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Abstract:



The Krudum granite body comprises highly fractionated granitic rocks ranging from medium-F biotite granites to high-F, high-P2O5 Li-mica granites. This unique assemblage is an ideal site to continue recent efforts in petrology to characterize the role of zircon, monazite, and xenotime as hosts to rare earth elements (REEs). The granitic rocks of the Krudum body analyzed in this study were found to contain variable concentrations of monazite and zircon, while xenotime was only found in the high-F, high-P2O5 Li-mica granites and in the alkali-feldspar syenites of the Vysoký Kámen stock. Intermediate trends between cheralite and huttonite substitutions are characteristic for analyzed monazite grains from all magmatic suites. The highest concentration of cheralite was found in monazite from the alkali-feldspar syenites (up to 69.3 mol %). The proportion of YPO4 in analyzed xenotime grains ranges from 71 to 84 mol %. Xenotime grains are commonly enriched in heavy rare earth elements (HREEs; 9.3–19.5 wt % HREE2O3) and thorite-coffinite and cheralite exchange was observed. Some xenotime analyses return low totals, suggesting their hydration during post-magmatic alterations. Analyzed zircon from granite suites of the Krudum granite body contains moderate Hf concentrations (1.0–4.7 wt % HfO2; 0.010–0.047 apfu Hf). The highest concentrations of HfO2 were found in zircon from the high-F, high-P2O5 Li-mica granites (1.2–4.7 wt % HfO2). Analyzed zircon grains from the high-F, high-P2O5 Li-mica granites and alkali-feldspar syenites are enriched in P (up to 8.29 wt % P2O5; 0.24 apfu P), Al (0.02–2.0 wt % Al2O3; 0.00–0.08 apfu Al), Ca (up to 3.9 wt % CaO; 0.14 apfu Ca), Y (up to 5.5 wt % Y2O3; 0.10 apfu Y), and Sc (up to 1.17 wt % Sc2O3; 0.03 apfu Sc). Zircon grains from the high-F, high-P2O5 Li-mica granites were sometimes hydrated and fluorized. The concentrations of F in zircon from partly greisenised high-F, high-P2O5 Li-mica granites reached up to 1.2 wt % (0.26 apfu F).
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1. Introduction


In the last ten years, several studies have emphasized the role of monazite, xenotime, and zircon as major hosts for rare earth elements (REE) and Y in granites [1,2,3,4,5,6,7,8,9]. However, several factors controlling the composition of the above mentioned accessory minerals remain unclear. To expand on this knowledge, unique assemblages of variable fractionated granites in the Karlovy Vary pluton were selected for further analyses on these minerals.



The presented study concentrates on petrological and geochemical observations connected to the occurrence of monazite, xenotime, and zircon in compositionally different granitic rock types of the Krudum granite body. This granite body is a subsidiary intrusion of the Karlovy Vary pluton in the Slavkovský Les Mts.




2. Geological Setting


The Karlovy Vary pluton forms the southern edge of the Western Erzgebirge pluton that is part of the Variscan Krušné Hory/Erzgebirge batholith in the western part of the Bohemian Massif [10,11,12]. This batholith consists of three individual plutons: Western, Middle and Eastern, each representing an assembly of shallowly emplaced granite units about 6–10 km paleodepth, with a maximum preserved vertical thickness of the pluton 10–13 km below the present surface level [12,13]. The batholith belongs to one coherent and cogenetic, ca. 400 km long plutonic megastructure of the Saxo-Danubian Granite Belt [14].



Geochemically, five groups of granites were previously distinguished in the Krušné Hory/Erzgebirge batholith: (i) low-F biotite granites, (ii) low-F two-mica granites, (iii) high-F, high P2O5 Li-mica granites, (iv) high-F, low-P2O5 Li-mica granites, and (v) medium-F biotite granites [10,11]. However, the above type (iii) has been divided in the current study as high-F, high-P2O5 Li-mica granites (iii), and muscovite-biotite high-F, high-P2O5 granites (vi). Finally, a new discovery in this study was a quartz-free alkali-feldspar syenite (vii), which forms a distinct separate part of the Vysoký Kámen stock. The Western Krušné Hory/Erzgebirge pluton is interpreted as a sequence of separately emplaced magma batches or an assemblage of several magmatic pulses, emplaced more or less contemporaneously [10,11,15]. The outcrops of this pluton could be divided into the Nejdek–Eibenstock and Karlovy Vary plutons [12,16].



All granitic rocks of the Karlovy Vary pluton were interpreted according their structural setting with respect to the Variscan collision as post-collisional intrusions [10]. Various geochronology methods imply that all these granitic rocks formed between 327 and 318 Ma [10,11,15].



The Krudum granite body (KGB, ca. 50 km2) on the southwestern margin of the Karlovy Vary pluton (KVP) shows a concentric structure (Figure 1).


Figure 1. Schematic geological map of the Krudum granite body modified after [17].
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Porphyritic medium-F biotite granites, surrounded to the NW by younger, high-F, high-P2O5 topaz-bearing muscovite-biotite granites, form its center. The youngest, high-F, high-P2O5 Li-mica granite forms the outermost shell [17]. The inner structure of the south-eastern edge of the KGB, partly overlain by metamorphic rocks of the Slavkov crystalline unit, is well stratified, comprising variable greisenised high-F, high-P2O5 Li-mica granites occurring also in the Hub, and Schnöd greisen stocks hosting the world-famous Sn-W-Nb-Ta-Li mineralization of the Horní Slavkov-Krásno ore district [18,19,20,21,22] (Figure 2).


Figure 2. Geological cross section of the Horní Slavkov-Krásno ore district, modified after [19].
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3. Analytical Methods


The whole rock composition of selected granitoids was analyzed in a total of 66 samples. Rock samples of 2–5 kg weight were crushed in a jaw crusher and a representative split of this material was ground to fine powder in an agate ball mill, before being pressed into XRF-tabs. Major elements were determined using a Pananalytical Axios Advanced fluorescence (XRF) (PANalytical, Almelo, The Netherlands) spectrometer at Activation Laboratories Ltd., Ancaster, ON, Canada. The content of FeO was determined by titration, H2O+ and H2O− were analyzed gravimetrically and F was analyzed using the ion selective electrode (ISE) (Krytur, Turnov, Czech Republic). Trace elements were quantified by inductively coupled plasma mass spectrometry (ICP MS) (Thermo Fisher Scientific, Waltham, MA, USA) techniques, also at Activation Laboratories Ltd., Ancaster, Canada, using a Perkin Elmer Sciex ELAN 6100 ICP mass spectrometer (PerkinElmer, Waltham, MA, USA), following standard lithium metaborate/tetraborate fusion and acid decomposition sample preparation procedures. All analyses were calibrated against international reference materials.



