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Abstract

:

The biotite pegmatites in the Shangdan domain of the North Qinling orogenic belt contain economic concentrations of U, constituting a low-grade, large-tonnage pegmatite-hosted uraniferous province. Uraninite is predominant and ubiquitous ore mineral and coffinite is common alteration mineral after initial deposit formation. A comprehensive survey of the uraninite and coffinite assemblage of the Chenjiazhuang, Xiaohuacha, and Guangshigou biotite pegmatites in this uraniferous province reveal the primary magmatic U mineralization and its response during subsequent hydrothermal events. Integrating the ID-TIMS (Isotope Dilution Thermal Ionization Mass Spectrometry) 206Pb/238U ages and U-Th-Pb chemical ages for the uraninites with those reported from previous studies suggests that the timing of U mineralization in the uraniferous province was constrained at 407–415 Ma, confirming an Early Devonian magmatic ore-forming event. Based on microtextural relationships and compositional variation, three generations of uranium minerals can be identified: uaninite-A (high Th-low U-variable Y group), uranite-B (low Th-high U, Y group), and coffinite (high Si, Ca-low U, Pb group). Petrographic and microanalytical observations support a three-stage evolution model of uranium minerals from primary to subsequent generations as follows: (1) during the Early Devonian (stage 1), U derived from the hydrous silicate melt was mainly concentrated in primary magmatic uaninite-A by high-T (450–607 °C) precipitation; (2) during the Late Devonian (stage 2), U was mobilized and dissolved from pre-existing uraninite-A by U-bearing fluids and in situ reprecipitated as uraninite-B under reduced conditions. The in situ transformation of primary uraninite-A to second uraninite-B represent a local medium-T (250–450 °C) hydrothermal U-event; and (3) during the later low-T (100–140 °C) hydrothermal alteration (stage 3), U was remobilized and derived from the dissolution of pre-existing uraninite by CO2- and SiO2-rich fluids and interacted with reducing agent (e.g., pyrite) leading to reprecipitation of coffinite. This process represents a regional and extensive low-T hydrothermal U-event. In view of this, U minerals evolved from magmatic uraninite-A though fluid-induced recrystallized uraninite-B to coffinite, revealing three episodes of U circulation in the magmatic-hydrothermal system.
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1. Introduction


There is an increased demand for U resources, referred to as strategic metal resources and clean energy, with development of nuclear reactors for electric power generation [1]. Renewed interest in biotite pegmatites has arisen due to their economic U endowment [2,3,4,5]. The most important U hosts in pegmatite-type U deposits are uraninite and coffinite, common minerals containing reduced U4+ found in nature [6,7,8]. Self-oxidation caused by radioactive decay of U, and valence compensation due to prevalent cationic substitutions have collectively contributed to the coexistence of mixed U4+ and U6+ in uraninite and coffinite structure [9,10]. Thus, nonstoichiometric UO2 + X compound with a fluorite (CaF2)-type structure of uraninite and U(SiO4)1-x(OH)x with zircon (ZrSiO4)- or thorite (ThSiO4)-type structure of coffinite prevalently occur in nature [8].



Numerous studies have shown that uraninite and coffinite have the ability to retain compositional zoning through time and varying physico-chemical conditions, and thus can track an evolution of U in the magmatic-hydrothermal systems [9,10,11,12,13,14]. For pegmatite-type deposits, uraninite is mainly concentrated by magmatic process, but being one of the most sensitive mineral phases to post-magmatic hydrothermal processes due to geochemical instability to readily dissolve in the presence of later oxidizing fluids [15,16,17]. Uraninite is capable of retaining the imprints of the earlier magmatic event and capturing the footprints of subsequent hydrothermal events [18,19]. On the other hand, recent researches suggest that mobilized U can be subsequently reprecipitated as coffinite during later silica-rich fluid circulation events [10,20]. Accordingly, the evolution of U mineral generations is instructive for understanding U circulation from magmatic to hydrothermal stages during pegmatite development.



The largest known major accumulations of pegmatite-hosted U in China are U minerals concentrated in the biotite pegmatites from the Shangdan uraniferous province. Intensive efforts by previous studies have been undertaken to investigate the geology, magma origin, petrogenesis, and mineralization mechanism of individual uraniferous pegmatites (e.g., [21,22]). However, comparatively few studies on the regional uraniferous pegmatites as a whole have expounded the circulation from magmatic mineralization to hydrothermal mobility of U, which is crucial to understanding the entire mineralization history of the uraniferous province.



In the present study, we investigate the in situ chemical composition of uraninite and coffinite, as well as employing U-Pb ID-TIMS and EPMA chemical U-Th-Pb dating of uraninite. Integrating petrographic examination, geochronology, and mineral chemical data of uraninite and coffinite, we aim to (1) directly constrain the timing of U mineralization using ore mineral; (2) chemically characterize uraninite and coffinite; and (3) provide a detailed reconstruction of the magmatic-hydrothermal circulation of U in the pegmatitic system.




2. Geological Background


The Qinling Orogen, being the western part of the Qinling–Dabie–Sulu Orogen in China, is located between the North China Block (NCB) to the north and South China Block (SCB) to the south (Figure 1a,b, [23,24]). It is segmented into four terrains by Luonan–Luanchuan fault (LLF), Shangdan suture zone (SDSZ), and Mianlue suture zone respectively, including the southern margin of the NCB, North Qinling orogenic belt (NQB), South Qinling orogenic belt (SQB), and northern margin of the SCB in a sequence from the north to the source [25,26]. The SDSZ, characterized by ophiolitic mélanges and arc-related volcanic rocks, marks the boundary between the NQB and SQB, which is suggested to be formed by the northward subduction of the Shangdan Oceanic lithosphere beneath the NQB continental lithosphere during the Late Cambrian to Ordovician [27,28]. The SDSZ then experienced intra-plate strike-slip faulting during the Mesozoic–Cenozoic [29].



The NQB is situated between the northern LLF (F1 in Figure 1c) and southern SDSZ (Figure 1c), which is compatible with a thrusting style of deformation, imbricated by thick-skinned southward-verging thrusts and folds [30]. Pioneering studies have been conducted on the tectonic affinity of the NQB, but there remains considerable debate. Two competing hypotheses have been proposed, involving (I) a separation from the SCB during the middle Neoproterozoic Rodinian supercontinent breakup (e.g., [31,32]); and (II) an independent micro-block (e.g., [26]).



Located in the central part of the NQB, the U mineralization associated with biotite pegmatites are widespread throughout the Shangdan domain, bounded on the north by the Chaichuan fault (F2 in Figure 1c) and on the south by the Fenshuiling fault (F4 in Figure 1c). The Shangdan domain represents a low-grade, large-tonnage uraniuferous province which is host to five pegmatite-type U deposits, including the large-sized Xiaohuacha and Guangshigou deposits (>3000 t, U metal), the medium-sized Chenjiazhuang and Zhifanggou deposits (1000–3000 t, U metal), and the small-sized Shibangou deposit (<1000 t, U metal). These U deposits occur in the NNW-directed fold-and-thrust belt of the Qinling Group dominating Precambrian basement in the NQB. Although the Qinling Group rocks were proposed to be formed during the Palaeoproterozoic [30], recent detrital zircon dating suggested that they were mainly formed during the late Mesoproterozoic–early Neoproterozoic [35,36,37]. Regional metamorphism reached the amphibolite–greenschist facies overprinted local granulite facies [29]. Three lithologic members of the Qingling Group can be identified in the uraniferous province (Figure 1c), including a second member comprising graphite-bearing gneiss, schist, and marble; a third member comprising biotite-plagioclase gneiss and amphibolite intercalated with schist, leptynite, marble, and migmatite; and a fourth member mainly comprising marble [30]. Of these, U mineralization is restricted only to the contact between the biotite pegmatite and biotite-plagioclase gneiss from the third lithologic member.



