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Abstract

:

The recently discovered Sanjiu ore field (SJOF) is a granite-related uranium ore field located in the middle of Zhuguangshan (South China). The relationship between hydrothermal alteration of granite and uranium mineralization in the SJOF is crucial yet understudied. In this study, the major- and trace-element contents of granite samples (fresh granite, altered granite, and tectonites) with different uranium contents were analyzed by using X-ray fluorescence spectroscopy (XRF) and inductively coupled plasma–mass spectrometry (ICP–MS). The analytical results show a relative increase in Si, S, Ca, Pb, Mo, and Sb content in altered granites and tectonites, relative to fresh granites. During the mineralization stage, the increase of the aforementioned elements is related to various hydrothermal alterations (e.g., silicification, carbonation, sulfation, etc.) and newly formed minerals (e.g., microfine crystalline quartz veins; calcite agglomerates or fine veins; and metal sulfides, such as pyrite). There is a concomitant relative decrease in Na, K, Al, Fe, Mg, and other elemental contents that may be due to mineralogical alteration processes, such as biotite to chlorite, feldspar-group minerals to clay minerals, and redox of Fe-bearing minerals. The LREE/HREE ratio in altered granites decreases significantly with the increase in uranium content, suggesting that a low LREE/HREE ratio may be a prospecting indicator. The normalized trace-element patterns of mineralized granite (ore) and the relatively high U content of fresh granite imply that granitic rocks may be the primary uranium source in the SJOF. The uranium mineralization is mainly concentrated in the redox zone that occurs at a depth of 100−300 m. The redox zone is characterized by the most developed hydrothermal alterations and enrichment of trace elements, including W, Mo, Sb, Li, and the HREE.
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1. Introduction


The uranium (U) deposits in China are generally hosted by four types of rocks: granites, volcanic rocks, carbonaceous–siliceous–pelitic rocks, and sandstones. The granite-related U deposits comprise about 35% of the U reserves in China [1]. The Zhuguangshan composite granitic batholith (ZCGB) is an important U host in South China, as it is associated with most of the identified granitic U resources. The Sanjiu ore field (SJOF) is located in Zhuguangshan between the Lujing ore field and the Chengkou ore field in the middle of the ZCGB (Figure 1).



It is a recent discovery, within the last twenty years, of granite-related U mineralization. The metallogenic characteristics of the SJOF, such as tectonic setting, strata, petrology, structure, orebody, and ore genesis, have been previously well documented (see References [4,5,6,7,8,9,10,11,12,13,14,15], and the references therein). These previous studies have demonstrated that the granitoids from the Late Jurassic are the main host-rocks and the main U source for these medium-to-low temperature hydrothermal deposits in the SJOF. They have shown that the hosts for the U in the granites are mainly uraninite and coffinite, and, to a lesser extent, monazite and apatite. Trace amounts of uraninite are found as inclusions in biotite, so biotite only indirectly sources a small amount of U. Medium–low temperature hydrothermal alteration styles (e.g., silicification, hematitization, pyritization, chloritization, hydromica, and fluorination) of the host-rock are described in References [1,4,5,6,7,8,9,10,11,12,13,14,15]. Previous studies have focused on the geochronology and geochemistry of the fresh granites (FG) [9,10] and found that granite hosting U mineralization has a high U content; more than three times the average U content (3.5–4.8 ppm) of typical acidic igneous rocks [13,14]. These granites are generally characterized by genesis through crustal partial melting, high-silica, high-alkali, and peraluminous character [9,10,11,16,17]. It is believed that the prerequisites for the U mineralizing potential of these U-rich granites lie not only in the high U content, but also in the development of active faults and fluid-flow-related hydrothermal alterations. However, the characteristics of element migration within altered granites in terms of U mineralization and hydrothermal alteration remain unclear.



Hydrothermal mineralization is a complex geological process in which mineralizing elements and other active elements in geological bodies are released, exchanged, transported, and enriched to form the mineralization at the structural and/or chemical trap [18]. The hydrothermal reactions and the characteristics of the mineralization environment are closely linked to element migration. Studying the changes of major and trace elements in geological bodies helps to understand the mineralization process and characteristics [19,20]. This paper presents petrographic observations and whole-rock geochemical analyses of altered granites and tectonites (strongly altered granites) associated with U mineralization. This work aims to compare the element migration in various altered granites with different U contents and provide valuable information for research and exploration of the SJOF.




2. Regional Geology and Deposit Geology


The middle section of the ZCGB is located in the east part of the famous Nanling metallogenic belt of the Cathaysian block. It is a U-prospective area that contains multiple uplift zones, deep faults, and other favorable fluid-flow conditions. Many granite-related U ore fields, such as Sanjiu, Lujing, Chengkou, and Changjiang, have been discovered in and around the ZCGB (Figure 1b) [21,22,23].



The SJOF is named after the granite-related U deposits discovered in and around the Jiulongjing, Jiuquling, and Jiulongjiang mining areas. It covers an area of approximately 120 km2 and is located at the junction of the Guangdong, Hunan, and Jiangxi provinces (Figure 1b). The outcropping strata are mainly exposed in the northwest of SJOF. The Precambrian and Cambrian strata comprise mainly U-rich low-grade weakly metamorphosed marine sedimentary rock. The Devonian strata are composed of clastic sedimentary rocks and shallow-water carbonates. The Carboniferous strata are mainly shallow-water carbonate. Finally, the Quaternary strata are composed of mainly loose diluvium and sediments. The magmatic rocks of the SJOF are mainly Jurassic granite. The largest granite bodies are the Sanjiangkou and Zhongpeng plutons, which are also U-rich and U-producing. The Sanjiangkou pluton is mainly medium-to-coarse-grained biotite monzogranite with an emplacement age of 161.9 ± 2.1 Ma [6,7]). The Zhongpeng pluton is mainly fine-grained two-mica granite with an emplacement age of 148.2 ± 1.9 Ma [6]. In addition to these plutons, there are some Late Cretaceous granites and fine-grained granite dykes that do not show uranium mineralization. The Jurassic granites are highly fractionated peraluminous S-type granites derived from partial melting of U-rich metasediments [9,10,24]. The main rock-controlling fault in the SJOF is the NE-trending Shangbao-Reshui deep fault, whereas the mineralization-controlling faults are generally NE-, NNE-, and NW-trending secondary faults (Figure 1c).



