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Abstract

:

This study utilizes LA-ICP-MS-determined minor and trace element contents of megacrystic blocky K-feldspar to reveal the chemical variability and fractionation degree of albite-spodumene and barren feldspar pegmatites of the Kolmozero lithium deposit in the Kola region, Russia. K-feldspar from albite-spodumene pegmatite is represented by two generations: early microcline-I and late microcline-II. Rb, Cs, Li, and Tl are the most typical impurity elements in K-feldspar that replace K in its crystal lattice. Microcline-II differs from microcline-I: (i) relatively high contents of Rb (6520 and 4490 ppm, respectively), Cs (146 and 91 ppm), and Li (86 and 68 ppm), Tl (34 and 28 ppm); and (ii) low contents of Ba (13 and 29 ppm), Sr (8 and 24 ppm), and Pb (14 and 26 ppm). K-feldspar from feldspar pegmatites of the Kolmozero pegmatite field differs from those in the Kolmozero Li deposit in (i) low contents of Rb, Cs, Li, Tl, and an orthoclase component; and (ii) high contents of Sr, Ba, Pb, and an albite component. K/Sr, K/Ba, Rb/Ba, and Rb/Sr element ratios increase, while K/Rb, K/Cs, K/Tl, and K/Li element ratios decrease in K-feldspar, from feldspar pegmatites to albite-spodumene pegmatites. These trends reflect different fractionation degrees of pegmatite evolution. The implications of the detected trace element variations in K-feldspar are discussed in respect of tracing the rare element enrichments in pegmatite systems. A model is proposed for the formation of the Kolmozero pegmatites by differentiation from a hypothetical parental granite, rather than by anatexis of the host rock.
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1. Introduction


Rare-metal (Li, Cs, Ta, Nb)-bearing peralkaline and peraluminous pegmatites represent the world’s largest hard rock resource of lithium [1,2]. Numerous studies have been carried out on the mineral chemistry of K-feldspar in order to elucidate the conditions of pegmatite formation and its role in controlling the rare metal content of pegmatites [3,4,5,6,7,8,9,10,11,12]. The minor and trace element chemistry of K-feldspar, one of the most common minerals in these pegmatites, has been utilized to better understand genetic aspects of pegmatite formation, including the degree of fractionation of the magma and the relationships among different pegmatites within a pegmatite field, and to assess the economic potential of pegmatites for rare metal mineralization. The genesis of rare-metal pegmatites is, however, still debated (e.g., [9,13]).



This study provides the first data on minor and trace elements in K-feldspar from albite-spodumene pegmatites of the Kolmozero Li deposit in the Kola region, north-eastern Fennoscandian Shield. Indicative ratios of trace elements established for the Kolmozero K-feldspar have practical application for assessing the economic potential of pegmatites in the Kola region and contribute to a better understanding of the genetic environment of the formation of the pegmatite systems. Mining of the Kolmozero deposit will commence in 2023–2024.




2. Geological Setting


2.1. Regional Geology


Albite-spodumene pegmatites comprising the Kolmozero Li deposit are part of the Kolmozero pegmatite field situated at the lithotectonic boundary separating the Archaean Kola and Murmansk provinces of the Fennoscandian Shield (Figure 1). Based on mineralogical and structural characteristics, albite-spodumene, muscovite-feldspar, and feldspar pegmatites have been distinguished in the Kolmozero pegmatite field. The albite-spodumene pegmatites contain Be-Ta-Nb-Li mineralization and are considered to represent the Kolmozero Li deposit, the muscovite-feldspar pegmatites, which are mineralized in Be-Nb-Ta, and the feldspar pegmatites, which only show Be-enrichments [14,15].



The Murmansk province (2.68–2.94 Ga; [17]) is mainly composed of Late Mesoarchaean and Neoarchaean tonalite-trondhjemite gneisses, granites, charnockites, and enderbites with relics of supracrustal rocks, which were mostly subject to high-temperature metamorphism to amphibolite facies with granulite facies mineral assemblages being rare. Mineral assemblages of granulite facies are rare [18,19]. The Kola province comprises the Kolmozero-Voron’ya greenstone belt, and the Kola-Norwegian and Keivy terranes. The Late Mezoarchaean Kolmozero-Voron’ya greenstone belt (2.79–2.92 Ga; [20]) is composed of metabasalts, metakomatiites, and metasedimentary rocks. The greenstone rocks underwent amphibolite-facies metamorphism. The Kola-Norwegian and Keivy terranes consist of tonalite-trondhjemite-granodiorite gneisses, enderbites, charnockites, amphibolites and metasediments [20].



The continental crust of the Murmansk and Kola provinces in the Fennoscandian Shield was formed and subject to major metamorphic and deformational reworking 2.6–2.9 Ga ago. The Archean metamorphic event was followed by the Lapland-Kola collisional orogenesis, which included intracontinental rifting of an Archaean crust (2.5–2.1 Ga), Red Sea-type oceanic separation (~2.1–2.0 Ga), subduction and crustal growth (~2.0–1.9 Ga), intercontinental collision (1.94–1.86 Ga) and orogenic collapse and exhumation (1.90–1.86 Ga) [5,16,21].



The Kolmozero pegmatite field occurs in the tonalite-trondhjemite gneisses of the Murmansk province, which were intruded by the Kolmozero massif at about 2.73 Ga (metagabbrodiorites, metamonzodiorites, and metagranodiorites) [22] and by the metagabbro-anorthosite massifs of Severny, Bezymyanny and Patchemvarek at about 2.66 Ga [23]. The albite-spodumene pegmatites were emplaced into the Patchemvarek massif at 2.315 +/−0.01 Ga [24]. These pegmatites are cross-cut by Palaeozoic (?) gabbro-dolerite dikes. The muscovite-feldspar pegmatites of unknown geochronological age intruded on the Bezymyanny massif northwest of the Kolmozero deposit. The feldspar pegmatites are located north of the Kolmozero deposit in the Severny massif and tonalite-trondhjemite gneisses (Figure 2). Cross-cutting relationships between these different pegmatites were not observed and, thus, the sequence of pegmatite emplacement remains unclear.




2.2. Kolmozero Pegmatite Field


The Kolmozero Li deposit forms part of the Kolmozero pegmatite field and consists of 12 albite-spodumene pegmatite dykes and numerous small occurrences. The largest dykes have lengths of over 1400 m and thicknesses up to 65 m and extend to depths of about 500 m. The pegmatite dykes do not display a mineralogical zoning at this scale of observation and comprise quartz (30–35 vol.%), albite (30–35 vol.%), K-feldspar (10–25 vol.%), spodumene (~20 vol.%), and muscovite (5–7 vol.%). Spodumene is the main host for lithium with 97% of the bulk rock Li2O in the Kolmozero pegmatites (Figure 3), 0.3% is carried by lithiophilite, 0.45% by muscovite, 1.93% by albite and 0.3% by K-feldspar. Beryl and columbite-group minerals are accessory and may have commercial by-product potential as a source for Be, Ta, and Nb. Other accessory minerals include spessartine, apatite, rare lithiophilite, triphylite, and tourmaline. Internal structures of the dykes are very simple where 85 to 90 vol.% of the dykes are composed of medium to coarse-grained quartz, spodumene, albite, muscovite, and megacrystic (blocky) K-feldspar. Individual spodumene crystals can reach up to 1.5 m in length. Megacrystic K-feldspar is up to 40–60 cm across, cleavelandite up to 10 cm in length and muscovite up to 15 cm across. Li2O content in albite-spodumene pegmatites varies from 0.5 to 2.66 wt.% [14,15,25]. Aplitic and coarse-grained quartz-plagioclase domains are developed at the margins of the pegmatite dykes in contact with the country rocks. Geochemically, the Kolmozero albite-spodumene pegmatites correspond to the rare-metal pegmatites of the LCT (lithium-cesium-tantalum) family according to [26].



