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Abstract

:

A comprehensive study of monazite–cheralite–huttonite solid solutions (s.s.) and xenotime from the highly evolved, strongly peraluminous P–F–Li-rich Podlesí granite stock in the Krušné Hory Mts., Czech Republic, indicates that, with the increasing degree of magmatic and high-T early post-magmatic evolution, the content of the cheralite component in monazite increases and the relative dominance of middle rare earth elements (MREE) in xenotime becomes larger. Considering the overall compositional signatures of these two accessory minerals in the late Variscan granites of the Erzgebirge/Krušné Hory Mts., three types of granites can be distinguished: (i) chemically less evolved F-poor S(I)- and A-type granites contain monazite with a smooth, mostly symmetric chondrite-normalized (CN) rare-earth elements (REE) pattern gradually declining from La to Gd; associated xenotime is Y-rich (˃0.8 apfu Y) with a flat MREE–HREE (heavy rare earth elements) pattern; (ii) fractionated A-type granites typically contain La-depleted monazite with Th accommodated as the huttonite component, combined with usually Y-poor (0.4–0.6 apfu Y) xenotime characterized by a smoothly inclining, Yb–Lu-dominant CN-REE pattern; (iii) fractionated peraluminous Li-mica granites host monazite with a flat, asymmetric (kinked at La and Nd) CN-LREE pattern, with associated xenotime distinctly MREE (Gd–Tb–Dy)-dominant. Monazite and xenotime account for the bulk of the REE budgets in all types of granite. In peraluminous S(I)-type granites, which do not bear thorite, almost all Th is accommodated in monazite–cheralite s.s. In contrast, Th budgets in A-type granites are accounted for by monazite–huttonite s.s. together with thorite. The largest portion of U is accommodated in uraninite, if present.
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1. Introduction


In granitic rocks, radioactive elements (U, Th) and rare-earth elements (REE) plus Y, together with other high-field-strength elements (HFSE) like Zr, Nb and Ta, are predominantly hosted in accessory minerals, namely monazite, xenotime, apatite, zircon, allanite, and uraninite. Bea [1] calculated that accessory minerals accounted for 75–90% of the budget of these elements in peraluminous granites. Förster [2,3] performed mass-balance calculations for REE Th and U and established that monazite, xenotime, and uraninite typically contain between 80 and 95% of the elemental budgets in Variscan granites of the German Erzgebirge. Trumbull et al. [4] estimated the proportion of monazite and xenotime in the Th and REE budgets of the A-type Erongo granite at approximately 85–95%. Breiter [5] calculated that 78–95% of Th in peraluminous granites of the Moldanubian Zone of the Variscan orogen in the Czech Republic are hosted by monazite. All these results stressed the significance of accessory phases in the evolution of the U, Th, Y, and REE budgets during magmatic fractionation and the subsequent late magmatic to post-magmatic hydrothermal overprinting in granitic rocks.



During our long-term systematic petrological study of granites in the Erzgebirge/Krušné Hory area (Germany, Czech Republic), we collected several thousands of microprobe spot analyses of monazite, xenotime, and uraninite. Some of them had already been published [2,3,5,6,7,8,9,10], but a large part still remained unreported, especially data related to the unique, extremely evolved Podlesí P–F–Li-rich granite system. We decided to present a review of the entire set of accessory mineral data we have assembled in the past years from the diverse Erzgebirge/Krušné Hory granites with three major goals: (i) assessment of the influence of magmatic and hydrothermal processes on the composition of monazite, xenotime, and uraninite within an extremely fractionated, fluid- and volatile-rich granite system (Podlesí case study); (ii) capturing the overall diversity of monazite and xenotime compositions in different types of ore-bearing and barren granites of the Erzgebirge/Krušné Hory; and (iii) an attempt to establish basic relations between monazite and xenotime compositions and the bulk-rock composition of the parental granite.




2. Geology


2.1. Variscan Granites of the Erzgebirge/Krušné Hory Area


Variscan granites in the Erzgebirge/Krušné Hory, together with those emplaced in the adjacent Fichtelgebirge and Slavkovský Les areas, represent one of the most comprehensively studied and long-term-studied suites of ore-bearing granites worldwide [11,12,13,14].



The detailed study of these granites goes back to the middle of the 19th century, when the ore-bearing and barren granite varieties were first distinguished [15]. Later, Teuscher [16] first suggested a pervasive post-magmatic metasomatic overprint being crucial in the evolution of tin-bearing granites. From the various classification schemes elaborated for the Erzgebirge/Krušné Hory granites during the last decades [11,12,14,17], in this study, we use the classification proposed by Förster [12] based on typical mineral/geochemical features of individual plutons (Figure 1):




	
Low-F peraluminious biotite granites are abundant throughout the whole Erzgebirge (i.e., the Kirchberg pluton and a part of the Nejdek pluton in the west, Lesná granite in the central Erzgebirge, and the Fláje, Niederbobritsch, and Telnice plutons in the east);



	
Low-F two-mica peraluminous granites represented by the Bergen massif in the western Erzgebirge; similar granites are more common in the adjacent Fichtelgebirge and Slavkovský Les areas;



	
P–F–Li-rich peraluminous Li-mica granites form large outcropping bodies in the west (the Eibenstock–Nejdek pluton) and several, mostly hidden, bodies in the central Erzgebirge (Geyer, Ehrenfriedersdorf, Annaberg, Satzung). Micas in these granites evolved from Li-enriched biotite in less fractionated granites to zinnwaldite in later-formed, evolved granites forming small stocks; topaz is common;



	
F–Li-rich and P-poor granites of A-type chemical signature which form less voluminous plutons, comprising the occurrences of strongly mineralized granite in the eastern Erzgebirge (Schellerhau, Sadisdorf, Altenberg, Zinnwald/Cínovec and Krupka). Micas in these granites are well evolved from Li-enriched biotite to zinnwaldite; magmatic fluorite is common;



	
Medium-F and P-poor biotite-to-Li-mica granites of A-type chemical signature form dykes, stocks, and breccia pipes in the central (Seifen, Hora svaté Kateřiny) and western (the Gottesberg-Schneckenstein dyke swarm) parts of the province.
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Figure 1. A sketch of the distribution of late Variscan granites in the Erzgebirge/Krušné Hory and adjacent Slavkovský Les area. Classification of granites into five geochemical groups according to [12]. Names of hidden bodies known only from boreholes or mines are given in parentheses. 
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According to well-documented intrusive contacts, group #3 is younger than group #1, and group #5 is younger than group #3. Intrusive ages of groups 1–3 lie most probably in the interval of 327–315 Ma [13,18], while group #5 is substantially younger: 305–295 Ma [9,19]. The age of group #4 is still highly controversial, lying within the time interval of 325–310 Ma, according to [20,21] and references therein. Group 1–3 granites are transitional late-collisional S-I-type rocks, with the proportion of metasedimentary material being larger in F–Li–P-rich granites and comparatively smaller in the two other groups. Granites of groups 4–5 belong to the class of aluminous A-type rocks emplaced in a late collisional to post-collisional setting.



