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Abstract

:

The Mangbang Formation in the Hanbazhai area is part of the uranium ore field in the Longchuanjiang Basin, China. Uraniferous sandstones from this formation are examined in this study. The type and mode of occurrence of uranium are investigated in detail using an experiment for the sequential extraction of uranium, as well as an electron probe, scanning electron microscopy, and energy spectrum analyses. The sequential extraction experiment indicates that the proportion of uranium minerals is significantly greater than that of the adsorbed uranium in the samples, with the latter being largely present in framboidal pyrites and clay minerals. The results show that these uranium minerals are mainly composed of coffinite and uranium phosphosilicates, which closely coexist with framboidal pyrites, carbon debris, feldspar minerals, and clay minerals. The discovery of coffinite and uranium phosphosilicates is discussed in context with their symbiotic relationship and geochemical environment. Uraniferous sandstones are considered to have undergone at least two stages of mineralization: the sedimentary–diagenetic stage and the later uranium enrichment by fluid. The geochemical environment of the sedimentary–diagenetic stage is generally a sulfide-reducing environment, and the later fluids are rich in U, Si, P, and Y.






Keywords:


Longchuanjiang Basin; sandstone-hosted uranium deposit; uranium occurrence state; Hanbazhai area; uranium mineralization












1. Introduction


Research on the uranium occurrence state can help to form systematic knowledge not only of the metallogenic process and uranium enrichment mechanism but also of the benefits and metallurgical technology of uranium mining [1]. There are four principal mechanisms accounting for uranium precipitation and fixation in sediments: reduction of uranyl ions to uranous ions; precipitation of insoluble uranyl compounds; absorption on material; and substitution for other elements with similar ionic radii and charges [2]. Uranium ore deposits with organic matter-rich sediments have been identified and occur in lignite with low maturity [3,4,5,6,7,8]. Previous research has revealed the mechanism for uranium sorption to lignite surfaces in reducing environments [9,10,11,12]. A variety of minerals and related phases, including clays, display these same adsorption phenomena [13,14], but the adsorption ability of uranium in clay in the oxidation zone often seems to be larger than that in the reducing area [15,16,17,18]. Additionally, uranium (VI) under reducing conditions can form uranium (IV) species, which are often uraninite and coffinite, and can also coprecipitate with framboids of pyrite and carbonate or phosphate minerals [19,20,21]. With the development of analytical techniques and methodology, the co-occurrence between uranium and other minerals in sandstone-type uranium ore has been evaluated in considerable detail.



Studies of uranium occurrence states in China have mainly focused on Mesozoic to Cenozoic sandstone-type uranium deposits belonging to northern continental sedimentary basins, such as the Ordos Basin and the Erlian Basin [1,22]. The uranium deposit characteristics in the Hanbazhai area of the Longchuanjiang Basin, South China, have not previously been subject to comprehensive examination. Therefore, energy-dispersive spectrometry (EDS), scanning electron microscopy (SEM), electron probe microanalysis (EPMA), and a sequential extraction procedure are used to (1) identify the degree and occurrence state of uranium enrichment; and (2) probe the mechanism for uranium remobilization, migration and mineralization of the newly obtained uranium ore bodies in the area.




2. Geological Setting


2.1. The Longchuanjiang Basin


The basin is in the Cenozoic basin of the continental borderland in the active Tengchong zone, which is situated in the eastern suture line of Gondwana and the Yangtze plate, and the basin is one of the essential parts of the east Tethyan belt [23]. Tens of small Cenozoic basins are similar to the Longchuanjiang Basin, they have the same geological structural settings, and they are dispersedly distributed in western Yunnan. The basin is one of the essential in situ leachable uranium deposit zones in China, and it possesses multiple uranium deposits, such as No. 381, No. 382, and No. 506. As early as 1987, a uranium extraction test by in situ leaching was carried out successfully in the No. 381 uranium deposit.



The Longchuanjiang Basin is approximately 110 km long from north to south and 0.6–9 km wide from east to west, with an area of approximately 700 square km and a relative elevation difference of 300–500 meters, and it has river valleys and hills as its geomorphology [24]. The basin is an asymmetrical graben controlled by a basement fault. The eastern margin and basement of the basin are mainly deep metamorphic rocks of the Mesoproterozoic Gaoligongshan Group (Pt2gl). The lithologies of the rocks are feldspathic schist, gneiss and banded migmatite. Medium- to coarse-grained biotite granite is exposed in the western margin and is associated with extensional fault structures and alteration of the late Yanshanian and Himalayan movements. Carboniferous dolomitic limestone and quartz schist are also sporadically exposed in the basin. The Longchuanjiang Basin contains Cenozoic clastic sediments. During the Paleogene to Neogene, the Nanlin and Mangbang (N2m) Formations were deposited due to extensive subsidence, resulting in mainly terrigenous and volcaniclastic rocks [25] (Figure 1).