Dykes of feldspar and muscovite-feldspar pegmatite also occur in the Kolmozero pegmatite field (Figure 2). Feldspar pegmatites have a simple mineral composition and consist of quartz (30–40 vol.%), K-feldspar (30–60 vol.%), and plagioclase (10–30 vol.%). Accessory minerals: muscovite, spessartine, ilmenite, magnetite, rare beryl, columbite-group minerals, biotite, tourmaline, and molybdenite. Muscovite-feldspar pegmatites consist of quartz (25–30 vol.%), K-feldspar (35–50 vol.%), plagioclase (15–30 vol.%), and muscovite (5–12 vol.%). Accessory minerals include beryl, columbite-group minerals, spessartine, apatite and extremely rare spodumene. Internal structures within the muscovite-feldspar and feldspar pegmatite are simple, showing no pronounced concentric mineralogical or textural variability. The margins of the dykes are, however, commonly fine-grained. The main part of the muscovite-feldspar pegmatites (90–95 vol.%) is composed of medium- to coarse-grained and megacrystic quartz, muscovite and feldspar. Feldspar pegmatites are mainly composed of medium-grained to megacrystic quartz and feldspar [14].





3. Analytical Methods and Sampling


3.1. Electron Microprobe Analyses


Electron microprobe analyses was performed using a Cameca MS-46 (EMPA) (Cameca, Gennevilliers, France) instrument at the Geological Institute of the Kola Science Center of the Russian Academy of Sciences (Apatity, Russia) (GI KSC RAS). The instrument was operated in a wavelength-dispersive mode in the following conditions: acceleration voltage 22 kV, beam current 20–40 nA, and 50 s counting time. The following standards and analytical lines were used for the analysis of the K-feldspar: wollastonite (SiKα), wadeite (KKα), and Y3Al5O12 (AlKα). Detection limits for Si, Al, and K were 0.02%.



The study of the internal structure of the K-feldspar and qualitative composition of the mineral inclusions was carried out using a LEO-1450 SEM (scanning electron microscope) (Carl Zeiss AG, Oberkochen, Germany) equipped with an XFlash-5010 Bruker Nano GmbH EDS (energy-dispersive Xray spectroscopy) detector at the Geological Institute KSC RAS. The system was operated at 20 kV acceleration voltage, 0.5 nA beam current, with 200 s accumulation time.



Petrographic studies were carried out with an Axioplan-2 Imaging microscope equipped with a digital camera and the image processing system (Carl Zeiss MicroImaging GmbH, Goettingen, Germany) at the Geological Institute KSC RAS.




3.2. LA-ICP-MS Analyses


Trace element mineral chemistry of the K-feldspar were determined by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) using a NexION 300S PerkinElmer instrument with an attached NWR 213 laser at the Geoanalitik Core Facilities Centre of the Institute of Geology and Geochemistry of the Urals Branch of the Russian Academy Sciences (Yekaterinburg, Russia). The analyses were carried out at an ISO class 7 clean room. The laser ablation was performed at a pulse repetition rate of 12 Hz and laser energy density 10.5–11.5 J/cm2 in a spot (crater diameter) 50 µm in size. The results were processed using the GLITTER V4.4 software (GEMOC, Macquarie University, Australia) and applying the stoichiometric SiO2 content as an internal standard. NIST SRM 610 glass was measured as the primary external standard after each 10–12 analyses of K-feldspar. NIST SRM 612 glass was used as a secondary standard. Concentrations were determined for the following elements: Li, Be, B, Na, Mg, Ca, Sc, Ti, V, Cr, Fe, Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Y, Zr, Nb, Mo, Ag, Cd, In, Sn, Sb, Te, Cs, Ba, REE, Hf, Ta, W, Tl, Pb, Bi, Th, and U. LA-ICP-MS analyses of K-feldspar were obtained on the polished thin sections of 110–130 µm thickness.




3.3. Powder X-ray Diffraction


Powder X-ray diffraction measurements of the K-feldspar grains were performed with a DRON-2 diffractometer (Russia) at the Geological Institute of the Kola Science Center of the Russian Academy of Sciences (Apatity, Russia). The operating parameters were as follows: CuKα radiation, 20 mA, 30 kV. The Powder X-ray diffraction patterns were collected in the range of angles 2θ from 10 to 67° with a rate of 1° per minute and in the range of angles 2θ 20–32° and 40–52° with a rate of 0.5° per minute. Powder X-ray diffraction data for the K-feldspar were identified using the RRUFF Project database [27]).




3.4. K-Feldspar Samples


The samples were selected to represent variations in the chemical composition and structural state of megacrystic blocky K-feldspars from albite-spodumene pegmatites. Based on the crystal morphology, texture, and mineral associations, two different megacrystic K-feldspar types (microcline-I (Mc-I) and microcline-II (Mc-II)) were identified in the Kolmozero deposit [14]; this article). Microcline-I occurs in the wall zone of the dikes in association with coarse-grained albite and quartz, and is represented by opaque, greyish-pink crystals up to 10 cm across. In microcline-I, the microscopic investigation revealed micro-perthite texture and tartan twinning (chess-board patterns) (Figure 4a). Microcline-II is most common in albite-spodumene pegmatites. In intermediate parts of the dykes, aggregate of megacrystic greyish-pink microcline-II up to 40–60 cm across composes separated areas, with the size of 5 m × 2 m, in association with a coarse- and giant-grained quartz-spodumene-albite aggregate. Petrographic investigation of microcline-II revealed the cryptoperthitic texture (Figure 4b,c). Mineral inclusions in microcline-I and microcline-II include albite, quartz, and muscovite. Rare quartz-microcline-albite and quartz-albite veinlets intersect microcline crystals. Rims of microcline-I and microcline-II are partly replaced by saccharoidal albite and fine-grained microcline.



For comparison, samples of perthitic megacrystic K-feldspar (microcline-II (Mc-II)) from the central part of the feldspar pegmatite dykes and samples of fine-grained K-feldspar (microcline-I (Mc-I)) from the margin of the dykes (Figure 4d) were investigated. Mineral inclusions in microcline-II include albite, quartz, and muscovite. The quartz-microcline-plagioclase and quartz-plagioclase veinlets intersect megacrystic blocky microcline-II. Microcline-II is replaced by saccharoidal albite and fine-grained microcline.





4. Results


4.1. Structural States


Microcline KAlSi3O8 relates to framework alumosilicates. The crystal structure of feldspar commonly occurs as an aluminosilicate framework, in which interstices are occupied by alkali and alkali-earth atoms. The general feldspar formula is MT4O8, where M comprises large cations (e.g., Na, K, Ca) filling interstices in the framework structure, and T (atoms in tetrahedral coordination with oxygen—Al, Si, B and Fe3+) composing the frame in the tetrahedral site [28,29,30].



Structural features of three K-feldspar samples were examined by powder X-ray diffraction techniques. X-ray phase analysis showed that K-feldspars from albite-spodumene and feldspar pegmatites are mainly composed of microcline and have an additional sodium phase (Figure 5).




4.2. Geochemistry of K-Feldspar from Albite-Spodumene Pegmatites


Representative compositions of K-feldspar from albite-spodumene pegmatites and feldspar pegmatites determined by electron microprobe analysis are provided in Table 1 and Table 3, and determined by the LA-ICP-MS method are provided in Table 2 and Table 4. Chemical formulas of the K-feldspar from EMPA were calculated based on the oxygen method (O = 8) using the theoretical formula M (T4O8) [30].