The uraniferous province links the Early Paleozoic Yunjiashan Group on the north and the Neoproterozoic to Early Paleozoic Danfeng Group on the south, separated from each other by thrust faults or ductile shear zone (Figure 1c). The Yunjiashan Group consists of island arc volcanic rocks and volcanic-sedimentary rocks of the back-arc basin metamorphosed to lower greenschist–lower amphibolite facies, while the Danfeng Group is comprised of ophiolitic assemblages and subduction-related volcanic and sedimentary rocks with a metamorphic grade from greenschist to lower amphibolite facies [27,38].



The uraniferous province is marked by the distribution of an Early Paleozoic NWW-directed magmatic belt (Figure 1c) which is controlled spatially and temporally by the tectono-magmatic evolution of the NQB. The granites and pegmatites were emplaced during two major episodes and evolved in different tectonic regimes. During the Late Ordovician–Late Silurian (ca. 457–422 Ma), it was intruded by volumetrically dominant calc-alkaline I-type plutons, a suite of biotite granodiorite–biotite monzogranite association [39,40,41,42]. This first stage of magmatism is coincident with or slightly later the retrograde granulite-facies metamorphism (ca. 450–440 Ma) of the Late Proterozoic eclogites and ultrahigh pressure felsic gneiss of the NQB [43], and orogen-parallel oblique westward extrusion [42], indicating a collision-induced crustal shortening, thicken, and uplift. During the Early Devonian (ca. 420–400 Ma), it was intruded by high-K calc-alkaline syenogranite and pegmatite association [22,44,45,46]. This second stage of magmatism synchronize with or slightly later than regional amphibolite-facies retrogression (ca. 420 Ma), indicating a late-stage collision and further crustal uplift [42]. Accordingly, the uraniferous province witnessed an Early Palaeozoic evolution of the NQB from deep subduction/collision to crustal uplift and exhumation [27,47].



The regional pegmatite zonation is developed with three subparallel zones concentric around the Early Devonian syenogranite: uraniferous biotite pegmatites close to the contact, biotite–muscovite pegmatites in the intermediate zone, and muscovite pegmatites in the outermost one (Figure 1c). The pegmatite swarms are commonly concordant to the strike of regional fabric observed in the adjacent metasedimentary rocks, in spite of some cross-cutting pegmatites. The undeformed nature of the uraniferous pegmatites, grouped into a NYF (niobium–yttrium–fluorine)-type family [4,48], is compatible with their late-tectonic origin. Although the Chenjiazhuang, Xiaohuacha, and Guangshigou deposits were spatially separated by several kilometers in the uraniferous province, they exhibit identical mineralization style, ore-bearing rock type (i.e. biotite pegmatite), mineral assemblages, and emplacement ages, suggest that they formed in the same metallogenic event and experienced similar U-deposition processes.




3. Sampling and Analytical Methods


Representative hand specimens of uranium ores were taken from the Chenjiazhuang and Xiaohuacha biotite pegmatites in the uraniferous province, as shown in Figure 1c. Then polished thin sections were carefully examined using optical microscope with transmitted and reflected light, followed by high-contrast back-scattered electron (BSE) imaging studies for detailed mineral assemblage and microtexture observations. Besides this, uraninite separation from the Chenjiazhuang biotite pegmatite was adopt by conventional density and magnetic techniques, then handpicked under a binocular microscope.



3.1. Isotope Dilution Thermal Ionization Mass Spectrometry (ID-TIMS)


U-Pb ID-TIMS geochronology was performed in the ultra-clean laboratory at the Tianjin Center, China Geological Survey. Detailed analytical procedures and data acquisition were reported by Tu et al. [49]. In brief, the uraninite powder was put into acid-cleaned 1 mL Teflon beaker, added by 1 mL 7 mol/L HNO3, which was placed on a hot plate at 100 °C for 2 h and then rinsed with deionized water for three times. The beaker was subsequently added 1 mL concentrated HF and placed in a controlled temperature oven at 195 °C for thoroughly sample digestion. The digested sample was divided into two parts for measuring the Pb isotope ratios and contents of U and Th, respectively. The sample was evaporated to dryness on a hot plate at 125 °C and then was acid diluted and loaded on outgassed Re filaments into mass spectrometer using silica gel and H3PO4. The Pb and U isotopic ratios were measured at currents of 2500–3000 mA and 2800–3300 mA, respectively. The Pb isotope mass fractionation was corrected using the SRM982 Pb standard. Experimental data were processed by the Isoplot softwares [50], with uncertainties at the 95% confidence level.




3.2. Electron Probe Micro-Analysis (EPMA)


Quantitative analyses of chemical composition of uraninite and coffinite were obtained by EPMA using a JXA-8230 (JEOL Ltd., Tokyo, Japan) instrument, equipped with a BSE detector as well as wavelength dispersive spectrometers, which was housed in the microprobe center in the Institute of Mineral Resources, Chinese Academy of Geological Sciences, Beijing. Standard operating conditions included a beam size of 5 μm, an electron beam current of 50 nA, and an accelerating voltage of 20 kV. The analyses were calculated using the ZAF correction procedure. Major (U, Th, Pb, and Y) and trace element (Si, Fe, Ca, Al, Na, Mn, Mg, and Ti) were measured. Detection limits under the analytical conditions are <0.1 wt.%.




3.3. Chemical Age Dating


Based on the decay theory of radionuclides, chemical U-Th-Pb ages can be constrained by simultaneous analysis of U, Th, and Pb contents determined by EPMA. The assumptions inherent to the dating method are non-radiogenic Pb being assumed as zero during crystallization and no significant Pb loss and reintroduction after initial crystallization [51]. It is suggested that non-radiogenic Pb is significantly lower than in situ Pb growth in uraninite [52,53]. Moreover, the ID-TIMS analysis confirmed that non-radiogenic Pb in the uraninite samples is low according to the 204Pb signal and 207Pb/206Pb ratios [49], and thus chemical dating can be employed to estimate the crystallization age of uraninite samples.



Single-point U-Pb apparent ages (t) can be calculated using the following radioactive decay Equation (1) [54]:


Pb = U·(0.99276·exp((λU238·t) – 1) + 0.007196·exp((λU235·t) − 1)) + Th·exp((λTh232·t) − 1),



(1)




where Pb, U, and Th are their contents in atomic % and λU238, λU235, and λTh232 are the decay constraints of U238 (1.55125 × 10−10/year), U235 (9.8485 × 10−10/year), and λTh232 (4.9475 × 10−11/year) [55].



