

  minerals-12-00690




minerals-12-00690







Minerals 2022, 12(6), 690; doi:10.3390/min12060690




Article



The Origin of Synchysite-(Ce) and Sources of Rare Earth Elements in the Rožná Uranium Deposit, Czech Republic



Bohdan Kříbek 1,*, Ilja Knésl 1, Petr Dobeš 1, František Veselovský 1, Přemysl Pořádek 1, Radek Škoda 2[image: Orcid], Renata Čopjaková 2, Jaromír Leichmann 2 and Filip Košek 3





1



Czech Geological Survey, Geologická 6, 152 00 Prague, Czech Republic






2



Faculty of Sciences, Masaryk University, Kotlářská 267, 611 37 Brno, Czech Republic






3



Institute of Geochemistry, Mineralogy and Mineral Resources, Faculty of Science, Charles University, Albertov 6, 128 43 Prague, Czech Republic









*



Correspondence: bohdan.kribek@geology.cz







Academic Editor: Yasushi Watanabe



Received: 4 May 2022 / Accepted: 23 May 2022 / Published: 29 May 2022



Abstract

:

Synchysite was identified in the Rožná uranium deposit in a quartz–carbonate–sulfide vein, which is a part of the late (post-uranium and, post-Variscan) stage of the development of the hydrothermal system. The synchysite forms needles or lamellae, which are almost exclusively bound to the quartz filling of the veins. The structure of the quartz vein-filling, i.e., the preserved tubular syneresis crack pattern, Liesegang bands formed by hematite, chaotic grain size distribution of quartz grains, and ribbons of fibrous SiO2 grains, indicate that the synchysite crystallized in a silica gel. Its formation may be explained by the reaction of hydrothermal acid fluids rich in Fe2+ and rare earth elements (REEs) with alkaline Ca2+ HCO3− and F-rich fluids expelled from the gel during syneresis, or by its ageing. The subsequent recrystallization of the gel to form euhedral quartz grains was accompanied by the deformation of previously formed Liesegang rings, and the development of quartz rosettes. The study of fluid inclusions indicated that the silica gel originated at a very low temperature. The temperatures of the homogenization of two-phase inclusions in carbonate and quartz vein-filling varied between 38 and 74 °C, and the salinity ranged between 4 and 10 wt.% NaCl equiv. The δ13C carbonate values (from −4.65 to −5.21‰, PDB) indicate the deep-seated source of CO2, and δ18O values (from 14.76 to 18.22‰, SMOW) show that the source of the hydrothermal fluids was mainly surface water, with a possible admixture of fossil saline brines. The main sources of REEs are thought to have predominantly been uranium minerals (coffinitized uraninite and coffinite) that form a part of the breccia fragments embedded in the vein filling. The results illustrate the significant mobility of REEs in the late, low-temperature hydrothermal system, and they indicate the multiple remobilizations of REEs in the uranium deposits in general.
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1. Introduction


At present, rare earth elements (REEs), such as lanthanoids and yttrium, belong to the class of so-called critical materials (CRMs) [1], without which it would be impossible to guarantee the development of high technologies and the manufacturing of high-tech products. REE deposits are mostly associated with carbonatites or alkaline/peralkaline igneous rocks, the formation of which is linked to the extension/transtension structures of old shields. The Bayan Obo hydrothermal deposit in Inner Mongolia, China (which is bound to carbonatites [2,3,4,5]), may serve as a typical example. A review of other REEs deposits associated with carbonatites or alkaline magmatic rocks was conducted by Elliot et al. [6]. However, due to uncertainty about the availability of REE raw materials and the development of their price in the future [7,8], there is a growing interest in the possibility of obtaining REEs from other types of deposits that are not directly associated with carbonatite–syenite complexes or alkaline magmatism. These include iron oxide copper gold (IOCG) and uranium deposits. The Olympic Dam appears to be the best example, showing significant REE enrichment in the iron oxide copper-gold (IOCG) deposit [9]. The local breccias of this deposit contain from 3000 to 5000 ppm of lanthanoid oxides and Y oxide [10], and the major REE minerals include allanite, monazite, bastnäsite, florencite and synchysite. REE concentrations in these breccias positively correlate with hematite contents in host rocks, indicating oxidation conditions during the formation of REE minerals [11].



In addition to IOCG deposits, numerous unconformity-related U deposits of the Athabasca Basin in Canada (Key Lake, Cigar Lake, and Mc Arthur Lake) also contain relatively high concentrations of REEs. Uranium minerals in these deposits contain up to 1.2 wt.% REE [12], with heavy rare earth elements (HREEs) predominating. The highest concentrations of REEs in uranium minerals occur along the late oxidation–reduction boundary, indicating their remobilization during low-temperature processes [13]. In the past, REEs were extracted as a by-product during the mining and processing of uranium-bearing quartz conglomerates in the Blind River–Elliot Lake mining district in Ontario, Canada [14]. Mining resources in the Eco Ridge deposit, located in the same area, have been estimated to be as much as 14.3 million tons at an average concentration of 0.48 wt.% U and 0.164 wt.% REE oxides [15]. A close relationship between uranium mineralization and elevated REE concentrations is also known from the Mary Kathleen skarn deposit in Queensland, Australia [16]. The breccia zone of this deposit contains 3000–5000 ppm of REE oxides, and the central hematite–quartz zone is even richer [10]. Bastnäsite, florencite and synchysite are the main REE-bearing minerals.



In the Rožná uranium deposit, which is the subject of this study, REEs are mainly bound to uranium minerals (uraninite, coffinite, and minor brannerite) [17]. However, as a part of the evaluation of the possibility of extracting REEs as a by-product of ore mining and mineral processing [18], high concentrations of REEs were also found in a quartz–carbonate–sulfide vein, which is much younger than the uranium mineralization. These high REE concentrations are due to the occurrence of synchysite, which is very abundant in the quartz filling of the vein. The objective of this work was to clarify the origin of the synchysite and to elucidate the possible sources of REEs in the final stage of the evolution of the hydrothermal system in Rožná.




2. Geological Setting and Uranium Mineralization in the Rožná Deposit


The Bohemian Massif is an important uranium province in the European Variscan belt (Figure 1a [19]). A cumulative total of 112,153 metric tons U was produced in the Czech Republic during the period of 1946–2018 [20]. The uranium deposits of the Bohemian Massif include both the vein-type deposits (Příbram: total production of 50,000 t U; Jáchymov: total production of 8500 t U) and shear-zone hosted deposits of the disseminated-type (Zadní Chodov: cumulative production of 4200 t U; Okrouhlá Radouň: cumulative production of 1300 t U; and Rožná: cumulative production of 23,000 t U (Figure 1b)) [17].



Uranium mineralization in the Rožná deposit is bound to the system of faults and zones of cataclasites of the NNW–SSE strike in high-grade metamorphic rocks of the Moldanubian Zone of the Bohemian Massif. Mineralized cataclasites are 4–15 m thick and are traceable over a horizontal distance of 15 km. The zones strike 340–355° and dip west at an angle of 45–70° [21]. The host rocks of the Rožná deposit mainly comprise biotite, plagioclase, K-feldspar, quartz, garnet, sillimanite, hornblende gneiss, and amphibolite, with small bodies of calc-silicate gneiss, marble, serpentinite, and pyroxenite. Biotite and amphibole–biotite gneisses show ample evidence of anatexis. Vein and disseminated mineralization at Rožná comprise (1) pre-uranium quartz–sulfide and carbonate sulfide mineralization, (2) uranium, and (3) post-uranium carbonate–quartz–sulfide mineralization (Figure 2).



The pre-uranium mineralization (from 304.5 ± 5.8 to 307.6 ± 6.0 Ma K–Ar ages for sericite [21]) coincided with the post-orogenic exhumation of the Moldanubian orogenic root and retrograde-metamorphic equilibration of the high-grade metamorphic host rocks. The main uraniferous hydrothermal event (from 280 to 260 Ma U-Pb ages) [22] coincided with the transcurrent reorganization of crustal blocks of the Bohemian Massif and with Upper Stephanian to Lower Permian rifting. The massive hematitization, albitization, and desilicification of the host rocks indicate an influx of oxidized basinal fluids into the crystalline rocks of the Moldanubian zone. Based on a fluid-inclusion study and chlorite thermometry, the temperature of the formation of uranium mineralization has been estimated to be between 150 and 200 °C. The wide range of salinities of fluid inclusions is interpreted to be a result of the large-scale mixing of basinal brines with meteoric water [23,24]. The uranium mineralization event is subdivided into the pre-ore, ore, and post-ore substages (Figure 2). Uranium mineralization formed during the main ore-bearing substage and comprises uraninite, coffinite, and more complex U-Ti-Si-Zr mineral phases [17].
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Figure 2. Stages, substages and types of late Variscan and post-Variscan hydrothermal mineralization in the Rožná uranium deposit. Simplified following [21,24]. 
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The age of the youngest post-uranium quartz–carbonate–sulfide mineralization (from 233.7 ± 4.7 to 227.5 ± 4.6 Ma K–Ar ages on sericite) is consistent with the early Tethys-Central Atlantic rifting and tectonic reactivation of the Variscan structures of the Bohemian Massif. A minor part of the late Variscan uranium mineralization was remobilized during this hydrothermal event. The results of the fluid inclusion studies on this type of mineralization indicate the low-temperature (from 178 to less than 100 °C [23,24]) mixing of several types of fluids including meteoritic water, with highly variable physical and chemical conditions during the formation this type of mineralization [25].