In addition to Al, K, and Na, K-feldspar from albite-spodumene pegmatites contains minor and trace elements, including Rb, Cs, Li, and Tl. Microcline-II differs from microcline-I by having a relatively higher concentration of Rb (average 6720 and 4486 ppm, respectively), Cs (146 and 92 ppm, respectively), Li (86.3 and 67.9 ppm, respectively), and Tl (34 and 28 ppm, respectively) (Figure 6). Manganese ranges from 0.95 to 14.3 ppm in microcline-I. In microcline-II, Mn varies from 3.0 to 16.5 ppm. The average Pb, Sr, and Ba contents decrease from microcline-I (26.3, 23.6 and 29.5 ppm, respectively) to microcline-II (13.6, 8.4 and 13.4 ppm, respectively) (Figure 6).



In albite-spodumene pegmatites, Ta is present in very low concentrations ranging from 0.07 (microcline-I) to 0.41 (microcline-II) ppm. The average Be content in microcline-I and microcline-II ranges from 5 to 3 ppm, respectively, while Nb varies from 0.04 to 3.3 ppm, respectively. Microcline-II and microcline-I have identical contents of Ga (19.1 and 19.9 ppm, respectively) and Ge (4.2 and 4.9 ppm, respectively). The contents of other trace elements are variable



Chondrite-normalized REE patterns for microcline-II from albite-spodumene pegmatite define an asymmetrical trough broken by a strong negative Eu anomaly (Figure 7). Middle and heavy REE (MREE, HREE) from Gd to Tm have consistent ratios. Overall, the REE concentration in microcline-II is close to chondritic values. On the contrary, the REE concentration in microcline-I from albite-spodumene pegmatite is mainly below the detection limit, except for La having contents 10 times lower than the chondritic values.




4.3. Geochemistry of K-Feldspar from Feldspar Pegmatites


In general, K-feldspar from feldspar pegmatites has higher Na concentrations than K-feldspar from albite-spodumene pegmatites.



Microcline-I differs from microcline-II in a relatively high content of Sr (340 ppm), Ba (4169 ppm), and Pb (55 ppm), and in low contents of Li (13.7 ppm), Rb (296 ppm), Cs (7 ppm), Tl (1.4 ppm), Ga (13 ppm), Ge (2 ppm), and Mn (1.6 ppm).



In microcline-II, Rb ranges from 1004 to 1261 ppm, while Cs varies from 18 to 29.5 ppm. Lithium contents range from 14.4 to 20 ppm. Concentrations of Tl vary from 5.5 to 7.6 ppm. The content of Mn is very low and varies from 0.69 to 4.9 ppm. K-feldspar contains 259.8 ppm of Ba, 54.7 ppm of Sr and 30.5 ppm of Pb on average. Gadolinium contents range from 21.6 to 25.5 ppm. The average contents of Be (1.8 ppm) and Ta (0.79 ppm) are very low. Niobium is present in concentrations of 0.06 to 15.9 ppm. In general, megacrystic blocky K-feldspar from feldspar pegmatites is depleted in Rb, Cs, Li, Tl, and Mn, though enriched in Sr, Ba, Pb compared to K-feldspars (microcline-I and microcline-II) from albite-spodumene pegmatites.



The chondrite-normalized REE patterns for K-feldspars from barren feldspar pegmatite are different for microcline-I and microcline-II. Microcline-II has a slightly increasing slope from LREE to HREE broken by a strong positive Eu anomaly (Figure 7). Microcline-II shows a slightly falling slope from LREE to HREE with a moderate negative Eu anomaly. Overall, REE concentrations in microcline-II are higher (for LREE) or close to (for HREE) chondritic values. REE concentrations in microcline-I are lower than chondritic values, except for Eu.





5. Discussion


This study utilizes mineral chemical and crystal structure information of K-feldspar to reveal the sequence crystallization of pegmatite of the Kolmozero field. Of particular interest is the comparison of compositions of K-feldspars from feldspar pegmatites and Li-mineralized albite-spodumene pegmatites. The results of this study show significant variations in the content of trace elements in K-feldspars from albite-spodumene pegmatites and feldspar pegmatites. In K-feldspar, the concentration variations of minor elements depend on certain factors, such as isomorphic substitution in the structure of K-feldspar, PT-conditions of crystallization, composition and evolution of pegmatite-forming melt and fluid, mineral associations, textural evolution of pegmatites, etc. [31,32,33].



5.1. Crystallochemical Control


A significant proportion of minor and trace elements have been incorporated into the crystal structure of K-feldspar. Here, the T position is filled with Al3+, Si4+, Ga3+, Fe3+, P5+ and Ge4+, and the M position is filled with Ca2+, Na+, K+, Rb+, Cs+, Li+, Sr2+, Ba2+, Tl+, Mn2+, Fe2+, Eu2+, and Pb2+ [12,28,29,30,33,34,35,36,37]. Rubidium and K have a similar structure of electron shells, identical valence, and similar ionic radii. Their ionization potentials and electronegativities are identical. The isomorphous incorporation of Rb+ cation into K-feldspar proceeds according to the scheme:


K+← Rb+.











Cesium has a larger ionic radius, lower electronegativity, and lower ionization potential than K. Consequently, the dispersion of the Cs content in the K-feldspar is much greater than that of Rb. Tl has a slightly higher electronegativity and ionization potential than both K and Rb, and its bonding to oxygen is more covalent. Its ionic radius is virtually equal to that of Rb. The isomorphous incorporation of Cs+ and Tl+ cations into K-feldspar follows the schemes:


K+← Rb+← Cs+










and K+← Rb+← Tl+.











Ionic radii of Pb and K are similar, but K and Pb significantly differ in their electronegativity and ionization potential. In K-feldspar, the isomorphic replacement of K for Pb is limited. K-feldspar also contains elements that are not present in its crystal structure. In K-feldspar from pegmatites of the Kolmozero pegmatite field, these elements could be due to microinclusions of minerals.



The most important minor elements in the Kolmozero K-feldspar are Rb, Cs, Li, and Tl. In microcline-I and microcline-II, typical impurity elements enter the crystal lattice of K-feldspar in the following order: Rb >> Cs > Li > Tl. Microcline-II is higher in Rb, Cs, Li, and Tl and lower in Sr, Ba, and Pb compared to microcline-I (Figure 7).



According to V.V. Gordienko [14], the Kolmozero K-feldspar contains 69 % of Rb of the total whole rock amount and 29.6 % is bound by muscovite. K-feldspar contains 45 % of Cs of the total whole rock amount, and 41.9 % is bound by muscovite, and 11.7 % is bound by beryl. It should be noted that the Kolmozero K-feldspar has a higher K/Rb ratio and lower Cs content than K-feldspar from the Tanco zoned pegmatite (Manitoba state [38]) (Figure 8b). However, similar K/Rb ratios (35–15) are observed in K-feldspar from albite-spodumene pegmatites of the Kings Mountain deposit (North Carolina, USA) [33]. The Kolmozero K-feldspar is depleted in REE compared to K-feldspar from pegmatites of the NYF (niobium-yttrium-fluorine) family (cf., e.g., [38]).



However, Ba (Ba >> Sr > Rb) is the dominant minor element in microcline-I from feldspar pegmatites of the Kolmozero pegmatite field. However, in microcline-II, from feldspar pegmatites, minor elements are arranged as follows: Rb >> Ba > Sr. K-feldspars from feldspar pegmatites of the Kolmozero pegmatite field have the same K/Rb ratios and Cs contents as K-feldspar from Lake Osis pegmatitic granite (Manitoba state) (Figure 8b).