Most of the uranium deposits in the Longchuanjiang Basin are in the western gentle slope belt of the margin. Uranium ore bodies occur in the alluvial fan sedimentary system sandstone of the Neogene Mangbang (N2m) Formation. The ore bodies show shallow burial depths, generally 0–250 m, and take stratoid or lentoid forms. The ore bodies are in a stable aquifer in the groundwater runoff area of the basin. These aquifers have thicknesses of 10–60 m and permeability coefficients of 0.06–0.85 m/d. At the top and bottom of uranium ore bodies, there are more stable confining beds. Based on the previous study of the ore-forming age and diagenetic time, most sandstone-type uranium deposits in the basin are classic epigenetic ores.




2.2. The Hanbazhai Uranium Deposit


The newly discovered deposit is in the southeastern Longchuanjiang Basin, where the ore body displays a northwest-dipping monocline. We designate the new ore body as No. I. To the southeast, the new deposit borders the No. 506 deposit and was discovered by the China National Nuclear Corporation.



The No. I ore body occurs in the lower member of the Neogene Mangbang (N2m) Formation within the alluvial fan body, which has been drilled by seven drilling projects. The lithologies of mineralized rocks are conglomeratic sandstone and sandy conglomerate. The ore body area is approximately 1.5 square kilometers. The specific features of the No. I ore body are burial depths between 40 and 180 m and bedded or nearly bedded shapes. The occurrence of the ore body is consistent with the occurrence of the rock layer, which has a strike angle of 305°, dip direction angle of 35° and dip angle between 0 and 15°. The average thickness of the ore body is 4.51 m, the maximum thickness is 6.50 m, and the minimum thickness is 0.65 m. We use the lowest grade, which reaches 0.01%, as an estimation standard. The average ore quality of the ore body is 0.0168%, and the highest grade reaches 0.0803%. The ore body becomes thinner towards the northwestern part of the basin and mostly appears in the lower part of carbonaceous fine sandstone and conglomeratic siltstone. The grade and thickness of the ore body show a positive correlation with the thickness of the carbonaceous layer above the ore body.



The No. I ore-bearing strata are different from the known deposits in this basin. An alluvial fan–fan delta–lake sedimentary system mainly developed in the critical geological survey area. Taking cores from the No. 40ZK28 borehole (Figure 2) as a typical case, the ore-bearing strata are always the conglomeratic braided river facies and are characterized by channel subfacies. Previous studies have shown that the ore-bearing strata of the No. 506 borehole mainly contain debris flow facies at the base of the alluvial fan deposit, while the uranium deposits in the western part of the basin occur in the fan delta distributary channel sediment.





3. Samples and Analytical Methods


3.1. Samples


Nineteen mineralized uranium samples in this paper were collected from seven drill holes in the lower segment of the Mangbang Formation in the Hanbazhai uranium deposit and then made into polished thin sections to identify rock textures and mineral assemblages. The samples’ properties and measured features are shown in Table 1. The characteristic photographs of thin sections under optical microscopy are shown in Figure 3.



3.1.1. Sandy Conglomerate


The sandy conglomerate has a massive structure and matrix support textures. Its debris grains have poor abrasion and sorting and are subangular–subrounded. The proportion of gravel-sized debris in sandy conglomerate accounts for 70% to 75%, the particle sizes are generally 3–5 mm, and the lithologies are siliceous rocks, schist, granulite, and sericite phyllite. The proportion of sandy debris in sandy conglomerate accounts for 15% to 20%, and the particle sizes are generally 0.1–0.25 mm, with components of single-crystal quartz, potassium feldspar, plagioclase, and rock debris. The interstitial material is composed of clay minerals with contents of less than 5%, which results in a fine-scale cryptocrystalline texture. The appearances show that iron has impregnated clay minerals, giving the rock its particular brown color.




3.1.2. Sandstone


The lithology of ore-bearing sandstone is mainly conglomeratic sandstone, and the other lithologies are conglomeratic argillaceous sandstone and carbonaceous sandstone. The gravel contents in pebbly tuffaceous sandstone account for 10% to 20%, and the maximum particle size is up to 5.5 mm, with the lithologies being gneiss, phyllite, siliceous rocks, and sericite metamorphic tuff. The proportion of single-crystal quartz in sandy-size debris accounts for 15% to 20%, feldspar minerals account for 2% to 4.8%, micaceous minerals account for 2.4% to 7.9%, and rock debris accounts for 28% to 49.4% and is dominated by metamorphic debris. The main substance of interstitial material is volcanic ash, whose rock alterations include kaolinization and hydromicazation.



The proportion of heavy minerals is less than 1%, and the minerals are garnet, epidote, tourmaline, monazite, zircon, apatite, etc. The ratio of carbonized plant or organic detritus is less than 0.5%, and the distribution is far from uniform.