As with most granite-related U deposits in South China, the mineralization age (100–45 Ma) of those deposits in the SJOF is significantly younger than the age (162–148 Ma) of granite plutonism [9,10,11]. U mineralization is usually associated with dark-red and variegated siliceous veins, dark-red microcrystalline quartz, smoky quartz, variegated chalcedony, dark-purple fluorite, granite breccia, cataclastic-altered granite, etc. U mineralization in the deposits is generally hosted in the deformed part of fault, the interface between fault and Jurassic pluton, and in the interlayer fracture zone. Mineralization typically occurs as vein, lens, and stockwork configurations in the mineralization-controlling faults with dimensions ranging from 50 to 150 m in length, 0.7 to 15 m in width, and 50 to 350 m in depth. Mineralization is generally of siliceous vein, breccia, and cataclastic altered-rock types. Host-rock hydrothermal alteration closely related to mineralization mainly includes hematitization, pyritization, silicification, dark-purple fluoritization, clay alteration, etc. The principal U minerals are pitchblende and uraninite, as well as small amounts of coffinite, uranothorite, etc. [11,12,13]. The mineral paragenesis has been divided into three stages in the SJOF [4].




3. Materials and Methods


3.1. Sampling


Thirty granite samples were collected from deep boreholes or outcrops in the Zhongshan, Jiulongjiang, and Xiucaidong granite-related U deposits, and the newly found Shibiwo occurrence (Figure 1 and Table 1). These samples comprise fresh granites (no obvious alteration), altered granites, and tectonites. The altered granites and tectonites are classified into three categories according to their U content: barren samples (‘BS’, U content < 0.01%), mineralized samples (‘MS’, U content ranging from 0.01% to 0.05%), and mineralized (ore-bearing) samples (‘OBS’, U content > 0.05%). The specific properties and locations of the samples are shown in Table 1 and Figure 2. The fresh granites collected from the Sanjiangkou pluton are characterized by a gray-white or light pink color, and both porphyritic and massive textures. They are mainly composed of K-feldspar (25%–35%), plagioclase (25%–30%), quartz (30%–35%), and biotite (3%–5%) (Figure 2a). The hydrothermal alteration of the granite presents disseminated or veinlet hematitization, pyritization, chloritization, dark-purple fluorization, dark-red or variegated microcrystalline quartz vein, carbonation dominated by calcite, kaolinization, and other clay mineral alterations (Figure 2). From fresh granite to altered granite and/or tectonite, the mineralogical characteristics are presented as follows: (1) more anhedral mineral habits rather than euhedral and subhedral mineral habits, (2) a significant increase in the amount of altered minerals with metasomatic residual structure, and (3) more developed microcracks in minerals.




3.2. Whole-Rock Geochemistry


Whole-rock major- and trace-element contents of the samples were obtained through analyses carried out at the ALS Laboratory Group, Mineral Division–ALS Chemex (Guangzhou, China), by using inductively coupled plasma mass spectrometry (ICP–MS, model Agilent 7700X, Agilent Technologies, Santa Clara, CA, USA) and X-ray fluorescence spectrometry (XRF, model PANalytical PW2424, Malvern Panalytical, Eindhoven, The Netherlands). The samples were first milled to about 200 mesh in a contamination-free agate mill and were split into two subsamples. One subsample was fused with lithium borate/lithium nitrate and then analyzed for major element oxide contents by XRF (relative deviation < 5%, relative error < 2%). The other subsample was digested through alkali fusion and four-acid digestion, and then analyzed for trace element contents by using ICP–MS (relative deviation < 10%, relative error < 10%). The detailed testing processes are described by the national standards Methods for Chemical Analysis of Silicate Rocks (GB/T 14506.14-2010) [25] and Chemical Reagent-General Rules for Inductively Coupled Plasma Mass Spectrometry (GB/T 39486-2020) [26].




3.3. Mass Balance Considerations Related to Host-Rock Alteration


Consideration of mass-balance calculations of chemical-element mobility (gains and losses) from fresh granite to altered granite to mineralized granite was carried out. The key to the mass-balance calculation is the selection of a stable inactive (immobile) component. Many studies have used Al2O3 or some other geochemical element that did not participate in the strong alteration [27,28]. However, due to the large collection area for the sampling and the many types of host-rock alterations present in the samples, the selection of a suitable immobile component is difficult. For example, the Al2O3 contents of altered granites vary greatly; Figure 3b). In our previous exploration work, it was found that (1) the densities of fresh granites in the SJOF are 2.65–2.70 g/cm3, while the densities of various altered granites (including MS and OBS) are 2.62–2.68 g/cm3; and (2) the volume change between fresh granite and altered granite is also very small (generally <3.07%), even after releasing a large amount of uranium. Based on this premise, more detailed mass balance calculations (such as those described by References [29,30]) were not carried out. The error in the calculated absolute changes of chemical elements in altered granite is not more than 3.05%, which is far less than the content change of major elements, and, thus, the influence on the content change of trace elements can be ignored.



The major and trace elements of fresh granite in the SJOF were selected as the base values for simple and intuitive geochemical normalization calculations and comparisons. Using these normalized values, the relative migration of major and trace elements during alteration of fresh granite to altered granite can be deduced, and the calculation of absolute mass balance changes is not necessary to the data interpretation, discussion and conclusions in this study.