In general, the content of Rb, Cs, Li, and Tl, in K-feldspar from pegmatites of the Kolmozero pegmatite field increases, while the content of Ba, Sr, and Pb decreases from feldspar pegmatites to albite-spodumene pegmatites. In K-feldspar, the K/Rb, K/Cs, K/Tl, and K/Li element ratios decrease, while the K/Sr and K/Ba element ratios increase from feldspar pegmatites to albite-spodumene pegmatites (Table 5; Figure 8). In terms of the K/Rb element ratio and Cs content, K-feldspar from pegmatites of the Kolmozero pegmatite field show trends generally akin to K-feldspar in pegmatites of the Winnipeg River region (Manitoba state) (Figure 8b).



During cooling, feldspars demonstrate subsolidus processes, including ordering of the structure, recrystallization, development of twins, and variations in chemical composition [12,40].




5.2. Evolution of Kolmozero Pegmatite System


In the pegmatite system, fractionation of alkaline and alkaline-earth elements can be caused by (1) fractional crystallization, and (2) hydrothermal processes. The crystal/melt partition coefficient of K is greater than Rb, which is greater than Cs. Residual melts become progressively enriched in Rb and Cs during crystallization. The lower K/Rb, K/Cs ratios and higher Rb and Cs contents of evolved bulk pegmatites and their constituent minerals would then be inherited from the evolved residual melts. The partition coefficients for Ba and Sr are higher than for K, in an increase in K/Ba and K/Sr and lower Ba and Sr contents of residual melts. In contrast, during hydrothermal processes Ba and to a lesser extent Sr tend to accumulate at the latest stages [41,42]. The trends observed in the Kolmozero deposit suggest the following sequence of K-feldspar crystallization (from early to late): microcline-I (feldspar pegmatite) → microcline-II (feldspar pegmatite) ~/→ microcline-I (spodumene pegmatite) → microcline-II (spodumene pegmatite). The K/Rb, K/Cs, and K/Ba ratios are in accordance with this sequence (see Figure 8), confirming the crucial role of fractional crystallization rather than of hydrothermal processes in the evolution of the Kolmozero pegmatite system. The progressive enrichment of highly incompatible LREE in the studied sequence (La/Ndn has values 1.3, 2.2 for microcline-I and microcline-II from feldspar pegmatite, respectively, and 4.8 for microcline-II from albite-spodumene pegmatite) is associated with fractional crystallization. The chondrite-normalized REE patterns for bulk pegmatite are similar to feldspar patterns (Figure 7), assuming that they are the principal hosts for REE in the pegmatites. The average values of La/Ndn are 2.7 and 3.0 in feldspar and albite-spodumene pegmatites, respectively; these also withstand a higher degree of fractionation in albite-spodumene pegmatites.



In decreasing order of significance, trace quantities of Ba, Sr, Pb and Ga occur within the K-feldspars and appear to be other important trace elements in K-feldspar from the Kolmozero pegmatites (Table 5). The Pb content in K-feldspar decreases with the temporal evolution of pegmatites (early to late). This trend is also reported for other pegmatite fields [43], and even for a single pegmatite body [42]. Compared to more incompatible Rb, the Rb/Sr and Rb/Ba (Table 5) ratios increase from feldspar pegmatites to albite-spodumene pegmatites and from the early K-feldspar to the late one, enhancing the preferential increase of more incompatible elements during fractional crystallization. The concentration of Ga is nearly constant for both pegmatite types and slightly increases from early to late K-feldspar. This is probably not controlled by K-feldspar fractionation and the Ga distribution is either (1) buffered by other phases, or (2) reflects the involvement of the fluid components [6].



Thus, the obtained geochemical data imply that pegmatites of the Kolmozero pegmatite field are cogenetic and were formed during fractional crystallization. Similar trends have also been described for K-feldspars from granite-pegmatite systems in other regions [3,6,7,11,35,42,43,44,45,46,47,48]. The commonly adopted spatial model comprises (1) an area of barren pegmatites followed by pegmatites with the Be-mineralization in the direct vicinity of parental fertile granites; next, (2) an area of pegmatites rich in Be, Nb, and Ta followed by an area of pegmatites with increased concentrations of Li, Be, Nb, and Ta; (3) an area of pegmatites with increased concentrations of Cs, Li, Be, Nb, and Ta is the most remote [39,49]. The granite source for the Kolmozero albite-spodumene pegmatites has not been identified and we cannot exclude the formation of pegmatites by anatexis of host amphibolites and gneisses as proposed for a number of pegmatitic fields (e.g., in South Norway [50], and elsewhere [9,13,51,52,53,54,55,56,57,58,59]). However, our data suggest that a parental fertile granite of the Kolmozero pegmatites may be unexposed and occur at depth, below the feldspar pegmatites. Many other pegmatite fields across the world also feature the most primitive pegmatites in a proximal position with respect to the presumed source-area of pegmatite forming melts [6,7,39,49,59].




5.3. Distinction between Different Mineralization Types


The mineral chemistry of K-feldspars including element ratios indicate geochemical specialization of different pegmatites at Kolmozero. Our data show that K-feldspars from feldspar pegmatites with Be-mineralization and K-feldspars from albite-spodumene pegmatites with Be-Ta-Nb-Li-mineralization differ in Rb, Cs, Li, and Tl contents (up to one order higher in the albite-spodumene type) and in the corresponding element ratios (Figure 8, Table 2, Table 4 and Table 5). These data can be used for mineral exploration for lithium in pegmatite deposits.



According to our data, megacrystic (blocky) K-feldspar from both albite-spodumene pegmatites and feldspar pegmatites is classified as a maximum microcline with high ordering. According to Černý [3], the megacrystic (blocky) microcline from fertile granite pegmatites is often ordered up to the maximum.





6. Conclusions


K-feldspar is one of the main rock-forming minerals in pegmatites of the Kolmozero field at the Kola peninsula, Russia. Megacrystic blocky K-feldspar occurs as two generations, microcline-I (Mc-I) and microcline-II (Mc-II), in primitive feldspar pegmatites and evolved albite-spodumene pegmatites. The results of the chemical studies of these microclines can be summarized as follows:



(1) Rubidium, Cs, Li and Tl are the most common impurity elements in K-feldspar and replace K in its crystal lattice. Microcline-II differs from microcline-I by having a relatively high content of Rb (6519 ppm), Cs (146 ppm), Li (86 ppm), Tl (34 ppm), and low contents of Ba (13 ppm), Sr (8 ppm), Pb (14 ppm), and an albite component (Ab03).



(2) K-feldspar from feldspar pegmatites within the Kolmozero pegmatite field differs from those from the Kolmozero Li deposit, being characterized by low contents of Rb, Cs, Li, and Tl, as well as comparatively higher concentrations of Sr, Ba, and Pb.