3.2. Analytical Methods


3.2.1. Optical Microscopy


Optical microscopy (instrument model: Olympus-BX53, which made in Japen; testing environment: indoor temperature of 21 °C; relative humidity of 68%) was used in transmitted and reflected light modes for sample petrographic/mineralogical study, which was carried out at the Key Laboratory for Sedimentary Basin and Oil and Gas Resources, MLR, China.




3.2.2. EDS and SEM


Scanning electron microscopy (SEM) equipped with an energy-dispersive spectrometer (EDS) was conducted at the Analytical Laboratory, China National Nuclear Corporation (CNNC) Beijing Research Institute of Uranium Geology, and was used to identify the shapes and compositions of the main uranium-bearing phases and establish mineral paragenesis. The instrument model was a Nova Nano SEM450. The operating condition for the SEM was a 15 kV accelerating voltage.




3.2.3. EPMA


In situ EPMA with wave spectrum analysis was conducted at the Analytical Laboratory, CNNC Beijing Research Institute of Uranium Geology, to analyze the elemental composition of uranium minerals. A HEOL JXA-8100 electron microprobe was used at an acceleration voltage of 20 kV, with a beam current of 1 × 10−8 A, a beam spot diameter of 1 μm and an exit angle of 40°. The calibration was made against natural and synthetic oxides or alloys.




3.2.4. Chemical Sequential Extraction Experiment


Tessier method sequential extraction procedures were used to fractionate the uranium in the samples into five geochemical phases and detect the elemental content in each of the following stages: water-soluble, weak acid-extractable, reducible, oxidable, and residual states [26]. The experimental procedures were analogous to those described in the literature [27,28,29] (Table 2). The chemical sequential extraction experiment was conducted at the Analytical Laboratory, CNNC Beijing Research Institute of Uranium Geology, using a high-resolution–inductively coupled plasma–mass spectrometry (HR–ICP–MS) test method. The testing environment was as follows: the indoor temperature was 21.7 °C, and the relative humidity was 43.8%.






4. Results


4.1. Characteristics of the Uranium Contents in Each Geochemical Phase


An HR–ICP–MS test method was used to determine the U contents of six samples by a chemical sequential extraction experiment and by dissolution in a one-step experiment. The results are shown in Table 3. Overall, the analysis comes to three conclusions: (1) there is no significant difference in the total U contents obtained by the two methods; (2) the contents of uranium in or between the samples show noticeable differences; and (3) the ratio of each U speciation content (the average value) to the total U content (sequential extraction) shows that the residual state (55.59%) > the weak acid-extractable state (21.05%) > the oxidable state (18.67%) > the reducible state (3.77%) > the water-soluble state (0.82%).



For the water-soluble state, the metallic ions through adsorption and outer-sphere complexation reactions were non-specifically adsorbed onto the sediment surface and were quickly pulled out by ion exchange with water. As shown in Figure 4 and Table 3, the proportion of uranium in the water-soluble state was very small, which suggested that only a small amount of uranium was adsorbed on the surfaces of clay minerals through diffusion.



The elemental uranium in the weak acid-extractable state was sensitive to pH changes and always occurred in carbonate minerals formed by precipitation or coprecipitation, such as calcite and dolomite, which were extracted with acetic acid; this extraction generally does not destroy iron and manganese oxides or organic matter in the sample [1]. As shown in Figure 4 and Table 3, uranium in the weak acid-extractable state accounted for a high proportion of these samples from borehole 40ZK28, and the ratios of other samples were between 9% and 18%.



In the reducible state, elemental uranium was held in iron oxyhydroxide or manganese oxide by a strong binding force and could be extracted by hydroxylamine hydrochloride solution. The results showed that the uranium in the reducible state accounted for very low amounts, all of which were less than 10%.



In the oxidizable state, elemental uranium was bonded to the organic active groups by adsorption, encapsulation and chelation or adsorbed onto the sulfide particles, which were extracted with hydrogen peroxide solution. Uranium in the weak acid-extractable state accounted for a low proportion in sample 50ZK28-55, but the other samples showed a high level, up to 62.64%, as shown in Figure 4 and Table 3. It was revealed that uranium is closely related to organics and pyrite in this area.



In the residual state, elemental uranium exists in silicate and other stable mineral lattices, with a stable chemical nature, and can be extracted only in a strongly acidic environment. Uranium in the residual state accounted for a high proportion in sample 50ZK28-55, up to 82.93%, and the ratios of other samples were between 26.58% and 54.26%, as shown in Figure 4 and Table 3.



“Active uranium”, also known as “dynamic uranium”, refers to the part with certain migration activity that can be mined by a leaching agent, mainly including adsorbed uranium in the water-soluble state, the weak acid-extractable state, the reducible state, and the oxidable state. As shown in Table 3, the percentage of active uranium in the six samples in this study ranged from 17.07% to 73.24%.