This Equation can be reorganized using the following iterative procedure:


PbO = 0.848485·ThO2·(exp(λTh232·t) − 1) + UO2·(0.816367·(exp(λU238·t) − 1) + 0.0059475·(exp(λU235·t) − 1)),



(2)




with PbO, UO2, and ThO2 contents in uraninite. The mean error in chemical dating of uraninite is restrained to ca. 25 m.y. by repeated measurements of the same spot and the counting statistics ([56]).





4. Occurrence of Uraninite and Coffinite


Disseminated uaninite and coffinite were observed in the Chenjiazhuang, Xiaohuacha, and Guangshigou biotite pegmatites when reviewed by both reflected light optical microscopy photomicrographs and BSE images (Figure 2). The uranium minerals display euhedral-subhedral cubic crystal forms for uraninite (up to 300 μm in size), but an aggregate of nodular grains and veinlets for coffinite (Figure 2). Uraninite grains are intimated intergrown or textually associated with biotite aggregates (Figure 2a,b) and present as inclusions in a matrix of intimately mixed quartz and (perthitic) microcline in close association with biotite (Figure 2c). The close association of rutile (Figure 2a,c), ilmenite (Figure 2c,d), and monazite (Figure 2e) with uraninite for some grains supports a mineral paragenetic sequence. However, euhedral zircon crystals occur as xenocrysts within biotite aggregates (Figure 2b) and uraninite grains (Figure 2f), suggestive zircon precipitation occurred before uraninite and biotite. Galena also occurs as either micron-sized inclusion-hosted Pb dispersed within uraninite (Figure 2d) or granular crystal in its vicinity (Figure 2g). In addition, anhedral quartz (Figure 2d,h), biotite, calcite (Figure 2d), and xenotime (Figure 2e) can be found within the uraninite grains. There is an embayed margin around some uraninite grains, filled by an assemblage of apatite, thorite (enclosed in apatite), calcite, and biotite (Figure 2i). It is often observed that uraninites are enveloped by radiating-fibrous pyrite (Figure 2h) and some grains heavily fractured.



Coffinite commonly shows a preferential association with uraninite and pyrite (Figure 2a,g,j–l). Pyrite grains (Figure 2g,l) and veinlets (Figure 2j,k) are often sandwiched between uraninite and coffinite rind. It can be observed that some uraninite grains are embedded in a mixed coffinite, calcite, pyrite, and galena assemblage (Figure 2g) and rimmed by coffinite aggregates (Figure 2j–l). Besides, coffinite of much lower brightness than the uraninite occurs adjacent to uraninite grain as veinlets in association with pyrite (Figure 2j,l).



The individual uraniferous pegmatites exhibit mineralogical zonation, which can be subdivided into rim, internal, and quartz core zones (see the details in [5]). Based on field and petrographic observations, there paragenetic stages are present (Figure 3): (1) the stage I (represented by the rim zone), the stage II (represented by the internal zone), and the stage III (represented by the quartz core zone). The stage I is characterized by the formation of a complex mineral association, including abundant biotite, microcline, perthite, oligoclase, quartz, and subordinate amounts of uraninite, coffinite, thorite, rutile, ilmenite, zircon, monazite, apatite, pyrite, molybdenite, galena, calcite, and alteration minerals (e.g. muscovite, albite, and hematite). The stage II is characterized by the presence of a simple mineral association, including abundant oligoclase, microcline, perthite, quartz, and minor zircon, monazite, apatite, and alteration minerals (e.g. albite). The stage III is characterized by the occurrence of massive quartz core.




5. Results


5.1. Isotope Dilution Thermal Ionization Mass Spectrometry (ID-TIMS) Ages


Three fractions of uraninite from the Chenjiazhuang biotite pegmatite (sample CJZ-1) were analyzed by ID-TIMS and the U-Pb data were listed in Table 1. They have significant U and Pb concentrations in the range of 78.76–88.09 wt.% and 4.73–5.27 wt.%, respectively. All three fractions plot in a concordant position in a concordia diagram of 206Pb-238U and 207Pb-235U (Figure 4) and allow calculate a concordia age of 406.8 ± 0.5 Ma (n = 3, MSWD = 0.68), with a weighted mean age of 406.5 ± 1.2 Ma (n = 3, MSWD = 0.87).




5.2. Chemical Compositions of Uraninite and Coffinite


The compositional data of uraninite and coffinite from the Chenjiazhuang and Xiaohuacha biotite pegmatites were presented in Table 2 and a statistical treatment of the chemical composition of uraninite (cf. [11,57]) was performed in Table 3. There is no discernible variation in BSE brightness of uraninite (Figure 2), which can be used to link compositional changes to different texture types (e.g., large grain vs. small grain, euhedral crystal vs. subhedral crystal, and uraninite associated with different mineral association), while they are distinguished from coffinite of different textural type by BSE brightness and contrast in terms of chemical compositions.



The analytical totals of uraninite range from 91.92 to 99.11 wt.%. Partial oxidation of U4+ to U6+ by self-oxidation and valence compensation by cationic substitutions are important in the interpretation of the results of some low total values. The presence of U6+ can also be supported by estimated total positive charges (<4.0) based on 1 cation per formula unit [53]. According to the major elements U, Th, and Y, uraninite can be classified into two distinct chemical groups (Figure 5): uraninite-A with high ThO2 (2.07–8.37 wt.%, average 3.19 ± 0.85 wt.%), but low UO2 (78.82–90.92 wt.%, average 85.87 ± 1.80 wt.%) and variable Y2O3 contents (0.29–1.49 wt.%, average 0.81 ± 0.24 wt.%); uraninite-B with restricted but low ThO2 (0.18–0.41 wt.%, average 0.28 ± 0.08 wt.%), and high UO2 (87.64–90.65 wt.%, average 88.88 ± 0.96 wt.%)) and Y2O3 contents (0.79–1.4 wt.%, average 1.05 ± 0.19 wt.%). The Xiaohuacha uraninite-A typical has elevated ThO2 (4.15–8.37 wt.%, average 5.04 ± 1.15 wt.%) but lower UO2 (78.82–87.77 wt.%, average 83.43 ± 2.60 wt.%) compared to the Chenjiazhuang and Guangshigou uraninite-A (ThO2 = 2.07–4.41 wt.%, average 2.95 ± 0.39 wt.%; UO2 = 82.64–90.62 wt.%, average 86.18 ± 1.41 wt.%, Figure 5a). The Chenjiazhuang, Xiaohuacha, and Guangshigou uraninite-A and uraninite-B have consistent mean PbO contents (4.79 ± 0.26 wt.%, 4.65 ± 0.78 wt.%, 4.85 ± 0.23 wt.%, and 4.5 ± 0.19 wt.%, Figure 5c), although a few of abnormally high-Pb analyses more likely reflect contamination from galena micro-inclusions. Note that the uraninite-A were widely distributed in the Chenjiazhuang, Xiaohuacha, and Guangshigou biotite pegmatites, whereas the uraninite-B were only found in the Guangshigou biotite pegmatites.