3. Materials and Methods


Samples of the synchysite-bearing quartz–carbonate–sulfide vein and host rocks were collected on the 20th floor of the Rožná deposit. The individual samples (n = 15) were crushed and pulverized in an agate mill to a size of <0.063 mm. Whole-rock analyses (major components) were performed by chemical decomposition using a standard methodology applied in the accredited laboratories of the Czech Geological Survey [26]. Whole-rock samples for REE analysis were fused in a mixture of Li2B4O7 and Na2CO3, transferred into an HNO3 solution, and analyzed with the inductively coupled plasma mass spectrometry (ICP-MS) method in an Agilent Technologies 7900 mass spectrometer in the laboratories of the Czech Geological Survey. Other trace element concentrations were determined using ICP-MS at the Bureau Veritas Mineral Laboratories Ltd. (Vancouver, Canada; former Acme Analytical Laboratories), accredited under ISO 9002. Material (0.25 g) was heated in an HNO3-HClO4-HF solution until it began to produce fumes, and then it was dried. The residues were dissolved in a 3% HNO3 solution and analyzed using ICP-MS. A total of 5% of the samples were re-analyzed as control samples. The relative percent differences (RPDs), calculated using the certified reference materials CRM OREAS 25a and OREAS 45e, were less than ±10% of the certified values for the analyzed elements. Thin and polished sections of the quartz–carbonate–sulfide vein and host rocks (n = 20) were studied with a polarizing microscope in transmitted and reflected light.



The chemical compositions of the minerals (synchysite, titanite, coffinitized uraninite, and coffinite) were determined with wavelength dispersive X-ray spectroscopy (WDS) using a Cameca SX100 Electron Probe Micro Analyzer (EPMA) CAMOR, University of Oregon, U.S.A. An accelerating voltage of 15 kV, a beam current of 10 nA, and a defocused electron beam with a circular spot of 10 µm in diameter were applied for the analysis. For synchysite analyses, the following natural and synthetic materials were used for calibration: F Kα PrF3, Si-Kα sanidine, Ca-Kα fluorapatite, Y-Lα YPO4, La-Lα LaPO4, Ce-Lα CePO4, Dy-Lα DyPO4, Tb-Lα TbPO4, Tb-Lα TbPO4, Pr-Lβ PrPO4, Nd-Lβ NdPO4, Sm-Lβ SmPO4, Eu-Lβ EuPO4, and Gd-Lβ GdPO4. Prior to the analysis, extended wavelength scans were performed to avoid any peak overlap. Raw X-ray intensities were corrected for matrix effects with a φρ(z) algorithm of the X-PHI routine [27], and the theoretical CO2 content was included in the matrix-correction procedure. An empirically determined correction factor was applied to the coincidence of the 2nd-order of Ce-Mz with the F-Ka line, Dy-Lα with the Eu-Lβ line, and Er-Lα with the Tb-Lβ1_4 line. Other elements with Z > 9 were sought, but their concentrations were below the detection limit. The empirical formulae were calculated based on ΣREE = 3 atoms per formula unit (apfu). The amount of OH was charge-balanced. The determined Si content was not included in the charge balance. A total of ten samples of synchysite were analyzed. The mutual textural relationships between the minerals were studied using a TESCAN MIRA, TESCAN 3 scanning electron microscope (SEM)(TESCAN, Brno, Czech Republic), which was equipped with two Oxford Instrument ULTIM-MAX 100 EDS detectors (Thermo Fisher Scientific Inc., Waltham, Massachusetts, U.S.A.). The voltage used was 15 kV, and the absolute current was 3 nA. The instrument was calibrated to SPI standards.



Powder X-ray diffraction (PXRD) was employed within the phase analysis of the samples. Data were collected using Bragg–Brentano geometry on a Bruker D8 Advance diffractometer (Bruker, Delaware, U.S.A.) equipped with a silicon-strip linear LynxEye detector and Soller slits (2.5°). CuKα radiation was used.



A qualitative phase analysis was performed using the DIFFRAC.EVA [28] software and the PDF-2 database. Calculations of the unit-cell parameters were made by means of the Rietveld method using the TOPAS 5 program [29]. Altogether, four samples of coffinitized uraninite and coffinite were analyzed. The results were analyzed and interpretated by František Laufek from the Czech Geological Survey.



To obtain Raman spectra, a sample of synchysite was placed on the stage of Leica microscope, equipped with 5×, 20×, 50×, and 100× objective lenses. The microscope was part of a multichannel Renishaw InVia Reflex spectrometer (Renishaw, Brno, Czech Republic) coupled with a thermoelectrically cooled CCD detector. Excitation was provided by a 514.5 nm Ar laser (power: ~20 mW at source). To achieve enhanced signal-to-noise ratios of the Raman signal, 30 scans were accumulated, each for a 20 s exposure time. Spectra were recorded within a 100–2000 cm−1 spectral wavenumber range with an operational spectral resolution of 2 cm−1. A polystyrene standard was used to verify the internal wavenumber calibration. Spectral analyses and treatments, such as baseline correction, were performed using the GRAMS/AI 9.1 software package (Thermo Fisher Scientific, Waltham, Massachuses, U.S.A.).



Fluid inclusions were studied in both-sided polished sections of a 0.3 mm thickness via methods of optical microthermometry by LINKAM THMS600 temperature controlled stage (Linkam Scientific Instruments Ltd., Surrey, United Kingdom) on an Olympus microscope (Olympus, Japan). The equipment was calibrated for temperatures between −100 and +400 °C by chemical standards from the Merck Company, the temperature of ice melting, and phase transitions in inclusions with pure CO2. Homogenization and cryometric data indicate a reproducibility of ±0.2 °C at temperatures below 0 °C and a reproducibility of ±3 °C at temperatures up to 400 °C. The salinity of the water solutions was recalculated according to the work of Bodnar and Vityk [30], and the composition of salt systems was determined according to the work of Davis et al. [31].



The fluid inclusions were assessed at room temperature from the viewpoint of individual populations, i.e., fluid inclusion assemblage [32]. The relationship to the host mineral (primary, pseudosecondary, or secondary inclusions), the shape and size of inclusions and the degree of filling, i.e., liquid-to-vapor ratio, were also determined. Phase changes in the inclusions were detected with measurements of the following temperatures:



Th—bulk temperature of homogenization.



Te—temperature of the first melting (eutectic temperature).



Tm—temperature of melting of the last ice crystal (calculation of salinity).



For stable isotope studies, samples of vein carbonates were gently spread in an agate bowl and decomposed in 100% phosphoric (V) acid in a vacuum at 25 °C overnight [33]. The composition of isotopes δ13C (‰) and δ18O (‰) in the released CO2 was measured with a Delta V mass spectrometer in laboratories of the Czech Geological Survey. The total error of isotopic composition determination was ±0.1 ‰. The isotopic composition of carbon is related to the Pee Dee Belemnite (PDB) international standard. The values of the oxygen isotopic composition related to the Vienna Standard Mean Ocean Water (SMOW) standard were determined from the values measured against the PDB standard by recalculation. The isotope composition of oxygen and carbon in calcites I and II was recalculated to the isotopic composition of oxygen and carbon in the fluid phase [34].




4. Results


4.1. Petrography and Mineralogy of the Synchysite-Bearing Vein and Host Rocks


4.1.1. The Synchysite-Bearing Vein


The quartz–carbonate–sulfide vein with synchysite was found to consist of several generations of calcite and quartz. The vein is rimmed from both sides by a series of small fold lines arranged in an en echellon. In marginal parts, the vein very often shows a breccia-like structure and encloses fragments of the host rocks (Figure 3a,b). Due to the variable contents of hematite and sulfides (pyrite and marcasite), the quartz–carbonate vein filling was found to exhibit reddish or gray color shades. Sulfides are either dispersed in the vein filling or form up to 5 mm thick rims along the boundary of the predominantly carbonate, as well as quartz, sections of the vein (Figure 3c).



The vein encloses many fragments of older uranium mineralization, as is evident from the green–yellow coatings on the surface of the rock fragments, formed from a mixture of jarosite and secondary uranium minerals (Figure 3a). In thin sections, the mineralized clasts embedded in the vein filling were found to be composed of uranium minerals (coffinitized uraninite and coffinite), pyrite, and carbonates in the chloritized and graphitized host gneiss (Figure 4a). The irregularly shaped accumulations of coffinite cemented by carbonates show ample evidence of their dissolution (Figure 4b). The chemical composition of coffinitized uraninite and coffinite was found to be very variable (Table S1). The content of SiO2 was found to range from 7.85 wt.% to 22.7 wt.% in the coffinitized uraninite, and the coffinite contents of ZrO2 and TiO2 were found to be relatively low in coffinitized uraninite but reached up to 4.1 wt.% and 19.2 wt.%, respectively, in coffinite.