(3) In K-feldspars, K/Ba, K/Sr, Rb/Ba, and Rb/Sr element ratios increase, while K/Rb, K/Cs, K/Tl, and K/Li element ratios decrease from feldspar pegmatites to albite-spodumene pegmatites. These trends indicate the possible genetic link between feldspar pegmatites and albite-spodumene pegmatites and that the obtained trace element variability is due to fractional crystallization. The contents of Rb, Cs, Li, and Tl and their indicator ratios can be used to determine the temporal evolution of certain pegmatite systems and as an effective tool in mineral exploration for lithium, because K-feldspar is ubiquitous in various types of pegmatites.
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Figure 1. Tectonic provinces of the north-eastern Fennoscandian Shield. Modified after Daly et al. [16]. The asterisk marks the area shown in Figure 2. 
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Figure 2. Schematic geological map of the Kolmozero pegmatite field. Modified after Morozova [15]. 
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Figure 3. (a) Exposure of an albite-spodumene pegmatites dyke of the Kolmozero deposit. (b) Spodumene (Spd) crystals in an albite-spodumene pegmatites of the Kolmozero deposit. 
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Figure 4. (a) Photomicrographs (plane polarized light) of Mc-I sections from albite-spodumene pegmatites. In Mc-I, microscopic investigation revealed micro-perthite texture (b,c). Photomicrographs (plane polarized light) of Mc-II sections from albite-spodumene pegmatites. Microscopic investigation reveals micro-perthite texture in Mc-II. Plagioclase in (b) forms vein perthite and film perthite. The quartz-plagioclase veinlet in (c) intersects the perthite texture in Mc-II. (d) Photomicrographs (plane polarized light) of Mc-I sections from feldspar pegmatites. Ab, albite; Qz, quartz; Pl, plagioclase; Mc, microcline; Ms, muscovite. 
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Figure 5. The (201) diffraction of K-feldspars in pegmatites from the Kolmozero field. M-30-2b (Mc-I) represents a K-feldspar from feldspar pegmatites and Kl-8-1b (Mc-I) and Kl-125-1 (Mc-II) originate from albite-spodumene pegmatites. X-ray phase analysis showed that K-feldspars from albite-spodumene and feldspar pegmatites mainly contain a microcline (Mc) and an additional Na phase (Ab). 
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Figure 6. Rb, Cs, Li, Tl, Ba, Sr, Pb, and Ga distributions in early (Mc-I) and late (Mc-II) K-feldspars from feldspar and albite-spodumene pegmatites of the Kolmozero deposit. Albite-spodumene pegmatites: Mc-I (blue squares), Mc-II (red triangles). Feldspar pegmatites: Mc-I (green pentagons), Mc-II (yellow circles). 
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Figure 7. Chondrite-normalized REE distribution in K-feldspar (average data from Table 2 and Table 4, same symbols as in Figure 6) and bulk pegmatite (green field is for feldspar pegmatites (n = 2), grey field is for albite-spodumene pegmatites (n = 5); data after Morozova [15]). 
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Figure 8. (a) Plots of K/Rb vs. Rb; (b) K/Cs vs. Cs (feldspars from Bernic Lake pegmatite group, Tanco pegmatite, Rush Lake pegmatite group, and Lake Osis pegmatitic granite are from Goad and Černý [39]); (c) K/Tl vs. Tl; (d) K/Ba vs. Ba; (e) K/Li vs. Li. In K-feldspars, K/Ba ratios and the contents of Rb, Cs, Tl, and Li increase, while K/Rb, K/Tl, and K/Li element ratios and the contents of Ba decrease from feldspar pegmatites to albite-spodumene pegmatites. Similar trends are observed from early to late generations of K-feldspar. 
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Table 1. Representative chemical composition (wt.%) and mineral formulae (apfu) of K-feldspar from the albite-spodumene pegmatites determined by electron microprobe analysis.
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Type

	
Microcline-I

	
Microcline-II




	
Sample

	
Kl-8-2a

	
Kl-8-2b

	
Kl-8-2c

	
Kl-8-1b

	
Kl-8-1c

	
Kl-121/7

	
Kl-121/8

	
Kl-121/6

	
Kl-125/5

	
Kl-125/1

	
Kl-125/2

	
Kl-125/3

	
Kl-125/4






	
SiO2 ‡

	
64.95

	
64.88

	
64.75

	
64.94

	
64.88

	
64.88

	
64.67

	
64.85

	
64.64

	
64.67

	
64.66

	
64.69

	
64.79




	
Al2O3 ‡

	
18.33

	
18.31

	
18.29

	
18.36

	
18.247

	
18.29

	
18.27

	
18.29

	
18.29

	
18.25

	
18.29

	
18.26

	
18.29




	
CaO †

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.




	
Na2O †

	
0.48

	
0.47

	
0.53

	
0.42

	
0.48

	
0.23

	
0.32

	
0.32

	
0.39

	
0.27

	
0.36

	
0.33

	
0.38




	
K2O ‡

	
15.92

	
15.90

	
16.01

	
16.01

	
15.99

	
15.66

	
16.00

	
16.04

	
15.89

	
16.09

	
15.90

	
16.03

	
15.87




	
Rb2O †

	
0.49

	
0.52

	
0.48

	
0.48

	
0.47

	
0.72

	
0.75

	
0.67

	
0.78

	
0.73

	
0.78

	
0.66

	
0.81




	
Cs2O †

	
0.011

	
0.011

	
0.009

	
0.009

	
0.009

	
0.015

	
0.016

	
0.015

	
0.015

	
0.015

	
0.019

	
0.015

	
0.015




	
Li2O †

	
0.013

	
0.016

	
0.016

	
0.018

	
0.011

	
0.020

	
0.026

	
0.018

	
0.022

	
0.013

	
0.019

	
0.012

	
0.019




	
Total

	
100.2

	
100.1

	
100.1

	
100.2

	
100.1

	
100.0

	
100.0

	
100.2

	
100.0

	
100.0

	
100.0

	
100.0

	
100.2




	
Formulae of the basis of 8 O




	
T

	
Si4+

	
3.001

	
3.001

	
2.999

	
3.000

	
3.003

	
3.001

	
3.000

	
3.002

	
2.999

	
3.001

	
2.999

	
3.001

	
3.001




	
Al3+

	
0.999

	
0.998

	
0.998

	
0.999

	
0.995

	
0.997

	
0.999

	
0.998

	
1.000

	
0.998

	
1.000

	
0.998

	
0.998




	
ƩT

	
4.000

	
3.999

	
3.997

	
3.999

	
3.998

	
3.998

	
3.999

	
3.999

	
3.999

	
3.999

	
3.999

	
3.999

	
3.999




	
M

	
Ca2+

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.




	
Na+

	
0.043

	
0.0426

	
0.047

	
0.037

	
0.043

	
0.021

	
0.029

	
0.029

	
0.035

	
0.024

	
0.032

	
0.029

	
0.034




	
K+

	
0.939

	
0.9399

	
0.946

	
0.944

	
0.945

	
0.924

	
0.947

	
0.947

	
0.941

	
0.953

	
0.941

	
0.949

	
0.938




	
Rb+

	
0.0155

	
0.015

	
0.014

	
0.014

	
0.014

	
0.021

	
0.022

	
0.019

	
0.023

	
0.022

	
0.023

	
0.019

	
0.024




	
Cs+

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.




	
Li+

	
0.002

	
0.003

	
0.003

	
0.003

	
0.002

	
0.038

	
0.005

	
0.003

	
0.004

	
0.003

	
0.004

	
0.002

	
0.004




	
ƩM

	
1.000

	
1.001

	
1.010

	
0.998

	
1.004

	
1.004

	
1.003

	
0.998

	
1.003

	
1.002

	
1.000

	
0.999

	
1.000




	
Basic minerals (mol.%)




	
Ab

	
4.36

	
4.34

	
4.76

	
3.80

	
4.32

	
2.20

	
2.92

	
2.95

	
3.58

	
2.44

	
3.32

	
3.02

	
3.48




	
An

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.




	
Or

	
95.64

	
95.66

	
95.24

	
96.20

	
95.68

	
97.80

	
97.08

	
97.05

	
96.42

	
97.56

	
96.68

	
96.98

	
96.52








‡ Determined by EMPA; † Determined by LA-ICP-MS; b.d., below detection limit.
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Table 2. Minor and trace elements in the K-feldspar from highly fractionated albite-spodumene pegmatites (ppm) determined by LA-ICP-MS.






Table 2. Minor and trace elements in the K-feldspar from highly fractionated albite-spodumene pegmatites (ppm) determined by LA-ICP-MS.





