrite. Olivine is represented by euhedral grains 0.2‑2.0 cm in size. Forsterite content varies from 87.8 to 93.9 mol.%. 


Pyroxenite is a dominant rock type in the central part of the Kovdor intrusion where it frames the olivinite core. Typically, pyroxenite consists of closely packed subidiomorphic aegirine‑diopside prisms 0.5‑2.0 mm long. The pyroxene is often slightly zoned, and normally greenish margins are easily  observed. Titanomagnetite, amphibole, phlogopite, and apatite are ubiquitous. A less common rock variety is magnetite pyroxenite composed of euhedral clino​pyroxene primocrysts and large exsolution intercumulus ilmenite and magnetite grains. 


Turjaite and monticellite‑melilite rocks occur in sickle‑shaped bodies between the ultramafic core and the marginal foidite zone of the intrusion. According to field relations, the melilite rocks were formed after olivinite and pyroxenite series, but they are older than the ijolite melteigite. The following rock groups can be distinguished. Turjaite, a dominant rock type of the sequence, is represented by coarse‑grained massive varieties, consisting of (vol.%) melilite (25‑50), nepheline (15‑30), phlogopite (20‑25) and pyroxene (5‑25). Hastingsite, titanomagnetite, perovskite, titanite, garnet, natrolite and calcite are present as minor phases. The poikilitic structure is formed by melilite oikocrysts, inclu​ding resorbed grains of pyroxene and nepheline. Anchimonomineral melilitolite appears as bands and lenses in turjaites. Amphi​bole-​monticellite‑melilite rocks form irregular zones and are spatially related to ultramafic rocks. These rocks are rather variable in structure and mineral composition. Mottled and ban​ded varieties are widespread. Microrelics of olivinite and pyroxenite form shadow resorbed zones replaced by aggregate of melilite, monticellite and hastingsite. Corro​sional, granoblastic and poikilo​blas​tic structures are typical. Olivine most commonly occurs as small scat​tered skeletal relics. Reaction rims around many of the olivines consist of monticellite. Diopside is common​ly replaced by andradite, which forms irregular winding masses. Based on the above data, Kukharenko et al. (1965) suggested the metasomatic origin of monti​cellite‑melilite rocks which replaced the ultramafites of the intrusion. On the contrary, the turjaite group, accor​ding to the recent investigations of melt inclu​sions in melilite (Sokolov, 1989), appears to form as a typical member of a magmatic rock sequence.


Phlogopite‑diopside‑olivine rocks ("Phlogopite complex") forms a sickle‑shaped body up to 1.5 km wide, separating the olivinite core and peripheral intrusions of ijolites and turja​ites. The main phlogopite body occupying the central part of the complex, is strongly zoned. The core consists of apatite‑phlogopite pegmatoid enveloped by phlogopi​te‑olivine zone which grades into phlogopite‑diopside and diopside​-am​phi​bole rock. The grain size decreases gradu​ally from the core to the margins: the pegmatoid central zone with huge crystals of apatite, phlo​gopite, olivine, diopside(up to 2 m) grades into coarse‑grained and fine‑grained rock for​ming the marginal zone of the body. The main reserves of phlogopite used for commercial purposes are located in the zone of phlogopite‑forsterite and phlogopite‑diopside rocks. The content of high‑grade crystals of mica 0.5 ‑ 1.0 m in size ranges from 300 to 1500 kg/m3 (Ter​novoy, 1977).


Crust of weathering is developed on all the varieties of phlogopite‑diopside olivine rocks, and it is considerably enriched in vermiculite in the area of the phlogopite ore deposit. The vermiculite rests in the upper zone of the crust of weathering(up to 50 m thick), whereas hydrophlogopite  predominates in the lower zone.


Ijolite‑melteigite complex  forms a ring body in the marginal zone of the intrusion. Be​sides, minor satellite bodies of melteigite porphyries occur in the Precambrian basement NE from Kovdor. Field relations with adjacent rocks give evidence that the foidolites intruded after the ultramafic rocks and melilitolites. Typically, foidolite is medium‑grained, with a regular massive texture and hypidiomorphic structure. Nepheline forms large interlocking anhedral crystals. Aegirine‑diopside varies in shape from stout embayed prisms to slender needles enclo​sed poikilitically by nepheline. In leucoijolites, nepheline forms a polygonal mosaic to which pyroxene is interstitial. Wollastonite‑ijolite contains interlocking wollastonite prisms of the similar size to pyroxene, with the wollastonite crystallized after pyroxene. Accessory titanite, apatite and titanomagnetite are ubiquitous. Schorlomite forms irregular winding masses, replacing pyroxene, ore and titanite.


Nepheline syenite was found in association with ijolite and melteigite porphyry in a satellite body called "Small Kovdor". Poikilitic nepheline syenite, located in the lower part of the intrusion, near the contact with ijolite. The rock consists of euhedral nepheline, zoned aegi​rine‑diopside and biotite grains enclosed in oikocrysts of K‑Na feldspar. Trachytoid nephe​line syenite, forming the upper part of the intrusion, is coarse‑grained, consisting of K‑Na feld​spar, strongly zoned aegirine‑diop​side, nepheline, biotite, mag​ne​tite and titanite.


Carbonatite com​plex  consists of a central plug and a few isometric bodies cutting Precambrian gneisses and alkaline  silicate rocks. Numerous carbonatite dykes have been obser​ved over the whole of Kovdor, par​ticu​larly in the south‑wes​tern part of the intrusion. The main carbonatite center is the largest and most interes​ting struc​turally, owing to the nearly concentric pattern of the ring bodies and carbona​tite cone sheets. The axis of the plug plunges to the south at an angle of 80°.


Calcite carbonatite (sovite), a medium to coar​se‑grained rock is composed almost entirely of calcite with minor apatite, magnetite, phlogopite and pyrrhotine. Forsterite, actinolite, tremolite, hastingsite, diopside, andradite and wollastonite occur sporadically. Pyrochlore, baddeleyite, zircon, zirkeli​te and dysanalyte are accessories. Most of sovites are banded due to lenticular distribution of minor phases.


Dolomite carbonatite occupies dominantly the southern part of the main plug. Aside from dolomite, they contain minor calcite, apatite, baddeleyite, strontianite, lueshite and most of the  above phases typical for sovites.


Apart from calcite and dolomite carbonatite, the main carbonatite plug comprises a calcite‑magnetite‑forsterite rock sequence (phoscorites), which is of commercial interest due to high contents of Fe, P, Zr and rare metals. According to V.I.Ternovoy (1977), the Kovdor phos​​co​rites fall into following groups which, in order of em​placement, are: 1) Apatite‑cal​cite‑ for​sterite‑magnetite rocks; 2) Clinohumite‑tetraferriphlo​go​pi​te‑apatite‑calci​te‑ma​g​netite  ores. Notable is the presence of accessory pyrochlore, gatchettolite, zirkelite and baddeleyite; 3) Dolomite‑forsterite‑magnetite ores containing baddeleyite (0.2% vol.).

(  (  (

The Kovdor intrusion, being typical for carbonatite complexes, comprises the whole peridotite‑py​ro​xenite‑melilitolite‑foidolite‑nepheline syenite‑carbonatite series, and also includes a wide spec​trum of postmagmatic products. For this reason, a lot of hypotheses have been tested in the Kovdor intrusion to explain the origin of alkaline ultramafite and carbonatite rock series. It is beyond the scope of this paper to examine all of them in full, and we will touch only the key problems being now discussed.

 
The  hypotheses based on the magmatic origin of the main rock sequence is dominant. According to the models of A.A.Kukharenko et al. (1965), V.A.Kononova (1976). M.P.Orlova (1983), and L.S.Egorov (1991), the intrusions of the Kovdor type were formed from parental nephelinitic magmas during a multiphase magmatic process. The following rock sequence was postulated: 1) olivinite, peridotite, 2) pyroxenite, 3) turjaite, 4) ijolite and melteigite, 5) nepheline and cancrinite syenite, 6) carbonatite rocks and phoscorites.


The main problem discussed in the frame of the above scheme was the role of metasomatic process responsible for the origin of melilite‑bearing rocks and foidolites. Overestimation of metasomatism as the main rock‑forming process was based on petrogra​phical and minera​lo​gical observations. Thus, numerous "pyroxenization", "nephe​liniza​tion", "phlogopitization", "melilitization", "monticellitization" etc. were suggested to entirely transform the primary mag​matic rocks. The first data obtained by A.A.Kukharenko et al.(1965) supported the idea of a metasomatic origin of all melilitolite varieties. V.A.Kononova (1976) also suggested "ijoliti​zation" as the magma replacement process that has shown itself in the ijolite‑melteigite series. However, the data on melt inclusions found in turjaites and ijolites appear to suggest the mag​matic crystallization of these rocks at the temperature of 950‑1080°C (Sokolov, Roman​chev, 1978). On the other hand, field relations and petrographic features give strong evidence of metasomatic replacement of olivinites and pyroxenites by  melilite-monticellite-phlogopite-dio​pside coarse‑grained aggregates. Thus, according to V.I.Ternovoy et al.(1969), melili​te‑bea​ring rocks appear to be heterogeneous, and were formed as a result of magmatic and metasomatic processes.

5.2.2. Nepheline syenite complexes

The Khibina and Lovozero complexes occupy a mountainous territory in the central part of the Kola Peninsula. The eastern contact of Khibina is only 5 km away from the Lovozero intrusion, therefore these intrusions can be regarded as two parts of a single intrusive complex having similar Rb-Sr ages. These alkaline intrusions consist of nearly the same rock types but differ in the internal structure.

5.2.2.1. Khibina complex 

The Khibina complex formed in the contact zone between Archean gneisses and Middle Proterozoic volcanic-sedimentary complexes. According to geophysical data and drilling, the outer contacts of the intrusion are subvertical down to a depth of 3 km. At deeper levels the western and southern contacts plunge towards the center at an angle of 50‑60°(Galakhov, 1975). The eastern contact dips outwards at an angle of 80° thus showing the possible joining with the Lovozero complex.


The zone of fenitized rocks extends for over 150 m along the southern contact, where amphibole-pyroxene-plagioclase hornfels is wide spread. The apogneiss fenite in the northern contact of the intrusion is represented by amphibole-oligoclase varieties forming a narrow zone up to 10 m wide. 


The Khibina intrusion consists of concentric bodies of different alkaline rocks formed in several stages of igneous activity from the periphery to the core (Eliseev et al., 1939, Zak et al., 1972, Galakhov, 1975) (Fig.5.3). The geometric centers of each sickle-shaped body have eastward shift towards the Lovozero intrusion. From the oldest to youngest the components are as follows. 1. Remnants of the alkaline volcanic complex. 2. Peridotite, pyroxenite, melilite-bearing rock. 3. Ijolite-melteigite layered complex. 4. Nepheline syenite of the outer ring (khibinite complex). 5. Potassium-rich nepheline syenite forming a rischorrite-juvite-urtite complex and related apatite-nepheline ores. 6. Nepheline syenite of the central part of intrusion (foyaite) and pulaskite. 7. Dykes of essexite-diabase, alkaline picrite, nephelinite, phonolite, trachyte. 8. Carbonatite.


Ultramafic alkaline rocks are located in the marginal zone, near the contact between massive and trachytoid khibinites and in the northern sector, where these rocks join the ijolite-melteigite complex. The ultramafic rocks are mostly overlain by khibinites, and only a few exposures are known in the southern and western contact zones. Drilling and geophysical data indicate that the northern ultramafite bodies dip concordantly to the center of the intrusion at an angle of 35‑40°. True thickness of the bodies varies from 10 to 70 m. Brecciated zones of ultramafites are widespread. Geological relationships with nepheline syenites demonstrate that ultramafic alkaline rocks refer to the earliest stage of formation of the Khibina intrusion. Peridotite, pyroxenite, and melilite-bearing rocks from Khibina are similar to those in the carbonatite intrusions of the Kola province. 

    Ijolite and melteigite form a ring differentiated body with elements of rhythmic layering. The regular sequence of alternation of rocks in the vertical section is preserved through several kilometers. In each rhythm melteigite in the bottom grades into more leucocratic ijolite, or urtite in the top.  All layers are lying concordantly and dipping to the center of the intrusion at the angles of 10‑30°. The layered sequence in the sickle-shaped body suggests that the ijolite-melteigite complex originally occupied the entire central part of the intrusion, and was later replaced by the foyaite intrusion (Arzamastsev et al. 1987) Melteigite, ijolite and urtite are represented by medium-grained varieties with strong planar lamination formed by oriented elongated grains of mafic minerals. The assemblage of accessory aenigmatite, lamprophyllite, eudialyte, rinkolite, pectolite and sodalite in Khibina ijolites and melteigites reflects a high alkali content in these rocks. 


Ultramafic alkaline rocks (peridotite, pyroxenite, ijolite, melteigite, melilitolite) are deficient in SiO2 and Al2O3 with excess of Na2O and K2O. It is manifested in the CIPW norm in the presence of nepheline, leicite and rarely kalsilite. Olivine normative foidolites are the most abundant, the rest contain normative wollastonite.  
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Fig.5.3. Geological map of the Khibina complex generalized from A.V.Galakhov(1975) with supplements from O.B.Dudkin et al.(1984), A.A.Arzamastsev et al.(1987), A.N.Korobeinikov et al.(1990).