Mineralogical, geochemical, isotopic, and geochronological data on the herein-discussed Erzgebirge/Krušné Hory granites were the subject of numerous papers (for overview, see [3,13,14,17]) and are not reported here in detail. Because only a limited number of mineral data from the group #2 granites were available, we merged groups #1 and #2 into a group of peraluminous biotite and two-mica granites in the discussion. Similarly, due to the uncertain age of some intrusions, we merged the geochemically similar groups #4 and #5 into a group of A-type granites.




2.2. The Strongly Fractionated Podlesí Granite System


The Podlesí granite system (outcrop 0.1 km2) is situated in the western part of the Krušné Hory/Erzgebirge Mts. It is the relatively youngest intrusion within the multistage Eibenstock–Nejdek pluton, representing the most fractioned body of the peraluminous Li-mica granite group #3 (Figure 2) [22,23]. It is neighbored by Li-biotite granite of the Nejdek pluton, also belonging to the peraluminous Li-mica granite group [12].



The overall shape of the intrusion is tongue-like. Its upper contact is bordered by a 50 cm thick layer of stockscheider, i.e., a zone composed of large, prismatic microcline crystals oriented perpendicular to the contact plane of the granite with phyllite. The body is generally composed of albite–protolithionite–topaz granite, which can be divided into two sub-facies: The “upper facies” builds the uppermost 30–40 m of the stock and is fine-grained and porphyritic. The “lower facies”, forming the main part of the stock, is medium-grained and non-porphyritic. In the uppermost 100 m, the stock granite is intruded by several generally flat-lying dykes of albite–zinnwaldite–topaz granite with a maximum thickness of 7 m. Upper and lower contacts of the dykes are sharp and relatively flat.



The Podlesí magmatic system was explosively opened two times. The first episode of opening postdated the crystallization of the stockscheider. The resultant explosive breccia is composed of angular fragments of phyllite and stockscheider cemented by fine-grained granitic matrix. The second episode of opening succeeded the emplacement of the flat dykes: fragments of mica-rich dyke facies 1–10 cm across were cemented by the latest portion of mica-poor residual melt. After this opening, prominent manifestation of magmatic layering and unidirectional solidification textures (UST) evolved. The most significant UST layer is defined by orthoclase, locally also by quartz + zinnwaldite [23].



Post-magmatic hydrothermal processes (greisenization) are confined to rare, thin, and steep stringers of biotite-rich greisen in the protolithionite granite and local quartz-rich greisenization developed in the uppermost dyke of the zinnwaldite granite [23].



Geochemically, the protolithionite granite is strongly peraluminous (A/CNK 1.15–1.25) and, compared to common peraluminous granites, rich in phosphorus (0.4–0.8 wt.% P2O5), fluorine (0.6–1.8 wt.% F), and incompatible elements, such as Li, Rb, Cs, Sn, Nb, W, and U, and poor in V, Sc, Ni, Co, Mg, Ca, Sr, Ba, Fe, Zr, REE, Th, and Pb. The high degree of magmatic fractionation is demonstrated by low K/Rb and Zr/Hf values (22–35 and 12–20, respectively). The zinnwaldite granite is even richer in Al (A/CNK = 1.2–1.4), P (0.6–1.5 wt.% P2O5), F (1.4–2.4 wt.%), Na, Rb, Li, Nb, and Ta and poor in Si, Zr, Sn, W, and REE. The K/Rb (14–20) and Zr/Hf (9–13) ratios are lower than those of the protolithionite granite. The contents of Th, Y, and REEs in the protolithionite and zinnwaldite granite are comparatively low: 4–8 and 4–6 ppm Th, respectively; 4–10 and 1.5–6 ppm Y, respectively; and 10–25 and 3–10 ppm total REE, respectively. The concentrations of U are large and approach 25–40 and 20–25 ppm, respectively.





3. Methods


Minerals in polished thin sections were analyzed using a Camebax SX 50 microprobe at GFZ Potsdam, and a Cameca SX100 microprobe housed at Masaryk University Brno. The operating conditions in Brno involved an accelerating voltage of 15 kV, a beam current of 20 nA, and a beam diameter of 2 µm. The following standards, X-ray lines, and crystals (in parentheses) were used: SiKα-sanidine (TAP); PKα, CaKα-fluorapatite (PET); YLα-YPO4 (PET); LaLα-LaPO4 (PET); CeLα-CePO4 (PET); DyLα-DyPO4 (LIF); ErLα-ErPO4 (PET); PrLβ-PrPO4 (LIF); NdLβ-NdPO4 (LIF); SmLβ-SmPO4 (LIF); NdLβ-NdPO4 (LIF); GdLβ-GdPO4 (LIF); ThMα-CaTh(PO4)2 (PET); PbMα-vanadinite (PET); and UMβ-metallic U (PET). Intra-REE overlaps were partially resolved by using Lα and Lβ lines. Empirically determined correction equations for peak overlaps were applied.



The operating conditions in Potsdam were as follows: accelerating potential was 20 kV; beam current was 40–60 nA; beam diameter was 1–2 μm; counting times on the peak (background) were 300 s (150 s) for Pb, 200 s (100 s) for U and Th, and 60 s (40 s) for other elements. The following analyzing crystals were used: LIF for REE and Fe; TAP for Si, Al, and Y; and PET for P, Th, U, Ca, and Pb. For more details, see [5,6,7].



The contents of some elements, typically Ho in monazite and La and Pr in xenotime, are at their limits of detection. After a careful evaluation, we decided to report all values exceeding their calculated limits of detection to the tables and figures, but remained as conservative as possible in their interpretation.



Structural formulae of monazite–cheralite–huttonite s.s. and xenotime were calculated on the basis of 4 atoms of oxygen in a formula unit (4 O apfu), those of uraninite on the basis of 2 atoms of oxygen in a formula unit (2 O apfu).



The whole dataset considered in this study encompasses 252 analyses of monazite, incl. monazite–cheralite and monazite–huttonite solid solutions, 113 analyses of xenotime, and 34 analyses of uraninite.



Terminological remarks:




	
The minerals designated as “monazite” or “xenotime” in this paper are, according to the IMA-CNMMN nomenclature, monazite-(Ce) and xenotime-(Y). We used abbreviated names in order to make the text more fluent.



	
According to IMA-CNMNM rules, only endmember names should be used in the mica group of minerals; i.e., all Li–Fe mica varieties should be described either as annite/siderophyllite or as lepidolite. This is, from the petrological point of view, unsatisfactory. Similarly, as in the case of feldspars, a more elaborated classification is demand. Here, we used the traditional names protolithionite and zinnwaldite for micas with ideal compositions, namely K2LiFe4Al(Al2Si6O20) (F, OH)4 and K2Li2Fe2Al2(Al2Si6O20)F4, respectively.