4. Results


4.1. Major Element Contents


Whole-rock geochemical analyses for major elements are presented in Table 2 and Appendix A Table A1. The results show that the major element and U composition of fresh granites are quite different from that of altered granites and tectonites. Compared with the fresh granites, the altered granites and tectonites have more variable geochemical compositions, with higher SiO2 (69.97–94.47 wt%, average 80.12 wt%), CaO (0.03–8.32 wt%, average 0.90 wt%), SO3 (Bld−1.32 wt%, average 0.45 wt%), F (Bld−5.10 wt%, average 0.32 wt%), and U (4.12–1154 ppm, average 402.38 ppm) contents and lower Al2O3 (1.84–16.86 wt%, average 10.06 wt%), Fe2O3(total) (TFe2O3; 0.82–3.09 wt%, average 1.50 wt%), MgO (0.04–0.66 wt%, average 0.27 wt%), Na2O (0.03–4.02 wt%, average 0.99 wt%), and K2O (0.41–6.86 wt%, average 4.08 wt%) contents. The average loss on ignition (LOI) of altered granite and tectonite (1.53 wt%) is higher than that of fresh granite (1.09 wt%), indicating that the former has experienced hydrothermal alteration and/or weathering. Figure 3a–h shows fresh granites-normalized (Appendix A) major element contents of the altered granites and tectonites with different uranium contents. As shown in the box-whisker diagram in Figure 3, most of the average major-element contents of the altered granite and tectonite mostly have a relatively consistent change trend in parallel with the increase in U content. These change trends correspond to one or more hydrothermal alteration features of the host-rock.




4.2. Trace Element Contents


The analytical results for some trace elements from this study, as well as some previous data, are summarized in Table 3 and Appendix B Table A2. The average contents of most trace elements in altered granite are similar to those of fresh granite, except for significantly high average contents of U (4.1–1154.0 ppm, average 402.4 ppm), Pb (3.6–307.0 ppm, average 117.2 ppm), Mo (0.07–194.00 ppm, average 15.76 ppm), and Sb (0.09–9.85 ppm, average 1.14 ppm) (Figure 3i–k). Figure 4 shows primitive-mantle and chondrite normalized [31] trace-element and rare-earth-element (REE) patterns for the granite samples and other fresh granite data from previous researchers [9,15]. The primitive-mantle-normalized trace-element spider patterns show depletions in Ba, Th, Nb, Sr, and Tb and enrichment in Cs, W, U, Pb, Mo, Sb, and Li for the altered granites versus the fresh granites (Figure 4a).




4.3. Rare Earth Element Contents


The analysis results for the rare earth elements (REEs) from this study, as well as previous data, are summarized in Table 4 and Appendix C Table A3. The fresh granites have total REE (∑REE) contents of 140.86–449.35 ppm (average 218.83 ppm), light REE (LREE) contents of 111.35–401.08 ppm (average 190.17 ppm) contents, and heavy REE (HREE) contents of 13.13–48.27 ppm (average 28.66 ppm) contents. However, the altered granites and tectonites have lower ∑REE and LREE contents, and higher HREE contents (22.96–250.99 ppm (average 145.48 ppm), 19.59–194.47 ppm (average 108.26 ppm), and 3.37–87.96 ppm (average 37.22 ppm), respectively). The fresh granites have higher LREE/HREE ratio values (3.42–12.05, average 7.08) than do the altered granites and tectonites (0.76–11.12, average 3.75). The chondrite-normalized REE patterns of the granite samples show a strongly negative Eu anomaly and depletion in HREE. Compared with the fresh granites, the HREE content of MS and OBS increases significantly (Figure 4b).





5. Discussion


5.1. Relative Migration of Important Elements in the U Mineralization


The U-mineralization ages of the SJOF granite-related U deposits are younger—being formed in the Late Cretaceous and Paleogene (100–45 Ma)—than the emplacement ages of the granite bodies, indicating that the U mineralization depends on the post-tectonic activity and various hydrothermal alterations [32]. The evidence that the source of U for these deposits came from granite plutons is as follows: (1) the U content of fresh granite is high (14.6–22.4 ppm); (2) the overall geochemical composition of fresh granite is very similar to that of U-mineralized granite; and (3) the normalized trace element patterns in pitchblende, fresh granite, and altered granite are highly similar (Table 2, Figure 4). The relative migration of important elements in altered granites corresponds to a variety of hydrothermal alterations widely developed in the host-rocks. These hydrothermal alterations promoted the migration of uranium from (fresh) granite to mineralizing fluid and to the precipitation of the mobile uranium in structural/chemical traps (faults). Typical hydrothermal alterations related to the U mineralization include chloritization, pyritization, hematitization, silicification, carbonation, dark-purple fluoritization, and feldspar metasomatism. Many chemical reactions are possible, such as the following [28,33]:


6Na[AlSi3O8] + 6Ca[Al2Si2O8] + 5K2O→10K[AlSi3O8] + 4Al2O3 + 6CaO + 3Na2O

(albite)      (anorthite)         (K-feldspar)



(1)






     7 UO  2  2 +   + FeS +  H 2  S + 8  H 2  O →   7 UO  2  +  Fe  2 +   + 2 S  O 2  + 18  H +     ( Fe   sulfide )       ( uraninite / pitchblende )   



(2)






2K(Mg, Fe)3 [AlSi3O8](OH)2 + 4H+→(Mg, Fe)5Al [AlSi3O10](OH)8 + (Mg, Fe)2+ + 2K+ + 3SiO2

(biotite)         (chlorite)



(3)