Nepheline syenite of the outer ring complex were locally named khibinite because of their coarse-grained structure and the presence of eudialyte in some varieties. The complex consists of two ring bodies of massive and trachytoid khibinite, divided by a narrow zone of sphenitized khibinite filled with remnants of alkali volcanics and xenoliths of ultramafic alkaline rocks. Khibinite is a coarse-grained rock with a hypidiomorphic texture. K-Na feldspar is represented by laths of albite-orthoclase perthite. Nepheline typically includes microliths of aegirine and is partly replaced by sodalite or cancrinite. Some of pyroxene crystals are zoned and composed of aegirine-augite core rimmed by aegirine. Overgrowths of Ti-magnetite on astrophyllite, titanite on astrophyllite, titanite on aenigmatite thus forming coronitic structures are widespread.


Rischorrite complex, comprising juvite and urtite as subordinate members, forms a ring-like body with contacts dipping inward the center of the intrusion. The outer contact  with khibinites is represented by a transitional zone, while in the inner contact with foyaites there is a tectonic zone of cataclyzed and recrystallized nepheline syenite.


Rischorrite is a coarse-grained massive nepheline syenite, with varying content of K-feldspar and nepheline. Large oikocrysts(up to 5 cm in size) of homogeneous orthoclase or microcline include euhedral crystals of nepheline, pyroxene, titanite and apatite to form a poikilitic structure. The distinguishing feature of rischorrite as compared to other Khibina nepheline syenites is extremely high amounts of potassium (max K2O=15.7wt.%) and K/Na ratio up to 2.6, which is manifested in the presence of K-feldspar instead of K-Na perthite, modal kalsilite, djerfisherite(potassium-bearing sulfide), wadeite (potassium zircon silicate) and leicite. The latter was recently found in a juvite vein cutting ijolites. The nepheline composition shows an extremely high K2O content limited by the solid solution gap between nepheline and kalsilite. Pyroxene compositions range from aegirine-diopsides to aegirines. Lamprophyllite, aenigmatite, pectolite, eudialyte, rinkolite are accessory minerals. The agpaicity index is the highest among the Khibina nepheline syenites,  showing an average (Na+K)/Al ratio of 1.15.


Urtite forms a 50‑100 m thick zone beneath the apatite-nepheline deposit. Poor apatite-bearing urtite in the upper contact grades into coarse-grained apatite-free urtite which transforms downwards into juvite. The discrepancy in contact relations between rischorrite, juvite and urtite series still exists, thus it may have been caused by a few magma portions intruded in the magma chamber to form apatite-nepheline rocks together with urtite series in situ. The last to intrude were juvites and then rischorrites formed numerous pegmatitoid zones and veins in urtites and apatite ores.


Nepheline syenite forming the central part of the intrusion is the youngest except for carbonatite and dyke rocks. Nepheline syenites of the Khibina core are traditionally subdivided into foyaite and the so called "medium-grained lyavochorrite"(local name) comp​lexes (Zak et al., 1972). The latter forms a marginal zone of the foyaite intrusion, and between the two varieties there is  a gradual transitional zone, rather than sharp contacts. Foyaite and "medium-grained nepheline syenite" are texturally and modally similar to khibinite of the outer ring of the intrusion. It con​sists of K-Na feldspar perthite (50‑60% vol.), nepheline(30‑35%), pyroxene(5‑10%), amphibole (1‑5%), lepidomelane(1‑5%), titanite, Ti-magnetite, eudialyte, astrophyllite, aenigma​tite, apatite, rinkolite, sodalite, cancrinite and natrolite. 


Nepheline syenite of khibinite and foyaite complexes belong to peralkaline group with an average agpaicity coefficient (Na+K)/Al=1.05 and K/Na=0.4. Miaskitic varieties are also present. As compared to the average nepheline syenite of R.Daly and R.W.Le Maitre, the Khibina rocks are rich in alkalis and alumina, whereas Ca and Mg content is low. All nepheline syenites contain normative olivine and 1‑5% of sodium metasilicate, except for pulaskites containing up to 5% of anorthite.


Pulaskite have been recently found in the core samples from the bore holes cutting a negative gravity anomaly in the central part of the foyaite complex (Korobeinikov, Arzamastsev, 1994). The contacts observed in the drill core suggest that pulaskite may have been present as xenoliths in foyaite. Pulaskite is coarse- to medium-grained with a hypidiomorphic texture. K-Na feldspar is the most abundant mineral. Aegirine-augite, alkali amphibole, biotite, titanite, sulfides, apatite, fluorine, sodalite, cancrinite and pectolite are also present.


Carbonatite form a subvertical stockwork body entirely covered by quaternary sediments. The stockwork, which is 0.9 x 1.5 km in size, consists of entangled bundle of carbonatite veins intruded in foyaites. The host rock complex is cut by numerous aegirine-cancrinite-calcite-albite veins, containing apatite, zircon and pyrochlore. The main rock types, in order of their formation, are: (1) aegirine-calcite carbonatite, (2) biotite-calcite and albite-calcite carbonatite, (3) mangancalcite and mangandolomite varieties, (4) manganankerite carbonatite (Dudkin et al. 1984).  As compared to carbonatites in ultramafic alkaline intrusions of the province, the Khibina one is enriched in MnO, and it has a relatively high Na/K ratio, whereas magnesia content is lower. Rare accessory minerals include evaldite, donnayite, mckelveyite, carbocernaite, zhonghuacerite, cordillite, cebaite, harmotome, edingtonite, and others. 


Pegmatites and hydrothermal veins. About 80 new minerals were first discovered in Khibina and most of them occur in pegmatites and late hydrothermal veins. Pegmatites appear as schlieren or vein-like zoned bodies up to 12 m wide. Their mineral composition strongly depends on the type of host alkaline rock. Pegmatites in nepheline syenite complexes are represented by arfvedsonite-K-Na-feldspar, aegirine-salite-feldspar and lepidomelane-feldspar types. Aegirine usually occurs as fibrillar grass-green aggregate. Eudialyte, aenigmatite, ilmenite, titanite and lamprophyllite are accessory phases. Pegmatites in ijolite and melteigite commonly contain aegirine, nepheline, sodalite, microcline as main phases associated with titanite, Ti-magnetite, lamprophyllite, aenigmatite, eudialyte, ramzaite, apatite, pectolite, lomonosovite, lovozerite, djerfisherite, rinkolite, villiomite, wadeite, ilmenite and zircon. This pegmatite type contains a lot of unique minerals of ultraagpaitic assemblage: delhayelite, canasite, fenaksite, scherbakovite, ilimaussite, etc. Pegmatites associated with juvite-rischorrite series are represented by microcline-microperthite or orthoclase-bearing types with lovchorrite, astrophyllite, pectolite, yuksporite, natrolite, cancrinite and zircon.


Low-temperature hydrothermal veins are spread throughout the entire intrusion. The most abundant minerals of this stage are albite, natrolite, calcite, fluorite, libenerite, hydrogetite, vudyavrite and zeolites.


Apatite deposits and ore mineralization. Given the high content of P, Sr, REE, Y, Zr, Ti, Nb, Ta, Hf, Mo, Th, U, V, Al, Na, K, Li, Rb, Ga and F, the nepheline syenite complexes are of great commercial importance. The Khibina intrusion contains huge deposits of phosphate and aluminum ore which is a complex source of many rare elements.

 
Apatite-nepheline deposits are arranged within a ring zone of the urtite-juvite-rischorrite complex. Ore bodies dip towards the center of the intrusion and are traced to the depth of 2 km. A typical cross section of the ore body from top to bottom is as follows: a) Titanite-apatite uppermost contact zone, b) A rich zone, composed of mottled and banded texture types of apatite ore (25‑30%wt.P2O5), c) A poor zone, composed of lenticular, taxitic, and block textural ore types(5‑15%wt.P2O5), d) Apatite-bearing massive coarse-grained urtite, e) Apatite-free massive coarse-grained urtite.

 
Apatite, being the main component of the ore, contains 40‑41 wt.% P2O5, 1.8‑3.5 wt.% SrO, 9000‑11000 ppm REE, and 500‑900 ppm Y. It is represented by several generations of different shape and color. Nepheline, the second main rock component used now as by-product, consists of 33 wt.% Al2O3, 15 wt.% Na2O, 7 wt.% K2O, 150 ppm Rb and 40 ppm Ga. The ore also comprises titanite, clinopyroxene, amphibole, Ti-magnetite, K-feldspar, and biotite as accessories.


Apatite deposits are now the only object of commercial importance. However, some ore occurrences and different mineral zones attract a great mineralogical rather than industrial interest.

(  (  (

Numerous petrological, geochemical and mineralogical studies of the intrusion have evoked the gamut of petrogenetic hypotheses in which the following key problems are discussed.


- The number of main plutonic intrusions, comprising the Khibina complex, the order of their emplacement, and especially  the problem of correlation of outer and inner nepheline syenite complexes;


- The role of metasomatic and magmatic processes in formation of foidolite series, particularly of rischorrite-juvite sequence;


- The position of ultramafic alkaline rocks and carbonatites in the petrogenetic scheme of the complex;


- The alternative hypotheses on formation of apatite-nepheline ores as a result of (i) fractional crystallization, (ii) liquid immiscibility, (iii) metasomatic replacement of foidite matrix.

    When the Rb-Sr data on the Kola alkaline province were obtained by L.Kogarko et al.(1981),  it became obvious, that all nepheline  syenite and carbonatite alkaline intrusions were formed during a single period of igneous activity and derived from the same type of mantle source. Data from mantle nodules found in Khibina pipes indicate that undersaturated alkaline magmas derived from the level of spinel lherzolite mantle facies from the depth of 40‑50 km.


Evidence from other Kola alkaline complexes indicate that the Khibina intrusion comprises a complete set of ultramafic-carbonatite series: peridotite, pyroxenite, melilitolite, melteigite, ijolite and carbonatites. As olivine melanephelinitic primary melt seems to be the most probable parent, it may have produced both plutonic and dyke foidite series as a result of fractional crystallization. However, this process seems not to be responsible for the origin of enormous volumes of nepheline syenite which is a dominant rock type in Khibina and Lovozero intrusions. The recent data obtained by U.Kramm and L.Kogarko(1994) show that carbonatites and associated ultramafic silicate rocks did not evolve from the same parent magma as the nepheline syenites. This idea is strongly supported by petrogeochemical data which show the presence of ultramafic-carbonatite series and nepheline syenite-pulaskite series. Consequently, the Khibina intrusion appears as a multiphase polyserial complex, comprising derivatives of different parental magmas. Parallel evolution of these two systems caused alternating emplacement of magma portions and provoked magma mixing processes.

5.2.2.2. Lovozero complex


The intrusion intruded the garnet‑biotite gneisses of the Archean age. The zone of fenitized rocks extends for 50‑200 m. According to the recent data the intrusion is defined as a multiphase asymmetric laccolith‑like body, mainly composed of agpaitic nepheline syenites (Gerasimovsky et al., 1966) (Fig.5.4). The northern, eastern and southern contacts of the intrusion are subvertical down to a depth of 1 km, whereas the western contact dips inward at an angle of 40°. At deeper levels the contacts are subhorizontal. The negative gravity anomaly in the center of the intrusion may have been caused by the presence of sodalite and nosean syenite core overlapped by nepheline syenite complexes. Due to subhorizontal position of layers in the differentiated complex, the geological map of Lovozero appears as a topographic plan of the area, and the key layers follow the contour lines of the map.


The plutonic alkaline rocks forming the Lovozero complex can be grouped in the following principal components: 1) Poikilitic feldspathoid syenite; 2) Lujavri​te‑foya​ite‑ur​ti​te layered complex; 3) Eudialyte nepheline syenite complex. Dyke series represent the latest stage of igneous activity.


Feldspathoid poikilitic syenite. These rocks form isometric or sheet‑like bodies enclosed in lujavrites of the layered complex. The recent data obtained from underground quarrying and drilling, indicate a more complicated geological position of these rocks than it was surmised: 1) Sodalite poikilitic syenite forms layers in the differentiated lujavrite‑foyaite‑urtite complex, therefore these rocks are suggested to be a member of the layered rock sequence. However, key horizons of loparite urtite commonly bifurcate and round up the sodalite syenite bodies; 2) In contrast to the sharp contacts between poikilitic syenite and lujavrite, the transition between sodalite poikilite syenite and enclosing lujavrite is gradual (Osokin, 1980).


All types of feldspathoid syenites are massive, medium to coarse‑grained light‑gray rocks with a poikilitic texture. Euhedral sodalite, nosean and nepheline are enclosed in large  K‑Na feldspar oikocrysts. Two main groups of syenites can be distinguished: sodalite syenites, containing up to 2 wt.% of Cl, and nosean syenites enriched in sulfur. Noteworthy is the dominating sulfate form of sulfur in these rocks, whereas all the other nepheline syenites contain reduced sulfur in sulfides. Some of the varieties are very much similar to naujaite of the Ilimaussaq complex, Greenland. Besides the main minerals, aegirine‑diopside, biotite, lamprophyllite, titanite, eudialyte and murmanite are abundant. Ramsaite, ilmenite, loparite, pyrrhotine, molibdenite, ussingite, lovozerite and nordite appear sporadically as accessories.