4. Results


Monazite, xenotime and uraninite were studied in representative samples from the entire Podlesí granite system (Figure 2). A list of samples and their bulk-rock compositions are provided in Table 1 and as Supplementary Electronic Material S1. Typical shapes of monazite, xenotime, and uraninite crystals and their intergrowths are presented in Figure 3. The results of representative spot analyses are listed in Table 2, Table 3 and Table 4, respectively. The entire set of yet unpublished analyses (111 spots) is provided as Supplementary Electronic Material S2.



4.1. Monazite–Cheralite–Huttonite Solid Solutions


Monazite is common at Podlesí in all varieties of the protolithionite granite as well as in the surrounding Li-biotite granite and the greisens. In contrast, monazite sensu stricto is absent from the dykes of zinnwaldite granite, where instead its Th-dominated variety, cheralite (ideally CaTh(PO4)2), crystallized. Monazite usually forms homogeneous, isometric to columnar grains hosted in mica flakes (Figure 3a,b). Zoning patterns, with Th contents increasing towards the rims of the grains, were rarely observed in back-scattered electron (BSE) images (Figure 3c), while monazite closely associated with zircon and xenotime in the cores of mica flakes is common (Figure 3d,e). The composition of monazite from the protolithionite granite incl. stockscheider does not vary significantly, being dominated by light rare earth elements (LREE): 15–22 wt% Ce2O3, 7.2–10.5 wt% Nd2O3, 4.4–8.2 wt% La2O3, 1.9–2.6 wt% Pr2O3, 1.5–2.8 wt% Sm2O3, and Y (2.4–4.5 wt% Y2O3) (Table 2).



Contents of middle rare earth elements (MREE) and heavy rare earth elements (HREE) are substantially lower: <0.1–3.4 wt% Gd2O3, <0.1–1.9 wt% Dy2O3, <0.45 wt% Er2O3, and <0.16 Yb2O3. The contents of U and Th vary between 2.7–5.4 wt% UO2 and 8–23 wt% ThO2, which is equivalent to 12–39% of the cheralite component. The concentrations of Si were found to fluctuate around 0.5 wt% SiO2, which equals ~2% of the huttonite (ThSiO4) component (Figure 4).



Members of the monazite-cheralite s.s. occur in the greisens. Here, the contents of REEs are comparatively lower (e.g., 4–17 wt% Ce2O3), while the percentage of the cheralite component simultaneously vary from 30 to 81%, with the huttonite component remaining virtually unchanged. Only cheralite, instead of monazite, was deposited in the dykes of zinnwaldite granite. The contents of 45–59 wt% ThO2 and ˂0.1–6.4 wt% UO2 represent 86–99% of the cheralite component, with the huttonite component being negligible (Figure 4).



Li-biotite granite at the exocontact of the Podlesí stock contains two chemical populations of monazite. One is identical with that described from protolithionite granite, while the other is poor in Th and U (5.5–9.5 wt% ThO2, equaling to 4–9% cheralite) but rich in La and Ce (11–15 wt% La2O3, 30–33 wt% Ce2O3), i.e., close to monazite-(Ce) endmember composition.



Chondrite-normalized REE patterns display, typically for monazite, a strong LREE enrichment with a deep negative Eu anomaly and predominantly moderate negative anomalies at La and Nd in all varieties of the protolithionite granite (Figure 5a,b). Monazite–cheralite s.s. from zinnwaldite granite and greisens are LREE-poor, with generally flat patterns and distinct kinks at La and Nd. Monazite from the surrounding Li-biotite granite is LREE-rich, with the majority of grains showing relatively low contents of La (Figure 5c).




4.2. Xenotime-(Y)


Xenotime is rare in the protolithionite granite and very rare in the zinnwaldite granite dykes, which is in accordance with the extremely low contents of Y and HREE in these granites. Xenotime grains are usually spatially associated with zircon, and zircon–xenotime intergrowths are common, reflecting their corresponding crystal structure (Figure 3e–h). Xenotime crystals show only rarely an oscillatory zoning in BSE images (Figure 3f), and the majority of grains are chemically homogeneous. In association with zircon, xenotime almost always precipitated later (Figure 3f,g) and is only rarely older (Figure 3h). Xenotime from all rock varieties is Y- and MREE-dominant, containing 39.4–43.0 wt% Y2O3, 2.2–4.1 wt% Gd2O3, 5.4–6.9 wt% Dy2O3, and 2.0–2.9 wt% Er2O3 (Table 3, Figure 6a). The concentrations of U reach 2.7–5.4 wt% UO2, while Th is low (<1 wt% ThO2).



Xenotime from the surrounding Li-biotite granite is somewhat more Y-rich (40.0–46.7 wt% Y2O3); its REE pattern is also MREE-dominant (Figure 6b). The concentrations of U and Th resemble those in xenotime in the other granite varies, i.e., 2.8–4.8 wt% UO2 and 0.5–1.1 wt% ThO2.




4.3. Uraninite


Uraninite constitutes a common accessory mineral in the deeper part of the protolithionite granite and rarely occurs also in greisens. It forms small, homogeneous, subhedral-to-euhedral crystals enclosed in quartz (Figure 3i), zircon (Figure 3j), and most often mica (Figure 3k,l). In mica, uraninite is typically surrounded by a “pleochroic halo”, reflecting the damaged crystal structure of the enclosing mica due to irradiation by α-particles. In this halo, pyrite is often precipitated as a secondary mineral (Figure 3l).



The chemical composition of uraninite is simple: in addition to uranium (88.7–91.5 wt% UO2) and thorium (1.5–5.3 wt% ThO2), it only contains some Y (˂0.22 wt% Y2O3), heavy REEs (˂0.5 wt% HREE2O3), and Pb (4.0–4.2 wt% PbO, originating as a result of the radioactive decay of U and Th) (Table 4). There is no difference in chemistry between uraninites from different rock types within the Podlesí stock (Figure 7).





5. Discussion


5.1. Evolution of Monazite and Xenotime Compositions during Magmatic/Hydrothermal Evolution of the Podlesí Granite System


The Podlesí granite stock represents one of the most extremely fractionated; peraluminous; F-, Li-, and P-rich; and Sn-, W-, Nb-, and Ta-bearing rare-metal granite system worldwide. In contrast to other geochemically comparable granite plutons, like Argemela, Portugal [27]; Beauvoir, France [28]; and Ehrenfriedersdorf [29] or Yichun, China [30]; the Podlesí stock evolved as a repeatedly opened system characterized by non-equilibrium conditions. Explosive breccia, stockscheider, magmatic layering, unidirectional solidification textures (UST), and late dykes with intra-dyke brecciation are the most important features of this granite occurrence. Therefore, Podlesí should be discussed as a transitional member, connecting the classical rare-metal granite plutons with subvolcanic Sn–Mo porphyry systems [31].