Approximately 230 quantitative electron probe microanalyses of monazite, xenotime, zircon, and rock-forming minerals (plagioclase, biotite) were performed in representative samples of all magmatic suites. Minerals were analyzed in polished thin sections and back-scattered electron images (BSE) were acquired to study interaction of examined accessory minerals and the internal structure of individual mineral grains. Element abundances of Al, As, Ca, Ce, Dy, Er, Eu, F, Fe, Gd, Ho, La, Lu, Mg, Mn, Na, Nd, P, Pb, Pr, S, Sc, Si, Sm, Sr, Tb, Th, Ti, Tm, U, Y, Yb, and Zr in selected accessory minerals were determined using a CAMECA SX 100 electron probe micro-analyzer (EPMA) (CAMECA, Genevilliers Cedex, France) operated in wavelength-dispersive mode. The contents of the above mentioned elements were determined using an accelerating voltage and beam current of 15 keV and 20 nA, respectively, with a beam diameter of 2–5 µm. The following standards, X-ray lines, and crystals (in parentheses) were used: AlKα – sanidine (TAP), AsLα – InAs (TAP), CaKα – fluorapatite (PET); CeLα – CePO4 (PET); DyLα – DyPO4 (LIF); ErLα – ErPO4 (PET); EuLβ – EuPO4 (LIF); FeKα – almandine (LIF); GdLβ – GdPO4 (LIF); HoLβ – HoPO4 (LIF), LaLα – LaPO4 (PET), LuMβ – LuAG (TAP), MgKα – Mg2SiO4 (TAP), MnKα – spessartine (LIF), NdLβ – NdPO4 (LIF); PKα – fluorapatite (PET), PbMα – vanadinite (PET); PrLβ – PrPO4 (LIF), S Kα – barite (LPET), SrLα – SrSO4 (TAP), ScKα – ScP5O14 (PET); SiKα – sanidine (TAP); SmLβ – SmPO4 (LIF); TbLα –TbPO4 (LIF), ThMα – CaTh(PO4)2 (PET), TiKα – anatase (PET), TmLα – TmPO4 (LIF), UMβ – metallic U (PET), YLα – YPO4 (PET), and ZrLα – zircon (TAP). Intra-REE overlaps were partially resolved using Lα and Lβ lines. Empirically determined coincidences were applied after analysis: ThMα on PbMα and ThMγ on the UMβ line. The raw data were converted into concentrations using appropriate PAP-matrix corrections [23]. The detection limits were approximately 400 ppm for Y, 180–1700 ppm for REE and 800–1000 ppm for U and Th. Mole fractions for components in monazite and xenotime were calculated according to Pyle et al. [24].




4. Results


4.1. Petrography


The medium-F biotite granite (v) is a porphyritic, fine-grained rock consisting of perthitic potassium feldspar, plagioclase (An0–31), quartz, abundant biotite flakes (annite, IVAl 2.15–2.30 atoms per formula unit, apfu, Ti 0.37–0.55 apfu, Fe/(Fe + Mg) 0.56–0.80) and rare muscovite. Fluorapatite, zircon, monazite-(Ce), magnetite, and ilmenite are common accessory minerals.



The high-F, high-P2O5 topaz-bearing muscovite-biotite granite (vi) is an equigranular, medium-grained rock with abundant coarsely flaky muscovite. In addition to perthitic potassium feldspar it contains plagioclase (An0–12), quartz, biotite (annite, IVAl 2.12–2.39 apfu, Ti 0.26–0.39 apfu, Fe/(Fe + Mg) 0.72–0.76) muscovite and topaz. Common accessory minerals are apatite, zircon, monazite, and ilmenite.



The high-F, high-P2O5 Li-mica granite (iii) is represented by more petrographic varieties, which could be classified as partly greisenised medium grained, equigranular granites, porphyritic, fine-grained granites and leucocratic granites that occur mainly in the Vysoký Kámen stock. The main granite variety is represented by a medium-grained, equigranular rock, consisting of quartz, albite (An0–2), potassium feldspar, lithium mica, and topaz. Fluorapatite, zircon, Nb–Ta–Ti oxides, xenotime-(Y), and monazite-(Ce) are common accessory minerals. Cassiterite, uraninite, and coffinite occur usually as very rare accessory minerals. Porphyritic, weakly greisenised granites occur as relatively small lenses or layers in the main granite body of equigranular Li-mica granites. Their groundmass is fine-grained with phenocrysts of potassium feldspar. Granites contain quartz, albite (An0-5), potassium feldspar, Li-mica and topaz. Apatite, zircon, Nb–Ta–Ti oxides, xenotime-(Y) and monazite-(Ce) are common accessories. The second sub-type of this granite, the leucocratic granite occurring in the Vysoký Kámen stock, is mostly composed of albite (An0–2), potassium feldspar, quartz and subordinate amounts of lithium mica and topaz. Fluorapatite, Nb–Ta–Ti oxides, fluorite and rare beryl occur as accessory minerals. Quartz-free alkali-feldspar syenite (vii), composed exclusively of albite and potassium feldspar, also forms subhorizontal layers and lenses ranging from several decimetres to tens of meters in thickness in the Vysoký Kámen stock. Its contacts with leucocratic granite are typically diffuse. The alkali-feldspar syenite consists of albite (An0–2), potassium feldspar, accessory lithium mica and topaz. Fluorapatite, triplite, Nb–Ta–Ti oxides, zircon, xenotime-(Y), monazite-(Ce), and very rare Nb-bearing wolframite are accessories. The alkali-feldspar syenite is described as feldspathite in some papers (e.g., [16,17]), but this name does not agree with the magmatic nature of this rock, which is in some places underlined by its striking magmatic layering (Figure 3).


Figure 3. Magmatic layering of alkali-feldspar syenite, Vysoký Kámen stock.
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4.2. Geochemistry


The medium-F biotite granite (v) is a weakly peraluminous Ca-poor granite with aluminum saturation index (ASI) ranging from 1.1 to 1.2. In comparison with common Ca-poor granites [25] it is enriched in P (0.16–0.20 wt % P2O5), F (0.09–0.15 wt %), Rb (455–589 ppm), Cs (40–52 ppm), Sn(24–44 ppm), and Nb (21–23 ppm), but it is poor in Mg (0.2–0.3 wt % MgO), Ca (0.4–0.8 wt % CaO), Sr (25–64 ppm), Ba (133–207 ppm), Zr (101–170 ppm), and Y (25–31 ppm) (Table 1).


Table 1. Whole-rock chemical analyses of granitic rocks of the Krudum granite body.