Lujavrite‑foyaite‑urtite layered complex. Together with the Ilimaussaq intrusion in Greenland, the Lovozero intrusion provides an outstanding example of a layered alkaline intrusion. Each full rhythm consists of lujavrite, foyaite and urtite grading into each other through a wide spectrum of intermediate 
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Fig.5.4. Geological map of the Lovozero intrusion generalized from I.V.Bussen and A.S.Sakharov(1972). Cross‑sections from M.M.Kalinkin(1974).

varieties. Urtite layers, being 0.3‑5.0 m thick, are commonly used as key horizons. Besides nepheline, urtite contains K‑Na feldspar, aegirine, arfvedsonite, sodalite, apatite and aenigmatite. Loparite, ilmenite, ramzaite, astrophyllite, eudialyte, murmanite and rinkolite are present as accessory phases. In some of urtite layers the apatite and loparite content exceeds 10 vol.% and 1% or more, respectively, therefore these rocks are of commercial importance as a source of P, Ta, Nb, and REE.


Lovozero (Lujavrurt) is a type locality for lujavrite, a coarse‑grained nepheline melasyenite with trachytic texture formed by planparallel oriented feldspar laths. The needles and prisms of aegirine and arfvedsonite and platy crystals of eudialyte are also oriented in the plane of lamination. Besides the main phases, lujavrite contains sodalite (5 vol.%), eudialyte (7%), accessory loparite, lamprophyllite, rinkolite, apatite, titanite, ramzaite, murmanite, aenigmatite, pyrrhotine, villiomite and catapleite. Distribution of rare minerals within each rhythm is commonly asymmetric: the uppermost melanocratic zone of the lujavrite layers is enriched in eudialyte and loparite. 


Eudialyte lujavrite complex. Eudialyte lujavrite forms a plate‑like body up to 800 m thick, unconformably overlying the differentiated lujavrite‑foyaite‑urtite complex. The lower contact zone consists of fine‑grained eudialyte lujavrite porphyry which grades upwards into coarse‑grained eudialyte lujavrite. Within the complex two main zones can be distinguished: the upper zone, composed of  coarse‑ to medium grained eudialyte lujavrite up to 300 m thick and the lower zone of irregularly grained eudialyte lujavrite. No visible signs of rhythmic  layering have been observed in the complex. However, the eudialyte‑rich lujavrites and eudialytite form elongated lenses and layers traceable for a few thousand meters. Of particular interest is the loparite‑bearing juvite key horizon, located in the lower zone of the complex near the contact.


The eudialyte lujavrite is typically leucocratic to melanocratic with strong planar lamination. The mesolujavrite contains 35‑40 modal% K‑feldspar, 15‑25% nepheline, about 15% eudialyte, 10‑20% aegirine, 2‑5% arfvedsonite, and 1‑5% sodalite. In some varieties sodalite content exceeds 20%. Murmanite, lamprophyllite, loparite, ramzaite, apatite and titanite are accessories. Eudialyte forms euhedral slightly elongated crystals 1‑10 mm in size. Its content in some of eudialyte‑rich layers exceeds 70%. Being the main zirconium mineral in the Lovozero rocks, eudialyte also contains REE, Y, Nb, Ta, and Sr. Eudialytite layers outcrop in the uppermost parts of the mountains, therefore they can be mined in open pits. Some varieties of the eudialyte lujavrites contain considerable amounts of loparite, which is also a mineral of commercial importance. Investigations on the spatial distribution of eudialyte and loparite mineral zones showed that there are not many places where they overlap each other. Commercially the most attractive are zones containing both zirconium and niobium mineralization.


Fine‑grained lujavrite porphyries associated with the eudialyte lujavrite suite, comprise two rock types differing in geological setting and mineral composition. The first one, forming a lower contact zone and lens‑like bodies within the eudialyte lujavrite, is feldspar lujavrite porphyry. It consists of euhedral microcline and nepheline phenocrysts 1‑2 cm in size, enclosed in a fine‑grained feldspar‑aegirine‑nepheline matrix. The second rock type, lovo​zeri​te‑mur​ma​ni​te lujavrite porphyry forms veins or sheet‑like bodies near the xenoliths of volcanic rocks and nepheline syenites of the previous intrusive phases. Typically it is of porphyric texture, formed by euhedral phenocrysts of nepheline, microcline and aegirine phenocrysts. The fine‑grained matrix consists of the same minerals. The notable feature is the presence of considerable amounts of rare minerals: large isometric oikocrysts of violet murmanite and brownish‑black lovozerite form about 15 modal % of the rock. Ramzaite, aenigmatite and lamprophyllite are also abundant as phenocrysts and in the matrix. Sodalite, cancrinite, natrolite and arfvedsonite occur sporadically.


Among the rocks closely related to eudialyte lujavrite complex, there is apatite and titanite bearing ijolite, forming an elongated sheet‑like zone in the central part of the intrusion. The zone is 6 km long and up to 350 m thick. It is conformable with the adjacent rocks and dips at an angle of 20°. A great number of xenoliths of alkaline volcanic rocks are enclosed in ijolite. Eudialyte‑titanite‑amphibole reaction zones commonly envelope most of xenoliths.


Chemically and mineralogically, almost all the nepheline syenites from Lovozero belong to the agpaitic group. The agpaitic indices vary from 1.17 in poikilitic feldspathoid syenites to 1,52 in eudialyte lujavrites. Nepheline syenites of the layered complex indicate intermediate agpaicity which gradually increases from bottom to top of each rhythm from 1.10  to 1.37.


The trace element chemistry of the Lovozero syenites has several notable aspects. All rocks are anomalously enriched in incompatible elements, such as Sr, REE, Y, RB, Li, Hf, Ta and particularly Zr and Nb. The average Zr content ranges from 1200 ppm in poikilitic feldspathoid syenite to 13600 in the typical eudialyte lujavrites. The main Zr mineral is eudialyte. Lovozerite, keldyshite, seidozerite, lovenite, elpidite, catapleite, zircon, rosenbushite and velerite occur as accessories. Beside 13.7wt.% ZrO2 eudialyte comprises 0.3% HfO2, 0.8% Nb2O5 and 2,3% REE2O3. Niobium, being the second typical trace element of the intrusion, dominates in the layered lujavrite‑foyaite‑urtite complex. The main host mineral of Nb is loparite, which contains 4.8wt.% SiO2, 40.4% TiO2, 7.1% Nb2O5, 0.6% Ta2O5, 36.3% REE2O3, 1.1% SrO, 0.4% ThO2 (Bussen, Sakharov, 1972). Niobium is also present in minor amounts in titanium and zirconium silicates.
(  (  (

The Rb‑Sr isotope studies carried out by L.Kogarko et al. (1983), U.Kramm and L.Kogarko(1994) have proved the mantle origin of the Lovozero nepheline syenites. The initial isotope ratio 87Sr/86Sr=0.70387 indicates the mantle origin of the alkaline magma and the absence of crustal contamination. The probable primary nephelinitic liquid appeared to produce agpaitic derivatives enriched in volatiles and incompatible elements. Noteworthy is low H2O content and reduced character of the primary magma (Kogarko, 1977).


The average compositions of the Lovozero nepheline syenites fall within the eutectic points of the main experimental systems, thus proving the crystallization differentiation as a leading petrogenetic process. The following phases of igneous activity can be recognized in the Lovozero intrusion. During the first phase, which preceded the formation of the main magmatic complexes, the alkaline volcanic series were  formed. The recent data (Arzamastsev et al.,1993) revealed that these rocks do not belong to the Lovozero alkaline plutonic series and are closely related to the Kurga intrusion of ultramafic rocks and nepheline syenites. These two volcanic and plutonic complexes form a comagmatic alkali‑basalt series which appears to be analogous to the kjelsasite‑larvikite‑lardalite series of the Oslo Rift.


Lujavrite‑foyaite‑urtite complex represents the main pulse of igneous activity. A great number of hypotheses have been applied to explain the origin of rhythmic layering. According to L.N.Kogarko (1977) the observed rhythmic structure of the complex can be explained by experimental data on the order of crystallization of the main phases. The first to appear was nepheline, which was followed by K‑Na feldspar, pyroxene was the last to crystallize. From petrographic observations, loparite crystallized from nepheline syenite magma simultaneously with apatite at the early stages of formation.


The intrusion of eudialyte lujavrites was formed during an autonomous pulse of magma activity, which occurred after the formation of the layered complex. That is proved by the geological observations at the contact, where the quenched zone of feldspar lujavrite porphyry unconformably overlies the lujavrite‑foyaite‑urtite rock sequence. According to L.N.Kogarko (1990), who studied the micro‑inclusions in eudialyte crystals in order to assess the physico‑chemical conditions for the formation of eudialyte lujavrites, the eudialyte ores were crystallized during the magmatic phase of mineral formation.


The  poikilitic feldspathoid syenites demonstrate the most puzzling rock sequence of the intrusion. Due to the difficulties in identifying the sodalite and nosean, these two main rock varieties have not been distinguished and mapped yet. However, the data of R.M.Yashina (Magmatic Rocks, 1984) reported a different geological position of these rocks: nosean‑bearing nepheline syenites were formed before the layered lujavrite‑foyaite‑urtite complex, whereas naujaite and tawite belong to the latest phase of intrusion. In contrast to these data, field observations of E.D.Osokin (1980) support the probable cogeneity of both nosean and sodalite poikilitic syenites with the enclosing rock series. L.N.Kogarko (1977) suggested the liquid immiscibility to be the main process responsible for the origin of coexisting lujavrite and Cl‑rich sodalite liquids.

5.2.3. Paleozoic dyke swarms


Most of the dykes occur around or inside the alkaline intrusions, but there   are also autonomous dyke swarms and pipes. The dyke rocks fall into the follow​ing groups: 1) Alkali picrite, olivine melanephelinite, alkali lamprophyres, damtjernite; 2) Nephelinite; 3) Alnoite, nepheline melilitite; 4) Phonolite and tinguaite; 5) Trachyte; 6) Carbonatite; 7) Calcite tinguaite porphyry; 8) Essexite and theralite. The first two varieties are widespread throughout the entire Kola region. Meli​lite‑bearing va​rieties occur in dyke swarms surrounding the intrusions where the plutonic melilite‑bearing rocks are abundant. Carbonatite dykes were found only in the vicinity of the carbonatite intrusions. Phonolite, trachyte and Essexite series are dominant in dykes of nepheline syenite intrusions. The calcite tinguaite porphyry was found only in the dykes of the Kovdor intrusion. 


In the Ivanovka Coast, more than 80 dykes of alkali picrite, alkali lamprophyres and trachyte were mapped. In the Turiy Mys area, numerous dykes of all the above named rock types form a "corona" which envelops the carbonatite intrusion. 


Over 180 dykes and a few pipes have been observed over the whole of Khibina, particularly in the south-eastern and eastern parts of the intrusion (Arzamastsev et al. 1988). Most of the dykes are concentrically oriented, dipping to the center of the intrusion at an angle of 30‑50°. A few subvertical bodies are alkali picrite pipes, closely related to the fault system intruded by foidite dykes. The pipes consist of partly carbonatized ultramafic rock varying in composition from picrite to olivine melanephelinite. Brecciated zones with calcite basis are abundant. Apart from main minerals, accessory chrome diopside, chromite, and Cr-free almandine are present. Three mantle nodules of spinel peridotite were found in one of olivine melanephelinite pipes. A nodule consists of olivine (75 vol.%), enstatite(12%), pargasite(5%), chrome spinel(3%), and minor clinopyroxene, phlogopite and apatite.

In the Tersky Coast, 25 km east of the Turiy Mys, a swarm comprises 36 pipes and 15 dykes of kimberlite and related rocks (Kalinkin et al., 1993).  All the bodies that were found occur in the Ermakovsky Graben, which is distinctly delineated by a linear gravity anomaly about 100 km long, which extends to the northwest (Fig.5.5.). 
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	Fig.5.5. A sketch geo-logical map of the Tersky Coast, showing location of diatremes. 1 - Riphean sandstone, 2 - Turiy Mys carbonatite intrusion; 3 - Lopian volcano-sedimentary rocks; 4 -the Kolvitsky granulite com​plex; 5 -  the Umbinsky granitoid complex; 6 - Saamian gneisses; 7‑10 - diatremes of kimberlite (7), olivine melilitite (8), olivine-pyroxene melilitite (9), ultrabasic foidite (10); 11 - pipe-type local magnetic anomalies; 12 - faults bounding the Ermakovsky Graben; 13 - faults, breaking  the Ermakovsky Graben into blocks; 14 - geologic boundaries.


The diatremes show a lateral zonal distribution pattern: the ultrabasic foidite bodies occur on the western flank, they give way in the southeast to the olivine melilitites, and these to kimberlites.