4.2. Types of Uranium Minerals and Their Compositional Analysis


The spatial distribution of the compositional elements in the ore block samples was obtained by backscattering images (Figure 5) spot selection (Table 4) and map analyses (Figure 6, with EPMA. The results indicated that the uranium minerals in the Hanbazhai area were coffinite and uranium phosphosilicates, and the U-bearing minerals were thorite and xenotime [30]. Water is a ubiquitous molecule in uranium minerals [31,32,33,34]. Since the electron probe could not detect the characteristic X-rays of hydroxyl and carboxy groups, the total composition could not ultimately reach 100%, but it had no impact on the qualitative discrimination of uranium mineral species.




	(1)

	
As a common mineral, coffinite has shown a close relationship with sandstone-type uranium deposits but rarely appears in the analysis. The composition of coffinite was approximately 50.1%–60.59% UO2, 14.32%–17.78% SiO2, approximately 4.67%–6.92% P2O5, 1.92%–6.47% CaO, 0.1%–3.85% Al2O3, 0.32%–3.6% FeO and 1.02%–3.7% Y2O3, together with small amounts of K2O, Na2O, MgO, TiO2, SO3, ThO2 and rare earth elements (REEs). The average UO2 content was 55.40%, and SiO2 on average was 15.96%. The data and backscattering image results demonstrated that the contents of UO2 and SiO2 in coffinite were low and that impure elements varied widely, probably because coffinite particles were mostly at the submicron–micron level and coffinite is a metamict mineral that easily forms extremely dispersed uraninite and amorphous SiO2 [35], so the chemical composition of coffinite is susceptible to the effects of symbiotic minerals (quartz, pyrite, feldspar, and clay minerals).




	(2)

	
The composition of thorite was approximately 7.72%–8.79% UO2 and approximately 53.82%–54.32% ThO2, containing small amounts of La and Ce rare earth elements.




	(3)

	
According to the electron probe test data, the study sample probably contained uranium phosphosilicate minerals, which were first reported in the Dalmatovo deposit (West Ural, Russia), which is in an infiltrated buried valley [36]. The composition of this mineral was 9.66%–12.40% P2O5, 4.86%–7.18% CaO, 10.36%–12.51% SiO2, and up to 67.81% UO2, including almost no iron, which is frequently found in isomorphic varieties of ningyoite and, less commonly, coffinite.




	(4)

	
For monazite, the electron probe results showed that the ThO2 content was more than 4%, and the UO2 content was approximately 0.35%.










4.3. Microscopic Morphology and Symbiotic Relationship of Uranium Minerals


4.3.1. SEM Profiles of Uranium Minerals and Other Minerals


To examine the micromorphology and the spatial relationships of the dominant uranium mineral with other minerals, SEM was used to analyze the ore-bearing sandstones (Figure 5). The observed forms of uranium minerals are (1) uranium minerals associated with framboidal pyrites; (2) two different uranium minerals present together, identified based on electron microprobe data as coffinite and uranium phosphosilicates (Figure 7); (3) uranium minerals distributed along the fissures of feldspar minerals and found in clastic interstitial materials; (4) clay minerals that are closely associated with uranium minerals, and it is speculated that the clay minerals are altered by feldspar minerals; and (6) uranium minerals that formed in framboidal pyrite voids(Figure 5h,i).




4.3.2. Chemical Information of the Uranium Minerals


The study on the rocks in the mineralized section shows that there are U- and Th-rich xenotimes, with UO2 contents up to 15.59% and ThO2 contents up to 6.98%. To further explore the relationship between U and Y and Th, EDS area scans of relevant elements were performed (Figure 7). The results show that U is evenly dispersed in mineral particles and interstitial materials, which is consistent with the electron probe results. The spatial distributions of U and Y show obvious positive correlations but have little correlation with Th.






5. Discussion


Changes in the oxygen fugacity, pH value, pressure, temperature, and geochemical environment of the surrounding rock can cause uranium precipitation in magma or fluid systems. The reduction of U(6+) to U(4+) is one of the most important mechanisms leading to uranium precipitation [37]. Uranium reduction can occur through biological and abiotic processes. Biological processes reduce uranium mainly by reducing bacteria [38]. The metabolic activities of organic matter and bacteria reduce sulfate to produce hydrogen sulfide and then form metal sulfide. Hydrogen sulfide and Fe(2+) in sulfide are good reducing agents, which are conducive to the reduction and precipitation of uranium [39]. The U(4+) generated by biological process reduction does not always appear as UO2 but can form complexes with phosphate or carboxylic acid groups, such as CaU(PO4)2, U2O(PO4)2, and U2(PO4)(P3O10) [40], which have simple structures and are easily reoxidized and migrated [41]. Abiotic processes generally reduce and precipitate U(4+) by reacting with reducing agents in the fluid. Effective reducing agents include reducing gases, namely H2, CH4, CO, H2S and Fe(II), released from sulfides or biotite alteration [42,43,44].