	
Sample

	
Kru-126

	
1162

	
1250

	
1008

	
1192

	
1617

	
1542

	
1618




	
Rock Type wt %

	
Medium-F Biotite Granite

	
High-F Two-Mica Granite

	
High-F Two-Mica Granite

	
High-F Li-Mica Granite

	
High-F Li-Mica Granite

	
Leucocratic High-F Li-Mica Granite

	
Alkali-Feldspar Syenite

	
Alkali-Feldspar Syenite






	
SiO2

	
74.59

	
72.88

	
72.45

	
72.08

	
74.55

	
76.14

	
65.18

	
63.95




	
TiO2

	
0.16

	
0.19

	
0.18

	
0.08

	
0.06

	
0.05

	
0.04

	
0.04




	
Al2O3

	
13.47

	
13.84

	
14.53

	
14.42

	
13.91

	
13.19

	
19.31

	
19.73




	
Fe2O3

	
0.15

	
0.35

	
0.32

	
0.12

	
0.05

	
0.10

	
0.37

	
0.32




	
FeO

	
1.43

	
1.08

	
0.96

	
0.89

	
0.93

	
0.04

	
0.04

	
0.29




	
MnO

	
0.06

	
0.03

	
0.03

	
0.06

	
0.06

	
0.01

	
0.02

	
0.02




	
MgO

	
0.21

	
0.43

	
0.32

	
0.22

	
0.14

	
0.05

	
0.07

	
0.07




	
CaO

	
0.38

	
0.64

	
0.46

	
0.71

	
0.49

	
0.31

	
0.39

	
0.27




	
Na2O

	
3.17

	
3.06

	
3.22

	
3.60

	
3.25

	
4.21

	
4.58

	
5.81




	
K2O

	
4.96

	
5.22

	
5.38

	
4.93

	
4.67

	
3.91

	
7.82

	
6.65




	
P2O5

	
0.16

	
0.23

	
0.23

	
0.30

	
0.27

	
0.39

	
0.69

	
0.43




	
H2O+

	
1.00

	
0.41

	
0.51

	
1.30

	
0.05

	
0.32

	
0.55

	
0.58




	
H2O−

	
0.31

	
0.64

	
0.46

	
0.00

	
0.39

	
0.12

	
0.10

	
0.14




	
F

	
0.09

	
0.31

	
0.22

	
0.64

	
0.44

	
0.14

	
0.12

	
0.22




	
O=F

	
0.04

	
0.13

	
0.09

	
0.27

	
0.19

	
0.06

	
0.05

	
0.09




	
Total

	
100.10

	
99.18

	
99.18

	
99.08

	
99.07

	
98.92

	
99.23

	
98.43




	
ASI

	
1.19

	
1.17

	
1.22

	
1.15

	
1.36

	
1.13

	
1.16

	
1.14




	
ppm

	

	

	

	

	

	

	

	




	
Ba

	
144.0

	
296.0

	
488.0

	
47.0

	
55.0

	
23.0

	
22.0

	
31.0




	
Rb

	
588.9

	
543.0

	
580.0

	
883.0

	
1240.0

	
927.0

	
1800.0

	
1703.0




	
Sr

	
25.4

	
91.0

	
85.0

	
22.0

	
29.0

	
12.0

	
15.0

	
21.0




	
Y

	
25.2

	
34.2

	
32.8

	
9.0

	
16.7

	
5.7

	
7.0

	
3.4




	
Zr

	
109.6

	
177.0

	
170.0

	
37.0

	
54.0

	
20.0

	
19.0

	
27.0




	
Nb

	
21.3

	
23.5

	
23.3

	
22.0

	
44.0

	
32.1

	
15.1

	
14.4




	
Th

	
17.3

	
24.7

	
23.6

	
6.7

	
13.0

	
3.7

	
5.5

	
3.7




	
Ga

	
23.1

	
18.0

	
38.0

	
16.0

	
46.0

	
33.0

	
53.0

	
37.0




	
Zn

	
56.0

	
48.0

	
68.0

	
76.0

	
77.0

	
17.0

	
22.6

	
63.0




	
Hf

	
3.7

	
5.5

	
5.2

	
1.8

	
3.4

	
1.4

	
1.9

	
1.4




	
Cs

	
51.5

	
53.0

	
48.1

	
86.8

	
113.0

	
37.6

	
41.8

	
80.9




	
Ta

	
5.4

	
6.0

	
6.3

	
9.8

	
26.1

	
21.4

	
10.6

	
21.4




	
U

	
13.6

	
10.3

	
14.9

	
9.3

	
22.2

	
4.7

	
4.4

	
4.7




	
W

	
12.2

	
7.1

	
13.8

	
11.1

	
62.7

	
4.1

	
4.9

	
4.1




	
Sn

	
39.0

	
34.0

	
33.0

	
50.0

	
50.0

	
46.0

	
16.0

	
23.0




	
La

	
20.30

	
34.00

	
32.20

	
4.99

	
4.84

	
2.20

	
1.42

	
1.42




	
Ce

	
43.20

	
71.40

	
67.40

	
11.50

	
11.30

	
3.42

	
3.78

	
1.69




	
Pr

	
5.08

	
8.20

	
7.90

	
1.38

	
1.30

	
0.41

	
0.48

	
0.21




	
Nd

	
19.40

	
31.10

	
29.60

	
5.05

	
5.43

	
2.12

	
1.82

	
1.15




	
Sm

	
3.95

	
7.29

	
6.75

	
1.41

	
1.81

	
0.67

	
0.75

	
0.38




	
Eu

	
0.22

	
0.72

	
0.68

	
0.06

	
0.10

	
0.01

	
0.02

	
0.01




	
Gd

	
3.54

	
6.72

	
6.48

	
1.24

	
1.93

	
0.61

	
0.76

	
0.34




	
Tb

	
0.71

	
1.20

	
1.13

	
0.28

	
0.46

	
0.14

	
0.21

	
0.08




	
Dy

	
4.18

	
6.51

	
6.04

	
1.71

	
1.67

	
0.94

	
1.18

	
0.52




	
Ho

	
0.88

	
1.15

	
1.06

	
0.29

	
0.28

	
0.16

	
0.19

	
0.09




	
Er

	
2.61

	
3.30

	
3.08

	
0.84

	
1.67

	
0.47

	
0.48

	
0.27




	
Tm

	
0.43

	
0.47

	
0.47

	
0.14

	
0.28

	
0.09

	
0.09

	
0.06




	
Yb

	
3.22

	
2.88

	
2.72

	
1.04

	
2.02

	
0.59

	
0.62

	
0.37




	
Lu

	
0.41

	
0.39

	
0.37

	
0.12

	
0.28

	
0.08

	
0.08

	
0.05




	
ΣREE

	
108.13

	
175.34

	
165.87

	
30.06

	
34.92

	
11.90

	
11.88

	
6.63




	
LaN/YbN

	
4.25

	
7.96

	
7.98

	
3.23

	
1.62

	
2.52

	
1.55

	
2.59




	
Eu/Eu*

	
0.18

	
0.31

	
0.31

	
0.14

	
0.17

	
0.04

	
0.06

	
0.09








Eu/Eu*—EuN/√[(SmN) × (GdN)].








The high-F granite, high-P2O5 muscovite-biotite granite (vi) is a peraluminous Ca-poor S-type granite with ASI ranging from 1.2 to 1.3. In comparison with common S-type granites [25] it is enriched in P (0.14–0.27 wt % P2O5), F (0.17–0.31 wt %), Li (78–546 ppm), Rb (393–936 ppm), Cs (30–169 ppm), Sn (8–50 ppm), and Nb (15–32 ppm), but it is poor in Mg (0.2–0.4 wt % MgO), Ca (0.3–0.7 wt % CaO), Sr (20–91 ppm), Ba (25–394 ppm), Zr (47–111 ppm), and Y (15–34 ppm) (Table 1).



The high-F, high-P2O5 Li-mica granite (iii) is a highly peraluminous S-type granite with ASI ranging from 1.2 to 1.5. In comparison with typical S-type granites [25], it is enriched in P (0.26–0.31 wt % P2O5), F (0.04–1.00 wt %), and in incompatible elements such as Li (311–1050 ppm), Rb (830–1150 ppm), Cs (47–121 ppm), Sn (28–159 ppm), Nb (18–52 ppm), Ta (8–26 ppm) and W (3–66 ppm), but it is poor in Mg (0.1–0.4 wt % MgO), Ca (0.4–0.7 wt % CaO), Sr (10–29 ppm), Ba (6–81 ppm), Zr (24–55 ppm), and Y (5–17 ppm) (Table 1).



The leucocratic granite sub-type from the Vysoký Kámen stock is a peraluminous S-type granite with ASI ranging from 1.1 to 1.3. In comparison with high-F, high-P2O5, Li-mica granite it is partly enriched in P (0.33–0.69 wt % P2O5), Rb (670–1309 ppm), Nb (26–67 ppm), and Ta (15–33 ppm), but it is poor in Mg (0.04–0.11 wt % MgO), Ca (0.3–0.6 wt % CaO), Ba (8–25 ppm), Zr (13–26 ppm), and Y (3–7 ppm) (Table 1). Its concentrations of F are 0.14–0.16 wt %.