The kimberlites occur in two diatremes. In addition to the accessory apatite and perovskite, the kimberlite contains chromite, chrome diopside, and chromium-bearing pyrope. The fragments and whole diamond crystals, 0.1 to 1.0 mm in size, include flat-faced, sharp-edged octahedra with rounded edges, octahedra with trigonal growth layers and polycentrically growing faces, and flattened octahedra.


The olivine melilitite makes up the largest group of bodies (19 pipes and 8 dykes). The olivine and olivine-pyroxene melilitites contain phenocrysts of serpentinized olivine or clinopyroxene in a fine-grained groundmass, which often shows a flow structure caused by subparallel-oriented melilite microliths or their accumulations. The minor minerals are apatite, perovskite, titanite, loparite and rutile. The accessories include low-chromium pyrope-almandine garnet, greenish-gray chrome diopsides and chrome spinellids. 


The ultrabasic foidites, in forms of 10 pipes and 13 dykes, occur at the western flank of the Ermakovsky Graben. The petrographic features of this group of rocks resemble the alkali picrites and olivine nephelinites of dykes described in the Turiy Mys dykes and elsewhere in the province.

6. MESOZOIC


Among Mesozoic deposits, kaolins, sungulites and hypergene phosphates are preserved in the Kola region. More complete information about their distributions and conditions of formation are presented in A.P.Afanasiev (1977). Some deposits were described by A.S.Likhachev (1972) and V.Ya.Yevzerov et al. (1981, 1993).


The distribution of the kaolins is shown in Fig.6.1. Two types of kaolins are distinguished: eluvial which have a relict texture of parent rocks, and diluvial, which formed as a result of redeposition of the upper part of the eluvial kaolins. Both types commonly occur beneath Quaternary sediments. Kaolinic products of weathering are confined to the lower part of kaolinite zone in the complete section of the corresponding crust of weathering, or to a transitional horizon from hydromicaceous to kaolinite zone. The kaolins generated mostly on mica and chlorite schists or gneisses and form deposits ranging in length from 100 to 1000 m, being from several meters to a few hundreds of meters wide and from 2 to 30 m thick. From preliminary data, the kaolin reserves do not exceed 5 mln. ton. The largest kaolin deposits are located on northern foothills of the Lovozero Tundras and on the Near-Khibiny plain, south of the Khibiny mountains.
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Fig.6.1. Location of kaolin (black circle) and sungulite (empty circle) deposits on the Kola Peninsula.


Fig.6.2 illustrates a typical cross-section of one of the deposits of primary kaolins corresponding to hydromica-kaolinitic part of the kaolinite zone of the crust of weathering. Over 58% of the zone is accounted for by particles whose size is less than 0.05 mm; the main clay minerals are hydromica and kaolinite. The kaolinite content increases from bottom to top, and it dominates in the upper part of the section. Sand fractions are dominated by quartz (80-96%); hydrobiotite is preserved in small amounts; accessory minerals are magnetite and ilmenite (up to 1.5%).
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Fig.6.2. Location of kaolin deposits in the northern foothills of the Lovozero Tundra (A) and a typical section of one of the deposits (B). From Likhachev (1972) and Afanasiev (1977), with slight modifications. 


1 - Quaternary sediments of various genetic types; 2 - diluvial kaolin; 3 - kaolinite zone of weathering crust; 4 - disintegration zone (on gneiss and granite gneiss it is shown together with the hydromicaceous crust of weathering); 5 - nepheline syenite; 6 - gneiss and granite-gneiss; 7 - tectonic zones (shown selectively); 8 - kaolin deposits.


The eluvial kaolins of the Kola region are characterized by a high content of dyeing oxides, mostly of iron. Therefore they can not be used to produce paper. The results of technological tests have shown that the kaolins are suitable for the production of colored facing tile and drainage pipes.


Deposits of diluvial kaolins originated in the Quaternary time, and they are associated with the eluvial deposits. Being not large and contaminated with extraneous material, they may have commercial interest only in exceptional cases. 


In the Kola region, along with the linear kaolin crust of weathering, linear sungulite crust is widespread. It formed at the time of kaolin weathering in a specific geochemical environment peculiar to ultrabasic-alkaline massifs, such as Kovdor, Vuorijarvi and others. Deposits of eluvial sungulites, which are a result of weathering of ultrabasic rocks, are represented by bodies that are confined to tectonic fault zones. They extend for 2.5 km, being 800 m wide and about 100 m thick (Fig.6.3). A transition from sungulitized rocks to unaltered rocks occurs in  thin disintegration zones. The predominating mineral in the deposits is sungulite, a magnesian analogue of kaolinite. Sungulinitic products of weathering, as well as kaolinitic, are characterized by high contents of iron oxides (about 10 %). Technological tests have not been performed. 


Hypergene phosphates are confined to the Kovdor, Vuorijarvi and Afrikanda massifs of ultrabasic-alkaline rocks. They lie in crush zones of calcite-apatite-magnetite ores, pyroxenites, alkaline rocks and carbonatites. The only deposit of secondary phosphates with small reserves of P2O5 is found in the southwestern part of the Kovdor massif. As reported by geologists from the Kovdor geologic-prospecting survey, the apatite-francolite ores rest on calcitic carbonatites, and, following the location of carbonatite dykes, they form (in plan) a complicated concentric body with bulges and branches (Fig.6.3).  The largest deposits of apatite-francolite ore of the karst type are confined to the sites where carbonatite dykes are cut by radial faults. Smaller deposits form a complicated system of bodies reaching a depth of 200 m.
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Fig.6.3. Map of crusts of weathering. Simplified from (Afanasiev, 1977).


1 - linear hydrochlorite-sungulite crust of weathering of ultrabasic rocks; 2 - francolitization zones; 2 - area calcite-nontronite and montmorillonite zones on monticellite and melilite rocks; 4 - area hydromicaceous crust of weathering: vermiculite (a) and hydrophlogopite (b) horizons; 7 - contact between the rocks of he massif and fenite with gneiss; 8 - tectonic dislocations: identified (a) and inferred (b).


All these hypergene rocks represent roots of kaolin crust of weathering, which occupies a large area. The crust of weathering formed on a peneplanated surface of the Fennoscandian Shield in conditions of a hot humid climate during the Upper Trias - the beginning of Lower Jurassic (Yevzerov et al., 1993). A study of drill core from off-shore boreholes showed that in the lower and middle Jurassic the upper horizons of the kaolin crust served as a main source of detrital material arriving to the South-Barents depression. At that time, predominantly quartz sands and siltstone with gravel, and silty-clayey sediments containing approximately equal amounts of kaolinite, chlorite and hydromica were accumulating in the depression. By the beginning of the upper Jurassic, only the roots of the crust of weathering had preserved in the continent, and, subsequently, feldspar-quartz graywackes with negligible kaolin contents in clay fraction started to deposit in the South-Barents depression (Gramberg, 1988).  
7. CENOZOIC


Paleogenic sediments have not been encountered in the Kola region. They have been found only in one site of Finnish Lapland, located approximately on the same latitude as Kandalaksha, 50km west of the Russian state border (Hirvas & Tynni, 1976). At that site Paleogenic marine clay rests on crystalline rocks and is overlain by three moraine units. In addition, Quaternary deposits of the Kola region and Finnish Lapland contain relics of marine diatoms of the Paleogene. This gives reasons to believe that quite extensive areas of the northern Fennoscandian Shield were covered by sea in the Paleogene time.

7.1. Neogene-Quaternary period


This period is of special interest, for that was the time when the modern topography of the region formed. The most important geological signatures of the period are the Neogene crust of weathering of the hydromica type and Quaternary deposits, the bulk of which formed by ice sheets.

7.1.1. Neogene


The crust of weathering was studied by A.P.Afanasiev (1977). It occurs on watershed areas, gentle slopes and on pediment plains. Some outliers of the crust reach tens of square kilometers in area, varying in thickness from 5 to 20 m, and on rocks of the alkaline-ultrabasic massifs they can be up to over 50 m thick. The most extensive and the thickest Neogene weathering-crust outliers are concentrated in a ca.W-E trending band up to 120 km wide (Fig.7.1). The hydromica crust of weathering is represented by clayey-sandy or clayey-gravelly sediments, which commonly contain rounded fragments of altered (mostly  in peripheral parts) initial rocks. Typomorphic minerals of the crust of weathering are hydromicas and vermiculite, which are a result of transformation of trioctahedral micas. However, the mineral composition of products of weathering depends on the composition of initial rocks. The crust of weathering of nepheline syenite is predominated by metahalloysite and gibbsite; nontronite, montmorillonite and calcite generate after monticellite-melilite rocks, and weathered gabbro contain hydrochlorite, nontronite and metahalloysite. The following deposits are confined to the crust of weathering occurring on the rocks of the alkaline-ultrabasic massifs: Vuorijarvi, Afrikanda and Sebljarvi hydrophlogopite deposits, and the Russia's largest vermiculite deposit of Kovdor (see Fig.6.3).


At the end of the Paleogene -- the beginning of Miocene, there occurred an uplifting of the Kola region, followed by the accumulation of continental sediments. This is evidenced by the finds of fresh-water diatoms only. In the opinion of S.A.Strelkov (Strelkov et al., 1976), vertical movements of blocks resulted in the formation of all the today-known highs, mountains and depressions, but the relief was less salient at that time. S.A.Strelkov suggested that the White Sea depression also developed at that time, being a result of rejuvenation of ancient and generation of new faults. Later, the tectonic regime stabilized to cause the formation of pediments and the appearance of the hydromica crust of weathering. 


Tectonic movements became active again in the Pliocene. By analogy with other northern areas of Russia, S.A.Strelkov assumes that differentiation of Pliocene movements was greater, and the network of faults tighter than at the preceding stage. A considerable part of the shelf of the northern seas was drained, and rain valleys incised deeper than the modern level. From drilling data summarized by A.A.Nikonov (1967), mouth areas of ancient buried valleys of the Kola Peninsula are located mostly at the elevation of minus 40-60 m. A continental basin apparently formed at the site of the White sea. Uplifting resulted in the partial redeposition of hydromica crust of weathering. 
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Fig.7.1. The most extensive and the thickest areas of the Neogene crust of weathering preserved in the Kola region.


In the end of the Pliocene, the climate became considerably colder. Physical weathering dominated in the Fennoscandian Shield: the formation of gravelly-rubbly-boulder eluvium started at that time and still continues today. Chemical weathering was limited to leaching and hydratation to form various hydromicaceous minerals. Partial decomposition of some minerals, mostly those that were unstable in the zone of hypergenesis, also took place. It was the most intensive in podzolic soils, where all mafic minerals were decomposed: biotite, hornblende, pyroxenes. However, the decomposition was not accompanied by synthesis of any layerlattice silicates and did not affect feldspars (Afanasiev, 1977). Kaolinite was not formed at all under these conditions (Yevzerov, 1966). Coarse detrital eluvium in the Pliocene formed in mountain regions and in those localities of highs, where hydromica crust of weathering was absent. Its thickness, as judged from the thickness of the present eluvium, did not exceed a few meters.


Therefore, by the beginning of ice-sheet glaciation, the watershed areas of the Kola region were covered by coarse detrital eluvium and remnants of hydromica crust of weathering, and redeposition products of this crust occurred in depressions. 

7.1.2. Quaternary glaciations and interglacials

The data given in the section above lead to a conclusion about a significant role of products of hydromica crust of weathering in the formation of Quaternary deposits on the Kola region. Scandinavian ice sheets, having a considerable thickness, are noted for being very dynamic, and exaration was weak in glacial divide zones. According to the commonly accepted belief (Strelkov et al., 1976), based on the distribution of erratic boulders, orientation of drumlins, glacier scars and elongated boulders in till, the glacial divide on the Kola Peninsula in the period of last glaciation was located in the area were remnants of the Neogene crust of weathering were concentrated (see Fig.7.1). It is likely, that this area served as a glacial divide during most of older glaciation periods, too. The exaration effect of the glaciers on the subjacent rocks considerably increased north and south of the glacial divide. This explains why the remnants of hydromica crust of weathering, which formerly occupied extensive areas, are scarce and have a negligible thickness in the northern and southern parts of the region.


In the opinion of a number of researchers (Kvasov, 1978), glaciation in the northern hemisphere dates back to the Pliocene. Unfortunately, the information available on the Fennoscandian Shield does not permit us to confirm this point of view, nor to reject it. The most complete section of glacial sediments is located in Northern Finland (Hirvas, Kuiansuu & Tynni, 1976; Hirvas, 1977, 1991). There are 9 moraine horizons there, the lowermost being tentatively referred to as part of the Cromer complex. Towards the east and in northern and southern direction from the area of glacial divide migration, the section of glacial deposits is thinning out due to increasing exaration of the subjacent rocks by ice sheets. Sediments of the last glaciation and post-glacial deposits are exposed. Their distribution is shown in the map "Quaternary deposits of Finland and Northwestern part of Russian Federation and their resources" at a scale 1:1,000,000 published in 1993.