Disturbed and non-equilibrium conditions during the crystallization of magma also influenced the evolution of U–Th-bearing accessory minerals. Nearly constant U/Th values (~1:4 apfu, Figure 8a) in the majority of monazite grains within the Podlesí stock indicate that these two elements were not separated in the course of late magmatic to post-magmatic processes. On the other hand, the Y/Ce value and the absolute concentrations of Th and U varied substantially. Monazite from chemically less evolved Li-biotite granite is Th-poor and relatively La-rich, while monazite from the more evolved protolithionite granites and greisens is rich in Th + U (cheralite component) and poor in (Y + REE) (Figure 9). Cheralite of near-endmember composition crystallized at the base of the major dyke of zinnwaldite granite, where the deposition of Nb–Ta oxides indicates a strong influence of metalliferous hydrothermal fluids [32].



Xenotime displays minor differences in chemistry among the individual granite facies. Nevertheless, a small difference between the Podlesí stock and the surrounding older Li-biotite granite is recognizable, with the former being relatively rich in Gd (3.3–4.1 vs. 2.0–2.5 wt% Gd2O3), and the latter in Y (44–47 vs. 39–43 wt% Y2O3) and Ho (1.1–1.4 vs. 0.8–1.0 wt% Ho2O3). The contents of Th and U, with maxima at 5.4 wt% UO2 and 1.1 wt% ThO2 are scattered, showing no correlation. Intermediate solid solutions in the xenotime–zircon–thorite–coffinite system, frequently observed in mineralized members of the granite group #4 in the eastern Erzgebirge [8,14] did not form at Podlesí. Notably, xenotime from all facies shows high Y/Ho ratios between 37 and 46, which broadly resemble the ratios of 33–41 determined for their host rocks [23].




5.2. Diversity of Monazite and Xenotime Compositions among Granite Groups


Since uraninite data are scarce and only available for granite groups #1–3, we have restricted the comparison to monazite and xenotime. Available data permit comparing the composition of these two species (i) between less and more fractionated rocks, and (ii) between rocks of S- and A-type affiliation.



Monazite, due to its crystal structure, prefers light trivalent REEs [33]. Lanthanum, Ce, Pr, and Nd are usually the dominant constituents, but their ratios may vary broadly. Based on the shape of the chondrite-normalized REE distribution pattern (Figure 5a–g) and the contents of Th (Figure 5i), three types of monazite can be distinguished in the Erzgebirge (Figure 10):




	
Th-poor monazite with a steep but smooth REE distribution pattern gradually declining from La to Gd and devoid of anomalies, with a distinct negative Eu anomaly and very low contents of the HREE. This pattern characterizes less fractionated biotite granites of both S and A types (Nejdek–Eibenstock pluton, Schneckenstein, Gottesberg, lower part of the Cínovec cupola) and, occasionally, also less evolved intrusions of the peraluminous Li-mica granite group. This may be interpreted as a product of magmatic crystallization from relatively F-poor melt without or with only low-grade fluid–melt and/or fluid–crystals reaction.



	
Th-poor monazite with REE patterns similar to previous type 1 but with maxima at Ce and Pr occurs in more evolved A-type granite facies at Cínovec and Hora Svaté Kateřiny.



	
Th-rich monazite with relatively lower and flat LREE pattern from La to Sm, again with maxima at Ce and Pr, typifies peraluminous Li-mica granites including the most fractionated member of this group, the Podlesí stock. In these rocks, the relatively lower sum of REEs is compensated by enrichment in Th.
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Figure 10. Chemical composition of Erzgebirge granites in terms of F versus P2O5 (a) and the related typical chondrite-normalized REE patterns of monazite and xenotime (b–d). Red patterns—monazite; blue patterns—xenotime. Classification of granites according to [12], bulk-rock data from [9,12,14,19,23,34] and unpublished data. See text for details. 
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Generally, the shape of the monazite REE patterns with the observed anomalies corresponds to the shape of the REE patterns in the parental rocks [6,34,35]. In all cases, the parental rocks of these monazites underwent an intensive late/post-magmatic reaction with F-rich fluids.



Occasionally, peraluminous Li-mica granites contain monazite grains with both Type 1 and Type 3 of REE patterns. This can be probably explained by the occurrence of two populations (early–late) or may reflect the presence of primary magmatic and late- to post-magmatically altered grains.



Substitution of Th in monazite is different in S- and A-type granites. Monazite from peraluminous granites of groups #1–3, typically in the Podlesí stock and the Nejdek–Eibenstock pluton, forms a continuous solid-solution series with cheralite [25], with only a very small contribution of the huttonite component (Figure 4). At the content of ca. 24 wt% ThO2, the cheralite component approaches 50%. The only exception with a dominant monazite–huttonite solid solution is F-poor biotite granites (group #1), forming the Kirchberg massif [6]. In contrast, the cheralite substitution is limited (max. 0.2 apfu), and the huttonite component dominates in monazites from the A-type granites.



The contents of U are substantially higher in monazite from peraluminous granites (up to 0.07 apfu U) than in A-type monazites (˂0.01 apfu U, Figure 8a). There is no systematic U/Th correlation.



Yttrium in monazite is usually less than 0.06 apfu (only exceptionally up to 0.11 apfu), which is consistent with equilibrium crystallization temperatures of about 600 °C [36,37]. The (Y + HREE) contents reach max. 0.15 apfu (Figure 11), with a Y/HREE ratio of about 4:1 in peraluminous granites and mostly 2–3:1 in A-type granites. Monazite from less evolved peraluminous granites and all A-type granites is generally Th-poor, and the sum of LREE + HREE + Y approaches 1 apfu. Thus, the correlation between LREE and HREE + Y is negative (gray field in Figure 9). Monazite from more evolved peraluminous rocks is Th-rich: along with the increase in the cheralite component, LREE and HREE + Y are substituted proportionally; i.e., the correlation LREE vs. HREE + Y becomes positive (light blue field in Figure 9).



The tetragonal crystal structure of xenotime prefers, besides Y, the heavy REE. Much like monazite, xenotime can be discriminated into three types according to its chondrite-normalized REE patterns:




	
Xenotime with a flat MREE–HREE pattern characterizes less fractionated biotite granites of both S- and A-type affiliation. This xenotime is mostly Y-rich, containing 0.80–0.85 apfu Y. Y/Ho ratios are generally near-chondritic (26–34) in less evolved rocks, but also may be superchondritic (up to 55) in more fractionated group 1–2 granites from Kirchberg and Bergen.