With the enrichment of U in the altered granites, Si, Ca, S, F, Pb, Mo, Sb, and the HREE were added to the rocks, while Al, Fe, Mg, Na, K, and the LREE were removed from the rocks (Table 2, Table 3 and Table 4 and Figure 3). With the increase of U content in rocks, the relative content of Si increases slightly, which corresponds to the widely developed siliceous (microcrystalline quartz) vein-type U mineralization in the SJOF, and as medium–fine-grained quartz. The siliceous-vein type ore (cataclastic-altered granite) has the form of many microfractures filled with microcrystalline quartz (Figure 5c). Compared with other important elements, the Ca content of the altered granites is variable and is highly enriched in some individual mineralized samples. The Ca released by the metasomatism of feldspar-group minerals (see reaction 1) may precipitate in the form of calcite (from a CO2-rich fluid) and/or fluorite [28]. S mainly occurs in pyrite, chalcopyrite, and other base metal sulfides and is an important reductant for the granite-related U mineralization (see reaction 2, Figure 5d,f,g) [4,34]. Pyrite and pitchblende are usually deposited alternately in mineralization [35], resulting in the gradual increase of pyrite content in the altered granite. Microscopic observations also show that the pyrite contents in the BS and MS are significantly less than those in the OBS. However, EPMA and LA–ICP–MS analyses show that, compared to the euhedral–subhedral pyrites in BS and MS, the subhedral–anhedral pyrites in OBS are depleted in S (Figure 5e) [4]. The relative depletion in S of pyrite from mineralized material may promote the continuous formation and precipitation of base metal sulfides in these mineralized regions. The F content of granite samples is variable due to the variable development of fluorite in granite. F mainly occurs in a fluoride complex in the mineralizing fluid. Destabilization of the fluoride complex in the mineralizing fluid resulted in precipitation of uraninite and formation of fluorite from the F and Ca, with the fluorite being surrounded by the uranium minerals (Figure 5i). The color of fluorite associated with pitchblende was initially light purplish or turquoise; however, it would gradually turn darker to dark-purple after intense irradiation by the uranium minerals (Figure 2c,g) [36,37]. Therefore, dark-purple fluorite is an important prospecting indicator for U mineralization. Aluminum in fresh granite mainly occurs in the rock-forming minerals prone to clay mineral-group alteration, such as biotite, plagioclase, and K-feldspar (see reaction (1), (3)). Alumina is a very conservative component in granite; thus, the clay mineral-group alteration (e.g., chloritization, kaolinitiztion) of Al-bearing minerals usually does not lead to gains or losses of Al in the alteration from fresh granite to altered granite. However, clay minerals (especially those present in mineralization-controlling faults) can be easily destabilized by post-mineralization fluids, resulting in loss of Al from the altered granite. Compared with fresh granites, most altered granites that contain strongly developed limonite and hematite also show strong depletion in Fe. However, individual OBS show high enrichment in Fe (Figure 3c and Figure 5c). The hematite, which is closely associated with uranium mineralization, has a high Fe2+/Fe3+ ratio. Fe2+ may be released from pyrite and other ferrous Fe-bearing minerals, while precipitation of ferric (Fe3+) Fe-bearing minerals results from the oxidation of Fe2+. The Mg in the altered granite is also as strongly depleted as Fe and shows slight enrichment with increasing U content. This enrichment may be due to the release of Mg2+ from biotite and the adsorption of U by chlorite during the chloritization alteration (Figure 5a,b, and reaction 3) [38]. K and Na show strong and continuous relative loss from altered rocks, which is related to the transformation of rock-forming minerals (biotite and feldspar) into clay minerals (chlorite, illite, and montmorillonite; see reaction 3). For example, the EPMA results show that the K2O content of chlorite (usually <1%) is much lower than that of biotite (usually ranging from 9% to 10%) [39]. It suggests that the H+-rich fluid activity in the SJOF is strong, while the alkali element activities are lower and metasomatic alteration is not well-developed. The main reason for the high Pb content in OBS is due to the decay of radioactive elements, especially U, while high contents of Mo and Sb in OBS may be brought in by the medium–high temperature mineralizing fluid derived from deep-derived thermal circulating fluids.




5.2. Relative Migration of Trace Elements in Uranium Mineralization


Many trace elements were analyzed in this study, but only a few trace elements, including the REEs, are closely related to uranium mineralization. The average content of some trace elements (e.g., W, Mo, Sb, and Li) increases significantly with increasing U content, indicating that the mineralizing fluid moved these elements into the deposit during the mineralization process. The abundances of these elements in the SJOF granites are relatively high. For example, the fresh granite with no obvious host-rock alteration contains markedly higher W and Li contents (average 569 ppm and 114 ppm, respectively) than those of the general acidic granite (generally <10 ppm and <60 ppm, respectively). In addition, the presence of molybdenite (MoS2) of hydrothermal genesis, stibnite (Sb2S3), and quartz vein-type tungsten–molybdenum (W-Mo) deposits in and around the SJOF also indicates that these trace-element abundances are relatively high [32]. These high-abundance trace elements can be regarded as prospecting indicators for U mineralization in the SJOF.



Figure 4b shows that, as the U content increases, the chondrite-normalized REE patterns of the altered granite gradually change from right-dipping profile to the gull-winged type similar to that for pitchblende. The average total REE content of altered granites gradually increases (BS, 131.0 ppm; MS, 143.9 ppm; OBS, 162.9 ppm) with degree of alteration and proximity to pitchblende. These REE patterns suggest that the REE in altered granites are gradually enriched and fractionated with the enrichment of U. The REE and U in mineralizing fluids mainly travel together and are transported in the form of (U, REE)O2(CO3) and (U, REE)O2(CO3) complexes, due to their similar ionic radius [40,41]. As a consequence, REE and U are usually enriched and precipitated together during mineralization (OBS samples). However, the ionic radius of the HREEs is smaller than that of the LREEs and results in a relatively more stable HREE complex [42,43]. Therefore, during both hydrothermal alteration and mineralization in the granite plutons, the HREEs are easier to enrich in altered granites than LREEs, particularly in OBS. This leads to a gradual decrease in the LREE/HREE ratio with the enrichment of U. The analysis results show that the average LREE/HREE ratio of OBS (2.53) and pitchblende (2.46, ranging from 1.50 to 4.49; unpublished data) is significantly smaller than that of MS (3.09) and BS (5.38), showing that the altered granite with a low LREE/HREE ratio (generally <3) corresponds to a more pronounced mineralization process.