Lead (0.18–2.32 wt.% PbO) is probably bound to finely dispersed radiogenic galena in both minerals, and the CaO content was found to range from 1.31 to 3.86 wt.%. Coffinitized uraninite and coffinite were shown to predominantly contain light rare earth elements (LREEs) (Ce2O3: up to 1.43 wt.%; Nd2O3: up to 0.25 wt.%; and Sm2O3: up to 0.21 wt.%), whereas the contents of heavy rare earth elements (HREEs) were lower, and Y2O3 was detected only in two of the samples (0.12 and 0.29 wt.%). The contents of other REEs were lower than the EMPA detection limit.




4.1.2. Host Rocks


The host rocks were revealed to be chloritized, argillized, and albitized fine-grained biotite–hornblende gneisses with carbonate veinlets and a varying amount of carbonaceous substances. Uranium minerals in the host gneiss usually replace corroded remnants of older pyrite or occur along the cleavage planes in biotite or chloritized biotite. A common accessory in altered rock is titanite. In addition to TiO2 (from 35.1 to 37.2 wt.%), SiO2 (from 30.0 to 30.5 wt.%), CaO (26.2–28.5 wt.%), and F (from 0.35 to 0.49 wt.%), unaltered titanite was found to contain from 0.15 to 0.36 wt.% Ce2O3, from 0.11 to 2.64 wt.% Y2O3, and small amounts of Nd2O5, Gd2O3, and Dy2O3 (Table S2). Titanite in host rocks is usually, to variable degrees, hydrothermally altered to a mixture of anatase (verified by Raman spectroscopy), quartz, and carbonate (Figure 5a). REEs are released from a titanite structure during hydrothermal alteration to form small grains of monazite and xenotime attached to the anatase grains (Figure 5b). Other accessories recorded in altered host rocks include corroded grains of fluorapatite (Figure 5a) and small oval grains of zircon, usually hosted in chloritized biotite.





4.2. Textures of Synchysite-Bearing Quartz Filling of the Vein


Synchysite was found to be exclusively bound to the quartz filling of the vein. The texture of quartz filling was shown to be very heterogeneous, resembling the internal fabric of some types of agate or jasper (Figure 6a). Quartz was shown to occur as either (1) more or less equant or elongate grains up to 2 mm in size, and in many sections of the vein, it was found to form rosettes (Figure 6b) or (2) poorly demarcated aggregates of fine (a few μm large) grains, usually in association with sub-microscopic grains of clay minerals, carbonate, and hematite. Some fine-grained quartz aggregates showed a fibrous internal fabric resembling chalcedony (Figure 6c).



Typical features of the quartz vein filling were found to be numerous, wormy, tubular, contorted or linear structures (Figure 6d), the central parts of which were shown to usually comprise hematite with variable admixtures of fine-grained quartz and carbonate (Figure 6e,f). These structures are usually rimmed by multiple bands of hematite pigment. Most needle-or plate-shaped synchysite crystals grow on the outer edges of these hematite bands (Figure 6g,h). The formation of the hematite bands preceded the recrystallization of the original quartz vein filling, as is indicated by their deformations during the growth of the quartz grains (Figure 6i). During the crystallization of quartz, the calcite grains were enclosed between the quartz grains (Figure 6k), and the quartz vein filling was found to be penetrated by tiny veinlets of younger calcite (Figure 6k). Corroded clasts of light brown sphalerite a few millimeters in size are obviously older than the vein quartz filling itself (Figure 6l). The textural features of the quartz vein filling—especially the bands comprising hematite and exhibiting wormy, tubular, contorted or linear structures—suggest that the synchysite originated in a silica gel that later recrystallized.




4.3. Chemical Composition of Quartz–Carbonate–Sulfide Vein and Host Rocks (Whole Rock Analyses)


The great variability in the chemical composition of the quartz–carbonate–sulfide vein is mainly due to the varying proportions of quartz and calcite. This is especially reflected in the concentrations of SiO2, CaO, and CO2 (Table 1) in the individual samples. However, the concentrations of other major elements in the predominantly quartz or mostly calcite vein gangue were not found to significantly differ from each another (Table 1). Of the trace elements, the quartz–carbonate–sulfide vein was found to contain high concentrations of U (307–676 ppm) and Pb (473–2157 ppm), which suggests that the studied vein contains fragments of older uranium mineralization. Among the uranium minerals, coffinitized uraninite, coffinite, and unspecified uranium carbonates were identified using a microprobe. Concentrations of As (36–1021 ppm) and Mo (29–153 ppm), i.e., elements that accompany the uranium mineralization in the Rožná deposit [25], were also shown to be high. Very high contents of Zn (654–8014 ppm) correspond to the frequent occurrence of sphalerite blebs in the quartz-rich part of the vein (Figure 6l). It was shown that sphalerite in the Rožná deposit very often occurs in association with barite in the post-ore stage of mineralization, which corresponds to the relatively elevated concentrations of Ba (64–233 ppm).



The host rocks were found to comprise strongly chloritized, argillized and hematized gneisses. Aluminum, Ti, and possibly some Fe are likely to be bound to feldspars, biotite and chlorite. Some of the Fe may also be bound to pyrite or marcasite. However, the amount of iron bound to the sulfides was shown to be rather small because of the low content of total sulfur in altered gneisses (Stot = 0.01–1.14 wt.%). In samples H1–H4 (Table 1), Na2O (4.75–10.6 wt.%) strongly was found to prevail over K2O (0.13–1.12 wt.%), which indicates a significant albitization of neighboring gneisses.



The processes of albitization and the formation of Na-metasomatites have been described in the Rožná deposit [17,24]. An exception is sample H5 (a slightly chloritized biotite gneiss), which was taken 4 m from the vein structure and in which the Na2O/K2O ratio was shown to be reversed; it is a slightly chloritized biotite gneiss (Table 1). Of the trace elements, the contents of As, Pb, Zn, Th, and U were found to be significantly lower in the host rocks than in the synchysite-bearing vein, which indicates that they are less mineralized or even impoverished in these elements, while the contents of Co, Cr, Cu, Ni, V, and Zr were higher, probably due the occurrence of mafic minerals and zircon.



The contents of REEs in the samples (whole rock data) were normalized to C-3 chondrite [35], and the REE abundance patterns were classified based on the chondrite-normalized elemental ratios. The europium anomaly (Eu/Eu*) was calculated as EuN/(SmN × GdN)0.5 and the Ce anomaly (Ce/Ce*) was calculated as CeN/(LaN × PrN)0.5, where the subscript indicates chondrite normalization. The tetrad effects were calculated according to [36]. The ΣREE content in the vein gangue was found to range between 680 and 4366 ppm, and the spectrum of REE was shown to be dominated by Ce (260–1781 ppm), La (142–1032 ppm), and Nd (141–862 ppm). The content of Y was shown to vary between 41 and 175 ppm (Figure 3 and Table 2). The content of ΣREE decreases from the quartz-dominated to carbonate-rich parts of the vein. The chondrite-normalized patterns are very steep, and the LREE⁄HREE ratio (expressed as LaN/YbN) in the vein gangue ranges between 30 and 259. All the samples were found to only display very weak negative europium (Eu/Eu* = 0.71–0.87) and cerium anomalies (Ce/Ce* = 0.83–0.90). The calculated values of the tetrad effect in the vein gangue were shown to be low (T1/3 = 0.93–0.95). Generally, the chondrite-normalized patterns of the vein gangue were observed to be very similar to the synchysite chondrite-normalized patterns (see below). The ΣREE content in the host rocks (165–221 ppm) was found to be lower and uniform compared to the vein gangue, and the chondrite-normalized REE patterns was shown to be flatter (LaN/YbN = 6.4–9.4). The Eu/Eu* ratio (0.76–1), the Ce/Ce* ratio (0.971–1), and the tetrad effect (T1/3 = 0.97–1.03) were observed to be very weak or not observed at all (Figure 7 and Table 2). The chondrite-normalized REE pattern of synchysite-bearing vein displayed slightly more negative Ce anomalies (Table 2) compared to the altered host rocks (0.83–0.90; Table 2). Under oxidizing conditions, Ce3+ is transformed into the less mobile Ce4+ state. Therefore, the more negative Ce anomalies in the synchysite-bearing vein may have been caused by the higher oxygen fugacities of the fluids during vein formation compared to the fluids which affected the host rocks during the older uranium stage of the mineralization.




4.4. Synchysite Raman Spectrum and Chemistry


The Raman spectrum of the synchysite in the quartz gangue of the studied quartz–carbonate–sulfide vein in Rožná was found to display a number of Raman bands. The strongest Raman features were found at 1081 and 1099 cm−1, and these represent the ν1 symmetric stretching mode of the (CO3) group (Figure 8). In contrast to most carbonates, which usually have one v1 band, the splitting of bands observable in this region typically implies at least two distinct site symmetries for the (CO3) groups [37,38]. A broad band around 1454 cm−1 and a weak band at 1416 cm−1 were caused by the ν3 asymmetric stretching mode of (CO3). Other bands that may be obviously assigned to the carbonate group were found at 741 and 756 cm−1, which are associated with the ν4 in-plane bending mode of (CO3). Numerous bands were observed below 600 cm−1 at 254, 277, 299, 355, and 393 cm−1. These can be best-described as lattice modes, although Raman bands of any internal modes involving a fluorine atom would also be detected in this spectral region for halogen-containing carbonates [39]. Altogether, the Raman spectrum of synchysite studied in the Rožná deposit can be compared with the spectrum of synchysite-(Ce) reported by Alles et al. [40].