Moscow (Saalian) glaciation.  Only four moraine horizons corresponding to four upper horizons in Northern Finland have been encountered on the Kola Peninsula. The lowermost horizon was formed prior to the Mikulinsky (Eemian) interglacial, and it is considered to be a moraine of the Moscow glaciation (Yevzerov & Koshechkin, 1980). It is found in a few localities: on the northeastern slopes of the Pechenga Tundra, in the area of the Kovdor alkaline-ultrabasic massif and on the southern coast of the Kola Peninsula. This moraine horizon rests on crystalline rocks. It is overlain by sediments of the Mikulinsky interglacial or the Valdai glaciation. Judging by petrographical composition of the detrital material from the moraine horizon,  ice flows of the Moscow glaciation moved towards the northeast in the northwestern part of the region, and towards the southeast in the area of the Kovdor massif and the southern coast of the Peninsula. 


According to the conception proposed by W.Ramsay (1898) and reciprocated by us, each glaciation epoch started with mountain glaciation, which was most extensive in the mountains of Northern Scandinavia. As the ice thickness increased, the glaciation area expanded to form an ice sheet, which spread on to the periphery. Mountain glaciers existing on the way of the advancing continental ice merged with it and became assimilated. The continental ice derived from the glacial divide or from the central-glacial area, the position of which was determined by a complicated combination of environmental conditions. It is possible to suggest that in the early stage of the Moscow glaciation, when the Scandinavian ice had not reached the western and central Kola Peninsula, the mountains occurring on its way were independent centers of glaciation. As the continental ice moved further eastwards, it assimilated the mountain glaciers, and in the maximum stage of the Moscow glaciation the ice sheet margin elsewhere spread far beyond the limits of the Kola Peninsula and occupied a much larger area than that covered by the ice of the subsequent Valdai glaciation. The ice sheet thickness in the Moscow glaciation stage on the Kola region was about 3500 m (Yevzerov & Koshechkin, 1980).


A moraine of the Moscow glaciation was discovered in the section of Quaternary deposits on Spitsbergen (Troitsky et al., 1975). This raises the question as to whether the ice sheets from various glaciation centers on the Barents Sea shelf could merge in the maximum stage of the Moscow glaciation. However, some observations (Holtedahl, 1958; Matishov, 1984)  indicate that it is unlikely that such merging could have taken place. In the final stage of the Moscow glaciation, when the ice sheet retreated and its thickness decreased, the mountain massifs in the central, and then in the western parts of the Kola Peninsula again started to act as centers of mountain glaciation. 


Mikulinsky (Eemian) interglacial.  Mikulinsky interglacial sediments, both continental and marine, have been found in many localities of the Kola region. Marine sediments occur mostly in peripheral areas of the eastern part of the Kola Peninsula, however, a few sites have been also found in the central part. Unfortunately, all the known sections reflect separate transgression stages. Some of the sections have been relatively thoroughly studied by geological and paleontological methods. All the results have been published (Gudina & Yevzerov, 1981). Therefore, we will present only a general paleogeographical characteristic of the interglacial, basing on specific data on the region. 


Boreal (Eemian) transgression started and reached its maximum under severe climatic conditions of the late glaciation. The climatic and hydrobiological conditions became more favorable in the course of regression. One of the early stages of the regression coincided with the climatic optimum of the Mikulinsky interglacial, during which the climate was somewhat warmer than the modern. The basin shoreline at the time of climatic optimum near the northeastern coast of the Kola Peninsula was on the elevation of about 150 m above sea level. Basing on this figure, we made an approximate reconstruction of the position of the sea limit, with consideration for later Pleistocene and Holocene deformations caused by dome-like glacio-isostatic uplifting of the study area (Fig.7.2). The upper sea limit was a little higher. However, its reconstruction on the basis of the material available is impossible. As seen in the Figure, the sea occupied a considerable area within the continent. The Barents Sea and the White Sea were connected by numerous, probably, fresh-water straits.  Consequently, the warm waters of the Atlantic, which had propagated far east of their modern limit, started to penetrate unobstructed into the White Sea, where boreal and boreal-lusitanian species of marine organisms started to spread. The advanced sea caused an abrasion of the inundated highs; marine sediments accumulated predominantly in depressions. During the period of regression, the marine sediments were partially eroded and redeposited; rivers formed valleys, and detrital material was transported due to surface wash, gravitation and other agents. 
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Fig.7.2. A paleogeographic sketch of the Kola Peninsula at the time of a climatic optimum of the Mikulinsky interglacial.


1 - mountain masses; 2 - large highs; 3 - plains; 4 - the boundary of distribution of the Boreal (Eemian) transgression.


Favorable hydrobiological conditions set up at an early phase of sea retreat did not change much during the regression, and only at the final stage of the regression they became markedly worse. From palynological data, the climate was gradually worsening as the shore line retreated. 


Extensive lakes had existed in the central Kola Peninsula before the formation of sea straits. They occupies the Lovozero, Umba and Imandra hollows. Lacustrine sediments had been for a long time accumulating in these lakes. At the same time, there were a lot of smaller lakes scattered in the entire region, where both lacustrine and  peat deposits accumulated. The latter are found, e.g., on northern slopes of the Lovozero Tundras.


Valdai (Weichselian) glaciation. Three upper moraine horizons found on the Kola Peninsula are referred to the Weichselian glaciation, as are those found in Northern Finland (Hirvas, Kujansuu & Tynni, 1976; Hirvas, 1977). They are unevenly distributed in area. The lower horizon is common in the western part of the region, rare in the central, and absent at all in the eastern part. The middle horizon is present almost elsewhere. Scarce occurrences of the upper horizon are confined mainly to the crystalline basement depressions. The lower horizons occurs predominantly on crystalline rocks and in the Moscow glaciation moraine, and only in northern foothill area of the Lovozero Tundras it overlies the continental deposits of the Mikulinsky interglacial. Between the lower and the middle horizons, near the Lovozero Tundras, a moraine of mountain glaciation locally occurs, and in the western part of the region lacustrine deposits have been found. Note, that a younger moraine of mountain glaciation terminating the last ice sheet glaciation of the region has been encountered in the Khibiny and Lovozero Tundras. The boundary between the upper and the middle moraine horizons is not distinct, which probably testifies to the formation of the upper horizon at the deglaciation period. From palynological data, the mentioned inter-moraine lacustrine sediments were deposited in conditions of interstadial warming (Yevzerov & Koshechkin, 1980) and can be well correlated with the deposits of Per(pohjola interstadial, distinguished in Finland by K.Korpela (1969). This interstadial had been long thought to be Middle Weichselian. However, J.Mangerud (1991) gave strong evidence for correlating it with the Brorup interstadial of the Early Weichselian.


Therefore, moraines of two stages of the Valdai/Weichselian glaciation, separated by interstadial deposits, are distinguished in the Kola region. The first stage took place in the Early Weichselian and, according to J.Mangerud (1991), it corresponds to the isotope-oxygen stage 5d. The interstadial warming is also Early Weichselian (stage 5c), and the second stage of sheet glaciation, as well as that in Finnish Lapland (Hirvas, 1991), embraces part of the Early, Middle and Late Weichselian (stages 2--5b). So far, there are not enough evidence available for establishing one more interstadial in the Early Weichselian, the one that would be coeval to the Odderade interstadial (stage 5d). 


At present, the available data are not enough to reconstruct the limits of the distribution of the Early Weichselian glaciation in the entire area of the Kola region. Nevertheless, there are reasons to believe that at the peak of the glaciation, its eastern limit was located in the immediate vicinity to the eastern slopes of the Lovozero Tundras. The Early Weichselian ice sheet, advancing to the Kola region from the west, assimilated mountain glaciers in the western and central parts of Kola. The ice sheet divide extended in a sublatitudinal direction from the upper part of the river Lotta basin and the middle part of Lake Notozero in the west, towards the northern foothills of the Khibiny and Lovozero Tundras in the east. In the western, as well as in northern and southern areas of the central part of the region, north of the ice sheet, the continental ice moved in the northeastern direction, as indicated by the orientation of long axes and petrographical composition of the boulders in the moraine; south of the ice divide, the ice spread towards the southeast, at an acute angle to the axis of the Kandalaksha Bay depression. North and south of the Khibiny Tundra, the continental ice moved towards the east. 


During the degradation of the Early Weichselian ice sheet, the ice retreated towards the west and left the Kola region, whereas the eastern ice limit approached the Scandinavian mountains, as indicated by the sites of Early Weichselian interstadial deposits (Hirvas, 1991). As the continental ice retreated, mountain glaciers started to function in mountainous areas of the Kola region. They moved down to foothills and merged to form piedmont glaciers, which spread over, e.g., in the Lovozero Tundras,  for 2 km from the mountains in the south, and not less than for 4 km in the north (Yevzerov & Strelkov, 1969). 


At the time of the Early Valdai interstadial, the climate in the Kola region was more inclement than at present. For example, the area around the Kovdor alkaline-ultrabasic massif was covered by forest-tundra vegetation during the warmest period of the interstadial, whereas at present, pine-birch and fir-birch forests grow in that area (Yevzerov & Koshechkin, 1980). Glaciers apparently existed in mountainous areas of the region during the whole interstadial. On highs composed of crystalline rocks and deprived of sedimentary cover, boulder and rubbly-boulder eluvium formed. Talus accumulated at the foot of the mountain slopes. Depressions of the crystalline basement were covered by lakes, where both mineral and organic sediments deposited. 


A new expansion of continental ice reached its peak in the Late Valdai, about 20 ka BP. At this time the ice sheet occupied the whole of the Kola region. Its thickness amounted at 2500 m. The ice divide zone at this stage was located much farther south than at the Early Valdai stage. It is traceable from the upper reaches of the Tumcha and Yena rivers in the west to southern parts of the mountain massifs of the Khibiny and Lovozero Tundra, and farther eastwards and southeastwards along the Keivy highs located north of the Ponoy river. The continental ice flow directions have been confidently established for the west of the Kola region (Yevzerov & Koshechkin, 1980). North of the divide zone, the ice flow had a northeastern direction, which gradually changed to north-northeastern as the ice approached the parallel of Murmansk; in the area south of the glacial divide, the Belomorian ice flow was directed towards the southeast, along the axis of the Kandalaksha bay depression in the White sea. In the eastern part of the region, an independent ice dome formed on the Keivy high, as the continental ice approached that area. The ice of the Scandinavian ice sheet, moving eastwards, obviously joined this dome. However, it is still unclear, where the dome was assimilated, or the Scandinavian ice had to by-pass it. As to the mountain glaciers in the western and central parts of the region, formed in the course of continental ice expansion, they were assimilated, one after another, by the ice sheet, and became active again only during deglaciation of the area. Degradation of the Late Valdai ice sheet in the Kola region occurred in conditions of arctic climate with alternating phases of stadial falls of temperature and interstadial warming. External heat was not enough for the active ice margin to retreat. In these environments, three belts of marginal ridges formed in the region. They correspond to the three final stages (dated at 13-14, 12 and 11 ka BP) of the ice sheet evolution. The belts are totally or partially composed of two stripes of marginal ridges. An inner stripe formed under a stationary position of the ice margin, and a younger, outer stripe developed during the glacier reactivation. After the reactivation, peripheral parts of the sheet lost their dynamic links with the main massif of the ice and melted away during  interstadial warming in a stationary position (Yevzerov, in press).


At the final stage of deglaciation, the sea penetrated deep into the continent along linear depressions facing the Barents and the White Seas. 


Most of the researchers engaged in the study of the Pleistocene tectonics of Fennoscandia (W.Ramsay, V.Tanner, M.Martinussen, M.Lavrova, N.Nikolaev, F.Nikonov et al.) believe that, being affected by ice load during glacial epochs, the region was submerging (with an amplitude of about one third of the ice sheet thickness), and in the course of  deglaciation, it experienced compensational uplifting. 


The nature of ascending isostatic movements has been most thoroughly examined for late- and post-glacial stages of the last glaciation, since fingerprints of marine basins that existed in that period are rather well preserved in the Kola region, as well as in Fennoscandia, in the form of sedimentary sequences, terraces and shore walls. A study of the structure of these sequences, the age and elevation of marine sediments has led many researchers to draw a conclusion that the region was constantly uplifting. In this respect, significant deductions have been made by A.F.Grachev and P.M.Dolukhanov (1970). The cited authors established that an intensive uplifting of the area took place 2 thousand years later than the beginning of deglaciation,  the rate of uplifting slowed down abruptly first (9.5 ka ago) in peripheral, and later in inner areas, the sense of movement has not changed for the last 11 thousand years, and the rate was decreasing. These conclusions, with the exception of the first one, were supported by A.A.Nikonov (1977), who based on data from eastern Fennoscandia. These ideas are in full accord with the conclusions proposed by most researchers (M.Lavrova, A.Armand, M.Martinussen, B.Andersen, A.Nikonov, V.Yevzerov et al.): recurrent coast-line movements occurring in the background of general regression of marine basins, took place only when the rise of the ocean level was earlier than uplift of the continent. In the Kola region, only one regression of this kind has been established, which occurred after the marine waters had penetrated deep into the continent along the depression in the period of post-glaciation. It started about 8.5 thousand years ago and, according to the recent data obtained by us jointly with Prof.J.Moeller from the University of Tromsoe, reached its maximum about 7 thousand years ago. 