5.1. Discussion on the Formation and Genesis of Uranium Minerals in the Study Area


The rock types and assemblage characteristics of host rocks show that the N2m formation in the study area is a set of rapidly deposited strata. The abundant feldspar minerals, volcanic ash, and cuttings in the rocks can provide rich material sources for uranium mineralization in the later stage [45]. The formation of sandstone-type uranium deposits in China is often characterized by multistage superposition and composite genesis [46]. The production characteristics of uranium minerals and their combination with pyrite and other minerals in the study area are diverse, which also shows the multistage formation characteristics of uranium minerals.



5.1.1. Enrichment of Primary Uranium Minerals in the Sedimentary–Diagenetic Stage


The analytical results in Figure 4 show that uranium in the residual state occupies a certain proportion in each sample and is the main component of sample 50ZK28-55. According to previous studies, residual uranium is the most essential component of primary uranium minerals in the sedimentary–diagenetic stage [47]. Figure 8 shows the primary uranium minerals embedded in the quartz particles in the section with ore detritus, indicating that the uranium-bearing detritus particles from the uranium-rich geological bodies in the source area can be rapidly deposited in the basin through transport, forming pre-enriched uranium in the uranium reservoir.




5.1.2. Geochemical Environment of the Sedimentary–Diagenetic Stage


Figure 6 shows that there are framboidal pyrites with different particle sizes in the uranium mineral enrichment area. The framboidal pyrites can be mainly divided into sedimentary and diagenetic types, with the former formed in sulfurized water and the latter formed in anoxic void water in sediments under oxidized or oxygen-poor water (Raiswell and Berner, 1985 [48]), and these pyrites are different in shape, particle size, and sulfur isotopes (Sawlowicz, 2000; Wei et al., 2016 [49,50]). The sedimentary framboidal pyrites have a tiny average particle size and little change in the particle size range (5.0 ± 1.7 µm), while these features are the opposite for diagenetic framboidal pyrites (7.7 ± 4.1 µm) [51,52,53]. It can be preliminarily determined that the framboidal pyrites in the uranium section are mainly in the sedimentary stage. Additionally, some scholars believe that framboidal pyrites were formed in the sulfate reduction stage of organic matter decomposition (Berner and Raiswell, 1983; Berner, 1984 [54,55]); therefore, it can be concluded that the geochemical environment of the study area during the depositional to diagenetic period was sulfide-reducing.




5.1.3. The Stage of Uranium Enrichment by Later Fluids


The metallogenic characteristics of sandstone-type uranium deposits are closely related to the properties of the later liquids. The process of convergence and mixing to the unloading of fluids with different properties is an essential mechanism for sandstone uranium mineralization. The U(6+) from the outlined source area that has been released in the sedimentary layer participates in uranium mineralization with the flow of oxygen-containing water. When the fluid migrates to the front line of the oxidation zone, U(6+) is reduced to U(4+) [56].



Coffinite is mainly formed in reducing and alkaline environments [57,58,59]. In terms of mineral composition, P and Y are relatively high in coffinite minerals in this area (Table 4). P-rich coffinite is identical to uranium phosphosilicates in terms of the element type (Figure 7). Some scholars have noted that P-rich coffinite may be a product of the evolution of ningyoite (a kind of uranium phosphosilicate) [60]. P-rich coffinite can also be formed in uranium-containing fluids, in which phosphorus- and silicon-rich and phosphate minerals can lead to the reduction of uranyl precipitation [61,62]. Phosphorus and uranium have strong complexation, and increasing the phosphate concentration strengthens the adsorption of iron minerals to uranium [63,64,65]. The abundance of phosphorus in uranium minerals is also considered favorable evidence for biomineralization [66,67]. When bacteria degrade organic matter, they can break the chemical bonds in organophosphate esters and release phosphorus [68]. In addition, in the process of bacterial sulfate reduction, bacterial activities can produce organic acids and other substances and reduce the environmental pH value, leading to the dissolution of apatite and other P-rich minerals [69,70].



There is no consensus on the origin of Y enrichment in uranium minerals. U4+ and Y3+ can undergo heterovalent homomorphic substitution. Ma [47] suggested that the formation of Y-rich coffinite may be related to the action of high-salinity hydrothermal fluid, while Toyoda [71] believed that the enrichment of Y is closely associated with biological phosphate. Regardless of what causes the enrichment of P and Y in coffinite, they all reflect the characteristics of abundant U, Si, P, and Y in the later fluids [72].