5.3. Vertical Migration of Elements in Uranium Mineralization


The granite-related U mineralization in the SJOF mainly occurs in the redox zone, i.e., the transitional part of the oxidation and reduction zones, where the uranyl complexes in fluids are prone to decomposition. Figure 6 shows that the burial depths of OBS and MS are mainly concentrated in the 100–200 m and 100–300 m ranges, respectively, while the burial depths of BS are relatively variable. It shows that most of the ore bodies in the SJOF are mostly concentrated in the burial depth of 100–300 m, which is the most favorable region for mineral exploration. The aforementioned events demonstrate that hydrothermal alteration may only aid in the development of U ore bodies in a suitable mineralization environment (redox zone) [44]. The redox zone is usually characterized by drastic changes in physicochemical conditions, such as pH and Eh values, temperature, pressure, and oxygen escape. The redox zone typically contains large amounts of mineralizing/reducing agents (e.g., reducing ions related to pyrite) that could greatly facilitate the decomposition of U complexes, the reduction of active U, the enrichment and precipitation of inert U, and finally lead to the formation of ore bodies. For example, dark-purple fluorite (CaF2) and pyrite (FeS2) are generally associated with uranium mineralization, and these F- and S-bearing granite samples are mostly developed between a 100 and 300 m burial depth in the redox zone (Figure 7a,b).



There are linear correlations between some geochemical indicators and the depth of mineralization. The S content in most MS and OBS steadily increases with decreasing burial depth, as illustrated in the 100–300 m burial depth interval (Figure 7b), demonstrating that S is an important mineralization agent in the mineralization process. The HREE in most MS and OBS also gradually increases with decreasing burial depth; however, the LREE/HREE ratio decreases (Figure 7c,d), indicating that HREE is more likely to be enriched in the oxidation zone and redox zone than LREE. Some trace elements (e.g., W, Mo, Sb, and Li), potentially useable as prospecting indicators, in MS and OBS show no obvious linear relationship with burial depth (|r| < 0.6, Figure 7e–h), thus indicating that their enrichment does not appear to be causally related to the U mineralization. However, with the decreasing burial depth in the redox zone, the content of these elements (e.g., W, Mo, Sb, and Li) in OBS increases more significantly than in MS, implying that these trace elements may have come from deep-derived fluid.




5.4. Metallogenic Process and Hydrothermal Alteration


The formation of U-rich granites, extensional tectonic settings, movement of fluids carrying the mineralization components, and extensive development of hydrothermal alterations of the host-rocks were the combined geological events that led to the formation of U deposits in the SJOF. The SJOF experienced a large-scale granite intrusion event in the Late Jurassic (162–148 Ma) and a large-scale extensional tectonic event beginning in the Early Cretaceous (136 Ma) [45,46,47]. The long-term tectonic activities and various superimposed hydrothermal alterations promoted lithologic, mineral, and elemental changes in the granites:




	(1)

	
The formation and subsequent transformation of alteration minerals, such as K-feldspar, chlorite, kaolinite, illite, calcite, dark-purple fluorite, pyrite, and hematite;




	(2)

	
The release of large amounts of U through dissolution of U-bearing accessory minerals (uraninite, zircon, apatite, allanite, biotite, monazite, epidote, etc.) [48,49,50,51];




	(3)

	
The formation of many microfractures in rocks and mineral grains that are filled with neoformed minerals under continuous fluid pressure that form fine veins, such as microcrystalline quartz veins, hematite veins, fluorite veins, and calcite veins;




	(4)

	
The reduction of the compressive strength and the increase in the porosity of the rocks as a result of these mineralogical changes promoted the movement of U from altered granite to a structural/chemical trap (faults) and the gains and losses of major and trace elements in the altered granites;




	(5)

	
The contents of some elements are positively correlated with that of U. These elements either act as important reducing agents (reduction of uranyl U) or have similar geochemical properties (formation of various complexes) and geochemical behavior (co-enrichment and/or co-precipitation in the redox zone) to U.









The critical prerequisites for the formation of granite-related U deposit may be briefly summarized as the source, migration, and enrichment of U, corresponding to U-rich granite, thermal sources promoting the flow of mineralizing fluid, and suitable mineralization zone, respectively. We have found the the following to be true: (1) The Sanjiangkou granite with high U content (14.6–22.4 ppm) was the main U source of SJOF. (2) The large-scale hydrothermal alterations promoted the release and migration of active U, and the superimposed hydrothermal alterations facilitated the enrichment of U. (3) The multisource mineralizing fluid, which was rich in oxygen and uranyl U, continuously extracted and/or transferred high-abundance trace elements in granite while flowing upward along mineralization-controlling faults [50,51]. (4) U complexes in the mineralizing fluid were destabilized and decomposed continuously under a medium–low temperature (110–260 °C), reducing environment [4,50,51,52,53]; however, the high content of trace elements, such as W, Mo, and Sb, implies that the mineralizing fluid may be partially derived from medium–high temperature fluids (partial heat source). (5) U and other trace elements (Mo, Sb, REE, etc.) were simultaneously enriched and precipitated in the redox zone (also a structural/chemical trap), which is mainly concentrated in the 100–300 m burial depth, and U precipitated in several uranium minerals (e.g., pitchblende, coffinite, and thorite).





6. Conclusions


	(1)

	
The U-rich Jurassic granite plutons can be regarded as the primary U sources for the SJOF U mineralizations, one of the prerequisites for the formation of uranium deposits. The relative movement of elements or element combinations in the altered granite, such as S, Na + K, Al, Mg, Mo, Sb, and LREE/HREE, is positively or negatively correlated with U mineralization. The migration of these elements corresponds to some important hydrothermal alterations associated with U mineralization (e.g., silicification, pyritization, dark-purple fluoritization, carbonation, and hematitization and some neoformed minerals (e.g., microcrystalline quartz, K-feldspar, chlorite, calcite, hematite, molybdenite, stibnite, kaolinite, illite, and pyrophyllite. Various hydrothermal alterations promoted the migration and enrichment of U, major and trace elements, another important prerequisite for the formation of uranium deposits.




	(2)

	
The ore-bearing altered granites (OBS, ore) are characterized by a low LREE/HREE ratio (<3); enrichment of W, Mo, Sb, and Li; and development of base metal sulfide minerals, such as pyrite, molybdenite, and stibnite. The precipitation and enrichment mechanisms of U and the REE, especially the HREE, are similar in mineralized altered granites (MS) and ore-bearing altered granites (OBS).