The glacioisostatic uplift of the Kola region had a dome nature. However, the shape of the dome has not been specified yet. M.A.Lavrova (1960) thinks that the isobases of the Holocene uplift traverse the Kola Peninsula, whereas according to B.I.Koshechkin (1979), they are parallel to the coast line of the Peninsula. 


Sinuous  movements of intensive glacioisostatic uplifts occurring after deglaciation (Grachev & Dolukhanov,  1970), and the ice load which was uneven due to the topography of the region, created strain in the earth crust, which could promote the reactivation of older faults (Nikonov, 1977). In the Holocene, glacioisostatic uplift was relatively slow, while seismic tectonic movements were rather fast. In 1990-1992, typical paleoseismic dislocations in the form of seismic ditches, collapses and other seismic signatures (Nikolaeva, 1993). All of them formed after the deglaciation of the area. An earthquake in one locality near Murmansk was found to have taken place earlier than 8950±150 (TA-2293) years ago. This date is the time of the initial period of accumulation of organic sediments in the lake that formed during the earthquake, as a result of a slump which closed the creek valley. 


The magnitude of ancient earthquakes was calculated at 5.7 to 7.5. Naturally, these are approximate values, for the number of earthquakes remains unknown. However, these values are similar to the estimate of the magnitude of possible earthquakes (6.5), obtained by S.Mijamura on the basis of instrumental data on the modern earthquakes of the Fennoscandian Shield (cited in Panasenko, 1969), and also to the estimate of the magnitude of ancient earthquakes of Karelia (6.1 to 7.5), obtained from the study of paleoseismodislocations (A.D.Lukashev, 1990, pers. comm.).
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Fig.7.3. Location of paleoseismodislocation maximums (1) and current earthquake epicenters (2) on the Kola Peninsula.


1 - maximum of paleoseismodislocations (numbers indicate the quantity of paleo​seismodislocations in each area); 2 - epicenters of current earthquakes recorded since 1497 till 1991 (M - magnitude).


The distribution of paleoseismodislocations in the Kola region and in areas of their concentration, where they form one of several maximums, is uneven (Fig.7.3). The areas of paleoseismodislocation concentration coincide with the epicenters of most recent earthquakes, which apparently testifies to the inherited nature of the latter. 

8. MINERAL DEPOSITS

The Kola Peninsula and the adjacent aquatic areas of the Barents and White Seas are one of the Russia's largest mineral raw material bases. Deposits of iron, nickel, copper, chromium, vanadium, titanium, aluminum, phosphorus, rare metals, micas, refractory materials and ornamental stones are located on the Peninsula. New in the region are the oil and gas deposits discovered recently in the Barents Sea. Presently, occurrences of diamond-bearing pipes and platinum-palladium objects are being explored.


Kola minerals, being rare in other regions of the world, have become internationally known, and some of them are stored in various museums all over the world. 

Nickel-copper sulfide ore deposits


The Kola province makes up an important ore base for Russia's nonferrous metallurgy, and it is second only to the Norilsk region. The largest Kola deposits are located in the Pechenga, Allarechensk and Monchegorsk regions.


In the Pechenga region the deposits are associated spatially and genetically with differentiated intrusions of metamorphosed gabbro-wehrlite emplaced 1980-1900 Ma ago in the central part of the Pechenga paleorift zone. The intrusions are lens-shaped; they dip steeply towards the southeast or southwest and occur in tuffaceous-sedimentary rocks of the "Productive layer". The intrusions have been traced for over 40 km, but commercial ore is concentrated only in two ore clusters: Western (near Nickel) and Eastern (south of Zapolyarny). The deposits of the Western ore cluster were discovered in 1921 and at first they were mined by a Canadian company INCO. After the Second World War, the deposits were mined by "Pechenganickel" plant in open pits (Kaula, Kotselvaara and Semiletka quarries) and underground mines (Kaula and Kotselvaara-Kammikivi). Presently, one the Kotselvaara-Kammikivi operation is functioning. The ore bodies are located in the near-base; they dip steeply and are composed of high-grade (over 5.5% Ni) sulfide ores of the pentlandite-pyrrhotine-chalcopyrite composition and massive or breccia structure. The bulk of the ore did not require preliminary beneficiation and was melted to produce converter matte in the "Pechenganickel" smelter (Nickel). The deposits of the Eastern ore cluster (Zhdanov, Western and Southern) have been mined since 1956 by open pits. The depth of the largest pit (Central) reached over 300 m. The major ore bodies are composed of mostly low-grade (average Ni content about 0.7%) disseminated ore of the magnetite-chalcopyrite-pentlandite-pyrrhotine composition, which required preliminary beneficiation. The ores were beneficiated in the beneficiation plant (Zapolyarny); preliminary smelting was performed in the smelter in Nickel, and the final product was produced by electrolysis in the "Severonickel" Plant (Monchegorsk).


Deposits of the Allarechensky region (Allarechenskoye and Vostok) were discovered in 1957 and 1961, respectively. By the beginning of the 80s these deposits had been mined out. They are located in the Archean gneiss, south of the Pechenga zone, 50 km away from Nickel. The deposits are confined to thin intrusions of amphibolized ultrabasic rocks (olivinite, harzburgite) and represent complicated steeply dipping bodies of massive and brecciated high-grade ores containing 6 to 28% Ni, 0.2 to 12% Cu, and 0.1-0.7% Co. The ores are enriched in Se (up to 0.021%) and PGE. The Allarechenskoye deposit was mined in a quarry which is now filled with water; the Vostok deposit was mined by an underground mine. The ores did not require beneficiation and were transported to Nickel.


The deposits of the Monchegorsk region were discovered in 1930 by A.E.Fersman's expedition, and their exploitation started in 1937. In the late 60s, after the most high-grade ores had been mined, the operations were closed. The deposits are confined to a large layered ultrabasic-basic intrusion, which was emplaced in the Archean gneiss 2500 Ma ago. The intrusion is broken into several fragments which are exposed as horseshoe-shaped mountain ridges and highs. There are veined (Nittis-Kumuzhja-Travyanaya, Sopcha), nest-disseminated (Nyud-II) and disseminated (bottom deposit Nittis-Kumuzhja-Travyanaya, ore beds of Sopcha and Nyud) ore deposits; only the former were mined, being the most rich in Ni and PGE. Nickel was recovered by the electrolytic method. In 1963, first high-quality carbonite nickel was produced at the “Severonickel” plant, and in 1978 - first electrolytic copper.  Since the 70s, because of the fact that the deposits of the Allarechensk and Monchegorsk regions became exhausted,  the “Severonickel” plant is supplied with high-sulfur rich ores from Norilsk deposits; the ores are transported via Murmansk by the Northern sea route. At present, not only nickel and copper, but also cobalt, gold, platinum-group metals, selenium, tellurium and sulfur are recovered from the ore. A special shop was constructed for the utilization of sulfur to manufacture sulfuric acid.


The Lapland Granulite Belt contains the Lovno deposit and the Lauku, Yunges and Sueinlagash ore occurrences; these are confined to intrusions of basic composition. The intrusions are lens- and cigar-shaped and dip towards the northeast at 20-35o, conformably with general lineation. Host rocks are basic to intermediate granulites. The ore zones are thin and composed predominantly of disseminated ores. Sulfide minerals are pyrrhotine, pentlandite and chalcopyrite. The Ni/Cu ratio in the ores varies from 1:3 to 1:1. 


Apart from the deposits mentioned above, there are numerous ore occurrences located in large layered intrusions of the Sumian age (Fedorova Tundra, Pansky Tundra, Zasteid II, etc.); in addition, there are occurrences related to small basic-ultrabasic intrusions of different ages. 

Titanium ore deposits


The Kola Province is rich in titanium ores. The total prognostic resources exceed 10 bill. tons, including  4 bill. ton of prospected resources contained in 5 most easily accessible deposits. Among the latter, ilmenite-titanomagneitite, complex apatite-titanomagnetite and perovskite-titanomagnetite ore deposits are distinguished. 


The ilmenite-titanomagnetite ore deposits occur in Late Archean and Early Proterozoic (2.7-2.5 Ga) large gabbro-anorthosite intrusions (Tsaginsky, Keivy, Kolvitsa, etc.). The most promising deposits are Tsaginskoye, Achinskoye and Magazin-Musyurskoye. In the granulite belts, intrusions of olivinite-clinopyroxenite-wehrlite are promising for titanium ore. Some of these intrusions have been found to contain ore zones 60x800m in size with numerous titanium-magnetite veins. The veins are composed of dense-disseminated and massive ore with the TiO2 content of up to 8%, and V2O5 - 0.5%. The complex ores occur in alkaline gabbro of the Gremyakha-Vyrmes pluton (1.87 Ga) located near the river Tuloma and in the Yelet’-ozero pluton located in Northern Karelia. The perovskite ores are related genetically to the central-type alkaline-ultrabasic intrusions of the Paleozoic age (Afrikanda, Lesnaya Varaka, Sebljavr, etc.).


The most promising is the Afrikanda deposit. This is located near the railway station Afrikanda. The deposit was discovered in 1935 and explored in the 30s and in the 50s. The deposit is confined to the Afrikanda layered, concentric-zonal pluton, which occupies an area of more than 6.4 km2. The pluton intruded in the Archean gneiss 360 mln. years ago. The ore body is pipe-like in form; it is confined to the center of the pluton and composed of coarse-grained mineralized olivinite. The ores contain not only perovskite (19-31%) and titanomagnetite (22-35%), but also olivine, pyroxene, micas, magnetite, chlorite and calcite. The TiO2 content in the perovskite concentrate of grade II is 43.1%, and that of grade I is 51.2% and can be increased to 54.2%. In addition to titanium, niobium, tantalum and rare earths can be recovered. A modern technology of hydrometallurgic ore processing has been developed in the Kola Science Center RAS. 


Of interest also are sphene and titanomagnetite concentrates, which are obtained when processing apatite-nepheline ore from Khibiny. 

Apatie-nepheline and apatite-magnetite ore deposits


Deposits of apatite-nepheline ores are related genetically to the Khibiny nepheline-syenite pluton. The deposits occur in the ijolite-urtite arch and were discovered in the 20s by F.E.Fersman’s expeditions. The exploitation started in 1931. The southwestern part of the arch contains the Kukisvumdhorr, Juksporr, Apatite Circus and Rasvumchorr Plateau deposits, and the eastern part - the deposits of the Eastern ore field (Koashva and others). The apatite-nepheline ores form 5-10 to 200 m thick ore deposits which, together with the host rocks, dip inwards the pluton at 25-30°. The total reserves of mined and prospected deposits make up over 3.2 bill. ton, of which about 80% contain 16-19 P2O5. Maximum annual recovery yielded 19 mln. ton ore; in 1993 it was reduced to 6 mln. ton. The ores comprise apatite (10-80%), nepheline (15-20%), and contain sphene, aegirine, feldspar and titanomagnetite. The ores are mined in open pits and underground mines and processed in three processing plants. The main method of ore concentration is flotation, and the main products are concentrates. The apatite recovery reaches 95%, at least 10-15% nepheline is recovered in the nepheline concentrate. High-quality apatite concentrate (P2O5 more than 39.5%) is used to produce phosphorus fertilizers (superphosphate), and the nepheline concentrate (Al2O3 more than 18.5%) is the raw material for alumina production which is performed at the Volkhov and Pikalevo plants in the Leningrad region. A pilot-production plant producing up to 250 ton of concentrate annually has been developed and constructed to produce sphene concentrate which is used to manufacture anticorrosive covers, titanium whiting and leather tanning.


The deposits of apatite-mangetite ores are located in the Kovdor pluton of Paleozoic alkaline-ultrabasic rocks and carbonatites. The pluton occurs in the Archean gneiss and has a pillar-like shape. On the surface its size is 6.8x9.5 km. The pluton is overlain by 5 to 150 m thick glacial-moraine sediments and pre-glacial crust of weathering. The deposit was discovered in 1932; iron ore mining started in 1961, and since 1974, complex apatite-baddeleyite-iron ore has been mined. The ore bodies are of stock shape and dip vertically. The ore is mined in an open pit whose depth reaches over 250 m. The main ore body (28.8% iron and 7% P2O5) contains ore reserves of about 600 mln. ton. It is composed of apatite-forsterite-magnetite, apatite-calcite-magnetite and carbonate-forsterite-magnetite ore. The second largest ore body that is represented by apatite-forsterite and apatite-calcite low-iron ore contains ore reserves of up to 188 mln ton with 10.6% iron and 6% P2O5. Near the functioning quarry, there is an explored apatite-staffelite ore body containing ore reserves of 49 mln. ton with the average P2O5 content 16.3%. Annually,  16 mln. ton of ore is produced, 6 mln. ton of magnetite concentrate, and 1.2 mln. ton of apatite concentrate. Baddeleyite (ZrO2) is recovered from flotation tailings.