	
Element

	
Microcline-1

	
Microcline-II




	
Kl-8-2a

	
Kl-8-2b

	
Kl-8-2c

	
Kl-8-1b

	
Kl-8-1c

	
Average

	
Kl-121/7

	
Kl-121/8

	
Kl-121/6

	
Kl-125/5

	
Kl-125/1

	
Kl-125/2

	
Kl-125/3

	
Kl-125/4

	
Average






	
Li

	
59.75

	
73.34

	
73.27

	
83.61

	
49.45

	
67.88

	
94.45

	
120.4

	
84.04

	
99.74

	
61.51

	
87.2

	
56.49

	
86.23

	
86.26




	
Be

	
b.d.

	
3.84

	
b.d.

	
b.d.

	
5.86

	
4.85

	
1.34

	
b.d.

	
4.28

	
4.96

	
0.99

	
b.d.

	
b.d.

	
3.54

	
3.02




	
Ta

	
0.09

	
0.09

	
b.d.

	
0.02

	
b.d.

	
0.07

	
0.022

	
b.d.

	
0.07

	
b.d.

	
0.06

	
b.d.

	
b.d.

	
1.50

	
0.41




	
Nb

	
0.06

	
0.04

	
b.d.

	
b.d.

	
b.d.

	
0.05

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
3.32

	
3.32




	
Rb

	
4527

	
4733

	
4414

	
4418

	
4337

	
4486

	
6595

	
6825

	
6089

	
6940

	
6684

	
7172

	
6051

	
7403

	
6720




	
Cs

	
100.8

	
98.6

	
92.9

	
83.1

	
82.1

	
91.5

	
137.9

	
147.1

	
136.5

	
140.6

	
141.6

	
174.2

	
145.5

	
143

	
145.8




	
Sr

	
23.6

	
31.1

	
20.5

	
20.2

	
22.5

	
23.6

	
10.8

	
6.67

	
10.1

	
10.8

	
7.85

	
7.56

	
7.41

	
12.1

	
8.41




	
Ba

	
48

	
26.2

	
25.6

	
26.2

	
21.5

	
29.5

	
16

	
11.4

	
12.8

	
11.7

	
12.4

	
19.9

	
13.3

	
9.61

	
13.4




	
Tl

	
29.9

	
30.9

	
29.3

	
25.9

	
24.3

	
28.1

	
34.5

	
33.6

	
32.5

	
35.2

	
30.3

	
36.8

	
32.2

	
37.9

	
34.1




	
Pb

	
16.8

	
22.3

	
35.1

	
28.3

	
29.1

	
26.3

	
17.6

	
11.8

	
15

	
19.3

	
6.35

	
18.9

	
11.7

	
7.81

	
13.6




	
Ga

	
16.9

	
20.6

	
15.7

	
14.7

	
15.9

	
16.8

	
19.1

	
19.1

	
19.9

	
21.3

	
17.2

	
18.4

	
17.6

	
26.7

	
19.9




	
Ge

	
4.32

	
4.22

	
2.07

	
4.06

	
6.84

	
4.30

	
4.24

	
5.17

	
6.77

	
5.87

	
3.77

	
3.10

	
4.66

	
5.84

	
4.93




	
Mn

	
0.95

	
4.17

	
14.29

	
7.85

	
5.30

	
6.51

	
3.01

	
15.48

	
2.19

	
7.20

	
16.54

	
1.59

	
2.69

	
11.84

	
7.57




	
Sc

	
0.40

	
1.00

	
0.76

	
b.d.

	
0.95

	
0.78

	
0.9

	
0.95

	
b.d.

	
1.06

	
1.34

	
0.66

	
0.67

	
0.74

	
0.90




	
B

	
2.13

	
3.20

	
1.69

	
b.d.

	
b.d.

	
2.34

	
3.09

	
6.87

	
2.15

	
b.d.

	
b.d.

	
4.32

	
2.04

	
b.d.

	
3.69




	
Mg

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.51

	
b.d.

	
b.d.

	
33.21

	
b.d.

	
b.d.

	
93.15

	
51.65

	
44.63




	
Ti

	
b.d.

	
3.91

	
b.d.

	
3.90

	
1.34

	
3.05

	
b.d.

	
2.90

	
b.d.

	
b.d.

	
b.d.

	
3.62

	
b.d.

	
9.22

	
5.25




	
V

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.14

	
b.d.

	
0.05

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.09




	
Cr

	
b.d.

	
6.36

	
7.81

	
4.21

	
4.66

	
5.76

	
b.d.

	
7.56

	
4.81

	
b.d.

	
6.88

	
b.d.

	
9.06

	
b.d.

	
7.08




	
Fe

	
b.d.

	
b.d.

	
61.69

	
26.20

	
b.d.

	
43.95

	
b.d.

	
16.79

	
b.d.

	
44.68

	
37.00

	
b.d.

	
16.54

	
21.22

	
27.26




	
Co

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.44

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.44




	
Ni

	
b.d.

	
0.32

	
b.d.

	
b.d.

	
b.d.

	
0.32

	
b.d.

	
0.88

	
0.31

	
b.d.

	
b.d.

	
0.38

	
b.d.

	
b.d.

	
0.52




	
Cu

	
5.38

	
3.00

	
3.98

	
8.95

	
1.57

	
4.58

	
1.65

	
1.42

	
1.23

	
b.d.

	
b.d.

	
b.d.

	
1.21

	
0.80

	
1.26




	
Zn

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
1.28

	
1.28

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
2.32

	
2.32




	
As

	
b.d.

	
b.d.

	
1.37

	
b.d.

	
b.d.

	
1.37

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.




	
Se

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
24.39

	
22.16

	
b.d.

	
b.d.

	
b.d.

	
23.28




	
Y

	
b.d.

	
b.d.

	
b.d.

	
0.10

	
b.d.

	
0.01.

	
0.04

	
b.d.

	
b.d.

	
b.d.

	
0.11

	
b.d.

	
0.16

	
b.d.

	
0.10




	
Zr

	
0.12

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.12

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.23

	
b.d.

	
0.61

	
0.41

	
0.42




	
Mo

	
b.d.

	
0.23

	
b.d.

	
b.d.

	
b.d.

	
0.046

	
b.d.

	
b.d.

	
0.23

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.029




	
Ag

	
b.d.

	
0.20

	
b.d.

	
b.d.

	
b.d.

	
0.20

	
1.92

	
0.15

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
1.04




	
Cd

	
b.d.

	
0.10

	
b.d.

	
b.d.

	
b.d.

	
0.10

	
b.d.

	
b.d.

	
0.11

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
1.13

	
0.62




	
In

	
b.d.

	
b.d.

	
0.02

	
b.d.

	
0.02

	
0.02

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.02

	
b.d.

	
b.d.

	
0.06

	
0.04




	
Sn

	
0.28

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.28

	
0.57

	
b.d.

	
0.70

	
0.62

	
b.d.

	
b.d.

	
b.d.

	
10.56

	
3.11




	
Sb

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.17

	
b.d.

	
b.d.

	
0.10

	
0.36

	
b.d.

	
0.31

	
b.d.

	
0.24




	
La

	
b.d.

	
b.d.

	
0.05

	
b.d.

	
b.d.

	
0.01

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.07

	
0.05

	
0.015




	
Ce

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.33

	
0.15

	
0.24




	
Pr

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.10

	
b.d.

	
0.10




	
Nd

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.1

	
0.16

	
b.d.

	
0.24

	
b.d.

	
b.d.

	
0.12

	
b.d.

	
0.16




	
Sm

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.




	
Eu

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.




	
Gd

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.13

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.13




	
Tb

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.




	
Dy

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.




	
Ho

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.