Other elemental impurities can be integrated into the uraninite lattice though primary incorporation at the time of initial crystallization and elemental substitutions during the fluid-driven post-crystallization alterations [11,19]. The sums of SiO2, CaO, and FeO of uraninte-B are restricted and lower than 0.5 wt.%, while those of the uraninite-A are relatively scattered (0.01–1.69 wt.%, Figure 5d). Some analyses for the uraninite-A with the sums >0.5 wt.% seem to imply a post-magmatic interaction with fluids [11]. Several abnormally high-Fe analyses may be also caused by Fe excitation of Fe-bearing phase hosting uraninite grains during analysis. The uraninite can also accommodate Na2O up to 0.43 wt.% for the uraninite-A and 0.17 wt.% for the uraninite-B (Figure 5e). The contents of Al2O3, MgO, MnO, and TiO2 are below detection limits excepting in few analyses.



Low total values (90.23–91.08 wt.%) of coffinite result from a combination of partial oxidation of U4+ to U6+ and incorporation of constitution water into the crystal structure. Compositions of natural minerals and synthetic experiments suggest limited or complete solid solutions between coffinite, thorite, and xenotime end members [58,59]. Low Y levels (0.68–1.16 wt.%, average 0.92 ± 0.34 wt.%) in coffinite indicate a limited coffinite–xenotime solid solution, while coffinite incorporated ThO2 in abundances up to 3.36 wt.%, suggesting that coffinite–thorite solid solution may be relevant for these uraniferous pegmatites. The coffinites also have higher SiO2 (5.34–7.74 wt.%, average 6.54 ± 1.7 wt.%), CaO (1.32–3.06 wt.%, average 2.19 ± 1.23 wt.%), FeO (0.27–1.12 wt.%, average 0.7 ± 0.6 wt.%), and MgO (0.13–1.18 wt.%, average 0.16 ± 0.04 wt.%), but lower UO2 (75.45–76.66 wt.%, average 70.06 ± 0.86 wt.%) and PbO (0.07–2.15 wt.%, average 1.11 ± 1.47 wt.%) contents when compared with uraninite-A and uraninite-B (Figure 5).




5.3. Chemical Ages


Estimation of the crystallization age of uraninite from chemical dating was presented in Table 2. Uraninite-A show calculated U-Th-Pb chemical age populations in the range of 360–427 Ma (n = 42, with 3 exceptions >450 Ma) for the Chenjiazhuang uraninite-A, 286–438 Ma (n = 17, exceptionally 496 and 555 Ma) for the Xiaohuacha uraninite-A, and 333–429 Ma (n = 90) for the Guangshigou uraninite-A. All of them exhibit main statistical peak ages calculated at ca. 400–420 Ma (Figure 6). By contrast, the uraninite-B show restricted and relatively lower calculated U-Th-Pb chemical ages ranging from 346–386 Ma (n = 11, peak at 360–380 Ma, Figure 6).





6. Discussion


6.1. Timing of the Uraninite (U) Mineralization


Previous studies of geological characteristics, Sr-Nd-Hf-Pb isotopes, bulk-rock, and mineral chemistry have been conducted for the biotite pegmatites in the Shangdan uraniferous province (e.g., [5,21,22,39]). However, there is still controversy about the timing of U mineralization. Many attempts to date these uraniferous pegmatites have replied on dating the ore-related accessory minerals. For instance, LA-ICP-MS zircon U-Pb dating gave weighted mean 206Pb/238U ages of 414–417 Ma [59], 414–415 Ma (unpub. data), and 413–415 Ma [22] for the Chenjiazhuang, Xiaohuacha, and Guangshigou biotite pegmatites, respectively; Liu [60] and Feng et al. [39] conducted biotite K-Ar dating of the Chenjiazhuang and Guangshigou biotite pegmatites, and obtained isotopic ages of 329.8–426.1 Ma and 400 Ma, respectively; Yuan et al. [5] and Xu and Du [45] reported a pyrite Pb-Pb isochron age of 413 ± 22 Ma and two whole rock Rb-Sr isochron ages of 378 and 386 Ma for the Guangshigou biotite pegmatite. The available ages are often inconsistent with each other, which may be caused by the large age uncertainty for some analyses, excess argon, or fluid-assisted resetting of the K-Ar and Rb-Sr chronometers [61,62], resulting in uncertainties of interpretation. Besides this, petrographic evidence points to the formation of uraninite later than zircon (Figure 2f).



Directly dating of ore minerals is preferable to constrain the timing of mineralization [63]. Uraninite is prime target for directly dating of U mineralization because it is common ore mineral in the pegmatite-hosted uraniferous province. Due to large difference in ionic radius and charge between Pb2+ (1.37 Å) and U4+ (1.00 Å) suggest incompatible Pb2+ crystal chemistry for uraninite [64]. Thus, Pb is typically excluded in primary growth, whereas varying amounts of radiogenic Pb produced by radioactive decay of U can be retained in the crystal structure [8]. Combined with high U abundance, it has been demonstrated that uraninite is an ideal proxy for dating [17,19].



6.1.1. Evaluation of Radioactive Pb-Loss


Prior to the dating of U mineralization, it is necessary to evaluate the Pb-loss of uraninite. There should be a negative correlation between PbO and UO2 in uraninite, which is attributed to closed-system radiogenic Pb production caused by decay of U [14]. However, such a trend is not observed as expected and some low-Pb uraninites appear (Figure 5c), implying a release and loss of radioactive Pb to the matrix.



Based on rapid self-annealing kinetics, uraninite is known to a radiation-resistant phase [18]. Thus Pb-loss of uraninite (Figure 7) may be not caused by metamictization but can result from the following four processes: (I) removal of radiogenic Pb compensated by chemical substitutions of Ca, Si, and Fe during post-magmatic interactions with fluid [8,56], as evidenced by high sum of Si, Ca, and Fe for some analyses (>0.5 wt.%) and by the presence of galena, pyrite, and calcite (Figure 2); (II) substitution of radiogenic Pb by water (magmatic fluid and late hydrothermal fluid, [19]); (III) hydrothermally-enhanced volume diffusion [65]; and (IV) replacement of uraninite by coffinite [9], as evidenced by the close association of uraninite and coffinite (Figure 2). Partially released Pb from uraninite, being not migrate long distances, are thought to have reprecipitated as secondary galena by sulfofication at high fS2 (Figure 2d,g, [66]).




6.1.2. Timing of Uraninite (U) Mineralizing Event


Our new age data for uraninite demonstrate that ID-TIMS U-Pb age (406.8 ± 0.5 Ma, Figure 4) for the Chenjiazhuang biotite pegmatite is good accordance with estimated chemical ages with a peak value of 400–420 Ma for the Chenjiazhuang, Xiaohuacha, and Guangshigou biotite pegmatites (Figure 6, [22,67,68]). These dating results are also identical within error to recent LA-ICP-MS uraninite U-Pb analysis (405 ± 3 Ma) for the Guangshigou biotite pegmatites [69]. Although representative uraninite grain was carefully selected to conduct ID-TIMS U-Pb dating in this study, uraninite may have experienced local Pb-loss, thus obtained ca. 407 Ma can be considered as the lower limit of the timing of U mineralizing event. Combined with U-Pb ages (ca. 415 Ma) of pre-crystallizing zircon (Figure 2f) obtained by Zhang et al. [59] and Yuan et al. [22], an Early Devonian age, constrained at 407–415 Ma, can be proposed for the timing of U mineralization of these uraniferous pegmatites.