5.1.4. The Adsorption of Uranium


In sedimentary rocks, lignite has the strongest adsorption capacity for uranium, followed by phosphorite, limonite, and clay, while pure limestone and sandstone have the weakest adsorption capacity [73]. Feldspar, kaolinite, iron oxide, montmorillonite, and pyrite are also suitable adsorbents for uranium [74]. Generally, the adsorption capacity of minerals with a good crystallization degree and coarse particle size is weak, while the adsorption capacity of various mineral colloids is much stronger. As shown in Figure 6 H-I, some uranium minerals in the study area adsorbed and grew on the surfaces of framboidal pyrites and clay minerals.






6. Conclusions







	(1)

	
By using an experiment to sequentially extract uranium, electron probe microanalysis, scanning electron microscopy and energy spectroscopy indicate that the type and mode of occurrence of uranium in the Hanbazhai area of the Longchuanjiang Basin have adsorbed uranium and uranium minerals, which are closely related to framboidal pyrite, feldspar minerals, clay minerals, and organic matter. Uranium minerals include coffinite and uranium phosphosilicates, and U-rich minerals include thorite and xenotime.




	(2)

	
It is considered that uraniferous sandstones have undergone at least two stages of mineralization: the sedimentary–diagenetic stage and the later uranium enrichment by fluid. The geochemical environment of the sedimentary–diagenetic stage is generally a sulfide-reducing environment, and the later fluids are rich in U, Si, P, and Y.
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Figure 1. Tectonic setting and geological sketch map of the Tengchong block. (a) Geological sketch map the Tengchong block; (b) Tectonic setting map and simplified location map in Yunnan, China. 
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Figure 2. The lithofacies paleogeographic map of the N2m Formation in the Longchuanjiang Basin and a composite columnar section of the No. 40ZK28 borehole. 
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Figure 3. Thin section characteristics under optical microscopy. (A) Pebbly tuffaceous sandstone, 20ZK46-01; (B) rock debris, including Gne = gneiss, Phy = phyllite, and Tuf = sericite metamorphic tuff, 10ZK24-04-1; (C,D) hydromicazation of volcanic ash, in which porosity exists in the form of cavities, 10ZK24-04-2; (E,F) kaolinization of volcanic ash; (C,E) The yellow arrows indicate exist volcanic ash by polarizing microscope with plane polarized light; (D,F) The yellow arrows indicate exist volcanic ash by polarizing microscope with perpendicular polarized light. 
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Figure 4. Ratio of each U speciation content to the total U content. 
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Figure 5. Spatial relationships and microscopic characteristics of the uranium minerals and other minerals; (a) characteristics of framboidal pyrites that are closely associated with uranium minerals; (b) co-occurrence of two uranium minerals; (c) uranium minerals that occur in the fissures of feldspar minerals; (d,e) characteristics of framboidal pyrites that are closely associated with uranium minerals; (f) two different kinds of pyrite; (g) uranium minerals that occur in the fissures of feldspar minerals; (h,i) characteristics of uranium minerals in framboidal pyrite voids. Qz—quartz; Py—pyrite; Cof—coffinite; Pho—uranium phosphosilicates. 
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Figure 6. Composition comparison diagram of the two different uranium minerals, with the energy dispersive spectroscopy line scans of relevant elements. 
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Figure 7. Chemical information of coffinite (e,f), with the EDS area scans of relevant elements (U-(a), Si-(b), Y-(c), and Th-(d)). 
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Figure 8. Characteristics and energy spectrum of primary uranium minerals embedded in quartz grains (1 indicates the point position of the energy spectrum). 
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Table 1. Summary of drill core samples and features measured in this study.






Table 1. Summary of drill core samples and features measured in this study.





	Sample No.
	Depth (m)
	Lithology
	Measurements





	30ZK30-06
	123.07
	Grayish-white sandy conglomerate
	Chemical compositions (U 70.5 ppm); EDS and SEM; EPMA



	30ZK30-08
	119.63
	Grayish-white sandy conglomerate
	Chemical compositions (U 78.7 ppm); EDS and SEM; EPMA



	30ZK30-09
	107
	Light gray sandy conglomerate
	Chemical compositions (U 189 ppm); The sequential extraction procedure



	30ZK30-10
	107.6
	Light gray sandy conglomerate
	Chemical compositions (U 223 ppm); The sequential extraction procedure



	40ZK28-05
	40.5
	Grayish-white sandy conglomerate
	Chemical compositions (U 430 ppm); The sequential extraction procedure; EDS and SEM



	40ZK28-06
	41
	Grayish-white sandy conglomerate
	Chemical compositions (U 459 ppm); The sequential extraction procedure; EDS and SEM



	50ZK28-03
	161.83
	Orange pebbly argillaceous sandstone
	Chemical compositions (U 71.1 ppm); EDS and SEM; EPMA



	50ZK28-31
	148.3
	Gray-black carbonaceous sandstone
	Chemical compositions (U 184 ppm); The sequential extraction procedure



	50ZK28-55
	206
	Orange pebbly argillaceous sandstone
	Chemical compositions (U 1159 ppm); The sequential extraction procedure