	
Er

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.11

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.11




	
Tm

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.




	
Yb

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.10

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.10




	
Lu

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.03

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.03




	
Hf

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.07

	
0.07

	
b.d.

	
0.09

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.13

	
b.d.

	
0.11




	
W

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.18

	
0.18




	
Bi

	
b.d.

	
0.09

	
0.18

	
b.d.

	
b.d.

	
0.14

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.03

	
0.03




	
Th

	
b.d.

	
b.d.

	
0.06

	
b.d.

	
b.d.

	
0.06

	
b.d.

	
0.04

	
0.02

	
0.03

	
6.07

	
0.03

	
0.03

	
0.16

	
0.91




	
U

	
b.d.

	
0.02

	
b.d.

	
b.d.

	
b.d.

	
0.02

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.04

	
0.44

	
0.24








b.d., below detection limit; data obtained by the LA-ICP-MS method.
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Table 3. Representative chemical composition (wt.%) and mineral formulae (apfu) of K-feldspar from the feldspar pegmatites determined by electron microprobe analysis.
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Type

	
Microcline-I

	
Microcline-II




	
Sample No.

	
M-30/1

	
M-30/4

	
Kl-20/1

	
Kl-20/2

	
Kl-20/3

	
Kl-5/1

	
Kl-5/2

	
Kl-5/3

	
M-30/2

	
M-30/3






	
SiO2 ‡

	
64.89

	
64.89

	
64.97

	
64.98

	
64.93

	
64.84

	
64.88

	
64.89

	
64.89

	
64.89




	
Al2O3 ‡

	
18.39

	
18.26

	
18.28

	
18.29

	
18.27

	
18.29

	
18.29

	
18.29

	
18.28

	
18.29




	
CaO †

	
b.d.

	
b.d.

	
b.d.

	
0.09

	
b.d.

	
0.11

	
0.08

	
0.07

	
0.07

	
0.05




	
Na2O †

	
0.74

	
0.59

	
0.77

	
0.79

	
0.68

	
0.42

	
0.41

	
0.57

	
0.54

	
0.51




	
K2O ‡

	
15.58

	
15.88

	
15.56

	
15.58

	
15.73

	
16.18

	
16.16

	
16.01

	
16.07

	
16.11




	
Rb2O †

	
0.03

	
0.03

	
0.03

	
0.03

	
0.03

	
0.11

	
0.15

	
0.14

	
0.14

	
0.13




	
SrO †

	
0.04

	
0.04

	
0.04

	
0.04

	
0.04

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01




	
BaO †

	
0.53

	
0.49

	
0.49

	
0.47

	
0.47

	
0.03

	
0.32

	
0.03

	
0.02

	
0.03




	
Total

	
100.2

	
100.2

	
100.2

	
100.3

	
100.2

	
99.9

	
99.9

	
100.0

	
100.0

	
100.0




	
Formulae on the basis of 8 O




	
T

	
Si4+

	
2.997

	
3.001

	
3.002

	
2.999

	
3.001

	
2.999

	
3.001

	
3.000

	
3.001

	
3.006




	
Al3+

	
1.002

	
0.995

	
0.995

	
0.995

	
0.995

	
0.998

	
0.997

	
0.997

	
0.996

	
0.997




	
ƩT

	
3,999

	
3.996

	
3.997

	
3.994

	
3.997

	
3.998

	
3.998

	
3.997

	
3.997

	
3.998




	
M

	
Ca2+

	
b.d.

	
b.d.

	
b.d.

	
0.005

	
b.d.

	
0.005

	
0.004

	
0.003

	
0.003

	
0.003




	
Na+

	
0.066

	
0.053

	
0.069

	
0.072

	
0.061

	
0.038

	
0.036

	
0.052

	
0.048

	
0.046




	
K+

	
0.918

	
0.937

	
0.917

	
0.918

	
0.928

	
0.955

	
0.954

	
0.944

	
0.948

	
0.950




	
Rb+

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.003

	
0.004

	
0.004

	
0.004

	
0.004




	
Sr2+

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.




	
Ba2+

	
0.009

	
0.009

	
0.0089

	
0.008

	
0.007

	
0.001

	
0.001

	
0.001

	
b.d.

	
0.001




	
ƩM

	
0.996

	
1.000

	
0.997

	
1.004

	
0.999

	
1.002

	
1.002

	
1.004

	
1.004

	
1.003




	
Basic minerals (mol.%)




	
Ab

	
6.74

	
5.34

	
6.99

	
7.19

	
6.18

	
3.80

	
3.66

	
5.15

	
4.83

	
4.56




	
An

	
b.d.

	
b.d.

	
b.d.

	
0.45

	
b.d.

	
0.54

	
0.39

	
0.33

	
0.32

	
0.26




	
Or

	
93.26

	
94.66

	
93.01

	
92.35

	
93.82

	
95.66

	
95.95

	
94.51

	
94.85

	
95.18








‡ Determined by EMPA; † Determined by LA-ICP-MS; b.d., below detection limit.
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Table 4. Minor and trace elements in the K-feldspar from the feldspar pegmatites (ppm) determined by LA-ICP-MS.






Table 4. Minor and trace elements in the K-feldspar from the feldspar pegmatites (ppm) determined by LA-ICP-MS.





	
Element

	
Microcline-I

	
Microcline-II




	
M-30/1

	
M-30/4

	
Kl-20/1

	
Kl-20/2

	
Kl-20/3

	
Average

	
Kl-5/1

	
Kl-5/2

	
Kl-5/3

	
M-30/2

	
M-30/3

	
Average






	
Li

	
7.22

	
14.47

	
17.9

	
15.19

	
13.9

	
13.74

	
18.56

	
15.79

	
14.37

	
17.56

	
20.14

	
17.28




	
Be

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
1.75

	
b.d.

	
b.d.

	
b.d.

	
1.75




	
Ta

	
0.32

	
0.75

	
0.59

	
0.36

	
0.50

	
0.50

	
2.65

	
b.d.

	
0.184

	
0.021

	
0.312

	
0.79




	
Nb

	
0.19

	
b.d.

	
b.d.

	
b.d.

	
0.092

	
0.09

	
15.98

	
b.d.

	
b.d.

	
0.062

	
b.d.

	
8.02




	
Rb

	
302.1

	
298.3

	
285.4

	
280.3

	
314.5

	
296.1

	
1004

	
1368

	
1261

	
1248

	
1143

	
1205




	
Cs

	
8.13

	
6.75

	
7.01

	
6.66

	
7.47

	
7.20

	
18.24

	
29.5

	
24.15

	
27.51

	
25.26

	
24.93




	
Sr

	
367.2

	
325.1

	
332.8

	
340.2

	
336.5

	
340.4

	
30.5

	
30.4

	
88.8

	
53.7

	
70.2

	
54.7




	
Ba

	
4736

	
4407

	
4408

	
4169

	
4241

	
4392

	
235.3

	
293.7

	
305.3

	
209.7

	
255.2

	
259.8




	
Tl

	
1.59

	
1.83

	
1.6

	
1.7

	
1.43

	
1.63

	
5.83

	
7.61

	
5.78

	
6.1

	
5.52

	
6.17




	
Pb

	
59

	
54.9

	
50.9

	
53.5

	
58.2

	
55.3

	
24

	
39.5

	
32.7

	
27.1

	
29.2

	
30.5




	
Ga

	
12.9

	
13.1

	
13.3

	
12

	
14.4

	
13.1

	
24.7

	
21.6

	
21.6

	
25.5

	
24.5

	
23.6




	
Ge

	
2.93

	
b.d.

	
b.d.

	
b.d.

	
1.35

	
2.14

	
5.56

	
b.d.