6.2. Significance of Composition and Comparison with Other Deposits


Because of ionic radius of Th4+ (1.05 Å) and Y3+ (1.019 Å) being close to that of U4+ (1.00 Å) in eightfold coordination [64], they can be easily incorporated into the uraninite structure, as shown by negative trends observed in the ThO2 vs. UO2 (Figure 5a) and Y2O3 vs. UO2 diagrams (Figure 5b), especially for the Xiaohuacha uraninite-A with Spearman rank correlation coefficients of −0.71 and −0.6, respectively. Studies show that incorporation of Th into the uraninite structure is mainly a function of temperature and element availability, thus their U/Th ratios can help in providing semi-quantitative estimation of crystallization temperature [14,70,71]. Uraninite with U/Th ratio less than 102 is commonly considered to be crystallized from high-T (>450 °C) magma or magmatic fluids, while uraninite formed at lower-T (<250 °C) diagenetic or hydrothermal fluids, characteristically contains high U/Th ratio (generally >103, [10,13,52]). Similar to pegmatite-related uraninites from Ekomédion (Cameroon), those from the Shangdan uraniferous province exhibit two distinct populations in terms of ThO2 contents (i.e. high ThO2 for uraninite-A and low ThO2 for uraninite-B, Figure 5a), corresponding to two distinct populations of crystallization temperature. The low U/Th ratio (<102) of uraninite-A is consistent with formation at high-T (>450 °C) hydrous silicate melt (Figure 5f). Based on the two-feldspar geothermometer, Feng [72] estimated ore-forming temperature (582–607 °C) of the Guangshigou uraniferous pegmatites, similar to that (600–650 °C, estimated by phase equilibria in the quartz–K-feldspar–albite–H2O system) of the Grenville U-Mo-REE pegmatites, Canada [2]. However, ThO2 contents of uraninite-A from the Shangdan uraniferous province are generally lower than those of uraninite from Dörrmorsbach (Germany), Roode and Hidra pegmatites (Norway) (Figure 5a, [52,73,74,75]), implying that uraninite-A crystallized at relatively lower temperature when compared to them. Based on uraninite-B with U/Th ratios between 102 and 103, it may be tentatively inferred that uraninite-B formed at 250–450 °C (Figure 5f) similar to low-T uraninite in the Ekomedion pegmatites (Cameroon) [52]. In spite of relatively higher ThO2 contents for coffinite than uraninite-B, the condition favorable for coffinitization is generally low-T at 100–140 °C [8]. It is generally assumed that Y contents in uraninite may also be controlled by formation temperature as Th and the crystal lattice permits substantial incorporation of Y at high-T (e.g., uraninite in Hidra pegmatites, Norway, [75]). However, we do not observe that uraninite-B has lower Y2O3 contents in contrast to uraninite-A as might be expect (Figure 5b). This may be caused by competition from pre- or co-crystallizing, potentially Y-incorporating garnet during the uraninite-A crystallization [52].



Based on incompatible behavior of Pb2+ and radiogenic Pb produced through time by radioactive decay, Pb contents in uraninite is a function of age [74]. The variability of PbO in uraninites from different pegmatites worldwide can be significant, ranging from ca. 2.5 wt.% in the Dörrmorsbach pegmatites (Germany) to 10 wt.% in the Roode pegmatites (Norway), with the pegmatite uraninite (4.7 wt.%) from the Shangdan uraniferous province between them (Figure 5c), implying that they formed in different geological periods.



Elevated elemental impurities in uraninite is often expected as elemental substitutions (e.g., incorporation of Ca, Fe, and Si reaching several wt.% through substitution with Pb) during the post-crystallization alterations. A statistical treatment has been performed in order to reflect the correlation relationship among the major elements in uraninite (Table 3). We do not observe some negative correlations in the uraninite samples between SiO2, CaO, FeO (or a combine of these elements), and PbO, as might be expected (Figure 5d), with their absolute values of Spearman rank correlation coefficient <0.5 (Table 3). This phenomenon of no negative relationship with PbO also occurs other pegmatite-related deposits (e.g., Ekomedion in Cameroon, Roode in Norway, [52,73,74]). Alexandre et al. [74] argued that in addition to the degree of alteration, there are additional factors that control the mounts of these elements in uraninite. Due to ionic radius of Ca (1.06 Å) being close to that of U (1.00 Å), Ca can be integrated into the uraninite lattice though primary incorporation at the time of initial crystallization [19,52], such as fresh uraninites from the Dörrmorsbach pegmatite-related deposit (ca. 10.5 wt.%, [52]) in Germany and Guérande granite-related hydrothermal deposit (as high as 9.55 wt.%, [17]) in France. Previous studies have shown that elements incorporated during initial uraninite formation substituting for U (Th, Y, REE) also include Fe (eg. Cigar Lake unconformity-related deposit in Canada, ca. 0.2 wt.%, [19]) and Si (e.g., Ike Tabular deposit in America, ca. 1.5 wt.%, [74]). This may be confirmed by negative correlations between UO2 and FeO (correlation coefficient = −0.58) for the Xiaohuacha uraninite-A, and UO2 and SiO2 (−0.69) for the Chenjiazhuang uraninite-A (Table 3). Accordingly, the incorporation of Ca, Fe, and Si into the uraninite lattice is controlled by both alteration degree and element availability.




6.3. Episodic Hydrothermal Alterations of Uraninite


Coffinite aggregates riming the uraninite (Figure 2a,j–l) and coffinite veinlets developed close to uraninite (Figure 2j,l) suggest nucleation on to the periphery of the uraninite grain or nearby (i.e., coffinitization). Both U4+ and Th4+ are soluble at high-T magmatic environments. Despite low solubility of U4+ in low-T fluids, U6+ is more soluble in under oxidizing conditions. However, by virtue of the low solubility of Th4+ (only valence state) in hydrothermal fluids, Th4+ is essentially immobile in hydrothermal environments [13,76]. Therefore, uraninites precipitated from hydrothermal fluid is depleted in Th4+, while those crystallized from magma or magmatic fluid is typically high in Th4+. Unlike uraninite-A with high ThO2 contents, uraninite-B contains much lower levels of ThO2 but similar PbO contents (Figure 5a,c). Accordingly, the integration of microtexture and chemical data of uranium minerals suggest that episodic hydrothermal alterations of primary magmatic uraninite-A are responsible for the formation of uraninite-B and coffinite.