The alkali-feldspar syenite (vii) is a weakly peraluminous rock with ASI ranging from 1.0 to 1.1. Relative to the high-F, high-P2O5 Li-mica granites, the syenite is enriched in Na (4.6–6.8 wt % Na2O), K (6.9–7.8 wt % K2O), P (0.27–0.69 wt % P2O5), Rb (1760–1800 ppm), Nb (14–60 ppm), and Ta (11–44 ppm), but depleted in Si (64.0–66.5 wt % SiO2), Mg (0.03–0.07 wt % MgO), Ca (0.3–0.5 wt % CaO), Zr (14–37 ppm), and Y (2–9 ppm) (Table 1). Its concentrations of F are 0.12–0.22 wt % (Figure 4).


Figure 4. (A) Binary plot of ASI vs. SiO2 for granitic rocks of the Krudum granite body, (B) Binary plot of Al2O3 vs. SiO2 for granitic rocks of the Krudum granite body, (C) Binary plot of K2O vs. SiO2 for granitic rocks of the Krudum granite body, (D) Binary plot of P2O5 vs. SiO2 for granitic rocks of the Krudum granite body (E) Binary plot of Rb vs. SiO2 for granitic rocks of the Krudum granite body, (F) Binary plot of Y vs. SiO2 for granitic rocks of the Krudum granite body.
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The highest ΣREE content was found in the medium-F biotite granites (v) (108–168 ppm) and in the high-F granites, high-P2O5 muscovite-biotite granites (vi) (91–175 ppm). The high-F, high-P2O5 Li-mica granites (iii) and alkali-feldspar syenites (vii) exhibited lower ΣREE concentrations (3–46 ppm). For the medium-F biotite granites (v) and the high-F, high-P2O5 muscovite-biotite granites (vi) the higher La/Yb ratios are significant (medium-F granites 4.3–7.2, high-F, high-P2O5 muscovite-biotite granites 4.0–8.0), whereas the La/Yb ratios in the high-F, high-P2O5 granites (iii, iv) and alkali-feldspar syenites (vii) are lower (high-F, high P2O5 Li-mica granites 1.6–4.8, leucocratic granites 1.2–2.5, alkali-feldspar syenites 1.6–4.1). Similar differences exist also in the Eu/Eu* ratio (medium-F biotite granites 0.18–0.29, high-F, high P2O5 muscovite-biotite granites 0.21–0.31, high-F, high P2O5 Li-mica granites 0.03–0.32, leucocratic granites 0.04–0.13, alkali-feldspar syenites 0.02–0.17) (Figure 5).


Figure 5. Chondrite-normalized rare earth element (REE) patterns for granitic rocks of the Krudum granite body. (A) Chondrite-normalized rare earth element (REE) patterns for medium-F biotite granite, (B) Chondrite-normalized rare earth element (REE) patterns for high-F, high-P2O5 two-mica granite, (C) Chondrite-normalized rare earth element (REE) patterns for high-F, high-P2O5 Li-mica granite, (D) Chondrite-normalized rare earth element (REE) patterns for leucocratic high-F, high-P2O5 Li-mica granite, (E) Chondrite normalized rare earth element (REE) patterns for alkali–feldspar syenite. Normalizing values are from [26].
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4.3. REE and Y Mineralogy


4.3.1. Accessory Minerals Textures


In the granite suites of the KGB rare earth element- (REE) and Y-bearing accessory minerals are represented by monazite, xenotime, and zircon. Monazite and zircon occur in all magmatic suites, whereas xenotime was found only in the high-F, high-P2O5 Li-mica granites (iii) and in the alkali-feldspar syenites (vii). Monazite, together with zircon and fertile apatite is usually enclosed in biotite and lithium mica flakes. Monazite occurs as small subhedral to anhedral grains (10–30 µm), often grows together with zircon in complex aggregates together with coffinite and xenotime (Figure 6). Monazite grains are not zoned, but zircon may have oscillatory zoning (Figure 7). Cores of possible inherited zircon grains were overgrown by younger zircon and xenotime (Figure 7D). The xenotime occurs as grains along the zircon rims (Figure 6 and Figure 7B).


Figure 6. High-contrast back-scattered electron (BSE) image of complex intergrowths of coffinite (Cfn), zircon (Zrn), monazite (Mnz), and xenotime (Xtm) from high-F, high-P2O5 Li-mica granite, Hub stock.
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Figure 7. High-contrast BSE images of zircon (Zrn) and xenotime (Xtm) from granites of the Krudum granite body. (A) Oscillatory zoning of zircon from the medium-F biotite granite, (B) Intergrowth of xenotime with zircon from the high-F, high-P2O5 Li-mica granite, (C) Oscillatory zoning of altered zircon in the high-F, high-P2O5 Li mica granite, (D) Inherited zircon grains overgrown by younger zircon and xenotime from the high-F, high-P2O5 Li-mica granite.
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4.3.2. Monazite Composition


Monazite strongly favors LREE entrapment with the sum of LREE (La + Ce + Pr + Nd + Sm) ranging between 0.21 and 0.94 apfu (atoms per formula unit) (Table 2). Cerium is, in all cases, the most abundant REE, varying between 7.95 wt % Ce2O3 and 32.57 wt % Ce2O3 (0.12–0.48 apfu Ce). The second most abundant REE is La (2.06–15.44 wt % La2O3; 0.03–0.23 apfu La), followed by Nd (2.05–12.04 wt % Nd2O3; 0.03–0.17 apfu Nd), Pr (1.80–3.49 wt % Pr2O3; 0.03–0.05 apfu Pr) and Sm (1.44–3.48 wt % Sm2O3; 0.02–0.05 apfu Sm). Thus, all analyzed monazite grains should be termed monazite-(Ce). However, the ranges in chondrite ratios between individual LREE vary considerably: the (La/Nd)CN ratio between 0.46 and 3.39, the (La/Sm)CN ratio between 0.49 and 6.27.


Table 2. Representative EPMA of monazite.





	
Sample

	
KRU-34

	
KRU-35

	
1162-2

	
1162-13

	
1008-33

	
1371-3

	
1617-26




	
Variety wt %

	
Medium-F Granite

	
Medium-F Granite

	
High-F Two-Mica Granite

	
High-F Two-Mica Granite

	
High-F Li-Mica Granite

	
High-F Li-Mica Granite

	
Alkali-Feldspar Syenite






	
P2O5

	
29.27

	
29.09

	
29.22

	
28.12

	
28.70

	
28.67

	
30.18




	
SiO2

	
0.62

	
0.75

	
0.58

	
0.55

	
1.15

	
0.63

	
0.27




	
ThO2

	
8.23

	
10.33

	
5.81

	
2.71

	
10.08

	
24.53

	
32.82




	
UO2

	
0.93

	
0.88

	
1.23

	
0.19

	
0.31

	
2.13

	
4.54




	
Y2O3

	
2.13

	
2.53

	
2.91

	
0.38

	
3.38

	
2.12

	
1.49




	
La2O3

	
11.68

	
11.36

	
11.51

	
15.44

	
10.47

	
4.80

	
3.84




	
Ce2O3

	
26.29

	
24.73

	
26.17

	
32.57

	
25.22

	
15.42

	
9.19




	
Pr2O3

	
2.80

	
2.77

	
3.03

	
3.49

	
2.95

	
1.98

	
1.01




	
Nd2O3

	
10.02

	
9.48

	
11.36

	
12.04

	
10.60

	
6.79

	
3.39




	
Sm2O3

	
1.79

	
1.81

	
2.54

	
1.88

	
2.25

	
2.84

	
0.97




	
Gd2O3

	
1.20

	
1.12

	
1.95

	
0.72

	
1.83

	
1.75

	
0.80




	
Dy2O3

	
0.80

	
0.80

	
1.02

	
0.11

	
1.14

	
1.02

	
0.59




	
Er2O3

	
0.17

	
0.17

	
0.21

	
0.03

	
0.23

	
0.14

	
0.11




	
CaO

	
1.30

	
1.75

	
1.53

	
0.32

	
1.29

	
5.18

	
8.04




	
PbO

	
0.17

	
0.17

	
0.16

	
0.04

	
0.14

	
0.42

	
0.62




	
As2O5

	
0.03

	
0.06

	
0.05

	
0.06

	
0.04

	
b.d.l.