	
3.7

	
4.21

	
2.23

	
3.93




	
Mn

	
2.21

	
1.14

	
1.54

	
1.41

	
1.46

	
1.55

	
3.51

	
b.d.

	
4.89

	
0.69

	
1.81

	
2.73




	
Sc

	
b.d.

	
b.d.

	
0.56

	
0.58

	
0.7

	
0.61

	
0.75

	
b.d.

	
b.d.

	
b.d.

	
0.27

	
0.51




	
B

	
3.48

	
4.54

	
5.76

	
4.79

	
2.92

	
4.30

	
b.d.

	
b.d.

	
6.65

	
b.d.

	
4.74

	
5.70




	
Mg

	
22.1

	
b.d.

	
45.6

	
b.d.

	
b.d.

	
38.9

	
127.4

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
127.4




	
Ca

	
b.d.

	
b.d.

	
197.4

	
650.9

	
b.d.

	
424.2

	
778.5

	
557.9

	
483

	
110.5

	
371.4

	
460.3




	
Ti

	
4.14

	
7.88

	
7.25

	
5.83

	
9.86

	
6.99

	
8.67

	
7.87

	
4.29

	
3.12

	
2.41

	
5.27




	
V

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.181

	
b.d.

	
b.d.

	
0.2

	
0.24

	
0.21




	
Cr

	
12.91

	
b.d.

	
11.62

	
5.91

	
5.25

	
8.92

	
12.02

	
8.2

	
4.63

	
5.41

	
4.41

	
6.93




	
Fe

	
86.9

	
61.8

	
55.8

	
45.6

	
80.7

	
66.2

	
96.3

	
64.9

	
107.7

	
29.9

	
b.d.

	
74.7




	
Ni

	
b.d.

	
b.d.

	
b.d.

	
0.27

	
b.d.

	
0.27

	
b.d.

	
b.d.

	
b.d.

	
0.75

	
0.68

	
0.72




	
Cu

	
b.d.

	
5.91

	
b.d.

	
1.79

	
1.3

	
3.00

	
84.7

	
1.34

	
40

	
9

	
29.1

	
32.8




	
Zn

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
14.1

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
14.1




	
As

	
2.82

	
b.d.

	
1.58

	
b.d.

	
b.d.

	
2.20

	
b.d.

	
b.d.

	
1.28

	
b.d.

	
1.46

	
1.37




	
Y

	
b.d.

	
0.23

	
0.25

	
b.d.

	
0.103

	
0.19

	
0.55

	
0.52

	
0.11

	
0.13

	
0.25

	
0.31




	
Zr

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
11.66

	
b.d.

	
b.d.

	
0.38

	
b.d.

	
6.02




	
Mo

	
0.47

	
0.25

	
b.d.

	
b.d.

	
b.d.

	
0.36

	
b.d.

	
0.49

	
b.d.

	
0.2

	
b.d.

	
0.35




	
Ag

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.45

	
0.24

	
b.d.

	
b.d.

	
0.18

	
0.29




	
Cd

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.11

	
0.11

	
0.22

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.22




	
In

	
b.d.

	
0.018

	
0.016

	
b.d.

	
b.d.

	
0.02

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.




	
Sn

	
0.39

	
b.d.

	
b.d.

	
b.d.

	
0.47

	
0.43

	
0.57

	
0.51

	
b.d.

	
0.66

	
b.d.

	
0.58




	
Sb

	
b.d.

	
b.d.

	
0

	
0.071

	
0.09

	
0.08

	
0.24

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.24




	
La

	
b.d.

	
b.d.

	
0.058

	
b.d.

	
b.d.

	
0.06

	
0.53

	
0.176

	
0.311

	
0.51

	
0.45

	
0.40




	
Ce

	
0.056

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.06

	
1.07

	
0.14

	
0.51

	
0.7

	
1.19

	
0.72




	
Pr

	
b.d.

	
0.018

	
b.d.

	
b.d.

	
b.d.

	
0.02

	
0.142

	
b.d.

	
0.033

	
0.059

	
0.137

	
0.09




	
Nd

	
b.d.

	
b.d.

	
b.d.

	
0.085

	
b.d.

	
0.09

	
0.55

	
0.23

	
0

	
0.095

	
0.17

	
0,209




	
Sm

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.




	
Eu

	
0.098

	
0.208

	
0.25

	
0.227

	
0.255

	
0,202

	
b.d.

	
b.d.

	
b.d.

	
0.112

	
0.097

	
0.10




	
Gd

	
b.d.

	
b.d.

	
b.d.

	
0.068

	
0.07

	
b.d.

	
0.33

	
0.37

	
0.084

	
b.d.

	
b.d.

	
0.26




	
Tb

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.039

	
b.d.

	
b.d.

	
b.d.

	
0.02

	
0.03




	
Dy

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.053

	
0.18

	
b.d.

	
b.d.

	
b.d.

	
0.12




	
Ho

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.047

	
b.d.

	
b.d.

	
b.d.

	
0.05




	
Er

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.093

	
0.09




	
Tm

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.




	
Yb

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.




	
Lu

	
b.d.

	
b.d.

	
b.d.

	
0.017

	
b.d.

	
0.02

	
0.014

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.014




	
Hf

	
0.059

	
0.063

	
0.24

	
0.23

	
0.23

	
0.16

	
2.16

	
b.d.

	
b.d.

	
0.101

	
0.058

	
0.77




	
W

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
0.141

	
0.16

	
b.d.

	
0.129

	
b.d.

	
0.14




	
Bi

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
93.66

	
b.d.

	
b.d.

	
b.d.

	
0.021

	
46.84




	
Th

	
b.d.

	
0.013

	
b.d.

	
0.02

	
b.d.

	
0.02

	
1.65

	
b.d.

	
0.049

	
0.022

	
0.102

	
0.37




	
U

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
19.89

	
b.d.

	
b.d.

	
b.d.

	
b.d.

	
19.89








b.d., below detection limit; data obtained by the LA-ICP-MS method.
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Table 5. Ratio of trace elements in K-feldspar. Determined by EMPA and LA-ICP-MS.






Table 5. Ratio of trace elements in K-feldspar. Determined by EMPA and LA-ICP-MS.





	
Type Pegmatites

	
Feldspar Pegmatites

	
Albite-Spodumene Pegmatites




	
Mc-I

	
Mc-II

	
Mc-I

	
Mc-II




	
Average [Range]

n = 5

	
Average [Range]

n = 5

	
Average [Range]

n = 5

	
Average [Range]

n = 8






	
K/Rb

	
440

[462–415]

	
111

[134–98]

	
30

[30–28]

	
20

[22–18]




	
K/Cs

	
18,153

[19,525–15,907]

	
5478

[7364–4547]

	
1460

[1618–1311]

	
912

[976–758]




	
K/Tl

	
80,303

[91,329–72,019]

	
21,952

[24,227–17,628]

	
4765

[5467–4267]

	
3896

[4404–3476]




	
K/Li

	
10,429

[17,912–7217]

	
7844

[9248–6640]

	
2019

[2684–1589]

	
1619

[2356–1102]




	
K/Sr

	
382

[405–352]

	
2939

[4408–1497]

	
5758

[6576–4239]

	
21,988

[72,200–10,906]




	
K/Ba

	
30

[27–31]

	
525

[435–636]

	
4854

[6165–2752]

	
10,323

[13,709–8109]




	
Rb/Ba

	
0.07

[0.06–0.07]

	
4.5

[4.1–5.9]

	
163

[94–201]

	
525

[359–770]




	
Rb/Sr

	
0.87

[0.82–0.93]

	
22

[14–23]

	
190

[152–215]

	
799

[612–3613]
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