	(3)

	
The main mineralized redox zone of the SJOF is concentrated in the burial depth range of 100–300 m and is superimposed on a variety of hydrothermal alterations that are favorable for mineralization. The relatively high W, Mo, Sb, Li, and HREE contents in the upper part of the redox zone appear to better indicate the presence of U mineralization. Some trace elements (W, Mo, Sb, etc.) present in the ore suggest that the mineralizing fluids may be mixed with medium–high temperature fluids (a potential heat source), but further work is needed.
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Table A1. Major element oxide (wt%) and U (ppm) analyses of SJOF granite samples.
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	Sample No.
	SiO2
	Al2O3
	Fe2O3T
	MgO
	CaO
	Na2O
	K2O
	SO3
	F
	U
	LOI
	Total





	Dl
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.1
	0.05
	0.01
	



	ZS07
	94.47
	1.84
	1.32
	0.04
	0.29
	0.34
	0.64
	0.03
	Bld
	4.1
	0.31
	99.34



	ZS09
	83.47
	9.78
	1.05
	0.17
	0.31
	0.05
	3.39
	0.08
	Bld
	34.7
	1.41
	99.74



	SBW13
	74.87
	13.57
	1.17
	0.21
	0.45
	2.66
	5.32
	Bld
	0.1
	14.6
	0.96
	99.33



	SBW24
	76.35
	12.24
	0.91
	0.12
	1.18
	3.03
	4.64
	0.14
	Bld
	37.2
	1.34
	99.97



	SBW26
	71.59
	14.97
	2.04
	0.26
	1.16
	3.04
	5.45
	0.02
	Bld
	35.0
	0.84
	99.41



	SBW28
	71.58
	14.53
	1.83
	0.61
	1.91
	0.1
	5.71
	Bld
	Bld
	21.5
	3.47
	99.78



	JLJ02
	69.97
	16.86
	2.50
	0.66
	0.25
	0.67
	6.65
	0.30
	Bld
	242.0
	2.12
	100.00



	JLJ03
	78.49
	11.68
	1.27
	0.29
	0.41
	1.28
	4.78
	0.89
	0.1
	115.0
	1.33
	100.53



	JLJ04
	75.46
	12.42
	2.33
	0.21
	0.90
	2.17
	5.45
	0.15
	0.4
	132.0
	0.79
	100.32



	JLJ07
	78.01
	4.39
	1.09
	0.36
	8.32
	0.03
	1.86
	1.32
	5.1
	>1000
	3.38
	103.88



	JLJ08
	74.99
	13.1
	2.01
	0.45
	0.36
	0.16
	6.00
	0.36
	Bld
	813.0
	2.10
	99.56



	JLJ09
	77.13
	12.48
	1.3
	0.28
	0.32
	2.06
	5.47
	0.01
	Bld
	22.4
	0.87
	99.95



	JLJ10
	79.57
	10.58
	1.39
	0.37
	0.41
	0.23
	4.87
	0.50
	Bld
	1007.0
	1.74
	99.69



	JLJ11
	77.59
	10.78
	3.09
	0.38
	0.26
	0.78
	5.10
	0.80
	Bld
	1154.0
	1.07
	99.89



	JLJ13
	88.09
	5.74
	1.37
	0.22
	0.18
	0.06
	2.25
	0.90
	Bld
	>1000
	1.13
	99.97



	JLJ17
	83.71
	5.85
	1.74
	0.28
	2.62
	0.09
	2.69
	1.32
	1.4
	>1000
	2.33
	102.05



	JLJ24
	85.95
	7.75
	1.04
	0.24
	0.22
	0.08
	2.93
	0.34
	Bld
	145.0
	1.41
	99.97



	JLJ26
	62.28
	17.52
	5.02
	1.08
	0.66
	3.89
	6.57
	0.26
	Bld
	16.0
	1.43
	98.94



	JLJ27
	82.06
	8.69
	1.96
	0.29
	0.19
	0.12
	4.49
	0.83
	Bld
	>1000
	1.23
	99.91



	JLJ28
	84.16
	8.30
	1.21
	0.31
	0.19
	0.10
	3.91
	1.01
	Bld
	>1000
	1.48
	100.70



	JLJ29
	78.96
	10.78
	1.23
	0.16
	0.61
	2.48
	4.28
	0.09
	Bld
	28.2
	0.97
	99.60



	JLJ30
	90.58
	3.75
	1.14
	0.11
	1.20
	0.04
	1.52
	0.27
	0.7
	430.0
	1.21
	100.53



	JLJ31
	76.71
	12.05
	1.19
	0.37
	0.53
	0.97
	5.49
	1.10
	Bld
	207.0
	2.12
	100.55



	JLJ33
	81.26
	9.94
	1.49
	0.34
	0.5
	0.22
	4.05
	0.30
	0.1
	909.0
	1.83
	100.06



	XCD02
	71.75
	15.84
	1.33
	0.28
	0.55
	4.02
	4.89
	0.44
	Bld
	25.1
	1.40
	100.52



	XCD07
	82.51
	10.05
	0.88
	0.27
	0.22
	0.12
	4.27
	Bld
	Bld
	21.9
	1.52
	99.85



	XCD09
	71.64
	15.70
	0.82
	0.08
	0.19
	3.24
	6.86
	0.01
	Bld
	296.0
	0.99
	99.54



	XCD12
	93.84
	1.87
	2.13
	0.09
	0.73
	0.08
	0.41
	0.85
	0.4
	4.6
	0.70
	101.11



	XCD13
	76.23
	12.88
	1.14
	0.17
	0.66
	3.16
	4.52
	Bld
	0.4
	59.0
	0.96
	100.20



	XCD15
	84.12
	9.39
	0.93
	0.18
	0.03
	0.07
	3.04
	0.01
	Bld
	143.0
	2.23
	100.05







Note: Dl is the detection limit of element.
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Table A2. Selected trace element contents (ppm) of SJOF granite samples.
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	Sample No.
	Cs
	Tl
	Rb
	Ba
	W
	Th
	Nb
	Ta
	Pb