	
0.08




	
F

	
b.d.l.

	
b.d.l.

	
b.d.l.

	
0.01

	
0.56

	
b.d.l.

	
0.40




	
O=F

	
0.00

	
0.00

	
0.00

	
0.00

	
0.14

	
0.00

	
0.10




	
Total

	
97.43

	
97.80

	
99.28

	
98.66

	
100.20

	
98.42

	
98.24




	
apfu, O=4

	

	

	

	

	

	

	




	
P

	
0.986

	
0.977

	
0.973

	
0.960

	
0.955

	
0.969

	
1.000




	
Si

	
0.025

	
0.030

	
0.023

	
0.022

	
0.045

	
0.025

	
0.011




	
Th

	
0.075

	
0.093

	
0.052

	
0.025

	
0.090

	
0.223

	
0.292




	
U

	
0.008

	
0.008

	
0.011

	
0.002

	
0.003

	
0.019

	
0.040




	
Y

	
0.045

	
0.053

	
0.061

	
0.008

	
0.071

	
0.045

	
0.031




	
La

	
0.171

	
0.166

	
0.167

	
0.230

	
0.152

	
0.071

	
0.055




	
Ce

	
0.383

	
0.359

	
0.376

	
0.481

	
0.363

	
0.225

	
0.131




	
Pr

	
0.041

	
0.040

	
0.043

	
0.051

	
0.042

	
0.029

	
0.014




	
Nd

	
0.142

	
0.134

	
0.159

	
0.173

	
0.149

	
0.097

	
0.047




	
Sm

	
0.025

	
0.025

	
0.034

	
0.026

	
0.030

	
0.039

	
0.013




	
Gd

	
0.016

	
0.015

	
0.025

	
0.010

	
0.024

	
0.023

	
0.010




	
Dy

	
0.010

	
0.010

	
0.013

	
0.001

	
0.014

	
0.013

	
0.007




	
Er

	
0.002

	
0.002

	
0.003

	
0.000

	
0.003

	
0.002

	
0.001




	
Ca

	
0.055

	
0.074

	
0.064

	
0.014

	
0.054

	
0.222

	
0.337




	
Pb

	
0.002

	
0.002

	
0.002

	
0.000

	
0.001

	
0.005

	
0.007




	
As

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.000

	
0.002




	
F

	
0.000

	
0.000

	
0.000

	
0.003

	
0.139

	
0.000

	
0.087




	
LREEPO4

	
0.7758

	
0.7312

	
0.7633

	
0.9397

	
0.7308

	
0.4333

	
0.2541




	
HREEPO4

	
0.0295

	
0.0282

	
0.0420

	
0.0111

	
0.0424

	
0.0390

	
0.0185




	
CaTh(PO4)2

	
0.1158

	
0.1548

	
0.1311

	
0.0281

	
0.1118

	
0.4559

	
0.6934




	
ThSiO4

	
0.0316

	
0.0303

	
0.0010

	
0.0131

	
0.0414

	
0.0257

	
0.0021




	
YPO4

	
0.0474

	
0.0554

	
0.0625

	
0.0080

	
0.0735

	
0.0462

	
0.0319








b.d.l., below detection limit.








The content of Y in analyzed monazite ranges from 0.07 to 4.26 wt % Y2O3 (0.00–0.09 apfu Y). The highest concentrations of Y were found in monazite from the alkali-feldspar syenites (up to 4.26 wt % Y2O3; 0.09 apfu Y). The concentrations of ΣHREE (Gd + Dy + Er) in analyzed monazite grains range from 0.00 to 0.05 apfu. The concentrations of Th vary between 2.71 and 35.42 wt % ThO2 (0.03–0.33 apfu Th). The high-Th monazite with 32.8–35.4 wt % ThO2 (0.29–0.33 apfu Th) was found in some monazite grains from the alkali-feldspar syenites. The concentrations of U vary between 0.19 and 4.54 wt % UO2 (0.00–0.04 apfu U). Monazite from the high-F, high-P2O5 Li-mica granites and alkali-feldspar syenites is sometimes fluorized (up to 0.78 wt % F; 0.23 apfu F). These partly altered monazite grains contain also low concentrations of As (up to 0.08 wt % As2O5; 0.002 apfu As) and S (up to 0.06 wt % SO3; 0.002 apfu S).



Two main coupled substitution mechanisms have been proposed for monazite [2,27,28], namely the cheralite and huttonite substitutions. The analyzed monazite grains from all of the KGB magmatic suites plot between the cheralite and huttonite substitution vectors in the (Th + U + Si) vs. the (P + Y + REE) diagram. The huttonite substitution is characteristic for monazite from the low-F biotite granites (Figure 8).


Figure 8. Monazite composition vectors of monazite from the Krudum granite body.
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The highest fractions of the cheralite component were found in monazite from the alkali-feldspar syenites (vii) (up to 69.3 mol %). Similarly, the concentration of the xenotime (YPO4) component is relatively high in monazite from the high-F, high-P2O5 granites (iii, iv) (up to 9.1 mol %) and from the alkali-feldspar syenites (vii) (up to 9.4 mol %).




4.3.3. Xenotime Composition


The proportion of YPO4, the main component in xenotime, ranges from 70.66 to 83.75 mol % (Table 3). Some microprobe analyses from the high-F, high-P2O5 Li-mica granites reveal low totals, suggesting probably hydration of xenotime during its postmagmatic alteration. In slightly greisenised high-F, high-P2O5 Li-mica granites from the Hub stock of the F content reaches up to 1.12 wt %. Analyzed xenotime grains are commonly enriched in HREE (9.3–19.5 wt %HREE2O3), U and Th. The concentrations of Dy and Yb range from 3.05 to 7.67 wt % Dy2O3 (0.04–0.08 apfu Dy) and 2.24 to 8.04 wt % Yb2O3 (0.03–0.09 apfu Yb); the concentrations of U and Th range from 0.45 to 5.55 wt %UO2 (0.00–0.04 apfu U) and 0.04-1.73 wt % ThO2 (0.00–0.01 apfu Th). Two charge balancing coupled substitutions involving Si (thorite-coffinite exchange, 0.0–4.5 mol % thorite component) and/or Ca (cheralite exchange, 1.2–19.8 mol % cheralite component) for the replacement of Y and REE by U and Th are observed in xenotime. Both substitution mechanisms are found in the high-F, high-P2O5 Li-mica granites (Figure 9). In some cases, the xenotime grains are enriched in Sc (up to 2.03 wt % Sc2O3; 0.25 apfu Sc), Zr (up to 1.62 wt % ZrO2; 0.03 apfu Zr) and Bi (up to 0.07 wt % Bi2O3; 0.002 apfu Bi). The Sc and Bi contents show a lack of correlation with other cations in the octahedral position. The Zr content shows a negative correlation with Y content.