An alteration mechanism involving coupled dissolution–reprecipitation reaction is suggested for the uraninite-B formation. The reaction was initiated by interaction between early magmatic uraninite-A and medium-T (250–450 °C) hydrothermal fluid, resulting in local dissolution, decoupling of U from Th, and in situ filling of dissolved regions by second uraninite-B containing little Th and elevated U and Y. Micro-fractures permit the ingress of such a hydrothermal fluid into uraninite. The leached Th leaving the system may form thorite at 200–400 °C (cf. [10]). The petrographic evidence also supports a mechanism of dissolution of pre-existing uraninite and reprecipitation of secondary coffinite. Uranium released from uraninite does not appear to migrate over long distances but crystallize in the vicinity. The formation of coffinite is generally considered as related to a decrease of fO2 resulting from the interaction of soluble uranyl (UO2)2+ ions in a Si-rich hydrothermal fluid with reducing agent (e.g., organic matter or sulfides, [77,78]). The fluid-induced leaching and dissolution of precursor uraninite have enriched the fluid in U. This process involves oxidative dissolution to more soluble (UO2)2+ due to fluid radiolysis, release of excess oxygen during dissolution [9,13], and increasing fO2 through closed-system magma evolution. The close association of coffinite and calcite (Figure 2a,g,k) suggests that dissolved U was transported as stable carbonate complexes at low-T [79]. Note that the replacements of uraninite by coffinite were commonly observed at contacts with pyrite (Figure 2g,k,l), indicating that pyrite may act as reductant [76,80]. Reprecipitation of the necessary elements needed for coffinite under reducing, local disequilibrium (supersaturation) conditions favors the formation of coffinite near the pyrite [6,9,56]. Such a later CO2-rich fluid should also contain high silica activity to precipitate coffinite rather than uraninite [19]. A conversion from the uraninite to second coffinite is marked by an increase of Si and Ca coupled with a decrease of U and Pb (Figure 7).




6.4. Uranium Circulation in the Uraniferous Province


Uraninite and coffinite are the main carriers of U in the Shangdan uraniferous province. Geochronological, petrographic, and microanalytical observations provide evidence for an interpretation of magmatic mineralization for the uraniferious pegmatites. Several lines of evidence in favor of formation of uraninite-B and coffinite are associated with late-stage hydrothermal U-events, including: (1) uranium minerals in close association (Figure 2), implying that coffinite and uraninite-B formed as a consequence of remobilization of U from the magmatic uraninite-A; (2) The presence of Th in low amounts of uraninite-B reflecting low crystallization temperature compared to uraninite-A (Figure 5f); (3) coffinitization occurring on the periphery of uraninite, pointing to late saturation of coffinite after uraninite; and (4) Coffinite with lower PbO contents compared to uraninite-A and uraninite-B, suggesting that coffinite with little radioactive decay postdates uraninite [10].



The crystallization sequence of U minerals represents three discrete magmatic and hydrothermal events. High-T (450–607 °C) precipitation of uraninite-A represents a primary U mineralizing event (ca. 407–415 Ma) associated with hydrous silicate melt, which can be interpreted as the first stage of U circulation in the Shangdan uraniferous province. On the U/Th vs. ThO2 binary diagram (Figure 5f), uraninite-A of the Chenjiazhuang, Xiaohuacha, and Guangshigou biotite pegmatites plots on a continuous trend, indicating a magmatic fractionation trend and precipitation at the magmatic stage. Of particular note is higher crystallization temperature for the Xiaohuacha uraninite-A (as indicated by lower U/Th ratios) than the Guangshigou and Chenjiazhuang uraninite-A, suggesting episodic injection and different emplacement depth of pegmatitic magma. The transformation of primary uraninite-A to secondary uraninite-B represents a hydrothermal event of U remobilization. This process reflects that newly formed uraninite-B reprecipitated from in situ dissolution of the primary mineralization, resulting in the leaching of Th from the uraninite-A to hydrothermal fluids. Such a Th-rich fluid is responsible for the precipitation of thorite in the vicinity of uraninite (Figure 4i). Thus, during the medium-T (250–450 °C) alteration in the Late Devonian, the local replacement of primary uraninite-A by secondary uraninite-B, companied with thorite precipitation, could have been the second stage of U circulation. Coffinite reprecipitated as a later hydrothermal event of U remobilization, involving the infiltration and dissolution of pre-existing uraninite by CO2- and SiO2-rich fluids, and subsequent reprecipitation of the released U under reducing conditions. Accordingly, during the low-T (100–140 °C) alteration stage, the replacement of uraninite by secondary coffinite and formation of coffinite veinlets in association with calcite and pyrite indicate the third stage of U circulation in the uraniferous province.





7. Conclusions


Integrating the study of petrographic observation, U mineral chemistry, ID-TIMS U-Pb dating, and chemical dating, together with previously published data, on the Chenjiazhuang, Xiaohuacha, and Guangshigou biotite pegmatites in the Shangdan uraniferous province lead us to the following conclusions:



(1) The 206Pb/208U weighted mean age of 406.8 ± 0.5 Ma obtained by ID-TIMS is in line with the calculated U-Th-Pb chemical ages with prominent peaks at 400–420 Ma. Considering local Pb-loss for uraninite which is formed later than zircons, it can be inferred that the timing of U mineralization is constrained in the Early Devonian (ca. 407–415 Ma).



(2) Based on microtextural relationship and chemical composition variation, three distinct generations of U minerals have been identified: uaninite-A (high Th-low U-variable Y group), uranite-B (low Th-high U, Y group), and coffinite (high Si, Ca-low U, Pb group).



(3) As the main magmatic carriers of U, uraninite-A display chemical characteristics typical of high-T (450–607 °C) magmatic uraninite, which were affected by two superimposed hydrothermal episodes. The local medium-T (250–450 °C) hydrothermal alteration involved the in situ replacement of primary uraninite-A by secondary uraninite-B, companied with thorite precipitation. The low-T (100–140 °C) hydrothermal alteration involved the replacement of pre-existing uraninite by secondary coffinite and formation of coffinite veinlets in association with calcite and pyrite.



(4) The uraniferous province witnessed a three-stage circulation of U in the pegmatitic system leading to primary mineralization–remobilization–reprecipitation: first, U derived from the hydrous silicate melt was precipitated as primary uraninite-A, representing early-stage magmatic U mineralization; then, U derived from the medium-T hydrothermal alteration of primary uraninite-A by U-Y-bearing fluid and coprecipitated with Y to form second uraninite-B, representing a second-stage U recycle by in situ dissolve and reprecipitation processes; finally, U derived from the low-T hydrothermal alteration of pre-existing uraninite by CO2- and SiO2-rich fluids and interacted with pyrite, leading to a conversion of uraninite to secondary coffinite and representing a third-stage U recycle by dissolve and reprecipitation processes.
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Figure 1. (a) Geotectonic units of China (modified after [33]). (b) Geological sketch map of the Qinling–Dable–Sulu orogen (modified after [34]). (c) Regional geological map of the Shangdan uraniferous province in the North Qinling orogenic belt (modified after [21]), showing the locations of pegmatite-type U deposits which are composed of the large-sized Xiaohuacha and Guangshigou deposits (>3000 t, U metal), the medium-sized Chenjiazhuang and Zhifanggou deposit (1000–3000 t, U metal), and the small-sized Shibangou deposit (<1000 t, U metal). 
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Figure 2. Representative photomicrographs (a through c) and back-scattered electron (BSE) images (d through l) showing modes of occurrence of uraninite and coffinite from the Chenjiazhuang, Xiaohuacha, and Guangshigou biotite pegmatites. (a), (b), and (c) Microphotograph under reflected light images show the intergrowths of euhedral-subhedral uraninite with aggregated laths of biotite and uraninite occurring as inclusion within a host quartz and (perthitic) microcline in close association with biotite for the Chenjiazhuang, Guangshigou, and Xiaohuacha pegmatites, respectively; (d) galena, quartz, biotite, and calcite are present in the form of inclusions within the uraninite grain (Chenjiazhuang pegmatite, BSE image); (e) monazite occurs in close paragenesis with uraninite, and xenotime occurs in the fracture of uraninite (Xiaohuacha pegmatite, BSE image); (f) euhedral zircon clusters can be observed within the uraninite grain (Chenjiazhuang pegmatite, BSE image), suggesting zircon pre-dates uraninite; (g) an association of calcite, coffinite, galena, and pyrite is embedded in the uraninite grain (Guangshigou pegmatite, BSE image); (h) aureole of radiating-fibrous pyrite around uraninite is contained in the oligoclase host (Xiaohuacha pegmatite, BSE image); (i) uraninite grain boundary is embayed and filled with an association of apatite, thorite, biotite, and calcite (Xiaohuacha pegmatite, BSE image); (j) nodular coffinites rimming uraninite in a matrix of quartz and microcline, are in close association with pyrite (Xiaohuacha pegmatite, BSE image); (k) coffinite nucleate in the edges of uraninite and pyrite (Guangshigou pegmatite, BSE image); (l) coffinite aggregates occur as alteration rind at the peripheries of uraninite and veinlets in close proximity to uraninite (Chenjiazhuang pegmatite, BSE image). Mineral abbreviations: Bt—biotite; Ms—muscovite; Qtz—quartz; Mc—microcline; Pr—perthite; Olg—oligoclase; Ur—uraninite; Cof—coffinite; Thr—thorite; Gn—galena; Mo—molybdenite; Py—pyrite; Ilm—ilmenite; Hem—hematite; Rt—rutile; Zrn—zircon; Mnz—monazite; Ap—apatite; Xtm—xenotime; Cal—calcite. 