Furthermore, the spectrum contains a number of additional bands. The band at 464 cm−1 could be undoubtedly ascribed to quartz. Other weak bands in the spectrum (indexed by r) are signatures of a synthetic resin from a thin section. Synchysite-(Ce) was also confirmed by PXRD (data not shown). The studied synchysite was found to be very chemically homogeneous, and intergrowths with other REE fluorocarbonates were not observed (Figure 9).



The ΣREE contents of synchysite were found to be very homogeneous (41.8–43.3 wt.% EMPA; Table 3), and the spectra were found to be dominated by LREE (0.60–0.66 apfu of La, 1.18–1.24 apfu of Ce, 0.13–0.16 apfu of Pr, and 0.53–0.65 apfu of Nd). The HREE contents were lower (0.085–0.132 apfu of Sm, 0.04–0.09 apfu of Gd, ≤0.09 apfu of Tb, 0.02–0.05 apfu of Dy, ≤0. 02 apfu of Er, and ≤0.007 apfu of Yb). The content of Y was found to range from 0.017 to 0.23 apfu. The C3-chondrite-normalized pattern (Figure 10) was shown to be very steep, and the LREE⁄HREE ratio was found to range between 47.5 and 136.5 (LaN/YbN) and 21.2–73.4 (PrN/ErN). Synchysite samples displayed negative or no Eu anomalies (EuN/EuN* = 0.309–1.015). The first tetrad effect (t1) was shown to be very weak (0.86 to 1.01), and no cerium anomalies were recorded. Generally, the chondrite-normalized pattern of the analyzed synchysite was similar to the whole-rock REE patterns of the quartz-dominated part of the vein filling (see Figure 7).




4.5. Fluid Inclusion Studies


Primary and pseudo-secondary fluid inclusions in the synchysite-bearing vein gangue were found to be very small, mostly less than 10 μm in diameter, in all the studied minerals. The inclusions are mostly single-phase (Figure 11a), and two-phase inclusions with very small vapor bubbles (LVR = 0.95) were rarely observed (Figure 11b). The inclusions are of the aqueous type. The temperatures of homogenization of the two-phase inclusions in the first generation of calcite (calcite I, post-uranium stage of mineralization; Figure 2) were measured between 52 and 77 °C, those in the second generation of calcite (calcite II post-uranium stage of mineralization; Figure 2) were measured between 38 and 74 °C, and those in quartz were measured from 58 to 74 °C (Figure 12a).



Both the single-phase and two-phase inclusions were analyzed using cryometry. As the behavior of single-phase inclusions was metastable, the inclusions were heated up to 250 °C to partial homogenization, when a small vapor bubble appeared. The melting temperatures of the last crystal of ice in the calcite I were measured in the range from −2.1 to −4.4 °C, which means the salinity of the aqueous fluid was between 3.6 and 7 wt.% NaCl equiv.



The melting temperatures of ice of the inclusions in the calcite II had values from −2.9 to −6.6 °C, and the salinity of the aqueous fluid corresponded to values from 4.8 to 10 wt.% NaCl equiv. The melting temperatures of ice in the quartz were measured between −2.4 and −3.6 °C, which indicated the salinity of the aqueous fluid to be between 4 and 5.9 wt.% NaCl equiv. (Figure 12b), therefore indicating a possible admixture of saline brines. The temperature of the first melting was observed only in some inclusions. The presence of Te between −35.6 and −38.4 °C probably indicates NaCl and possibly MgCl2 and FeCl2 in the aqueous fluid.



Small fragments of silicates found in the calcite II were shown to contain single-phase inclusions. Phase changes, such as heterogenization, recrystallization, and melting, were observed in these inclusions during cryometry. The features of the phase changes do correspond to the behavior of either CO2 or CH4. The inclusions probably trapped higher hydrocarbons (HHC inclusions). The presence of higher hydrocarbons was proven under fluorescence light, where the inclusions emanated a pale blue color.




4.6. Stable Isotopes


The values of δ13C of the calcites were found to range from −4.65 to −5.2‰ (PDB). The values of δ18O of the calcites were found to range from 14.76 to 18.22‰ (SMOW). The values of δ13C and δ18O for calcite I and younger calcite II from the synchysite-bearing vein were found to be slightly shifted (Figure 13 and Table S4). The recalculated values of the isotopic composition of the fluid (Th = 70 °C) showed δ13C fluid from −5.65 to −6.2‰ (PDB) and δ18O fluid from −1.88 to −5.34‰ (SMOW).



The isotopic composition of C and O in the calcites was found to be uniform and indicates that constant conditions occurred during vein formation. The interpretation of the isotopic record of C in calcites I and II is ambiguous. The carbon isotopic data could be interpreted as to indicate the deep-seated carbon source, but the contribution of oxidized organic carbon or carbon from dissolved carbonates of previous stages of mineralization cannot be excluded. The source of water in the hydrothermal fluids was mostly from meteoric waters circulating in solidified and cooled rocks, with a possible admixture of saline brines from sedimentary basins. The isotopic data may be compared quite well to the isotopic composition of the post-uranium, low-temperature carbonate veins of the Rožná deposit (δ13C = −4.31 to −5.81‰; δ18O = +12.31 to 18.26‰) [24].





5. Discussion


5.1. Silica Gel Formation and the Origin of Synchysite


The results presented in this work show that the synchysite crystallized at very low temperatures (<100 °C) in a silica gel, which later recrystallized. The silica gel may have formed in the hydrothermal deposits due to a significant decrease in fluid pressure in brittle shear zones [41]. The studied synchysite-bearing vein in the Rožná deposit was found to be separated from the host rocks by small fold lines and contains breccias of the surrounding rocks that border the vein edges (Figure 3a,b). Moreover, the vein was shown to comprise several generations of calcite and quartz with fragments of older uranium mineralization (Figure 4), which indicates the multiple opening and closing of the brittle structures to which the vein with the synchysite is bound. The “fault-valve mechanism” model implies a substantial decrease in fluid pressure and adiabatic cooling following failure on the fault planes, which may have facilitated the deposition of silica gel due to rapid changes in the physical and chemical conditions of the hydrothermal system [42]. The precipitation pathway from a silica-supersaturated fluid begins with the formation of amorphous silica phases and continues to coarser and more crystalline silica phases [42,43,44,45,46]. The same mechanism may explain the formation of silica gels along the fault lines without mineralization [47,48,49,50].



Internal voids in a gel may be formed by either the drying or aging of the gel without access to air. Desiccation cracks are usually continuous and polygonal [51,52]. Without access to air, spontaneous aging, or the contraction of the gel meshwork within itself by the establishment of a greater density of cross-linkages under the influence of van der Waal’s attractive forces, leads to concentrations of supernatant water entering internal voids. This process (syneresis) has been described many times in the literature [53,54]. Syneresis voids are usually discontinuous and very variable in shape [55]. At Rožná, the internal voids were found to be not continuous, and their shapes were shown to range from being linear to very irregular (Figure 6a,d,e). Therefore, the internal voids described in the synchysite-bearing quartz filling at Rožná were most likely formed due to syneresis of original silica gel. These voids were filled during syneresis with fluids that were released as the gel ages.



In addition to internal voids, another very characteristic feature of silica gels is the formation of diffusion structures, often referred to as Liesegang rings or bands. Although the origin of the Liesegang structures is not completely understood [56], they are usually explained as being due to the diffusion of reactants into the gel phase; their periodic supersaturation, nucleation, and precipitation in localized bands; and the depletion of reactants in adjacent zones [54,57,58,59]. This process may be repeated many times to form the “zebra type“ textures that often occur in opals [56,60]. As seen in Figure 6e,f, the internal voids at Rožná are filled with a mixture of fine-grained quartz and hematite, which are encircled by multiple Liesegang bands of hematite with synchysite crystals mostly growing on their outer rims (Figure 6g,h).



As Liesegang bands originate from the diffusion of dissolved species into a gel matrix, it is proposed that the hematite bands in the synchysite-bearing vein in Rožná originated due to the gradual oxidation of Fe2+-bearing solutions. The source of Fe2+ may be seen in the oxidation of pyrite/marcasite in both the carbonate- and quartz-dominated vein filling according to a set of equations proposed by Bethke [61]:


3½O2(aq) + FeS2 + H2O → Fe2+ + 2SO42− + 2H+



(1)






SO42− + H+ → HSO4−



(2)






3½O2 (aq) + FeS2 + H2O → Fe2+ + 2HSO4−



(3)






½O2(aq) + 2H2O → Fe2O3 + 4H+



(4)







In the initial stage of dissolving pyrite in the presence of oxygen, there is a rapid acidification of hydrothermal fluids due to the production of H+ (Equation (1)). With a gradual decrease in pH, the HSO4− becomes more abundant than SO42− due to the protonation of the sulfate (Equation (2)). At this stage, the solution remains almost fixed in an oxidation state and pH, accumulating Fe2+ and HSO4− (Equation (3)) until the pyrite is completely dissolved, and the Fe2+-rich solutions may be accumulated in syneresis voids in the gel from which they may then diffuse into the silica gel matrix. When all pyrite/marcasite is consumed, the dissolved Fe2+ in the internal voids or the Liesegang bands is converted into Fe (hydro) oxides (Equation (4)), which leads to the further fluid acidification of the hydrothermal fluids.