	
Xenotime, with a smoothly inclining, Yb–Lu-dominated chondrite-normalized REE pattern defines fractionated A-type granites. At the same time, this type of xenotime is the most Y-poor one among all analyzed xenotime varieties. Xenotime exhibiting the lowest Y content (0.4–0.6 apfu Y) was discovered immediately below the upper contact of mineralized cupolas of A-type granites in the eastern Erzgebirge. Fractionated granites in the eastern Erzgebirge frequently contain xenotime possessing subchondritic Y/Ho ratios (down to 14).



	
MREE-dominant (Gd–Tb–Dy) xenotime with 0.75–0.83 apfu Y is typical of peraluminous Li-mica granites of group #3. Most evolved representatives of this group are distinguished by suprachondritic Y/Ho ratios (up to 44).








The contents of Th in xenotime are minor in all studied granites and distinctly lower than in monazite, while the contents of U are similar in both species. The concentrations of U tend to be slightly higher in xenotime from peraluminous granites (0.02–0.05 apfu U) relative to that crystallized in A-type granites (˂0.02 apfu U), while Th in xenotime from both granite types is almost identical (mostly ˂0.025 apfu Th) (Figure 8b).



One explanation of the described particular chemical signatures of monazite and xenotime in the various types of granites lies in the composition of the parental rocks and in the association and timing of crystallization of accompanying accessories, especially zircon (host of Th, HREE, and Y), fluorite (sink for Y and REE), apatite (REE), and thorite (Th, U, REE). Subaluminous A-type rocks are relatively Ca-poorer and Si-richer compared to peraluminous granites, which may support the crystallization of thorite and substitution of (Th + U) as the huttonite component in monazite. Under strongly peraluminous conditions, thorite and huttonite seem to be unstable, and Th becomes incorporated as the cheralite component in monazite or, finally, may account for the precipitation of cheralite sensu stricto. The distribution of REEs between monazite and xenotime (Figure 11) may serve as a geothermometer: in peraluminous granitic melts, contents of about 5% of the monazite component in xenotime indicate crystallization at 600–900 °C, while 6–15% of the xenotime component in monazite imply temperatures of roughly 600–800 °C [36]. These data would be in line with the crystallization of the (monazite + xenotime) pairs discussed in this paper from the granitic melts or at the magmatic/hydrothermal transition. Generally, very low contents of the xenotime component in monazite from P-poor A-type rocks and some peraluminous biotite granites imply crystallization temperatures as low as ca. 450 °C [37], but this temperature estimate is likely too low and disturbed by the earlier crystallization of (Y + HREE)-substituting zircon, xenotime, and thorite (in A-type rocks also fluorite), i.e., reflects monazite crystallization from an already Y-depleted melt. Temperatures of >1000 °C, indicated by 5–7% monazite component in some xenotime grains (Figure 11), are unrealistically high and probably reflect the difference between equilibria reached under experimental conditions [36] and in real volatile-rich melt.



As noted previously, many of the monazite grains from various facies of the Podlesí system as well as other evolved, mineralized representatives of group #3–4 granites display chondrite-normalized LREE patterns with minima at La and Nd [6]. Xenotime from these rocks shows corresponding kinks at Ho and, occasionally, also Lu, and simultaneously non-chondritic and either super- or suprachondritic Y/Ho values [7]. This special type of REE pattern is usually termed the lanthanide tetrad effect. This effect is well-known from fractionated S- and A-type granites elsewhere and from genetically related pegmatites, including those in the study area [2,3] but has also been reported from other accessory phases, such as zircon [38] and apatite [39].



The origin of this pattern or fractionated Y/Ho ratios in rocks and minerals is a matter of debate. Many authors suppose a model involving the presence of volatile (F)-rich melts or fluids as an indispensable prerequisite for the formation of these features, e.g., [40,41,42,43]. Using the tetrad effect terminology and quantification procedure proposed by Irber [41], the first tetrad T1 from monazite falls mostly within the interval of 1.0–1.4, while the third tetrad from xenotime is typically in the range 1.0–1.6.



The aforementioned fluid-related model has been recently questioned by [44], who demonstrated experimentally that the tetrad effect could well originate in F-free peraluminous granitic melts in the absence of any fluids, predominantly triggered by monazite and xenotime fractionation. Regarding the Podlesí and similar rocks in the study area, they are both strongly fractionated and volatile (F)-rich. Thus, it cannot be unambiguously clarified whether coupled (monazite + xenotime) fractionation or melt/fluid interactions are responsible for the origin of these features or both operated in concert.



It is worth noting that none of the three types of monazite from the Erzgebirge show a positive Ce anomaly, common in rocks hydrothermally altered by oxidizing solutions [45]. The small relative enrichment of Ce in comparison with La in the REE-patterns of type 2 and 3 monazites (Figure 10) are more likely related to the tetrad effect, since geochemically more evolved rocks of groups #3–5 crystallized at low oxygen fugacity, close to or below the QFM buffer [46].




5.3. Comparison with Other Areas


A comprehensive study of accessory minerals from peraluminous two-mica granites and peraluminous biotite- and two-mica orthogneisses from the Moldanubicum [5] (Figure 9) has shown that monazite from “common” peraluminous rock is, with rare exceptions, rich in LREE (>0.9 LREE apfu) and poor in Y, HREE, and (Th + U). The only exceptions within the Moldanubicum are two small bodies of Th-rich (up to 100 ppm Th in bulk rock) granites at Gutau [47] and Dreiländereck [48], containing monazite with ca. 0.2 apfu (Th + U). Cheralite substitution strongly prevails over the huttonite one in monazite from all these peraluminous rocks. The strong dominance of the cheralite substitution mechanism in peraluminous granites has also been stressed from Western Carpathians [49,50,51], from the Slavkovský Les area [52], from the Fichtelgebirge [53], and also for Alpine orthogneisses [54] and the strongly peraluminous and perphosphorous Belvís de Monroy pluton in the Iberian Variscan belt [55]. In contrast, Reference [56] established the huttonite substitution as dominant in both magnetite- and ilmenite-series granites from a subduction-related magmatic arc in Japan. The same observation was made by [4] in monazite from the A-type Erongo granite from Namibia.



Regarding the evolution of the REE pattern in the course of magma fractionation, Reference [56] corroborated our observation about a relative flattening of the REE curves with an increasing fractionation in composite plutons of all geochemical types.





6. Concluding Remarks


In granitic rocks, monazite and xenotime are crucial for the whole-rock budgets of the REE and Th. Their chondrite-normalized REE patterns largely mimic that of their parental rock with respect to the shape and the presence of anomalies. Compositional peculiarities of these two accessory species are a function of the chemistry of the granite host, its degree of magmatic fractionation, and the intensity of late magmatic to post-magmatic hydrothermal alteration that the host may have experienced.