	Dl
	0.01
	0.02
	0.20
	0.50
	0.10
	0.05
	0.10
	0.10
	0.50



	ZS07
	3.26
	0.49
	86.8
	17.7
	1620
	5.3
	5.7
	2.6
	3.6



	ZS09
	33.2
	2.25
	498
	44.6
	496
	29.3
	15.7
	4.4
	29.2



	SBW13
	27.4
	2.63
	514
	203.0
	830
	25.7
	27.6
	5.4
	41.0



	SBW24
	29.3
	3.58
	566
	122.5
	660
	36.0
	37.5
	8.5
	44.2



	SBW26
	28.7
	2.70
	522
	229.0
	436
	35.4
	27
	5.0
	44.4



	SBW28
	101.50
	3.64
	844
	130.5
	108
	36.7
	28.3
	5.3
	40.2



	JLJ02
	85.2
	5.18
	933
	124.5
	151
	52.7
	21.9
	3.6
	84.7



	JLJ03
	30.0
	3.23
	526
	106.0
	499
	22.9
	10.0
	1.7
	70.5



	JLJ04
	24.3
	2.92
	566
	88.7
	344
	50.5
	19.1
	3.1
	76.1



	JLJ07
	18.9
	3.14
	238
	41.8
	1150
	14.5
	13.6
	2.9
	307.0



	JLJ08
	46.8
	3.04
	607
	123.0
	424
	53.0
	23.9
	3.8
	304.0



	JLJ09
	20.3
	2.50
	508
	108.5
	690
	30.1
	17.5
	3.3
	48.4



	JLJ10
	31.6
	2.58
	480
	144.0
	760
	44.4
	20.7
	3.0
	94.4



	JLJ11
	35.7
	2.88
	500
	124.5
	640
	49.2
	22.9
	3.7
	211.0



	JLJ13
	49.0
	2.31
	402
	32.8
	760
	10.2
	11.7
	20.5
	284.0



	JLJ17
	35.0
	3.07
	319
	29.4
	460
	19.6
	14.1
	1.8
	243.0



	JLJ24
	35.3
	1.87
	336
	73.1
	740
	30.0
	14.9
	2.3
	51.7



	JLJ26
	13.85
	2.90
	505
	202.0
	187
	117.0
	31.9
	4.6
	41.8



	JLJ27
	38.6
	3.11
	490
	83.6
	680
	49.1
	19.2
	4.0
	246.0



	JLJ28
	44.5
	2.20
	441
	96.7
	767
	22.5
	12.5
	3.6
	201.0



	JLJ29
	14.1
	2.09
	404
	125.5
	660
	44.7
	18.3
	3.3
	45.8



	JLJ30
	24.7
	1.08
	187
	51.4
	690
	16.6
	6.4
	1.8
	63.6



	JLJ31
	30.5
	3.75
	604
	172.0
	590
	62.2
	19.4
	3.8
	60.1



	JLJ33
	49.3
	2.72
	524
	37.4
	528
	26.8
	17.4
	3.7
	241.0



	XCD02
	18.1
	2.90
	534
	53.8
	318
	27.0
	29.1
	8.0
	135.5



	XCD07
	23.8
	2.75
	498
	102.5
	586
	24.6
	24.8
	4.8
	29.5



	XCD09
	15.0
	4.62
	758
	238.0
	360
	44.5
	25.6
	8.6
	39.1



	XCD12
	11.85
	0.57
	55.2
	59.0
	1010
	4.7
	2.1
	1.4
	3.7



	XCD13
	52.4
	3.78
	801
	102.0
	591
	26.1
	24.1
	10.8
	48.2



	XCD15
	24.3
	3.29
	468
	76.7
	397
	11.4
	38.1
	51.0
	161.5



	Sample No.
	Mo
	Sr
	Zr
	Hf
	Sn
	Sb
	Tb
	Li
	Y



	Dl
	0.05
	0.10
	2.00
	0.20
	0.20
	0.05
	0.01
	0.20
	0.10



	ZS07
	1.24
	6.5
	10
	0.4
	19.5
	0.11
	0.24
	12.1
	8.6



	ZS09
	0.42
	18.6
	72
	3.1
	12.9
	0.32
	1.19
	103.0
	48.4



	SBW13
	0.45
	47.8
	103
	3.4
	21.1
	0.06
	0.66
	154.0
	18.1



	SBW24
	0.36
	42.3
	109
	4.2
	22.0
	0.14
	1.07
	93.0
	33.5



	SBW26
	0.5
	149.5
	136
	4.4
	21.0
	0.09
	0.97
	71.3
	20.8



	SBW28
	0.07
	30.9
	141
	4.6
	18.0
	0.09
	0.86
	125.0
	20.8



	JLJ02
	0.75
	27.0
	143
	6.3
	21.8
	0.46
	2.53
	146.5
	107.0



	JLJ03
	12.00
	30.4
	63
	2.4
	9.1
	0.49
	1.60
	147.5
	74.5



	JLJ04
	1.49
	30.3
	99
	4.0
	19.0
	0.29
	0.99
	155.5
	32.0



	JLJ07
	74.30
	29.3
	34
	1.6
	6.3
	3.47
	2.21
	151.0
	104.5



	JLJ08
	0.51
	28.4
	142
	5.6
	10.1
	0.81
	2.30
	510.0
	75.3



	JLJ09
	0.42
	31.2
	99
	4.2
	13.1
	0.11
	1.46
	59.8
	52.5



	JLJ10
	1.58
	29.9
	116
	4.6
	12.6
	0.69
	1.71
	338.0
	56.3



	JLJ11
	13.65
	30.4
	122
	5.3
	12.4
	1.08
	3.57
	179.0
	179.5



	JLJ13
	20.90
	34.6
	16
	1.7
	14.5
	2.32
	1.87
	123.5
	84.7



	JLJ17
	194.00
	26.3
	46
	2.3
	5.9
	9.85
	1.48
	127.0
	60.9



	JLJ24
	2.04
	25.2
	78
	3.3
	10.2
	0.63
	1.05