Apatite-magnetite deposits similar to those of Kovdor are located on the Tury Peninsula, in the area of Lake Vuorijarvi (28 km southwest of the settlement Alakurtti) and southwest of the settlement Kola (Sebljavr).

Zirconium ore deposits


Zirconium ores are represented by baddeleyite, zirconium and eudialyte types. Only the former type of ore is mined at present (Kovdor deposit).


The deposits of zirconium ore proper are located in the Keivy zone. 80% of all the reserves are confined to the Sakharjok alkaline granite massif. 


The deposits of eudialyte ore are related to the Lovozero nepheline-syenite pluton, which is second largest to the Khibiny pluton. The Lovozero pluton is located between Lakes Umbozero and Lovozero and forms an extensive high. The ores occur in a continuous horizon in the upper exposed part of the pluton. The horizon is up to 300 m thick and occupies an area of about 450 km2. The deposit is situated near the functioning Lovozero Mining and Processing plant, where loparite ore is processed. 

Banded-iron formation deposits


All the mined deposits of this type are located in the Imandra region. They occur in Late Archean gneiss and amphibolite and are assigned to the stratiform type. The deposits were discovered in 1932, and the exploitation started in 1954. Morphologically, these are large, lenticular, steeply dipping BIF bodies 10-50 m thick at flanks and up to 150-300 m thick in the center. The banded iron formation is composed of magnetite and hematite and contains quartz, amphibole, garnet, pyroxene, micas and sulfides. The ores are mined in open pits: Olenegorsky, Kirovogorsky, South-Kakhozero, Bauman and Oktyabrskoye. The deepest quarry (more than 300 m deep) is Olenegorsky. The average iron content in the ore varies from 23.5 to 31.5%, and the content of impurities (manganese, sulfur and arsenic) is negligible. The ores are concentrated by means of magnetic separation. Magnetite recovery is up to 91%. The obtained magnetic concentrate contains up to  68-79% iron; it is transported to Cherepovets Metallurgic Plant to produce cast iron. The superconcentrate containing 75% iron is used in powder metallurgy to manufacture high-quality steel. The explored reserves of the Olenegorsky deposit are estimated at 415 mln. ton, and the total probable ore reserves of the Imandra region - 2 bln. ton with the iron content of 32%. 


In addition to the Imandra region, another four regions composed of ferruginous-silica rocks and analogous rock associations containing BIF occurrences are distinguished. These are the Kolmozero-Voronja greenstone belt, and Annamsky, Zatulomsky, Central-Kola (Chudzjavr) and North-Western terrains of the Kola domain. The ore bodies are small, rarely reaching 5-30x100-800 m in size. The are composed of banded ores containing mostly magnetite, hematite, quartz, grunerite, pyroxene, biotite, garnet and amphibole. The mean iron content does not exceed 25%. The total probable reserves of iron are about 1.5-2 bln. ton. 

Kyanite ore deposits


Kyanite is the main mineral in kyanite ores; it contains 62.5% Al2O3 and 37.5% SiO2 and can be used for production of technical aluminum, silica-alumina alloys (silumin), and high-Al refractory materials. First information about the presence of kyanite schist in the Keivy area was obtained in 1928. Their exploration was carried out before the Second World War and in the 60s. The deposits are located in the northern part of the Keivy zone. The kyanite schist forms a productive bed, which is traceable along the entire perimeter of the zone for the distance of 420 km and has a thickness of up to 100-120 m. There are 23 kyanite ore deposits (Shuuruta, Chervurt, etc.). Among these, 9% is composed of high-grade ore (37-40% kyanite), 54% - medium-grade ore, and 37% - low-grade ore. Apart from kyanite, the ore contains quartz, staurolite, muscovite, feldspar, pyrrhotine and amorphous carbonaceous substance. The technique to produce concentrate containing 57% Al2O3 was developed already in the 60s, but the fact that the deposits are away from transport routes and towns, and the availability of functioning bauxite ore mines has impeded the exploitation of the kyanite deposits. At the same time, the favorable conditions for mining high-grade and easily concentrated ores makes the Keivy deposits fairly attractive. 

Deposits and ore occurrences of non-ferrous, rare and precious metals (Cu. Pb, Zn, Mo, Ag, Au and Pt)


Native copper ore occurrences are located in the Umba volcanic formation of the Imandra-Varzuga zone and are genetically related to volcanic rocks of trachybasalt and trachyandesite-basalt composition. Exposures of copper-bearing rocks are traceable for the distance of about 150 km. There are several areas that contain considerable amounts of ore; these areas are 0.3-1.5 m thick and up to 50 m long and consist of disseminated ore. Apart from native copper, these areas contain cuprite, malachite, chalcosite, covellite and magnetite. The copper content in the ore varies from 0.05 to 0.5 %, rarely reaching 2%. 


Ore occurrences of lead, zinc and silver have been known in the region since the 18th century. These occurrences represent polymetallic veins and are common in coastal areas of the Kola Peninsula: west of the Pechenga Bay, on the Sredni and Rybachi Peninsulas, in the Kola Bay, in the mouth of the Ponoi river, and in the Kandalaksha Bay.  The veins have calcite-barite and quartz-fluorite-calcite composition and contain galenite and sphalerite. Pyrite, chalcopyrite, bornite, native silver, chalcosite, malachite and azurite are also present in the veins. The vein thickness varies from 1-2 to 70 cm, rarely reaching 2.5 m, and their length is from 50 to 500 m, rarely up to 2.5 km. The mineralization is represented by stringer and nest types. Veins of the Kandalaksha coast are notable for the presence of argentite and native silver. Apart from this, lead mineralization is found in sandstone and conglomerate of the base of the Riphean Palvinskaya Formation. 


Molybdenum mineralization is represented by disseminated molybdenite in albitite, quartz veins and other rocks of the Juovaiv and Uchavjuoaiv intrusions (southwestern Lapland Granulite Belt), and also in diaphthorite (granulite) of the Kola domain. 


The largest ore occurrences of gold are associated with quartz veins located in volcanic rocks of the Pana-Luoajarvi zone. The mineralized zones are composed of native gold, chalcopyrite, galenite, pyrite, sphalerite, pyrrhotine, molybdenite, telluroids, selenite, and carbonate.


In the recent years, Early Proterozoic layered basic-ultrabasic intrusions of the region are being intensely investigated because of low-sulfide platinum-group metal mineralization found. 

Mica deposits (muscovite, phlogopite and vermiculite)


The Kola region is one of the main suppliers of this raw material. The largest operating muscovite mines, Leivoiva and Rikolatva, are located in the Belomorian domain. The Belomorian domain also comprises other promising deposits: Neblogora, Keles-Uaiv, Grob-tundra, Paioiva and Korva-Tundra. Other known deposits are located in the Tersky domain (Strelna, Slyudyanskoye, Peschanoozerskoye) and in the Kola domain and Western Keivy. All deposits of muscovite are associated with pegmatite veins occurring in kyanite-garnet-biotite gneiss of the non-stratified Upper Proterozoic complex.


The Leivoiva deposit includes 300 concordant and cutting pegmatite veins which are composed mostly of plagioclase and microcline-plagioclase. The size of muscovite plates may reach 1.5 m2. The muscovite content varies from 20 to 350 kg per m3 of rock. The Rikolatva deposit includes about 1000 longitudinally cutting veins of predominantly microcline and, more rarely, microcline-plagioclase composition.


The Kovdor phlogopite deposit was discovered in 1966. It is situated in the western part of the Kovdor pluton and occurs in coarse-grained olivine pyroxenite and peridotite. The deposit is represented by a pegmatite body which has a phlogopite-diopside-forsterite composition and an apatite “core”. The body is in the form of an ellipsoid stock steeply dipping towards the north. The mineralization is of nest type. Maximum phlogopite content in the body reaches 500 km/m3. The bulk of the phlogopite is of high quality. 


The vermiculite deposits are confined to the crust of weathering of phlogopite-bearing Paleozoic alkaline-peralkaline intrusions: Kovdor, Vuorijarvi, Afrikanda, Sallanlatvi and Sebljavr. The thickness of weathering crust ranges from several to 100-150 m. Vermiculite formed in the course of rock disintegration, hydratation and erosion of phlogopite. Kaolinite and sungulite formed at the final stage of formation of the weathering crust. 


The largest vermiculite deposit is Kovdor. It contains sungulite-vermiculite, vermiculite, vermiculite-hydrophlogopite and hydrophlogopite ores. The most important is the vermiculite ore; it occurs down to a depth of 20-30 m and contains up to 50% vermiculite. The total vermiculite reserves amount at about 50 mln. ton. 

Deposits of glass-ceramic raw material


Deposits of this raw material are associated with ceramic pegmatite. Pegmatite veins are abundant in the Belomorian domain, where they are concentrated in the Alakurtti and Upolash zones. In the Alakurtti zone, the Alakurtti deposit containing 40 pegmatite veins has been explored. In the Upolash zone, the Otradnoye and Kuruvaar deposits have been investigated and are being mined (Chalmozero mine). The Kuruvaar deposit contains about 200 pegmatite veins and about 50 mln. ton of raw material. The veins are 3-100 m thick and 50-200 m long, and some veins reach 700 m in length. Microcline pegmatites predominate. The main rock-forming minerals are microcline, plagioclase and quartz; accessory minerals are biotite, muscovite, tourmaline, apatite, garnet, zircon and sphene. 


Ceramic pegmatites are known in the Kola domain and the Tersky domain (Strelna deposit).


The summary estimated reserves of ceramic material on the Kola Peninsula make up several billion tons. 

Industrial mineral deposits


Granite, granite-gneiss, gabbro, ophitic gabbro and pyroxenite are used as construction stone. There are several enterprises that are mining construction stone on the Kola Peninsula; the largest operations are being conducted by the Olenegorsk, Magnetite and Murmansk plants which produce rubble and quarrystone. 


Quartzite from the Sumian Kuksha Formation (Rizhguba and Vyruchuaivench deposits) is used as flux material in metallurgy. Quartzite and quartzitic sandstone of the Upper Proterozoic Palvinskaya and, possibly, Kutovaya Fms could be also promising for this purpose.


Limestone and dolomite from the Pechenga and Imandra-Varzuga zones, Ripphean organogenic dolomitic limestone from the Kildin Island, carbonattite from Paleozoic ultrabasic alkaline intrusions, and lens bodies of shell rock in postglacial marine Cenozoic deposits in the northwest of the Kola Peninsula and the White Sea coast can be used as carbonate raw material.


Some Early Proterozoic clayey and carbonaceous schists (for instance, Rizhguba deposit) and schists of the Riphean Skorbeevskaya and Tsypnavolokskaya Fms can be used for the production of claydite and light swelling fillers in concrete.


Diatomite of Quaternary lacustrine sediments is a good raw material for chemical and paper-and-pulp industry and can be used to produce medicine and compound food products.

9. PECHORA-BARENTS-KARA PLATFORM: 

STRUCTURE AND OIL-AND-GAS POTENTIAL

Nowhere else in the world but in the Arctic margin of Eurasia there have been developed numerous basins and depressions of different size and depth containing a prodigious total volume of sedimentary rocks which include the entire Phanerozoic. 


The shelf area east of the Baltic Shield is part of the Pechora-Barents-Kara (West-Arctic) Platform. The latter is noted for the presence of areas of Early Precambrian basement blocks (Ohta, 1992). The largest of these areas are Svalbard (northwestern part of the Barents Sea), Franz Josef Land, Central and North-Kara.


In the so-called “Svalbard Plate”, rift basins of Hammerfest, Nordcap, Varanger (Murmansk), Medvezhy, East-Edzhin and Olginsky were formed. In the basement surface relief the basins are marked with elongated 8-14 km deep troughs filled with Cambrian to Cenozoic sediments. In the cross-section, Devonian, Lower and Middle Carboniferous, Triassic and Cretaceous sequences are the thickest. Major rifting stages are related to these periods. Carboniferous-Permian sediments contain saliferous sequences which caused the formation of numerous diapirs and pillows (Bogolepov et al., 1991; Shipilov et al., 1994). In northern structures and in the upper part of the section there are sheet intrusions and dykes of the Triassic and Cretaceous ages. Flank zones of the plate are strongly faulted. Some of the rift basins form fairly deep troughs in the sea floor relief. There is evidence that the earth crust is geophysically anomalous: it is thinned up to 20-25 km; the granite-metamorphic layer is missing, and the heat flow is increased up to 80-100 mW/m2 (in comparison with 60-80 mW/m2 in the margins) (Tsibulya & Levashkevich, 1992).


The East-Barents sedimentary basin represents a unique structure in terms of size and the total thickness of sediments (18-22 km). Here, the earth crust is locally only 25-28 km thick and contains no “granite-metamorphic layer”. Below the Moho boundary, the crust-mantle transition zone has a complicated layered structure, as indicated by seismic data (Deep Structure..., 1991; Shipilov & Senin, 1988). The basin boundaries are outlined by high-amplitude faults. Within the basin, there have been found large depressions located either in the areas where the basin bifurcates (North- and East-Barents areas), or in areas where the basin is adjacent to “side” rifts (South-Barents). The bulk of the section in the basin is composed of Late Proterozoic - Mesozoic rocks. Cretaceous-Cenozoic sequences are located in the depressions. The major rifting stages occurred in the Late Proterozoic, Late Devonian, Permian-Triassic, Late Jurassic - Early Cretaceous and Late Cretaceous - Paleogene time. 