Figure 2. Representative photomicrographs (a through c) and back-scattered electron (BSE) images (d through l) showing modes of occurrence of uraninite and coffinite from the Chenjiazhuang, Xiaohuacha, and Guangshigou biotite pegmatites. (a), (b), and (c) Microphotograph under reflected light images show the intergrowths of euhedral-subhedral uraninite with aggregated laths of biotite and uraninite occurring as inclusion within a host quartz and (perthitic) microcline in close association with biotite for the Chenjiazhuang, Guangshigou, and Xiaohuacha pegmatites, respectively; (d) galena, quartz, biotite, and calcite are present in the form of inclusions within the uraninite grain (Chenjiazhuang pegmatite, BSE image); (e) monazite occurs in close paragenesis with uraninite, and xenotime occurs in the fracture of uraninite (Xiaohuacha pegmatite, BSE image); (f) euhedral zircon clusters can be observed within the uraninite grain (Chenjiazhuang pegmatite, BSE image), suggesting zircon pre-dates uraninite; (g) an association of calcite, coffinite, galena, and pyrite is embedded in the uraninite grain (Guangshigou pegmatite, BSE image); (h) aureole of radiating-fibrous pyrite around uraninite is contained in the oligoclase host (Xiaohuacha pegmatite, BSE image); (i) uraninite grain boundary is embayed and filled with an association of apatite, thorite, biotite, and calcite (Xiaohuacha pegmatite, BSE image); (j) nodular coffinites rimming uraninite in a matrix of quartz and microcline, are in close association with pyrite (Xiaohuacha pegmatite, BSE image); (k) coffinite nucleate in the edges of uraninite and pyrite (Guangshigou pegmatite, BSE image); (l) coffinite aggregates occur as alteration rind at the peripheries of uraninite and veinlets in close proximity to uraninite (Chenjiazhuang pegmatite, BSE image). Mineral abbreviations: Bt—biotite; Ms—muscovite; Qtz—quartz; Mc—microcline; Pr—perthite; Olg—oligoclase; Ur—uraninite; Cof—coffinite; Thr—thorite; Gn—galena; Mo—molybdenite; Py—pyrite; Ilm—ilmenite; Hem—hematite; Rt—rutile; Zrn—zircon; Mnz—monazite; Ap—apatite; Xtm—xenotime; Cal—calcite.



[image: Minerals 09 00552 g002]







[image: Minerals 09 00552 g003 550] 





Figure 3. Paragenetic sequence diagram for mineral assemblages in the Chenjiazhuang, Xiaohuacha, and Guangshigou biotite pegmatites. The widths of lines indicate relative abundances of minerals. Dashed lines show minor and trace phases. 
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Figure 4. U-Pb concordia diagram (a) and weighted diagram (b) for isotope dilution thermal ionization mass spectrometry (ID-TIMS) uraninite analyses from the Chenjiazhuang biotite pegmatite. 
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Figure 5. Binary diagrams of (a) ThO2 (wt.%) vs. UO2 (wt.%); (b) Y2O3 (wt.%) vs. UO2 (wt.%); (c) PbO (wt.%) vs. UO2 (wt.%); (d) ∑SiO2 + CaO + FeO (wt.%) vs. chemical age (Ma); (e) Na2O (wt.%) vs. UO2 (wt.%); and (f) U/Th atomic ratio vs. ThO2 (wt.%) showing chemical composition of the uraninite and coffinite. 
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Figure 6. Histogram showing statistically age peaks for the uraninites from the Chenjiazhuang, Xiaohuacha, and Guangshigou biotite pegmatites in the uraniferous province. 
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Figure 7. Ternary diagram of Si-Ca-Pb for uraninite and coffinite. Note that the two trends shown by the arrows indicate an overall Pb-loss and Ca and Si gain during coffinitization. 
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Table 1. Isotope dilution thermal ionization mass spectrometry (ID-TIMS) uraninite U-Pb isotopic data for the Chenjiazhuang biotite pegmatite.
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Fraction

	
Weight

(mg)

	
Concentrations

	
Isotopic Ratios

	
Apparent Age (Ma)




	
U (wt.%)

	
Pb (wt.%)

	
206Pb/204Pb

	
Err

(wt.%)

	
206Pb/238U

	
Err

(wt.%)

	
207Pb/235U

	
Err

(wt.%)

	
207Pb/206Pb

	
Err

(wt.%)

	
206Pb/238U

	
±1σ

	
207Pb/235U

	
±1σ






	
CJZ-1-1

	
70

	
78.76

	
4.73

	
8073

	
0.04

	
0.06510

	
0.17

	
0.4933

	
0.17

	
0.0549

	
0.05

	
406.6

	
0.7

	
407.1

	
0.7




	
CJZ-1-2

	
70

	
82.26

	
4.89

	
46719

	
0.09

	
0.06478

	
0.42

	
0.4905

	
0.42

	
0.0549

	
0.02

	
404.6

	
1.7

	
405.2

	
1.7




	
CJZ-1-3

	
100

	
88.09

	
5.27

	
138375

	
0.17

	
0.06530

	
0.44

	
0.4944

	
0.44

	
0.0549

	
0.02

	
407.8

	
1.8

	
407.9

	
1.8
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Table 2. Chemical data of uraninite and coffinite and calculated chemical ages of uraninite from the Chenjiazhuang and Xiaohuacha biotite pegmatites in the uraniferous province.
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NO.