Figure 9. Xenotime composition vectors of xenotime from the Krudum granite body.
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Table 3. Representative EPMA of xenotime.





	
Sample

	
1007-4

	
1007-11

	
1007-19

	
997-9

	
1542-18

	
1542-20




	
Variety wt %

	
High-F Li-Mica Granite

	
High-F Li-Mica Granite

	
High-F Li-Mica Granite

	
Alkali-Feldspar Syenite

	
Alkali-Feldspar Syenite

	
Alkali-Feldspar Syenite






	
P2O5

	
34.50

	
36.31

	
33.87

	
31.99

	
32.75

	
33.00




	
SiO2

	
0.96

	
b.d.l.

	
0.85

	
0.23

	
0.97

	
0.93




	
ThO2

	
0.87

	
0.04

	
0.72

	
0.53

	
1.50

	
1.29




	
UO2

	
4.43

	
0.93

	
4.56

	
2.49

	
3.06

	
2.97




	
Y2O3

	
38.83

	
48.50

	
38.23

	
39.59

	
40.18

	
40.19




	
La2O3

	
b.d.l.

	
0.03

	
0.01

	
b.d.l.

	
b.d.l.

	
0.01




	
Ce2O3

	
b.d.l.

	
b.d.l.

	
0.03

	
0.04

	
0.11

	
0.14




	
Pr2O3

	
b.d.l.

	
0.02

	
0.07

	
0.10

	
0.08

	
0.05




	
Nd2O3

	
0.32

	
0.08

	
0.42

	
0.26

	
0.38

	
0.44




	
Sm2O3

	
0.87

	
0.11

	
0.79

	
0.84

	
0.67

	
0.68




	
Gd2O3

	
2.56

	
0.61

	
2.38

	
2.72

	
2.29

	
2.21




	
Dy2O3

	
7.59

	
3.79

	
7.35

	
6.69

	
6.16

	
6.19




	
Ho2O3

	
0.98

	
0.69

	
1.06

	
b.d.l.

	
b.d.l.

	
b.d.l.




	
Er2O3

	
3.23

	
2.48

	
3.42

	
3.15

	
3.45

	
3.43




	
Yb2O3

	
4.23

	
3.81

	
3.96

	
4.50

	
2.31

	
2.36




	
Lu2O3

	
0.81

	
0.56

	
0.91

	
0.02

	
b.d.l.

	
b.d.l.




	
CaO

	
0.42

	
0.89

	
0.51

	
0.49

	
0.19

	
0.16




	
PbO

	
0.18

	
0.02

	
0.10

	
0.43

	
0.51

	
0.51




	
F

	
0.09

	
1.12

	
0.10

	
0.05

	
0.10

	
0.02




	
O=F

	
0.04

	
0.47

	
0.04

	
0.02

	
0.04

	
0.01




	
Total

	
100.83

	
99.52

	
99.30

	
94.10

	
94.67

	
94.57




	
apfu, O=4

	

	

	

	

	

	




	
P

	
0.985

	
1.001

	
0.984

	
0.973

	
0.974

	
0.978




	
Si

	
0.032

	
0.000

	
0.029

	
0.008

	
0.034

	
0.033




	
Th

	
0.007

	
0.000

	
0.006

	
0.004

	
0.012

	
0.010




	
U

	
0.033

	
0.007

	
0.035

	
0.020

	
0.024

	
0.023




	
Y

	
0.696

	
0.840

	
0.697

	
0.756

	
0.750

	
0.748




	
La

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Ce

	
0.000

	
0.000

	
0.000

	
0.001

	
0.001

	
0.002




	
Pr

	
0.000

	
0.000

	
0.001

	
0.001

	
0.001

	
0.001




	
Nd

	
0.004

	
0.001

	
0.005

	
0.003

	
0.005

	
0.005




	
Sm

	
0.010

	
0.001

	
0.009

	
0.010

	
0.008

	
0.008




	
Gd

	
0.029

	
0.007

	
0.027

	
0.032

	
0.027

	
0.026




	
Dy

	
0.082

	
0.040

	
0.081

	
.0.077

	
0.070

	
0.070




	
Ho

	
0.010

	
0.007

	
0.012

	
0.000

	
0.000

	
0.000




	
Er

	
0.034

	
0.025

	
0.037

	
0.036

	
0.038

	
0.038




	
Yb

	
0.043

	
0.038

	
0.041

	
0.049

	
0.025

	
0.025




	
Lu

	
0.008

	
0.006

	
0.009

	
0.000

	
0.000

	
0.000




	
Ca

	
0.015

	
0.031

	
0.019

	
0.019

	
0.007

	
0.006




	
Pb

	
0.002

	
0.000

	
0.001

	
0.004

	
0.005

	
0.005




	
F

	
0.019

	
0.231

	
0.022

	
0.011

	
0.022

	
0.004




	
LREEPO4

	
0.0144

	
0.0020

	
0.0153

	
0.0148

	
0.0154

	
0.0165




	
HREEPO4

	
0.2117

	
0.1226

	
0.2112

	
0.1917

	
0.1644

	
0.1644




	
CaTh(PO4)2

	
0.0308

	
0.0616

	
0.0388

	
0.0375

	
0.0144

	
0.0124




	
ThSiO4

	
0.0270

	
0.0000

	
0.0230

	
0.0090

	
0.0340

	
0.0320




	
YPO4

	
0.7153

	
0.8375

	
0.7112

	
0.7470

	
0.7708

	
0.7735








b.d.l., below detection limit.









4.3.4. Zircon Composition


Analyzed zircon grains contain moderate Hf concentrations (1.0–4.7 wt % HfO2; 0.010–0.047 apfu Hf) (Table 4, Figure 10). The proportion of the hafnium end member indicated by atomic ratio Hf/(Zr + Hf) varies from 0.01 to 0.05. The highest concentrations of HfO2 were found in zircon from the high-F, high-P2O5 Li-mica granites (1.2–4.7 wt % HfO2). In the zircon from the medium-F biotite granites (v) and the high-F, high-P2O5 muscovite-biotite granites (vi) HfO2 concentrations are distinctly lower (1.0–2.5 wt %).


Figure 10. Chemical composition of zircon from granites of the Krudum granite body.
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Table 4. Representative EPMA of zircon.





	
Sample

	
23-44

	
23-45

	
1162-5

	
1250-27

	
1007-2

	
1283-21

	
997-1

	
1542-2




	
Variety wt %

	
Medium-F Granite

	
Medium-F Granite

	
High-F Two-Mica Granite

	
High-F Two-Mica Granite

	
High-F Li-Mica Granite

	
High-F Li-Mica Granite

	
Alkali-Feldspar Syenite

	
Alkali-Feldspar Syenite






	
SiO2

	
31.60

	
32.16

	
31.85

	
32.30

	
31.49

	
26.49

	
32.32

	
24.22




	
Al2O3

	
b.d.l.

	
b.d.l.

	
b.d.l.

	
b.d.l.

	
b.d.l.