Similar to Fe2+, REEs may be easily transported in an acidic environment even at low temperatures in the form of chloride or hydroxyl complexes, depending on the concentrations of the individual ligands [62,63,64,65]. At near-neutral and alkaline pH, when hydrofluoric acid (HFo) dissociates and releases protons (H+) and F−, REEs may also be transported as fluoride complexes. However, in the presence of Ca2+, the concentration of F− in the fluids is very low due to the formation of fluorite and the presence of Ba2+, and the formation of highly insoluble barite may limit transport of REEs in sulfate complexes. Therefore, in their summary article on the mobility of REEs in hydrothermal systems, Migdisov et al. [62] referred to chloride ions as a “transport ligand“ as opposed to fluoride and sulfate ions, which they referred to as a “depositional ligand” that causes the precipitation of REE minerals. The fluid inclusion study performed in this research showed that NaCl predominates in the inclusions enclosed in both quartz and calcite, and the presence of small amounts of MgCl2 and FeCl2 cannot be excluded. Therefore, together with Fe2+, the REEs were probably transported in chloride complexes, and the formation of synchysite in Liesegang bands may be described via a reaction suggested by Alles et al. [40]:


REECl2+ + Ca2+ + HF + 2HCO3− = Ca(REE)(CO3)2F + 3H+ + Cl−



(5)







Equation (5) indicates that the transport of REEs in chloride complexes may be limited due to the neutralization of fluid acidity by near-neutral or alkaline carbonate-bearing solutions released during the syneresis and aging of the silica gel. This corresponds to the presence of calcite, which is often enclosed in the intergranular pores of quartz grains in recrystallized gel (Figure 6j).



A close association between synchysite and hematite is apparent in the Rožná samples, as most of its crystals in the vein were shown to be bound to the outer edges of the Liesegang bands (Figure 6f,g). Fe-(hydro)oxides, ferrihydrite, and hematite are excellent sorbents of REEs [66,67,68]. Moreover, it is also assumed that REEs are not only absorbed but also co-precipitated on the surface of Fe solid phases to form a nucleation layer for the growth of synchysite crystals [69]. In other words, synchysite in Fe-(hydro)oxides-rich zones in the original silica gel may have been formed through a process of supersaturation of an REE-rich solution on the surface of the Fe-(hydro)oxides, resulting in the nucleation and crystallization of synchysite, as well as the consequential depletion in REEs in distal points of the nucleation sites [70,71]. Very close associations between the occurrence of REE fluorocarbonates and hematite have also been reported at the Olympic Dam deposit, Australia [11,72]; the Mary Kathleen deposit in Queensland, Australia [10]; and the quartz vein from Cinquevalli (Trento, Italy) [73].



Silica gels are very unstable in hydrothermal deposits and form spherical, microbotryoidal clusters < 10 μm in size comprising thin-bladed crystals of paracrystalline opal-CT and/or opal-C (lepispheres). Relics of lepispheres (Figure 6c) were found to form “ghost“ structures at Rožná, but they were modified by latter recrystallization to form quartz grains. The nucleation and growth of quartz grain from silica gel is relatively slow under epizonal conditions, and it is very sensitive to impurities in the system [74,75,76]. In Rožná, the most important impurity in the quartz-rich part of the synchysite-bearing vein is the hematite pigment, so the size of the quartz grains in hematite-rich part of the vein is very small (<20 μm) due to fast nucleation provoked by hematite inclusions. This applies in particular to internal voids in original gels and Liesegang bands. With a small amount of hematite pigment (and therefore with a small number of nucleation centers), the original gel more slowly recrystallized to form quartz grains up to 0.8 mm in size, often perpendicularly arranged to the internal voids (Figure 6e,f). Quartz grains rarely form “rosettes” (Figure 6b), which are the result of the growth of authigenic quartz crystals in a silica-supersaturated solution or in voids of silica gels [77].




5.2. Sources of REE for Synchysite Formation


The REE patterns in uranium minerals in low-temperature hydrothermal uranium deposits usually mimic the REE patterns in host rocks [13]. The French uranium deposits (Bois Noirs, Commanderie, Escarpiére) may serve as a typical example [13]. Monazite in the host rocks of the Rožná deposit was found to contain an average of 16.8 wt.% La2O3, 20.8 wt.% Ce2O3, 9.6 wt.%, and 2.9 wt.% Nd2O3 (EMPA data) [78]. Besides monazite, titanite is a characteristic accessory mineral in the host rocks of the Rožná deposit. This mineral, in addition to the major elements, also contains a significant amount of REEs and F (Table S2), as well as trace amounts of U and Th (below the sensitivity of the microprobe). Titanite in the Rožná deposit is usually partially or completely hydrothermally decomposed into a mixture of anatase (verified by Raman spectroscopy), quartz, and carbonates, as well as tiny grains of monazite and xenotime (Figure 5b). Monazite with a monocline structure preferentially incorporates LREEs (La–Gd) in an REEO9 polyhedron, whereas xenotime with a tetragonal structure preferentially incorporates Y and HREEs (Tb-Lu) in an REEO8 polyhedron [79]. At Rožná, hydrothermal monazite is dominated by LREE2O3 (average: 54.91 wt.%), while xenotime contains an average of 41.1 wt.% Y2O3 and small amount of HREE2O3 (average: 13.81 wt.% [80]; Table S3).



The hydrothermal decomposition of titanite may therefore be expressed by the equation (following Bancroft et al. [81]):


Titanite + HPO42− + HCO3− → Anatase + Calcite + Quartz + Monazite + Xenotime



(6)






Ca1−xREExTiSiO5 + xHPO42− + 1−xHCO3− → TiO2 + 1−xCaCO3 + 1SiO2 + xREEPO4



(7)







The source of HPO42− is likely to be the dissolution of apatite, the corrosion residues of which are a common accessory mineral in strongly altered rocks that accompany uranium mineralization [24], and HCO3− is omnipresent in the altering fluids.



Two types of monazite in altered rocks in the Rožná deposit were also confirmed by chemical dating that was found to range from 480 ± 57 to 324 ± 39 Ma (metamorphic monazite) and around 268 ± 50 Ma (hydrothermal monazite) [25]. The age of the hydrothermal monazite corresponds to the age of the main stage of uranium mineralization in the deposit (U–Pb dating of uraninite: 280 to 260 Ma) [22]. Therefore, metamorphic monazites and hydrothermal monazite, as well as xenotime from either local or deep-seated sources, may be one of the reasons for the enrichment of the emerging coffinitized uraninite and coffinite with REEs.



Uranium minerals may host many elements with ionic radii similar to U4+ in an eightfold coordination. This particularly applies to REEs (REE3+ and Y3+). The incorporation of these elements into the structure of uranium minerals is mainly a function of temperature and element availability [13,82,83,84,85,86]. On the other hand, REE3+ and Y3+ may not enter directly into the structure of uranium minerals; rather, they may be a mixture of uranium mineral nanoparticles and finely dispersed REE phosphates or fluorocarbonates. Many authors have drawn attention to the formation of mixtures of coffinite and dispersed nanoparticles of REE phosphates and fluorocarbonates [12,87,88]. This corresponds to the concentrations of P2O5 (up to 0.66 wt.%) and F (up to 0.28 wt.%) in coffinitized uraninites and coffinites that form a part of the fragments of older uranium mineralization in the synchysite-bearing vein at Rožná (Table S1). The correlation between P and Y in the corroded grain of coffinite with remnants of coffinitized uraninite in the quartz-rich part of the synchysite-bearing vein in the Rožná deposit (Figure 14) may serve as an example. It can be seen from the figure that the increased contents of (probably dispersed) P and Y are only bound to the coffinite, while P and Y are entirely missing in the coffinitized uraninite.



The synchysite-bearing vein at Rožná is a part of the post-uranium mineral assemblage (Figure 2). Mineral assemblages during this period (e.g., the presence of pyrrhotite together with barite or associations of pyrite and marcasite together with hematite) indicate fluctuations in the pO2 of the hydrothermal fluids [25]. The reason for this is likely to be the mixing of surface waters of oxidative character with residual fossil brines during this period [24]. René [89] and Dolníček et al. [90] likewise explained fluctuations in the oxidation state of hydrothermal fluids in the final stage of the development of hydrothermal fluids in numerous uranium deposits of the Bohemian Massif. Under oxidative conditions, and due to the acidification of the system during the dissolution and oxidation of sulfides, the dissolution of primary U minerals (uraninite, coffinitized uraninite, and coffinite) and the release of REEs from their structure have been reported by many authors [83,84,91,92].