	
SiO2

	
CaO

	
Al2O3

	
FeO

	
MgO

	
Na2O

	
MnO

	
TiO2

	
ThO2

	
UO2

	
PbO

	
Y2O3

	
Ce2O3

	
Total

	
Chemical Age (Ma)






	
Chenjiazhuang biotite pegmatite (uraninite)




	
1

	
0.09

	
0.22

	
0.00

	
0.00

	
0.02

	
0.09

	
0.00

	
0.00

	
2.54

	
86.73

	
4.68

	
0.99

	
0.13

	
95.53

	
388




	
2

	
0.12

	
0.14

	
0.00

	
0.05

	
0.00

	
0.08

	
0.00

	
0.00

	
2.55

	
86.25

	
4.56

	
0.97

	
0.11

	
94.91

	
380




	
3

	
0.83

	
0.47

	
0.00

	
0.00

	
0.01

	
0.07

	
0.00

	
0.00

	
2.43

	
83.60

	
4.63

	
0.98

	
0.11

	
93.20

	
398




	
4

	
0.06

	
0.03

	
0.02

	
0.02

	
0.00

	
0.17

	
0.03

	
0.00

	
2.63

	
88.43

	
4.54

	
0.51

	
0.14

	
96.65

	
370




	
5

	
0.10

	
0.24

	
0.00

	
0.00

	
0.01

	
0.09

	
0.02

	
0.02

	
2.74

	
86.62

	
4.33

	
1.20

	
0.23

	
95.88

	
360




	
6

	
0.00

	
0.23

	
0.00

	
0.06

	
0.03

	
0.09

	
0.00

	
0.00

	
2.73

	
85.72

	
4.85

	
1.07

	
0.20

	
95.22

	
406




	
7

	
0.00

	
0.19

	
0.00

	
0.01

	
0.03

	
0.18

	
0.02

	
0.00

	
2.33

	
87.43

	
4.77

	
0.74

	
0.18

	
95.97

	
392




	
8

	
0.33

	
0.28

	
0.00

	
0.01

	
0.02

	
0.08

	
0.00

	
0.00

	
2.44

	
83.74

	
5.43

	
0.89

	
0.23

	
93.51

	
463




	
9

	
0.27

	
0.09

	
0.00

	
0.04

	
0.01

	
0.12

	
0.04

	
0.00

	
2.42

	
84.42

	
5.42

	
0.87

	
0.13

	
93.95

	
458




	
10

	
0.33

	
0.26

	
0.00

	
0.07

	
0.01

	
0.08

	
0.02

	
0.04

	
2.32

	
83.62

	
5.65

	
1.03

	
0.30

	
93.92

	
482




	
11

	
0.09

	
0.07

	
0.00

	
0.03

	
0.02

	
0.08

	
0.02

	
0.00

	
3.43

	
83.62

	
4.72

	
1.01

	
0.17

	
93.35

	
404




	
12

	
0.08

	
0.17

	
0.12

	
0.05

	
0.01

	
0.06

	
0.00

	
0.00

	
2.65

	
85.32

	
4.72

	
0.88

	
0.10

	
94.38

	
397




	
13

	
0.51

	
0.37

	
0.01

	
0.27

	
0.00

	
0.04

	
0.02

	
0.00

	
2.64

	
83.64

	
4.82

	
0.80

	
0.26

	
93.46

	
413




	
14

	
0.59

	
0.53

	
0.00

	
0.03

	
0.00

	
0.10

	
0.00

	
0.00

	
2.85

	
82.88

	
4.74

	
0.90

	
0.26

	
93.02

	
410




	
15

	
0.12

	
0.14

	
0.08

	
0.08

	
0.03

	
0.05

	
0.02

	
0.00

	
2.85

	
84.65

	
4.84

	
0.92

	
0.16

	
94.26

	
410




	
16

	
0.73

	
0.48

	
0.00

	
0.06

	
0.01

	
0.10

	
0.00

	
0.00

	
2.75

	
83.63

	
4.89

	
1.06

	
0.26

	
93.04

	
419




	
17

	
0.54

	
0.48

	
0.00

	
0.07

	
0.00

	
0.04

	
0.00

	
0.00

	
2.72

	
87.25

	
4.84

	
1.02

	
0.17

	
96.14

	
398




	
18

	
0.90

	
0.76

	
0.00

	
0.03

	
0.02

	
0.04

	
0.00

	
0.00

	
2.86

	
83.32

	
4.82

	
1.19

	
0.35

	
93.46

	
414




	
19

	
0.00

	
0.13

	
0.00

	
0.00

	
0.02

	
0.13

	
0.00

	
0.00

	
2.98

	
86.72

	
4.55

	
0.67

	
0.13

	
95.44

	
377




	
20

	
0.22

	
0.19

	
0.00

	
0.21

	
0.02

	
0.07

	
0.00

	
0.00

	
3.24

	
84.42

	
4.72

	
0.80

	
0.14

	
94.03

	
400




	
21

	
0.28

	
0.19

	
0.00

	
0.09

	
0.04

	
0.07

	
0.00

	
0.04

	
2.78

	
84.53

	
4.85

	
0.62

	
0.20

	
93.69

	
411




	
22

	
0.00

	
0.08

	
0.00

	
0.05

	
0.02

	
0.10

	
0.05

	
0.00

	
2.82

	
87.02

	
4.46

	
0.70

	
0.16

	
95.46

	
369




	
23

	
0.01

	
0.09

	
0.00

	
0.00

	
0.02

	
0.09

	
0.03

	
0.00

	
2.54

	
86.72

	
4.63

	
0.97

	
0.10

	
95.20

	
384




	
24

	
0.12

	
0.07

	
0.00

	
0.06

	
0.02

	
0.09

	
0.00

	
0.00

	
3.02

	
85.70

	
4.66

	
0.78

	
0.20

	
94.72

	
390




	
25

	
0.05

	
0.28

	
0.00

	
0.01

	
0.02

	
0.14

	
0.02

	
0.00

	
2.72

	
87.62

	
4.73

	
0.73

	
0.19

	
96.51

	
388




	
26

	
0.03

	
0.20

	
0.00

	
0.00

	
0.02

	
0.09

	
0.00

	
0.00

	
2.82

	
88.01

	
4.62

	
0.60

	
0.10

	
96.49

	
377




	
27

	
0.14

	
0.26

	
0.00

	
0.11

	
0.00

	
0.08

	
0.00

	
0.01

	
2.54

	
85.65

	
4.54

	
0.96

	
0.10

	
94.39

	
381




	
28

	
0.07

	
0.17

	
0.00

	
0.63

	
0.03

	
0.13

	
0.03

	
0.00

	
2.75

	
84.65

	
4.78

	
0.85

	
0.22

	
94.31

	
405




	
29

	
0.01

	
0.22

	
0.00

	
0.03

	
0.02

	
0.11

	
0.00

	
0.04

	
2.72

	
86.53

	
4.86

	
1.04

	
0.24

	
95.82

	
403




	
30

	
0.00

	
0.27

	
0.00

	
0.03

	
0.02

	
0.11

	
0.00

	
0.00

	
2.82

	
87.66

	
4.64

	
0.89

	
0.13

	
96.57

	
381




	
31

	
0.05

	
0.41

	
0.00

	
0.07

	
0.00

	
0.08

	
0.03

	
0.00
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Table 3. Correlation diagram for the analyzed uraninite from the Chenjiazhuang and Xiaohuacha biotite pegmatites in the uraniferous province.
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The Spearman Rank correlation coefficient is shown in the correlation diagram.
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