	10ZK24-04-1
	88.22
	Grayish white pebbly tuffaceous sandstone
	Chemical compositions (U 364 ppm); EDS and SEM; EPMA



	10ZK24-04-3
	88.22
	Grayish white pebbly tuffaceous sandstone
	Chemical compositions (U 364 ppm); EDS and SEM; EPMA



	10ZK24-07
	89.12
	Grayish white pebbly tuffaceous sandstone
	Chemical compositions (U 1976 ppm); EDS and SEM; EPMA



	20ZK10-02
	106.35
	Grayish white pebbly tuffaceous sandstone
	EDS and SEM; EPMA



	20ZK10-03
	115.4
	Grayish-white sandy conglomerate
	EDS and SEM; EPMA



	20ZK46-01
	149.23
	Grayish-white tuffaceous sandstone
	EDS and SEM; EPMA



	20ZK46-02
	158.86
	Grayish-white sandy conglomerate
	EDS and SEM; EPMA



	30ZK10-01
	130.39
	Grayish-white sandy conglomerate
	EDS and SEM; EPMA



	30ZK10-02
	133.06
	Grayish-white sandy conglomerate
	EDS and SEM; EPMA



	30ZK10-03
	159.12
	Gray pebbly fine sandstone
	EDS and SEM; EPMA
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Table 2. Chemical sequential extraction procedures.
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	Occurrence State
	The Fractionation Procedures





	water-soluble
	Take 1 g sample, dissolve in 20 mL distilled water, oscillate 15 min at room temperature, and centrifuge.



	weak acid-extractable
	Take another 1 g sample, dissolve it in 40 mL acetic acid solution (1 mol/L), oscillated 16 h at room temperature, and centrifuge.



	reducible
	After washing the solid residue from the previous step, dissolve in 40 mL hydroxylamine hydrochloride solution, oscillated 16 h at room temperature, and centrifuge.



	oxidable
	After washing the solid residue from the previous step, slowly add in 10 mL H202 (30 mL) 3 times, oscillate 1 h at 85 °C, cool to room temperature, add 50 mL NH4Ac solution, oscillated 16 h at room temperature, and centrifuge.



	residual state
	After washing the solid residue from the previous step, add 60 °C distilled water in a water bath and evaporate to dryness; after a constant weight is maintained, remove it and perform acid digestions.
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Table 3. Ratio of each U speciation content to the total U content (sequential extraction) and comparison of fractional extraction in samples.
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Sample No.

	
ω(U)/μg•g−1




	
Water-Soluble

	
Weak Acid-Extractable

	
Reducible

	
Oxidable

	
Residual

	
Total Contents

(Sequential Extraction)

	
Total Contents

(One Step)






	
30ZK30-09

	
0.65 (0.34%)

	
22.00 (11.70%)

	
6.05 (3.22%)

	
57.30 (30.48%)

	
102.00 (54.26%)

	
188.00

	
189.00




	
30ZK30-10

	
1.01 (0.47%)

	
21.50 (9.63%)

	
1.58 (0.68%)

	
140.00 (62.64%)

	
59.40 (26.58%)

	
223.49

	
223.00




	
40ZK28-05

	
3.74 (0.87%)

	
181.00 (42.07%)

	
27.60 (6.42%)

	
85.90 (19.96%)

	
132.00 (30.68%)

	
430.24

	
430.00




	
40ZK28-06

	
3.87 (0.90%)

	
158.00 (34.47%)

	
33.40 (7.28%)

	
112.00 (24.40%)

	
151.00 (32.95%)

	
458.27

	
459.00




	
50ZK28-31

	
1.10 (0.60%)

	
31.30 (17.11%)

	
0.99 (0.54%)

	
77.70 (42.49%)

	
71.80 (39.26%)

	
182.90

	
184.00




	
50ZK28-55

	
11.30 (0.97%)

	
145.00 (12.49%)

	
17.30 (1.49%)

	
24.60 (2.12%)

	
963.00 (82.93%)

	
1161.20

	
1159.00




	
Average value

	
3.61 (0.82%)

	
93.13 (21.05%)

	
14.49 (3.77%)

	
82.92 (18.67%)

	
246.53 (55.59%)

	
442.35

	
440.67
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Table 4. The electron probe analyses data for uranium minerals in samples.
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Sample No.