	
0.11

	
0.01

	
0.85




	
ZrO2

	
64.19

	
65.40

	
63.05

	
66.00

	
61.73

	
49.81

	
65.32

	
54.02




	
HfO2

	
1.43

	
1.03

	
2.52

	
1.36

	
3.60

	
1.83

	
1.33

	
2.67




	
CaO

	
0.01

	
0.03

	
0.05

	
b.d.l.

	
0.03

	
0.40

	
0.04

	
1.54




	
FeO

	
b.d.l.

	
b.d.l.

	
0.05

	
0.02

	
0.16

	
0.01

	
0.02

	
1.61




	
MnO

	
0.02

	
b.d.l.

	
0.02

	
b.d.l.

	
0.04

	
0.03

	
0.02

	
b.d.l.




	
MgO

	
b.d.l.

	
0.01

	
0.01

	
0.02

	
b.d.l.

	
b.d.l.

	
0.01

	
0.04




	
P2O5

	
0.50

	
0.05

	
0.59

	
0.02

	
0.79

	
5.46

	
0.38

	
4.58




	
Sc2O3

	
0.11

	
b.d.l.

	
0.35

	
b.d.l.

	
0.31

	
0.42

	
0.09

	
0.50




	
As2O5

	
b.d.l.

	
b.d.l.

	
0.01

	
0.05

	
0.10

	
0.05

	
0.04

	
0.30




	
Bi2O3

	
0.09

	
0.08

	
0.05

	
0.10

	
0.07

	
0.12

	
0.09

	
0.10




	
Y2O3

	
0.48

	
0.23

	
0.26

	
b.d.l.

	
0.38

	
5.47

	
0.20

	
0.17




	
La2O3

	
b.d.l.

	
b.d.l.

	
b.d.l.

	
b.d.l.

	
0.02

	
0.02

	
0.02

	
b.d.l.




	
Ce2O3

	
b.d.l.

	
b.d.l.

	
0.02

	
b.d.l.

	
b.d.l.

	
0.36

	
0.01

	
0.09




	
Pr2O3

	
0.03

	
b.d.l.

	
b.d.l.

	
0.03

	
b.d.l.

	
0.02

	
0.02

	
0.06




	
Nd2O3

	
b.d.l.

	
0.10

	
b.d.l.

	
b.d.l.

	
0.04

	
0.02

	
0.08

	
0.06




	
Sm2O3

	
0.01

	
0.01

	
b.d.l.

	
0.01

	
b.d.l.

	
0.11

	
b.d.l.

	
0.05




	
Gd2O3

	
b.d.l.

	
0.01

	
0.01

	
b.d.l.

	
b.d.l.

	
0.35

	
0.02

	
0.02




	
Dy2O3

	
0.03

	
0.05

	
0.01

	
b.d.l.

	
b.d.l.

	
0.81

	
0.02

	
b.d.l.




	
Er2O3

	
0.12

	
0.07

	
0.02

	
0.06

	
0.10

	
0.50

	
0.06

	
0.05




	
Yb2O3

	
0.21

	
0.06

	
0.18

	
0.03

	
0.29

	
0.78

	
0.05

	
0.15




	
UO2

	
0.50

	
0.09

	
0.65

	
0.04

	
0.52

	
3.09

	
0.11

	
2.06




	
ThO2

	
0.01

	
0.04

	
0.02

	
0.02

	
0.01

	
0.92

	
b.d.l.

	
0.25




	
PbO

	
0.02

	
b.d.l.

	
0.03

	
b.d.l.

	
0.04

	
0.87

	
0.01

	
0.03




	
F

	
b.d.l.

	
b.d.l.

	
0.03

	
b.d.l.

	
b.d.l.

	
0.28

	
0.01

	
0.65




	
O=F

	
0.00

	
0.00

	
0.01

	
0.00

	
0.00

	
0.12

	
0.00

	
0.27




	
Total

	
99.36

	
99.42

	
99.77

	
100.06

	
99.68

	
98.33

	
100.28

	
94.07




	
apfu, O=4

	

	

	

	

	

	

	

	




	
Si

	
0.982

	
0.995

	
0.987

	
0.994

	
0.981

	
0.859

	
0.990

	
0.810




	
P

	
0.013

	
0.001

	
0.015

	
0.001

	
0.021

	
0.150

	
0.010

	
0.130




	
Al

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.004

	
0.000

	
0.033




	
ΣT-site

	
0.995

	
0.996

	
1.002

	
0.995

	
1.002

	
1.013

	
1.000

	
0.973




	
Zr

	
0.973

	
0.987

	
0.952

	
0.990

	
0.938

	
0.788

	
0.976

	
0.881




	
Hf

	
0.013

	
0.009

	
0.022

	
0.012

	
0.032

	
0.017

	
0.012

	
0.025




	
Ca

	
0.000

	
0.001

	
0.002

	
0.000

	
0.001

	
0.014

	
0.001

	
0.055




	
Fe

	
0.000

	
0.000

	
0.001

	
0.001

	
0.004

	
0.000

	
0.001

	
0.045




	
Mn

	
0.001

	
0.000

	
0.001

	
0.000

	
0.001

	
0.001

	
0.001

	
0.000




	
Mg

	
0.000

	
0.000

	
0.000

	
0.001

	
0.000

	
0.000

	
0.000

	
0.002




	
Sc

	
0.003

	
0.000

	
0.009

	
0.000

	
0.008

	
0.012

	
0.002

	
0.015




	
As

	
0.000

	
0.000

	
0.000

	
0.001

	
0.002

	
0.001

	
0.001

	
0.005




	
Bi

	
0.000

	
0.000

	
0.000

	
0.001

	
0.000

	
0.001

	
0.000

	
0.001




	
Y

	
0.008

	
0.004

	
0.004

	
0.000

	
0.006

	
0.094

	
0.003

	
0.003




	
La

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Ce

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.004

	
0.000

	
0.001




	
Pr

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.001




	
Nd

	
0.000

	
0.001

	
0.000

	
0.000

	
0.000

	
0.001

	
0.001

	
0.001




	
Sm

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.001

	
0.000

	
0.001




	
Gd

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.004

	
0.000

	
0.000




	
Dy

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.008

	
0.000

	
0.000




	
Er

	
0.001

	
0.001

	
0.000

	
0.001

	
0.001

	
0.005

	
0.001

	
0.001




	
Yb

	
0.002

	
0.001

	
0.002

	
0.000

	
0.003

	
0.008

	
0.000

	
0.002




	
U

	
0.003

	
0.001

	
0.004

	
0.000

	
0.004

	
0.022

	
0.001

	
0.015




	
Th

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.007

	
0.000

	
0.002




	
Pb

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.008

	
0.000

	
0.000




	
ΣA site

	
1.004

	
1.005

	
0.997

	
1.007

	
1.000

	
0.996

	
1.000

	
1.056




	
F

	
0.000

	
0.000

	
0.006

	
0.000

	
0.000

	
0.057

	
0.002

	
0.137








b.d.l., below detection limit.