We are considering the same mechanism for the formation of synchysite in Rožná. In contrast to uranium, the solubility of REEs at low temperature can be limited by an increase in the fO2 of hydrothermal fluids [93] or by high concentrations of Ca2+ and HCO3− [62]. The source of Ca2+ and HCO3− at Rožná is evidently the dissolution of carbonates in the vein filling containing synchysite. Fluorine sources have been difficult to identify because they may have originated the hydrothermal decomposition of biotite (which contains from 0.25 to 0.29 wt.% of F in unaltered rocks in the Rožná deposit [25]) or F from the deep-seated crustal sources, or they may have been caused by the subsolidus hydrothermal alteration of magmatic rocks, as considered by several authors in the case of fluorite deposits in the European Variscan [40,94,95].





6. Conclusions


The results presented in this article show that synchysite in the Rožná uranium deposit was formed in the final low-temperature stage of hydrothermal system evolution, which was associated with the reactivation of tectonic structures that the older, main stage of uranium mineralization is bound to. This reactivation resulted in fluctuations in the fO2 values of hydrothermal fluids due to the mixing of surface waters of an oxidative character and reduced fossil brines. Moreover, the multiple brecciation and cementation of fragments of older uranium mineralization enclosed in the synchysite-bearing vein demonstrate fluctuations in hydrostatic pressure during the reactivation of previously formed structures. Variations in fluid pressure and adiabatic cooling following failure on the fault planes probably facilitated the formation of silica-supersaturated fluids. The precipitation of the silica gel from the silica-supersaturated fluids was then controlled by feedback between the silica solubility and precipitation rates. Most of the synchysite crystals in the studied vein were found to be bound to hematite bands, which were formed via the diffusion of Fe2+ and its subsequent oxidation to form Fe-(hydro) oxides in the initial gel phase. It is possible to assume that not only the sorption of REEs but also the nucleation and crystallization of synchysite occurred on the surface of Fe-(hydro) oxides. The source of Fe2+ may be found in the dissolution of pyrite, which has formed numerous corroded mineral inclusions in the quartz filling of the vein. The results of the fluid inclusion study in both the carbonate and quartz vein filling indicate that they are dominated by NaCl, the source of which may have been the fossil brines. Therefore, it possible to assume that both Fe2+ and REEs were present in the hydrothermal fluids in the form of chloride complexes. The formation of synchysite may then be explained by the reaction of acidic Fe2+ and REE-rich solutions with Ca2+ HCO3− and F-rich solutions that were released from the silica gel during syneresis or during its aging.



The sources of REEs during synchysite formation are difficult to decipher due to their multiple remobilizations in the mineralization process. Coffinitized uraninite and coffinite relics in the synchysite-bearing vein were found to contain relatively high contents of REEs, the source of which may be seen in the decomposition of metamorphic monazite, which forms a common accessory mineral in the host rocks of the Rožná uranium deposit. Moreover, additional monazite was produced due to the hydrothermal decomposition of titanite in altered host rocks. Xenotime, another product of titanite decomposition, may be regarded as a source of elevated Y content in some coffinite samples.



In the vanning stage of the hydrothermal activity at Rožná, variations of fO2 and pH resulted in the dissolution of coffinitized uraninite and coffinite relics in the synchysite-bearing vein, as well as in the release and short-distance transport of REEs. Therefore, the dissolution of uranium minerals may be seen as a principal source of the REEs in the synchysite formation.



The results of this work not only show the comprehensive recycling of REEs from different sources during the reactivation of tectonic structures and the changing of the composition of fluids in different stages of the hydrothermal system evolution but also suggest that the study of the formation of REE minerals, fluorocarbonates in particular, in uranium deposits can significantly contribute to the understanding of pT conditions in the final stages of ore mineralization processes. Understanding the physical, chemical and tectonic controls that determine the increased amounts of REEs in some uranium deposits is also a prerequisite for the rational appraisal of the possibilities of extracting them as by-products of uranium ore mining in the future and for the development of waste-free technologies.
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Figure 1. (a): A sketch of the Variscan belt of Central and Western Europe (following [19]); (b): simplified geological map of the Bohemian Massif and location of the uranium deposits discussed in the text. Abbreviations in (a): BM: Bohemian Massif; MC: Massif Central; AM: Armorican Massif; BF: Black Forest; VM: Vosges Massif; RM: Rhenish Massif. Abbreviations in (b): MZ: Moldanubian zone (allochthonous unit); Gr: Pre-Variscan and Variscan granitoids; TBU: Teplá–Barrandian Zone (Neoproterozoic and Lower Paleozoic sediments and volcanites); SAXTHUR: Saxothuringian Zone (para-autochthonous and autochthonous units);WS: West Sudetes (paraautochthonous and allochthonous units);LU: Lugian Zone (exotic terrane and autochthonous units); MSZ: Moravian–Silesian Zone (exotic or Avalonian units); CB: Culm basin; PC: Platform cover (Cretaceous and Tertiary sediments). 
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Figure 3. Macrostructures of the quartz–carbonate–sulfide vein with synchysite. (a): The synchysite-bearing vein mainly consists of quartz–carbonate and is locally separated from the albitized and graphitized gneiss host rocks by small structures of brittle deformation (yellow dashed lines). Yellow–green coatings on the vein surface, which comprise a mixture of jarosite and secondary uranium minerals, indicate the presence of fragments of older uranium mineralization. (b): The vein comprises several generations of calcite and quartz, and it encloses abundant clasts of host rocks along its edges. (c): Single generations of predominantly quartz and calcite sections of the vein are very often separated by up to 5 mm thick accumulations of authigenic pyrite and marcasite. The synchysite is bound to quartz-rich sections of the vein that are strongly colored by hematite. Explanations: Cb: Carbonate; Qtz: quartz; Py: pyrite. 
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Figure 4. (a): The BSE image of breccia with uranium mineralization (white spots) embedded in the carbonate filling of the synchysite-bearing vein. (b): Close-up of the coffinitized uraninite and coffinite in the breccia fragment. An irregular shape of the coffinite accumulations indicate its corrosion and dissolution. Explanation: Urn(cof): coffinitized uraninite; Cof: coffinite; Cal: calcite. 
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Figure 5. (a): The BSE image of the chloritized and graphitized host rock with hydrothermally decomposed titanite grains. (b): Close-up of the hydrothermally altered titanite grain decomposed to anatase, quartz, calcite, monazite, and xenotime (white grains) in the chloritized matrix of the host rock of the synchysite-bearing vein. Explanation of symbols: Ap: apatite; Ab: albite; Ant: anatase; Bt: biotite (chloritized); Cal: calcite; Gf: graphite; Ch: chlorite; Mnz: monazite; Py: pyrite; Tnt (altered): hydrothermally altered titanite; Xtm: xenotime. 
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Figure 6. Textures of the synchysite-bearing quartz gangue of the vein. (a): Photomicrograph of the quartz gangue with numerous wormy clusters of hematite; plane polarizers. (b): Quartz rosette in coarse quartz vein filling; plane polarizers. (c): A fine-grained mosaic of quartz grains stained with hematite that exhibits a fibrous internal fabric resembling agate with a corroded pyrite grain linen, with hematite (black color) in the central part of the photomicrograph; plane polarizers, combined transmitted and reflected light. (d): Vermicular structures comprising hematite and fine-grained quartz in coarse-grained filling of the quartz gangue; plane polarizers. (e): A linear structure in the coarse-grained quartz filling, which consists of a mixture of fine-grained quartz and hematite. (f): The same photomicrograph as (e) with crossed polarizers. The image clearly shows the linear structure overgrown by elongated quartz grains perpendicularly oriented to the hematite-rich linear structure during the recrystallization of the quartz-rich vein filling. (g): Linear structure comprising a central hematite-rich area that is rimmed on both sides by diffuse hematite layers. Synchysite crystals are bound to these outer hematite-rich rims; plane polarizes. (h): The same as in (g) with crossed polarizers. (i): Deformation of hematite-rich bands during recrystallization of quartz vein filling; plane polarizers. (j): A hematite-pigmented calcite grain enclosed in a mosaic consisting of coarse-grained quartz grains; plane polarizers. (k): Younger carbonate veinlets (calcite II) in the quartz gangue; plane polarizers. (l): A corroded fragment of sphalerite in the quartz gangue; plane polarizers. 
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Figure 7. C3 chondrite–normalized REE distribution in the quartz–carbonate–sulfide vein with synchysite and the host rocks. (whole rock data were normalized following [35]). Explanation: veins V1–V3: quartz-dominated section of the vein; V4: quartz and carbonate filling; V5: carbonate-rich section of the vein; host rocks H1–H4: chloritized, argillized, and albitized gneisses; H5: slightly chloritized gneiss. 
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Figure 8. Raman spectrum of synchysite-(Ce) between 200 and 1550 cm−1. Bands labeled with (Q) belong to quartz, and bands labeled with (r) belong to a synthetic resin from a thin section. 
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Figure 9. Back-scattered electron (BSE) images and areal distribution of Ca, Ce, La, Nd, Y and F (false colors) in synchysite enclosed in the quartz gangue of the synchysite-bearing quartz–carbonate–sulfide vein in the Rožná uranium deposit. The X-ray distribution maps were collected using an EDS detector on a TESCAN MIRA 3. 
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Figure 10. C3-chondrite-normalized REE distribution in synchysite of the quartz–carbonate–sulfide vein from the Rožná uranium deposit. 
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Figure 11. (a): Single-phase primary inclusions of the H2O type in the quartz from the synchysite-bearing vein. (b): Two-phase pseudosecondary fluid inclusions of the H2O type in the calcite I from the synchysite-bearing vein. 
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Figure 12. (a): Histograms of the temperatures of homogenization and (b): salinities of the fluid inclusions in the calcites and quartz. 
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Figure 13. Isotopic composition of carbon and oxygen from calcite I and calcite II from the quartz–carbonate–sulfide vein. Explanations: empty symbols: measured data; filled symbols: isotopic composition of hydrothermal fluids. 
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Figure 14. Corroded coffinite grain with a coffinitized remnant of uraninite (BSE) in the quartz-rich part of the synchysite-bearing vein in the Rožná uranium deposit and the areal distribution of Si, Ca, U, Y, and P within the grain (false colors). 
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[image: Minerals 12 00690 g014]