Monazite–cheralite solid solutions (s.s.) and xenotime from the highly evolved, strongly peraluminous, P–F–Li-rich Podlesí granite stock indicate that, with the increasing degree of magmatic and high-T early post-magmatic evolution, the content of the cheralite component in monazite increases and the relative dominance of the MREE in xenotime becomes larger. Considering the overall compositional signatures of these two accessory minerals in the late Variscan granites of the Erzgebirge/Krušné Hory Mts., three types of granites can be distinguished: (i) chemically less evolved F-poor granites of both S(I)- and A-type affiliation contain monazite with a smooth, mostly symmetric chondrite-normalized (CN) REE pattern gradually declining from La to Gd; associated xenotime is Y-rich (˃0.8 apfu Y) with a flat MREE–HREE pattern; (ii) fractionated A-type granites typically contain La-depleted monazite with Th accommodated as the huttonite component, combined with usually Y-poor (0.4–0.6 apfu Y) xenotime characterized by a smoothly inclining, HREE (Yb–Lu)-dominant CN-REE pattern; (iii) fractionated peraluminous Li-mica granites host monazite with a flat, asymmetric (kinked at La and Nd) LREE pattern; associated xenotime is distinctly MREE (Gd–Tb–Dy)-dominant. Monazite and xenotime account for the bulk of the REE budgets in all types of granite. In peraluminous S(I)-type granites free of thorite, almost all Th is accommodated in monazite–cheralite s.s In contrast, Th budgets in A-type granites are accounted for by monazite–huttonite s.s. together with thorite. Uraninite, if present, is the most important carrier of U in peraluminous rocks. In the A-type granites, uraninite is rare or does not precipitate. In these rocks, the U budget was predominantly controlled by monazite and xenotime.
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Figure 2. A simplified cross-section through the Podlesí granite stock with positions of samples. For explanation of symbols A–G see the Table 1. 
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Figure 3. Back-scattered electron images of radioactive accessory minerals from Podlesí: (a) a euhedral homogeneous crystal of monazite from the deeper part of the stock granite (#3436); (b) a columnar crystal of monazite inherited in mica in greisen (#3365); (c) a zoned monazite crystal with rims enriched in cheralite component, deeper stock granite (#3436); (d) three grains of monazite (white) associated with zircon (dark gray) and small grains of xenotime (light gray) from stockscheider (#3361); (e) monazite (white in the center) associated with two grains of xenotime (light gray) and three crystals of zircon (dark gray) inherited in mica, deeper stock granite (#3443); (f) a zoned xenotime crystal (light gray) growing on zircon (dark), deeper stock granite (#3436); (g) xenotime (light gray) covering a zircon grain (dark), lower stock granite (#3443); (h) xenotime (light) overgrown by zircon (dark), lower stock granite (#3436); (i) a uraninite crystal in quartz, stockscheider (#3361); (j) a uraninite grain in zircon, lower stock granite (#3436); (k) a uraninite crystal rimmed by a halo of radioactively damaged feldspar, lower stock granite (#3436); (l) a uraninite grain (white) in the center of a radioactively damaged halo in mica, three pyrite grains (dark gray) crystallized along the outer rim of the halo, lower stock granite (#3443). Scale bar = 10 μm. 
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Figure 4. The monazite–cheralite–huttonite classification diagram after [25]. 
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Figure 5. Chondrite-normalized [26] rare earth element (REE) distribution patterns and Th contents in monazite from the Erzgebirge: (a–d) REE patterns of monazite from the peraluminous suite; (e–g) REE patterns of monazite from the A-suite; (h) Ce vs. Th in monazite from all types of granites. 
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Figure 6. Chondrite-normalized [26] REE distribution patterns of xenotime from the Erzgebirge. (a–c) granites of the peraluminous suite; (d–f) granites of the A-suite. 
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Figure 7. Chemical composition of uraninite. (a) UO2 vs. ThO2; (b) UO2 vs. Y2O3. 
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Figure 8. U/Th values in minerals. (a) monazite; (b) xenotime. 
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Figure 9. Light rare earth elements (LREE) vs. Y + HREE (heavy rare earth elements) contents in monazite of different origins. Data from the Moldanubicum are taken from [5]. Blue lines visualize identical contents of Th + U + Ca (huttonite + cheralite component). Gray field: Th,U-poor monazite from A-type and less fractionated S-type granites. Beige field: Th, U-rich monazite-cheralite s.s. from fractionated S-type granites. 
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Figure 11. The monazite–xenotime–huttonite classification diagram. Temperatures of co-existing monazite–xenotime pairs in °C according to [36,37]. 
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Table 1. The studied samples from Podlesí.
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	Assemblage, Compare Figure 2
	Sample No.
	Sample Location and Description
	Analyzed Minerals and Number of Analyses





	A
	3361
	stockscheider (marginal pegmatite) at the uppermost contact of the stock, thickness of the stockscheider layer is 20–40 cm, composed of red Kfs crystals up to 5 × 2 cm in size and fine-grained Qtz–Ab–protolithionite matrix
	Mnz (10), Xnt (9)



	B
	3385
	Protolithionite granite, outcrop in the upper part of the stock, fine-grained granite composed of Qtz, Kfs, Ab, protolithionite, and Toz
	Mnz (10), Xnt (3)



	C
	3365
	mica-rich greisen in the upper part of the stock, boulders, dark greisen composed of F- and Fe-rich Li-poor mica and Qtz (+ Toz +Ap),

feldspars only in relicts
	Mnz (19), Ur (2)



	D
	3389
	quartz-rich greisen in the upper part of the stock, outcrop, a fully greisenized flat dyke of zinnwaldite granite composed of Qtz (+ Zinnwaldite +Toz +Wolframite)
	Mnz (1), Ur (1)



	E
	3413
	zinnwaldite granite, quarry, lower part of the main flat dyke with normal medium-grained granitic texture, composed of Qtz, P-rich Kfs, P-rich Ab, Zinnwaldite, and Toz
	Cher (5)



	F
	3436, 3443
	protolithionite granite, borehole PTP-1, depths 200 and 290 m, medium-grained granite composed of Qtz, Kfs, Ab, protolithionite, and Toz
	Mnz (16), Xnt (4), Ur (13)



	G
	4206, 4208
	Li-biotite granite, borehole PTP-5, depths 114 and 136 m, composed of Qtz, Kfs, Ab, Bt (+ Toz)
	Mnz (12), Xnt (6)







Mineral abbreviations according to [24].
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Table 2. Representative results (wt%) of electron microprobe analyses of monazite-(Ce) and monazite–cheralite s.s. from Podlesí. Formulae (in atoms per formula unit, apfu) based on 4 oxygen atoms.
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	Sample
	3361
	3361
	3365
	3365
	3385
	3385
	3389
	3413
	3413
	3436