The South-Kara basin is located in the intersection zone of the Hatanga and West-Siberian rift systems. Here, the earth crust thickness is decreased to 25 km, and the folded basement is broken into blocks. Between the blocks there are narrow grabens which are filled with Upper Paleozoic - Cenozoic 12-14 km thick sedimentary sequences. The thickness of the sedimentary cover above some of the blocks is decreased to 6-8 km.


The complete section of the Platform can be subdivided into the lower, middle and upper units (Sedimentary cover..., 1993; Senin & Shipilov, 1995). The lower unit is represented by Late Riphean to Permian terrigenous-carbonate sediments with emplaced volcanic and saliferous complexes (the thickness of the unit is 4-7 to 7-10 km). The middle unit is composed of terrigenous, commonly coal- and bitumen-bearing, and volcanic-terrigenous sediments of Permian, Triassic and Jurassic ages, locally Lower Cretaceous. In some linear rift basins the thickness of the middle unit reaches 8-12 km. The upper unit consists of terrigenous and volcanic-terrigenous sediments of Cretaceous to Cenozoic ages inclusive. This unit reaches its maximum thickness (2.5 km) in deep basins. In the outer, perioceanic part of the platform this unit is extensively developed, and in marginal troughs its thickness reaches 10 km. 


Several hydrocarbon deposits have been discovered in the Pechora-Barents-Kara Platform (Gavrilov, 1993; Shipilov & Yunov, 1995; Spencer et al., 1993) (Fig.9.1). 
	[image: image42.jpg](=] 4

=]

(@]

L]

DEAES

e






Fig.9.1. Hydrocarbon deposits in the Pechora-Barents-Kara continent-margin platform.


Deposits: 1 -  oil, 2 - oil-and-gas; 3 - gas-condensate; 4 - salt diapirs. Boundaries of: 5 - South-Barents depression; 6 - uplifts; 7 - terraces; 8 -  intermediate structures; 9 - saddles.

Numbers on the sketch - deposits: 1 - Ludlovskoye; 2 - Ledovoye; 3 - Stockman; 4 - North-Kildin; 5 - Murmanskoye; 6 - Prirazlomnoye; 10 - Rusanovskoye; 11 - Leningradskoye; 12 - Harasaveiskoye; 13 - Finnmark; 14 - Izhimko-Tarkskoye; 15 - Belooztrovskoye; 16 - Nordcap group of deposits; 17 - group of deposits of the Hammerfest basin.


NBB - North Barents Basin, LB - Ludlovskaya intermediate structure, SBB - South-Barents Basin, KM - Kola Monocline, BS - Baltic Shield, PT - Pechora Plate, NZ - Novaya Zemlya. 


Two groups of deposits are known in the Norwegian part of the Barents Sea; they are spatially associated with the boundary zones of the Hammerfest and Nordcap basins. These are mostly gas pools located in reservoirs of Jurassic, Upper Triassic and, locally, Lower Cretaceous rocks. Two of the deposits - Snovit and Askeladd - account for a half of gas resources discovered in that region (Spencer et al., 1993). In addition, Snovit contains a small oil pool. Some oil potential (of no commercial value) has been found on the Finnmark Platform, 50 km north of Nordcap Cape. 


In the Russian sector of the West-Arctic shelf, 13 deposits have been discovered, including 3 on the Kolguev (Peschanoozerskoye and Izhimka-Tarkskoye) and Bely (Beloostrovskoye) islands.


Within the South-Barents basin, gas (North-Kildin and Murmanskoye) and gas-condensate huge deposits (Stockman, Ledovoye, Ludlovskoye) are related to terrigenous rocks of the Lower-Middle Triassic and the Middle-Upper Jurassic, respectively.
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Fig.9.2. Oil and gas distribution by stratigraphic scale. Sedimentary cover of the Pechora-Barents-Kara Platform and adjacent areas.


Rocks of the Upper Paleozoic and Lower Mesozoic ages are productive complexes on the sea-covered continuation of the Pechora plate structures (Pechora Sea). The Prirazlomnoye oil deposit is confined to Upper Carboniferous - Lower Permian limestone. The North-Gulyaevskoye oil-and-gas-condensate deposit is associated with Permian carbonate-terrigenous rocks. The Lower Permian limestone contains the Pomor gas-condensate deposit. The Peschanoozerskoye oil-and-gas-condensate and the Izhimka-Tarkskoye oil deposits are located in the Lower Triassic.


Two gas-condensate deposits have been distinguished in the Kara Sea: Leningradskoye (Alb-Senoman) and Rusanovskoye (Neokom-Apt), which are slightly less in size than the Stockman deposit.


The gas-condensate-bearing Lower Cretaceous sediments can also contain oil, as indicated by the results from drilling on the Bely Island.


The distribution of oil-and-gas-bearing sequences in the stratigraphic units of the sedimentary cover in the Pechora-Barents-Kara region and the adjacent areas (Fig.9.2) suggests that Triassic and Jurassic sediments played an important part in the accumulation of hydrocarbons. The Triassic sequences on land contain both oil and gas deposits (the Timan-Pechora basin), whereas in the areas covered by sea (Pechora and Barents Seas) the Triassic sediments are predominantly gas-bearing. The Jurassic complexes, having in the West-Siberian basin both oil and gas potential, are mostly gas-condensate-bearing in the Yamal (at the transition to the South-Kara basin, the Harasaveiskoye deposit) and in the South-Barents basin.


As to the oil potential, it is in most cases associated with Paleozoic sequences both on land of the Timan-Pechora basin, and on the basin subaqueous continuation.


Results from marine geologic-geophysical studies (Sedimentary cover..., 1993) suggest that there are numerous and diverse structural and lithological factors favorable for hydrocarbon accumulation in the Paleozoic rocks of the areas outside the southern margins of the South-Barents basin (the Central-Barents Uplift - Finnmark-Kola-Kanin monocline - Pechora Plate). 

First of all, these are rifts and massifs of saliferous rocks, zones of pinching out and clinoform bodies. In this respect, drilling of the Paleozoic sediments in the regions mentioned would be one of the most efficient ways to search for oil pools in the Barents region. 

CONCLUSION


The information presented in this book provides a general idea about the geology of the Kola region. A lot of geological and geophysical studies have been performed on the Kola Peninsula. However, a number of problems remain unsolved. Most of the questions are related to the Early Precambrian geology. It is not conclusively established that relics of the Early Archean crust are absent and the whole of the protocontinental crust in the northeastern Baltic Shield has a Late Archean age. In any case, Early Archean, over 3.4 Ga old geological formations have been identified in the Archean of Karelia (Vudlozero), and a search for similar rocks on Kola, e.g. in the Tersky domain and the Murmansk unit, could prove to be not unsuccessful. So far, possible versions of geodynamic regimes of crustal forming processes in the Archean and the Proterozoic are being considered, and a role of destructive and constructive processes on each evolution stage is discussed. 


Subdivision and correlation of supracrustal and intrusive complexes remain the basic challenge. Such a situation is caused, in a number of instances, by the lack of reliable information about interrelationships between real geological bodies and their primary position and about the genesis and age of the rocks constituting these bodies. 


A primary nature of many Late Archean rocks remains unclear. This pertains to gray gneiss and amphibolite of the basement, unstratified units, some fragments of the Late Archean greenstone belts, and the substrate for the granulites of the Lapland and Kandalaksha-Kolvitsa Belts.


There are also a number of  other questions to be solved, such as the difference between para- and ortho-gneiss, between orthogneiss after volcanic and orthogneiss after intrusive rocks;  subdivision and correlation of the “Kola-Belomorian complex”;  age relationships between rocks of the western and eastern parts of the Kolmozero-Voron’ya Greenstone Belt, and between the Olenegorsk, Chudzjavr and Volshpakh Formations; the distribution and age of the Peschanoozerskaya, Vysokaya Zemlya and Kandalaksha Formations; the primary nature and age of the Pikama Formation rocks. The age boundary between the Late Archean and the Early Proterozoic has not been determined, so far, with sufficient confidence. The exact subdivision and correlation of Lower Proterozoic supracrustal and intrusive rocks of various areas, especially southern zones of Pechenga and Imandra-Varzuga, still pose many questions. The Murmansk unit and the Tersky domain are studied inadequately in many aspects, as well as part of the Belomorian domain and the Salla-Kuolajarvi structure located in the border zone between Russia and Finland.


This book is devoted to the geology of the northeasternmost part of the Baltic Shield, the part that is called the “Lapland-Kola Paleoproterozoic Collisional Orogen” in the most recent paper written by an international team of authors (Svecofennian-Karelian-Lapland/Kola transect: contrasting styles of crustal evolution and lithospheric structure - SVEKALAPKO Project, in press).


In conclusion, we would like to draw the reader’s attention to some important features of this large Early Precambrian structure of the Earth’s crust. 


The Lapland-Kola-Belomorian collisional area (in short, “Collision”) is an example of intracratonic deep structure, where large infracrustal domains predominate over narrow supracrustal belts. At present, one and the same erosion section is represented by the following  neighboring formations: weakly metamorphosed supracrustal formations of rifts and basins of the upper crust (volcanic rocks, sediments), ultrametamorphic rocks and plutonites of the middle-lower crust (TTG gneisses and migmatites, granulites and enderbites-charnockites, garnet anorthosites, metabasites), and formations of the “crust-mantle transition zone” (garnet peridotite, eclogite-like rocks).


The isotope geochronology has given evidence that the Early Proterozoic rift structures formed during a very long period: the interval of formation of Northern Pechenga is not less than 2450-1960 Ma, and this rift system, in conjunction with Southern Pechenga, was functioning until 1700 Ma. Equally long was the Early Proterozoic history of reworking in infracrustal formations:  the following stages of repeated high-pressure metamorphism have been already distinguished: 2.42; 2.32; 2.13; 2.03; 1.94-1.90; 1.87; and 1.73-1.71 Ga. We notice that the well-known stage of the high-pressure metamorphism of the Lapland granulite - 1.94-1.90 - is only one of many. It is very remarkable that all the distinguished stages of highly-strained reworking with a particularly high-pressure metamorphism within shear- and rotational zones coincide with the stages of formation of rock associations in extension zones (dykes, volcanic rocks, intrusions, including alkaline ones). This possibly testifies to a common and synchronous “extension-compressional geodynamics”, rather than to an alternation of extensional and compressional stages. 


It has been also established (Balashov et al., 1992) that Archean metamorphic processes (including the granulite facies), which took place in the interval of 2.9-2.5 Ga, were also long-term and repeated, but they occurred in conditions of moderate pressures. Unfortunately, the geochronology of the Archean greenstone belts on Kola has not been deciphered yet. It might be that their history, in contrast to the history of tonalite-enderbitte infrastructure, would be short, as it was established for greenstone belts of Canada and Australia. 


We would like to emphasize that the use of the term “orogen” with respect to he Kola structure would be objectionable, taking into account that “orogen” is its Alpine-Himalayan meaning is a very high mountainous area. The thing is that no sedimentary rocks of the region contain molasses and no conglomerates reveal deep rocks that are characteristic of the “Kola Collision”: high-pressure metamorphites, granulites, charnockites, etc. Apparently, such a situation implies that predominating within the Early Precambrian crust were lateral-shearing counter exchange movements of rock masses. 


Thus, the previous name for the Kola part of the Baltic Shield - “Archean craton” - would now seem incorrect. The geology of he Kola structure differs in many respects from the geology of typical Archean cratons - granite-greenstone areas, e.g. the Karelian craton. These differences are: (I) the presence of a mosaic (collage) structure composed of numerous small domains and terrains markedly different from each other; (ii) the abundance of unstratified granulites and high-pressure rocks of various, including Archean, ages; (iii) the presence of widespread garnet-anorthosite (autonomous) and charnockite rocks; (iv) the abundance of large and unique massifs of various alkaline rocks; (v) a relatively mobile geodynamics of the region during the entire 3-Ga long geological history. 


For the Archean geodynamics (2.9-2.5 Ga ago) we use the term “Kola granulite-greenstone area”, and for the Early Proterozoic (2.5-1.75 Ga ago) - “Kola Collision”. 


The metallogeny of the Kola structure exhibits properties that are in accord with the distinctive features mentioned above, and it is different from the metallogeny of the Karelian craton. This is manifested most significantly in diverse, commonly unique mineral deposits associated with alkaline rocks: apatite-nepheline, raremetal and rare-earths. The Kola alkaline province was developing during an extremely long period of time - from the Early Precambrian to the Paleozoic. We have every reason to relate the Kola province petrogenesis with the “granulite pre-history” of the region. 


When preparing this book, the authors considered it as a cordial welcome to international research cooperation on Kola. United efforts will contribute to solving many interesting problems. Geology should not have any artificial borders. We all have one, and only one, Earth! 
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