[image: Table] 





Table 1. Concentration of the main and trace elements in the quartz–carbonate–sulfide vein and in host rocks. Main elements are expressed in wt.%, and concentrations of trace elements are expressed in ppm.






Table 1. Concentration of the main and trace elements in the quartz–carbonate–sulfide vein and in host rocks. Main elements are expressed in wt.%, and concentrations of trace elements are expressed in ppm.





	
Sample

	
Quartz–Carbonate–Sulfide Vein (V)

	
Host Rocks (H)




	
V1qtz

	
V2qtz

	
V3qtz

	
V4qtz/carb

	
V5carb

	
H1

	
H2

	
H3

	
H4

	
H5






	
SiO2

	
81.87

	
89.26

	
89.47

	
85.25

	
69.82

	
58.20

	
59.91

	
44.06

	
51.21

	
62.04




	
TiO2

	
0.04

	
0.04

	
0.06

	
0.21

	
0.06

	
0.83

	
0.06

	
0.48

	
0.49

	
1.18




	
Al2O3

	
1.40

	
1.60

	
1.66

	
3.64

	
2.24

	
20.72

	
18.32

	
12.44

	
12.81

	
13.52




	
Fe2O3

	
0.49

	
0.09

	
0.09

	
1.00

	
0.10

	
3.64

	
0.64

	
2.38

	
1.52

	
0.88




	
FeO

	
0.21

	
0.28

	
0.29

	
0.52

	
0.55

	
1.40

	
0.40

	
3.89

	
1.39

	
2.94




	
MgO

	
0.06

	
0.04

	
0.03

	
0.23

	
0.05

	
0.27

	
0.27

	
1.67

	
0.47

	
0.90




	
MnO

	
0.13

	
0.10

	
0.10

	
0.07

	
0.20

	
0.04

	
0.04

	
0.18

	
0.17

	
0.13




	
CaO

	
7.43

	
3.60

	
3.50

	
2.81

	
14.88

	
1.11

	
4.74

	
14.09

	
11.86

	
4.86




	
SrO

	
b.d.l.

	
b.d.l.

	
b.d.l.

	
b.d.l.

	
b.d.l.

	
0.01

	
0.02

	
0.04

	
0.02

	
0.01




	
BaO

	
0.01

	
0.01

	
0.01

	
0.03

	
0.02

	
0.03

	
0.10

	
0.07

	
0.07

	
0.04




	
Li2O

	
0.01

	
0.005

	
0.005

	
0.01

	
0.01

	
0.002

	
0.001

	
0.004

	
0.003

	
0.002




	
Na2O

	
0.03

	
0.09

	
0.07

	
0.08

	
0.03

	
10.67

	
9.27

	
4.75

	
6.49

	
0.11




	
K2O

	
0.18

	
0.14

	
0.10

	
0.87

	
0.09

	
1.12

	
1.02

	
0.33

	
0.13

	
3.39




	
P2O5

	
0.02

	
0.04

	
0.02

	
0.07

	
0.02

	
0.11

	
0.01

	
0.22

	
0.18

	
0.20




	
F

	
0.05

	
0.06

	
0.05

	
0.05

	
0.02

	
0.09

	
0.02

	
0.05

	
0.03

	
0.10




	
CO2

	
6.60

	
3.09

	
2.91

	
2.29

	
11.26

	
0.40

	
3.48

	
11.07

	
9.33

	
5.21




	
C(graphite)

	
0.14

	
0.11

	
0.12

	
0.07

	
0.02

	
0.03

	
0.03

	
1.29

	
1.14

	
0.13




	
S(tot.)

	
0.50

	
0.19

	
0.23

	
1.13

	
0.62

	
0.01

	
0.03

	
0.05

	
0.04

	
1.14




	
H2O(+)

	
b.d.l.

	
0.59

	
0.58

	
0.83

	
b.d.l.

	
0.91

	
0.81

	
2.45

	
1.41

	
2.65




	
H2O(−)

	
0.20

	
0.21

	
0.23

	
0.47

	
0.25

	
0.30

	
0.19

	
0.56

	
0.50

	
0.59




	
Total

	
99.361

	
99.546

	
99.525

	
99.639

	
100.23

	
99.89

	
99.36

	
100.07

	
99.26

	
100.02




	
As

	
51

	
246

	
126

	
1021

	
36

	
17

	
21

	
18

	
24.8

	
20.42




	
Ba

	
109

	
64

	
82

	
233

	
220

	
78

	
89

	
103

	
159

	
199.38




	
Bi

	
b.d.l.

	
b.d.l.

	
b.d.l.

	
b.d.l.

	
b.d.l.

	
0.08

	
0.09

	
0.08

	
0.09

	
0.12




	
Co

	
3

	
b.d.l.

	
b.d.l.

	
12

	
6

	
14.6

	
14

	
15

	
15.4

	
14.82




	
Cr

	
b.d.l.

	
b.d.l.

	
b.d.l.

	
16

	
11

	
47

	
57

	
47

	
61

	
56.54




	
Cu

	
4

	
3

	
3

	
19

	
9

	
72.1

	
68.2

	
71.2

	
100.5

	
114.25




	
Mo

	
29

	
13

	
10

	
124

	
153

	
3.62

	
3.6

	
3.32

	
3.39

	
3.63




	
Nb

	
3

	
b.d.l.

	
b.d.l.

	
b.d.l.

	
8

	
6.03

	
6.33

	
6.45

	
7.02

	
6.73




	
Ni

	
9

	
8

	
8

	
26

	
9

	
32.2

	
39

	
38

	
39

	
36




	
Pb

	
1352

	
1520

	
2158

	
473

	
2096

	
134

	
77

	
126

	
104

	
102




	
Rb

	
16

	
11

	
11

	
65

	
13

	
60

	
58

	
59

	
56

	
60




	
Sr

	
28

	
23

	
20

	
41

	
38

	
231

	
227

	
230

	
230

	
224




	
Th

	
16

	
16

	
24

	
6

	
24

	
5

	
5

	
5

	
6

	
5




	
U

	
307

	
152

	
253

	
677

	
329

	
131

	
133

	
137

	
147

	
126




	
V

	
41

	
20

	
15

	
257

	
65

	
118

	
123

	
122

	
144

	
133




	
Zn

	
1493

	
1056

	
654

	
8014

	
2270

	
689

	
383

	
706

	
313

	
469




	
Zr

	
25

	
6

	
6

	
54

	
20

	
157

	
104

	
147

	
164

	
141








Explanations of the vein samples: qtz: quartz-dominated sample; qtz/carb: a mixture of quartz and carbonate; carb: carbonate-dominated sample; b.d.l.: concentrations below the detection limit. 
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Table 2. Representative whole rock REE contents of the synchysite-bearing quartz–carbonate–sulfide vein (V) and data for the host rocks (H) in the Rožná uranium deposits. Data are in ppm. For an explanation of symbols, see Table 1.
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	Sample
	V1
	V2
	V3
	V4
	V5
	H1
	H2
	H3
	H4
	H5