	P2O5
	30.07
	29.84
	30.09
	30.00
	29.77
	29.78
	29.89
	30.13
	29.56
	30.02



	SiO2
	0.48
	0.40
	0.29
	0.34
	0.47
	0.42
	0.40
	0.21
	0.12
	0.39



	ThO2
	15.79
	21.29
	19.78
	31.35
	14.16
	19.23
	25.00
	44.73
	58.33
	23.00



	UO2
	3.89
	2.91
	5.25
	3.61
	2.16
	2.80
	5.02
	6.32
	0.05
	3.38



	Y2O3
	3.47
	2.60
	3.80
	2.36
	2.44
	2.80
	2.72
	0.00
	0.12
	2.43



	La2O3
	6.41
	4.78
	4.73
	4.71
	5.49
	6.04
	2.79
	0.94
	0.00
	4.53



	Ce2O3
	18.78
	16.39
	14.67
	11.41
	21.25
	17.47
	12.53
	3.00
	0.04
	15.25



	Pr2O3
	2.31
	2.11
	1.88
	1.39
	2.86
	2.17
	1.82
	0.41
	0.00
	2.06



	Nd2O3
	8.31
	7.81
	6.52
	4.34
	10.32
	8.00
	6.27
	1.66
	0.08
	7.23



	Sm2O3
	2.78
	3.18
	2.60
	1.55
	3.48
	2.62
	3.15
	0.41
	0.02
	2.67



	Gd2O3
	2.33
	2.24
	2.36
	1.16
	2.30
	2.20
	2.34
	0.21
	0.05
	1.90



	Tb2O3
	0.38
	0.34
	0.41
	0.07
	0.31
	0.28
	0.35
	0.06
	0.00
	0.14



	Dy2O3
	1.08
	0.84
	1.24
	0.46
	0.79
	0.83
	0.88
	0.07
	0.08
	0.72



	Ho2O3
	0.07
	0.05
	0.08
	0.04
	0.05
	0.09
	0.08
	0.00
	0.00
	0.08



	Er2O3
	0.26
	0.19
	0.24
	0.04
	0.16
	0.10
	0.11
	0.05
	0.00
	0.10



	Yb2O3
	0.00
	0.03
	0.05
	0.02
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	CaO
	3.78
	4.66
	5.26
	6.79
	3.18
	4.15
	6.04
	10.63
	11.11
	5.17



	PbO
	0.36
	0.38
	0.51
	0.58
	0.28
	0.38
	0.58
	0.88
	0.15
	0.44



	Total
	100.52
	100.05
	99.75
	100.21
	99.46
	99.35
	99.97
	99.71
	99.70
	99.51



	P
	0.984
	0.985
	0.988
	0.986
	0.987
	0.987
	0.985
	0.994
	0.986
	0.991



	Si
	0.018
	0.016
	0.011
	0.013
	0.018
	0.017
	0.016
	0.008
	0.005
	0.015



	Th
	0.139
	0.189
	0.175
	0.277
	0.126
	0.171
	0.222
	0.397
	0.523
	0.204



	U
	0.033
	0.025
	0.045
	0.031
	0.019
	0.024
	0.043
	0.055
	0.000
	0.029



	Y
	0.071
	0.054
	0.079
	0.049
	0.051
	0.058
	0.056
	0.000
	0.003
	0.050



	La
	0.091
	0.069
	0.068
	0.067
	0.079
	0.087
	0.040
	0.014
	0.000
	0.065



	Ce
	0.266
	0.234
	0.208
	0.162
	0.305
	0.251
	0.179
	0.043
	0.001
	0.218



	Pr
	0.033
	0.030
	0.027
	0.020
	0.041
	0.031
	0.026
	0.006
	0.000
	0.029



	Nd
	0.115
	0.109
	0.090
	0.060
	0.144
	0.112
	0.087
	0.023
	0.001
	0.101



	Sm
	0.037
	0.043
	0.035
	0.021
	0.047
	0.035
	0.042
	0.005
	0.000
	0.036



	Gd
	0.030
	0.029
	0.030
	0.015
	0.030
	0.029
	0.030
	0.003
	0.001
	0.025



	Tb
	0.005
	0.004
	0.005
	0.001
	0.004
	0.004
	0.005
	0.001
	0.000
	0.002



	Dy
	0.013
	0.011
	0.015
	0.006
	0.010
	0.010
	0.011
	0.001
	0.001
	0.009



	Ho
	0.001
	0.001
	0.001
	0.000
	0.001
	0.001
	0.001
	0.000
	0.000
	0.001



	Er
	0.003
	0.002
	0.003
	0.000
	0.002
	0.001
	0.001
	0.001
	0.000
	0.001



	Yb
	0.000
	0.000
	0.001
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000



	Ca
	0.156
	0.194
	0.219
	0.282
	0.133
	0.174
	0.252
	0.444
	0.469
	0.216



	Pb
	0.004
	0.004
	0.005
	0.006
	0.003
	0.004
	0.006
	0.009
	0.002
	0.005







b.d.l.—below detection limit of EMPA; Al, Fe, and Lu were sought but not detected.
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Table 3. Representative results (wt%) of electron microprobe analyses of xenotime-(Y) from Podlesí. Formulae (in atoms per formula unit, apfu) based on 4 oxygen atoms.
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	Sample
	3361
	3361
	3361
	3385
	3385
	3436
	3436
	3443
	3443