	
50ZK28-03

	
10ZK24-04-1

	
10ZK24-04-3

	
10ZK24-07

	
20ZK10-02

	
20ZK46-01

	
30ZK10-02

	
30ZK30-06




	
Test Point

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12

	
13

	
14

	
15

	
16

	
17






	
SiO2

	
16.45

	
17.78

	
14.32

	
14.88

	
11.25

	
10.74

	
10.82

	
10.36

	
10.93

	
11.77

	
12.51

	
11.78

	
10.78

	
10.77

	
16.41

	
20.92

	
/




	
TiO2

	
1.2

	
0.68

	
0.53

	
0.77

	
/

	
0.57

	
0.33

	
1.06

	
0.74

	
0.28

	
0.45

	
0.21

	
0.40

	
0.50

	
0.35

	
/

	
/




	
Al2O3

	
2.01

	
3.85

	
2.61

	
1.8

	
0.14

	
0.29

	
0.17

	
0.08

	
0.08

	
0.29

	
0.17

	
0.13

	
0.31

	
1.07

	
0.10

	
/

	
/




	
FeO

	
2.34

	
2.43

	
3.6

	
1.35

	
0.47

	
0.49

	
0.28

	
0.35

	
0.35

	
0.98

	
0.40

	
2.13

	
0.61

	
1.22

	
0.32

	
0.16

	
1.09




	
MgO

	
0.4

	
0.46

	
0.81

	
0.27

	
0.07

	
0.12

	
0.09

	
0.06

	
0.11

	
0.15

	
0.04

	
0.04

	
0.12

	
0.22

	
0.15

	
/

	
/




	
CaO

	
2.24

	
1.98

	
2.32

	
2.41

	
4.42

	
6.32

	
7.18

	
5.09

	
4.86

	
6.73

	
6.05

	
5.83

	
7.72

	
7.44

	
6.47

	
0.04

	
0.55




	
K2O

	
0.29

	
1.64

	
0.14

	
0.44

	
0.11

	
0.21

	
0.16

	
0.19

	
0.17

	
0.22

	
0.21

	
0.18

	
0.24

	
0.32

	
0.61

	
0.06

	
0.03




	
Na2O

	
0.15

	
0.23

	
0.19

	
0.15

	
0.13

	
0.11

	
0.06

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	

	
/

	
/




	
P2O5

	
4.99

	
4.67

	
5.35

	
5.49

	
9.46

	
11.96

	
12.40

	
11.24

	
11.35

	
11.92

	
9.66

	
10.61

	
14.03

	
15.70

	
6.92

	
0.59

	
28.58




	
SO3

	
0.24

	
0.14

	
0.24

	
0.17

	
0.24

	
0.10

	
0.18

	
/

	
0.05

	
0.12

	
0.13

	
4.83

	
0.55

	
2.54

	
0.06

	
/

	
/




	
UO2

	
57.88

	
50.1

	
57.16

	
60.59

	
8.79

	
65.48

	
63.81

	
65.61

	
67.81

	
63.59

	
65.17

	
60.84

	
61.81

	
58.11

	
51.29

	
7.72

	
0.35




	
PbO

	
/

	
/

	
0.09

	
0.29

	
0.18

	
0.08

	
0.1

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/




	
MnO

	
/

	
/

	
/

	
/

	
/

	
0.32

	
/

	
0.28

	
0.35

	
0.25

	
0.15

	
0.18

	
0.28

	
0.11

	
/

	
/

	
/




	
V2O3

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
0.09

	
0.12

	




	
ThO2

	
1.2

	
0.68

	
0.53

	
0.77

	
54.32

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
3.85

	
53.82

	
4.07




	
ZrO2

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
1.14

	




	
La2O3

	
/

	
0.23

	
0.24

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
12.3




	
Y2O3

	
3.15

	
3.04

	
3.7

	
3.4

	
2.57

	
0.58

	
0.64

	
0.57

	
0.69

	
0.54

	
0.45

	
0.43

	
0.67

	
0.69

	
1.02

	
1.01

	
0.93




	
Ce2O3

	
0.41

	
0.51

	
0.43

	
/

	
0.44

	
0.39

	
0.27

	
/

	
0.21

	
0.40

	
0.25

	
/

	
0.69

	
0.22

	
0.26

	
0.21

	
29.43




	
AS2O5

	
/

	
0.04

	
/

	
/

	
0.18

	
0.14

	
/

	
0.05

	
0.12

	
0.04

	
/

	
0.09

	
/

	
0.07

	
/

	
/

	
/




	
Nd2O3

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
0.60

	
0.44

	
/

	
9.87




	
Pr2O3

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
0.12

	
/

	
/

	
2.97




	
Sm2O3

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
2.37




	
Gd2O3

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
1.65




	
Eu2O3

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
0.19




	
Dy2O3

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
0.46




	
Er2O3

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
0.34




	
Tm2O3

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
0.14




	
Total

	
91.88

	
88.14

	
91.83

	
92.01

	
92.88

	
97.9

	
96.49

	
94.94

	
97.82

	
97.28

	
95.64

	
97.28

	
98.21

	
99.70

	
88.34

	
85.79

	
95.32




	
Type of

uranium mineral

	
coffinite

	
thorite

	
uranium phosphosilicates

	
coffinite

	
thorite

	
monazite
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