	La
	648
	973
	1032
	196
	142
	24.3
	26.3
	35.6
	33.7
	29.9



	Ce
	1092
	1619
	1701
	339
	260
	55.1
	57.0
	78.4
	73.7
	66.1



	Pr
	150
	226
	238
	47.1
	34.1
	7.51
	7.26
	10.7
	9.36
	8.68



	Nd
	550
	822
	862
	190
	141
	24.6
	26.2
	35.3
	32.7
	29.7



	Sm
	97.6
	145
	155
	36
	25.2
	5.28
	5.43
	7.12
	6.83
	6.10



	Eu
	19.6
	27.4
	29.8
	7.94
	5.77
	1.73
	1.65
	1.74
	1.82
	1.70



	Gd
	64.9
	96.1
	103
	23.6
	16.3
	5.33
	5.52
	6.84
	7.16
	6.18



	Tb
	6.17
	9.21
	10.6
	2.99
	1.89
	0.73
	0.82
	1.05
	0.92
	0.85



	Dy
	24.8
	35.3
	38.4
	13.6
	7.71
	4.56
	4.73
	5.62
	5.05
	4.95



	Y
	126
	167
	175
	73.6
	41.2
	27.9
	27.9
	30.5
	29.6
	28.9



	Ho
	3.58
	4.89
	6.15
	2.39
	1.27
	1.12
	0.95
	1.35
	1.16
	1.08



	Er
	6.91
	9.15
	10.43
	5.97
	2.94
	2.93
	2.73
	2.92
	2.83
	2.83



	Tm
	0.62
	0.69
	0.73
	0.80
	0.36
	0.45
	0.42
	0.53
	0.45
	0.43



	Yb
	2.63
	2.53
	2.78
	4.39
	1.96
	2.56
	2.32
	2.55
	2.72
	2.50



	Lu
	0.32
	0.29
	0.30
	0.56
	0.26
	0.32
	0.45
	0.43
	0.41
	0.38



	ΣREE
	2792
	4137
	4366
	944
	680
	165
	169
	221
	208
	190



	LaN/SmN
	4.18
	4.23
	4.20
	3.46
	3.54
	2.90
	3.04
	3.15
	3.10
	3.09



	LaN/YN
	166
	259
	250
	30.1
	48.7
	6.41
	7.63
	9.42
	8.35
	8.08



	DyN/YbN
	6.13
	9.05
	8.97
	2.01
	2.56
	1.16
	1.32
	1.43
	1.21
	1.29



	Ce/Ce*
	0.84
	0.83
	0.83
	0.85
	0.90
	0.98
	0.99
	0.97
	1.00
	0.99



	Eu/Eu*
	0.75
	0.71
	0.72
	0.84
	0.87
	1.00
	0.92
	0.76
	0.80
	0.85



	t1
	1.00
	0.99
	0.99
	0.96
	0.98
	1.22
	1.14
	1.20
	1.16
	1.18



	t3
	0.89
	0.91
	0.88
	0.93
	0.92
	0.82
	0.94
	0.88
	0.82
	0.87



	t1/t3
	0.94
	0.95
	0.93
	0.94
	0.95
	1.00
	1.03
	1.02
	0.97
	1.01
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Table 3. Chemical composition of synchysite (EMPA). Concentrations are expressed in wt.%.
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Sample

	
1V

	
1V

	
1V

	
2V

	
2V.

	
V2A

	
V2A 2

	
V2A 3

	
V2A

	
V2A






	
Analysis

	
8/1

	
9/1

	
10/1

	
11/1

	
12/1

	
1/1

	
2/1

	
3/1

	
4/1

	
5/1




	
SiO2

	
0.14

	
0.20

	
0.18

	
0.76

	
0.22

	
0.25

	
0.13

	
0.11

	
2.55

	
1.02




	
Y2O3

	
2.34

	
2.26

	
2.67

	
1.88

	
2.54

	
2.30

	
2.22

	
2.27

	
2.28

	
1.91




	
La2O3

	
10.54

	
10.19

	
10.09

	
10.70

	
9.93

	
9.90

	
10.58

	
9.79

	
10.09

	
10.81




	
Ce2O3

	
20.09

	
19.13

	
19.57

	
20.12

	
19.47

	
19.75

	
19.71

	
20.20

	
18.99

	
20.55




	
Pr2O3

	
2.47

	
2.31

	
2.40

	
2.33

	
2.37

	
2.17

	
2.11

	
2.47

	
2.16

	
2.60




	
Nd2O3

	
9.88

	
9.92

	
10.18

	
9.71

	
9.99

	
11.00

	
9.82

	
9.95

	
9.40

	
9.16




	
Sm2O3

	
1.53

	
1.59

	
1.76

	
1.47

	
1.58

	
1.81

	
1.51

	
2.31

	
1.75

	
1.76




	
Eu2O3

	
0.44

	
0.34

	
0.17

	
0.22

	
0.24

	
0.00

	
0.00

	
0.32

	
0.17

	
0.57




	
Gd2O3

	
1.37

	
1.31

	
1.52

	
1.22

	
1.31

	
1.13

	
1.05

	
1.37

	
0.67

	
1.67




	
Tb2O3

	
0.15

	
0.14

	
0.12

	
b.d.l.

	
0.08

	
NA

	
NA

	
NA

	
NA

	
NA




	
Dy2O3

	
0.45

	
0.43

	
0.53

	
0.39

	
0.58

	
0.56

	
0.86

	
0.34

	
0.54

	
0.47




	
Er2O3

	
0.20

	
0.17

	
0.17

	
0.18

	
0.16

	
b.d.l.

	
0.28

	
0.00

	
0.32

	
0.00




	
Yb2O3

	
b.d.l.

	
b.d.l.

	
b.d.l.

	
0.14

	
0.14

	
NA

	
NA

	
NA

	
NA

	
NA




	
CaO

	
19.45

	
20.03

	
19.09

	
19.40

	
20.27

	
20.01

	
20.08

	
19.22

	
18.96

	
19.53




	
F

	
5.76

	
5.59

	
5.67

	
5.46

	
5.34

	
5.68

	
5.63

	
5.72

	
5.41

	
5.54




	
CO2

	
28.67

	
28.67

	
28.35

	
28.29

	
29.05

	
28.89

	
28.80

	
28.37

	
27.46

	
28.69




	
H2O

	
0.01

	
0.00

	
0.05

	
0.09

	
0.16

	
0.01

	
0.00

	
0.01

	
0.01

	
0.11




	
O=F

	
−2.43

	
−2.35

	
−2.39

	
−2.30

	
−2.25

	
−2.39

	
−2.37

	
−2.41

	
−2.28

	
−2.33




	
total

	
101.07

	
99.93

	
100.12

	
100.06

	
101.19

	
101.04

	
100.40

	
100.03

	
98.46

	
102.04




	
The empirical formulae were calculated based on ΣREE = 3 atoms per formula unit (apfu).




	
Y

	
0.204

	
0.204

	
0.234

	
0.169

	
0.226

	
0.204

	
0.199

	
0.199

	
0.212

	
0.167




	
La

	
0.637

	
0.637

	
0.612

	
0.664

	
0.613

	
0.609

	
0.657

	
0.597

	
0.650

	
0.655




	
Ce

	
1.205

	
1.188

	
1.178

	
1.238

	
1.192

	
1.205

	
1.216

	
1.223

	
1.214

	
1.237




	
Pr

	
0.148

	
0.143

	
0.144

	
0.143

	
0.144

	
0.132

	
0.129

	
0.149

	
0.137

	
0.156




	
Nd

	
0.578

	
0.601

	
0.598

	
0.583

	
0.596

	
0.654

	
0.591

	
0.588

	
0.586

	
0.538




	
Sm

	
0.086

	
0.093

	
0.100

	
0.085

	
0.091

	
0.104

	
0.088

	
0.132

	
0.105

	
0.100




	
Eu

	
0.024

	
0.020

	
0.009

	
0.013

	
0.014

	
0.000

	
0.000

	
0.018

	
0.010

	
0.032




	
Gd

	
0.074

	
0.074

	
0.083

	
0.068

	
0.072

	
0.062

	
0.058

	
0.075

	
0.038

	
0.091




	
Tb

	
0.008

	
0.008

	
0.006

	
0.000

	
0.005

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Dy

	
0.024

	
0.024

	
0.028

	
0.021

	
0.031

	
0.030

	
0.047

	
0.018

	
0.030

	
0.025




	
Er

	
0.010

	
0.009

	
0.009

	
0.009

	
0.008

	
0.000

	
0.015

	
0.000

	
0.018

	
0.000




	
Yb

	
0.000

	
0.000

	
0.000

	
0.007

	
0.007

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Ca

	
3.415

	
3.640

	
3.363

	
3.494

	
3.632

	
3.573

	
3.626

	
3.407

	
3.547

	
3.439




	
F

	
2.987

	
2.998

	
2.946

	
2.904

	
2.823

	
2.994

	
2.999

	
2.992

	
2.985

	
2.879




	
REE

	
3.000

	
3.000

	
3.000

	
3.000

	
3.000

	
3.000

	
3.000

	
3.000

	
3.000

	
3.000




	
CO3

	
6.415

	
6.640

	
6.363

	
6.494

	
6.632

	
6.573

	
6.626

	
6.407

	
6.547

	
6.439




	
OH

	
0.013

	
0.002

	
0.054

	
0.096

	
0.177

	
0.006

	
0.001

	
0.008

	
0.015

	
0.121




	
SiO2

	
0.023

	
0.034

	
0.029

	
0.127

	
0.037

	
0.042

	
0.021

	
0.019

	
0.446

	
0.167




	
tTE1

	
0.952

	
0.912

	
0.933

	
0.926

	
0.940

	
0.864

	
0.871

	
0.987

	
0.906

	
1.012




	
EuN/EuN*

	
0.919

	
0.720

	
0.309

	
0.507

	
0.512

	

	

	
0.543

	
0.472

	
1.015








Explanation: NA: Not analyzed; b.d.l.: concentration below detection limit.
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