	P2O5
	34.63
	34.62
	34.37
	34.16
	34.56
	33.46
	33.54
	33.60
	33.37



	SiO2
	0.50
	0.57
	0.58
	0.65
	0.48
	1.21
	1.19
	0.90
	1.17



	ThO2
	0.39
	0.42
	0.75
	0.57
	0.56
	1.00
	0.97
	0.66
	1.04



	UO2
	4.87
	5.13
	3.67
	3.26
	2.93
	5.39
	4.98
	5.18
	3.73



	Y2O3
	40.66
	39.75
	42.35
	42.42
	42.80
	40.96
	41.49
	41.32
	41.28



	Ce2O3
	0.12
	0.09
	0.08
	0.05
	0.05
	0.15
	0.10
	0.09
	0.11



	Pr2O3
	0.04
	0.05
	0.05
	0.03
	0.00
	0.04
	0.05
	0.04
	0.05



	Nd2O3
	0.30
	0.36
	0.33
	0.29
	0.40
	0.43
	0.42
	0.47
	0.43



	Sm2O3
	0.42
	0.45
	0.45
	0.32
	0.43
	0.46
	0.41
	0.35
	0.53



	Gd2O3
	3.77
	3.87
	3.85
	3.68
	3.82
	3.38
	3.23
	3.30
	3.55



	Tb2O3
	0.98
	0.92
	1.04
	0.81
	0.81
	0.71
	0.84
	0.70
	0.70



	Dy2O3
	6.58
	6.54
	6.65
	6.42
	6.50
	5.71
	5.90
	5.71
	5.88



	Ho2O3
	0.80
	0.79
	0.84
	1.04
	0.98
	1.01
	0.94
	0.88
	0.96



	Er2O3
	2.20
	2.03
	2.23
	2.72
	2.87
	2.71
	2.77
	2.62
	2.65



	Tm2O3 a
	0.31
	0.27
	0.31
	0.33
	0.34
	0.36
	0.37
	0.35
	0.39



	Yb2O3
	1.82
	1.64
	1.91
	1.67
	1.66
	2.09
	2.18
	1.97
	2.08



	Lu2O3
	0.33
	0.32
	0.32
	0.29
	0.29
	0.35
	0.30
	0.30
	0.37



	CaO
	0.96
	0.98
	0.58
	0.35
	0.64
	0.48
	0.49
	0.70
	0.67



	PbO
	0.13
	0.17
	0.13
	0.17
	0.10
	0.25
	0.22
	0.00
	0.15



	Total
	99.81
	98.97
	100.49
	99.23
	100.22
	100.17
	100.40
	99.14
	99.11



	P
	0.988
	0.993
	0.977
	0.979
	0.981
	0.962
	0.961
	0.970
	0.963



	Si
	0.017
	0.019
	0.019
	0.022
	0.016
	0.041
	0.040
	0.031
	0.040



	Th
	0.003
	0.003
	0.006
	0.004
	0.004
	0.008
	0.007
	0.005
	0.008



	U
	0.037
	0.039
	0.027
	0.025
	0.022
	0.041
	0.038
	0.039
	0.028



	Y
	0.729
	0.716
	0.757
	0.765
	0.764
	0.740
	0.747
	0.749
	0.749



	Ce
	0.001
	0.001
	0.001
	0.001
	0.001
	0.002
	0.001
	0.001
	0.001



	Pr
	0.000
	0.001
	0.001
	0.000
	0.000
	0.000
	0.001
	0.000
	0.001



	Nd
	0.004
	0.004
	0.004
	0.004
	0.005
	0.005
	0.005
	0.006
	0.005



	Sm
	0.005
	0.005
	0.005
	0.004
	0.005
	0.005
	0.005
	0.004
	0.006



	Gd
	0.042
	0.043
	0.043
	0.041
	0.042
	0.038
	0.036
	0.037
	0.040



	Tb
	0.011
	0.010
	0.011
	0.009
	0.009
	0.008
	0.009
	0.008
	0.008



	Dy
	0.071
	0.071
	0.072
	0.070
	0.070
	0.062
	0.064
	0.063
	0.065



	Ho
	0.009
	0.009
	0.009
	0.011
	0.010
	0.011
	0.010
	0.010
	0.010



	Er
	0.023
	0.022
	0.024
	0.029
	0.030
	0.029
	0.029
	0.028
	0.028



	Tm
	0.003
	0.003
	0.003
	0.003
	0.004
	0.004
	0.004
	0.004
	0.004



	Yb
	0.019
	0.017
	0.020
	0.017
	0.017
	0.022
	0.022
	0.020
	0.022



	Lu
	0.003
	0.003
	0.003
	0.003
	0.003
	0.004
	0.003
	0.003
	0.004



	Ca
	0.035
	0.036
	0.021
	0.013
	0.023
	0.017
	0.018
	0.026
	0.024



	Pb
	0.001
	0.001
	0.001
	0.002
	0.001
	0.002
	0.002
	0.000
	0.001







a = Tm concentrations calculated from normalized abundances of neighboring elements Dy and Er; Al, Fe, and La were sought, but not detected.
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Table 4. Representative results (wt%) of electron microprobe analyses of uraninite from Podlesí. Formulae (in atoms per formula unit, apfu) based on 2 oxygen atoms.
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	Sample
	3365
	3365
	3389
	3436
	3436
	3436
	3443
	3443





	SiO2
	0.07
	b.d.l.
	b.d.l.
	0.06
	0.06
	0.00
	0.06
	b.d.l.



	ThO2
	5.23
	5.32
	4.47
	1.80
	3.78
	4.48
	2.47
	2.34



	UO2
	89.72
	88.66
	89.77
	92.48
	90.72
	90.08
	91.16
	91.48



	Y2O3
	0.12
	0.11
	0.14
	0.10
	0.13
	0.18
	0.19
	0.22



	Ce2O3
	b.d.l.
	0.05
	b.d.l.
	0.08
	b.d.l.
	0.05
	b.d.l.
	0.02



	Nd2O3
	b.d.l.
	b.d.l.
	0.05
	b.d.l.
	0.02
	b.d.l.
	0.01
	b.d.l.



	Sm2O3
	b.d.l.
	0.15
	0.10
	b.d.l.
	b.d.l.
	0.06
	0.03
	0.05



	Gd2O3
	b.d.l.
	0.07
	0.05
	0.10
	0.02
	b.d.l.
	b.d.l.
	0.09



	Tb2O3
	b.d.l.
	0.01
	0.04
	0.05
	b.d.l.
	0.10
	b.d.l.
	b.d.l.



	Dy2O3
	0.05
	0.06
	0.09
	0.05
	b.d.l.
	0.09
	0.09
	0.08



	Er2O3
	0.05
	0.11
	0.10
	0.06
	0.04
	b.d.l.
	0.03
	0.10



	Yb2O3
	0.03
	0.04
	b.d.l.
	b.d.l.
	b.d.l.
	b.d.l.
	b.d.l.
	b.d.l.



	PbO
	4.13
	4.07
	4.05
	4.11
	4.07
	3.97
	3.97
	3.98



	Total
	99.41
	98.65
	98.86
	98.88
	98.83
	99.01
	98.01
	98.37



	Si
	0.003
	0.000
	0.000
	0.003
	0.003
	0.000
	0.003
	0.000



	Th
	0.054
	0.056
	0.047
	0.019
	0.040
	0.047
	0.026
	0.025



	U
	0.913
	0.911
	0.920
	0.948
	0.929
	0.922
	0.941
	0.942



	Y
	0.003
	0.003
	0.003
	0.002
	0.003
	0.004
	0.005
	0.005



	Ce
	0.000
	0.001
	0.000
	0.001
	0.000
	0.001
	0.000
	0.000



	Nd
	0.000
	0.000
	0.001
	0.000
	0.000
	0.000
	0.000
	0.000



	Sm
	0.000
	0.002
	0.002
	0.000
	0.000
	0.001
	0.000
	0.001



	Gd
	0.000
	0.001
	0.001
	0.001
	0.000
	0.000
	0.000
	0.001



	Tb
	0.000
	0.000
	0.001
	0.001
	0.000
	0.002
	0.000
	0.000



	Dy
	0.001
	0.001
	0.001
	0.001
	0.000
	0.001
	0.001
	0.001



	Er
	0.001
	0.002
	0.001
	0.001
	0.001
	0.000
	0.000
	0.001



	Yb
	0.000
	0.001
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000



	Pb
	0.051
	0.051
	0.050
	0.051
	0.050
	0.049
	0.050
	0.050







b.d.l. = below detection limit, P was sought, but not detected.
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