Analyzed zircon grains from the high-F, high-P2O5 Li mica granites (iii) and from alkali-feldspar syenites (vii) are enriched in P (up to 8.29 wt %P2O5; 0.24 apfu P), Al (0.02–2.0 wt % Al2O3; 0.00–0.08 apfu Al; berlinite substitution), Ca (up to 3.9 wt % CaO; 0.14 apfu Ca; brabantite substitution), Y (up to 5.5 wt % Y2O3; 0.10 apfu Y; xenotime substitution) and Sc (up to 1.17 wt % Sc2O3; 0.03 apfu Sc; pretulite substitution) (Figure 11). Zircon grains from the high-F, high-P2O5 Li-mica granites (iii) and alkali-feldspar syenites (vii) are in some cases metamictized, hydrated and fluorized. Partly hydrothermally altered zircon grains from high-F, high-P2O5 Li-mica granites (iii) are also enriched in Bi (up to 5.16 wt % Bi2O3; 0.03 apfu Bi; ximengite substitution). Zircon grains from the alkali-feldspar syenites have a higher enrichment in P, which is not associated with a simultaneous enrichment in Y + REE (Figure 11). The uranium and thorium are ubiquitous components in all analyzed zircon grains, especially in the altered zircon from high-F, high-P2O5 Li-mica granites. High concentrations of U, up to 3.1 wt % UO2 (0.02 apfu U), were found in zircon from these granites. The concentrations of Th in altered zircons from high-F, high-P2O5 Li-mica granites are between 0.2 and 1.7 wt % ThO2 (0.00–0.01 apfu Th). Concentrations of U and Th in zircon from the medium-F biotite granites and from the high-F, high-P2O5 muscovite-biotite granites are lower (0.04–0.65 wt % UO2; 0.01–0.21 wt % ThO2).


Figure 11. Chemical compositions of zircon from the high-F, high-P2O5 Li-mica granites and alkali-feldspar syenites. (A) Distribution Al vs. P. The arrow represent vector of ideal berlinite type (P:Al = 1:1) substitution, (B) Distribution Ca vs. P. The arrow represent vector of ideal brabantite-type (P:Ca = 2:1) substitution, (C) Distribution of Y and REE vs. P. The arrow represent vector of ideal xenotime-type (P:(Y + REE) = 1:1) substitution, (D) Distribution Sc vs. P. The arrow represent vector of ideal pretulite-type (P:Sc = 1:1) substitution.
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5. Discussion


5.1. Substitution in Monazite


Two main coupled substitutions mechanisms have been proposed for monazite, the cheralite substitution (Th,U)4+ + Ca2+ = 2REE3+ and the huttonite substitution (Th,U)4+ + Si4+ = REE3+ + P5+ [27,28,29,30,31]. The cheralite substitution is dominant in the analyzed monazite from all the analyzed suites of the KGB. The predominance of the cheralite substitution over the huttonite substitution was also found in highly fractionated high-F, Li-mica granites from other parts of the Krušné Hory/Erzgebirge batholith and the Fichtelgebirge granites in NE Bavaria, Germany [3,9,27]. High contents of the cheralite component (>20–30 mol %) were also found in highly fractionated S-type granites from the West Carpathian belt [2] and in similar S-type granites from the Belvís de Monroy pluton in the Iberian Variscan belt [7]. The high-Th monazite was found also in the high-F, high-P2O5 Li-mica granites from the German part of the Western Erzgebirge pluton (up to 51.7 wt % ThO2) [27]. Some monazite grains from similar high-F granites described in the Fichtelgebirge pluton [3] could be designed also as high-Th monazite.




5.2. Substitution in Xenotime


Like for monazite, two main mechanisms exist for the replacement of Y by REE, U and Th in xenotime: charge balancing coupled substitutions involving Si and Ca (thorite-coffinite-type and cheralite-type substitutions respectively) [2,5,31,32]. In the analyzed xenotime from high-F, high P2O5 granites (iii, iv) both substitutions mechanisms exist. Both mechanisms were also found in the S-type, high-F, Li-mica granites from the German part of Krušné Hory/Erzgebirge area [32]. However, according to Pérez-Soba et al. [7], unlike zircon, xenotime from highly fractionated peraluminous granites from the Belvís de Monroy pluton in the Iberian Variscan belt showed predominance of one substitution, the cheralite substitution, over the thorite-coffinite substitution.




5.3. Substitution in zircon


The highest concentrations of P in zircon are accompanied by a simultaneous enrichment in Al. This correlation can be explained by the occurrence of berlinite-type substitution P5+ + Al3+ = 2Si4+. This substitution is significant for zircon from other high-F, high-P2O5 Li-mica granites in the Western Erzgebirge pluton (Podlesí granite stock [33]). A combination of berlinite, xenotime (REE + Y)+3 + P+5 = Zr4+ + Si4+), pretulite (Sc3+ + P5+ = Zr4+ + Si4+) and brabantite (Ca2+(U,Th)4+ + 2 P5+ = 2Zr4+ + 2Si4+) types is also significant in zircon grains from these granites [33]. Anomalous enrichment of P from alkali-feldspar syenite is similar to that was found in zircon from the dyke granites in the Podlesí granite stock [33].



Enrichment of non-formula elements such as P, Al, Ca, Y and REE in P-rich zircon was found also in some other high-P peraluminous granites worldwide [7,34,35,36]. The entry of Y + HREE and P into the zircon structure is usually explained via xenotime substitution, whereas zircon and xenotime are isostructural [37,38,39]. The apparent surplus on the A-site could be explained by the entrance of substantial amounts of interstitial cations (e.g., Fe, Ca, Al, As, Bi, Sc) [40,41]. Sc enrichment in zircon is usually explained via the pretulite (ScPO4) exchange [42]. However, rational evaluation of non-formula elements enrichment in zircon is always matter of discussion. The most extended explanation is usually coupled with its metamictization and later postmagmatic alteration [43,44,45]. Higher concentrations of P, Y and REE occur in metamictized zircon grains from the high-F, high-P2O5 Li-mica granites (Figure 6 and Figure 7C). Description of postmagmatic zircon alterations from these granites was presented in detail by René [46]. On the other hand, the berlinite substitution found in zircon grains from the Podlesí granite stock and Belvís de Monroy pluton (Iberian Variscan belt) is believed to by primary magmatic [7,33]. Similarly, the highest concentration of P (8.29 wt % P2O5; 0.24 apfu P) was found in primary magmatic zircon grain from the examined alkali feldspar syenite.



Moderate to strong deviation of altered zircon from stoichiometry was also found in other occurrences of high-F, Li-mica granites in the Krušné Hory/Erzgebirge area (e.g., Cínovec, Podlesí, Altenberg, Seifen [33,36,47,48] as well as in altered zircon worldwide [49,50,51,52,53,54].





6. Conclusions



	(a)

	
The Krudum granite body has a sequence of highly fractionated granitic rocks from the medium-F biotite granites to the high-F, high-P2O5 Li-mica granites and alkali-feldspar syenites.




	(b)

	
Analyzed monazite grains from the Krudum granite body display strong preference of cheralite substitution over the huttonite substitution with up to 69.3 mol % cheralite component in the alkali-feldspar syenites. Some monazite grains from the alkali-feldspar syenites are enriched in ThO2 (up to 35.4 wt % ThO2).




	(c)

	
The coupled thorite-coffinite and cheralite substitutions are dominant in the analyzed xenotime. Some xenotime analyses reveal low totals, suggesting probably their hydrothermal alteration.




	(d)

	
Zircon grains from these granites are sometimes metamictized and fluorized. Zircon from the high-F, high-P2O5 Li-mica granites and alkali-feldspar syenites is usually enriched in P (up to 8.29 wt % P2O5; 0.24 apfu P). The higher concentrations of P, Y, REE and Sc returned by zircon grains from the high-F, high-P2O5 Li-mica granites could be explained by their metamictization. However, the highest concentration of P (8.29 wt % P2O5; 0.24 apfu P) that was found in zircon grains from alkali-feldspar syenite without visible metamictization could be believed as the result of a primary magmatic enrichment produced by fractionation.
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