	277.0
	42.0



	JLJ26
	0.28
	43.1
	330
	10.7
	29.0
	0.09
	2.46
	129.0
	68.6



	JLJ27
	15.05
	31.5
	110
	4.5
	12.5
	2.10
	2.37
	144.5
	90.7



	JLJ28
	15.25
	33.5
	52
	2.2
	6.3
	0.94
	1.60
	92.5
	67.9



	JLJ29
	0.41
	32.8
	90
	3.7
	13.3
	0.19
	1.81
	112.0
	71.2



	JLJ30
	3.58
	25.3
	34
	1.3
	4.1
	0.49
	0.59
	174.5
	23.9



	JLJ31
	15.85
	34.3
	120
	4.8
	10.1
	0.67
	1.07
	22.2
	38.5



	JLJ33
	7.29
	28.3
	28
	1.3
	15.0
	0.9
	1.48
	212.0
	64.3



	XCD02
	3.05
	60.3
	52
	2.9
	14.9
	0.34
	1.52
	19.4
	55.4



	XCD07
	19.90
	14.9
	58
	2.6
	15.7
	1.07
	1.35
	132.5
	55.8



	XCD09
	0.57
	57.0
	94
	4.7
	9.9
	0.72
	3.05
	14.9
	106.0



	XCD12
	13.20
	36.8
	8
	0.3
	2.4
	1.44
	0.17
	330.0
	6.0



	XCD13
	0.49
	16.2
	61
	4.2
	37.9
	0.14
	2.23
	100.5
	107.0



	XCD15
	7.15
	10.5
	27
	2.5
	22.0
	0.85
	3.15
	59.7
	141.5
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Table A3. REE contents (ppm) and parameters of SJOF granite samples.
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	Sample No.
	La
	Ce
	Pr
	Nd
	Sm
	Eu
	Gd
	Tb
	Dy
	Ho
	Er



	Dl
	0.10
	0.10
	0.03
	0.10
	0.03
	0.03
	0.05
	0.01
	0.05
	0.01
	0.03



	ZS07
	6.4
	14.4
	1.73
	6.4
	1.79
	0.04
	1.48
	0.24
	1.31
	0.28
	0.72



	ZS09
	16.0
	36.2
	4.36
	16.4
	5.50
	0.23
	6.10
	1.19
	7.61
	1.65
	4.84



	SBW13
	30.0
	59.0
	7.45
	25.8
	5.04
	0.44
	4.30
	0.66
	3.57
	0.68
	1.81



	SBW24
	32.0
	61.4
	7.62
	28.0
	6.76
	0.42
	6.20
	1.07
	5.92
	1.23
	3.54



	SBW26
	44.4
	87.0
	11.10
	38.4
	7.83
	0.58
	6.40
	0.97
	4.65
	0.83
	2.14



	SBW28
	44.6
	88.2
	10.65
	36.5
	7.61
	0.53
	6.00
	0.86
	4.36
	0.81
	2.19



	JLJ02
	42.4
	85.0
	10.80
	39.7
	10.60
	0.35
	12.60
	2.53
	16.70
	3.80
	11.80



	JLJ03
	20.7
	40.1
	4.97
	18.1
	5.17
	0.33
	7.30
	1.60
	10.45
	2.58
	8.02



	JLJ04
	20.9
	44.1
	5.95
	22.0
	6.19
	0.36
	5.50
	0.99
	5.61
	1.12
	3.43



	JLJ07
	16.5
	39.0
	5.49
	21.1
	7.89
	0.65
	10.25
	2.21
	15.15
	3.42
	10.75



	JLJ08
	43.4
	87.3
	11.15
	40.9
	11.20
	0.52
	11.50
	2.30
	13.55
	2.82
	8.52



	JLJ09
	24.2
	50.0
	6.47
	23.6
	6.75
	0.33
	7.40
	1.46
	8.59
	1.85
	5.65



	JLJ10
	36.0
	75.6
	9.62
	35.0
	9.78
	0.36
	9.70
	1.71
	10.25
	2.12
	6.53



	JLJ11
	28.7
	61.3
	8.92
	34.7
	11.85
	0.63
	16.60
	3.57
	23.80
	5.22
	17.00



	JLJ13
	13.7
	33.1
	4.00
	15.8
	6.39
	0.41
	8.90
	1.87
	10.85
	2.36
	7.40



	JLJ17
	12.3
	29.5
	3.68
	14.6
	5.41
	0.30
	7.10
	1.48
	9.51
	2.04
	6.35



	JLJ24
	23.8
	50.8
	5.71
	20.9
	5.44
	0.24
	5.80
	1.05
	6.80
	1.46
	4.61



	JLJ26
	94.6
	185.0
	22.80
	80.6
	17.15
	0.93
	15.35
	2.46
	13.05
	2.45
	7.06



	JLJ27
	23.3
	60.9
	8.80
	35.0
	11.40
	0.72
	13.30
	2.37
	13.70
	2.84
	8.77



	JLJ28
	18.1
	42.4
	5.60
	20.9
	7.32
	0.47
	8.30
	1.60
	9.57
	2.05
	5.62



	JLJ29
	36.5
	79.6
	9.51
	35.1
	9.73
	0.39
	9.73
	1.81
	11.30
	2.44
	7.01



	JLJ30
	9.3
	19.9
	2.61
	9.9
	3.04
	0.24
	2.90
	0.59
	4.11
	0.86
	2.56



	JLJ31
	26.0
	58.1
	7.18
	27.6
	7.41
	0.39
	6.50
	1.07
	6.45
	1.41
	4.27



	JLJ33
	9.4
	28.4
	4.30
	18.0
	6.70
	0.34
	8.00
	1.48
	9.13
	1.89
	5.60



	XCD02
	21.1
	47.0
	5.81
	22.4
	6.97
	0.18
	7.63
	1.52
	9.74
	1.94
	5.75



	XCD07
	14.1
	32.2
	4.12
	15.6
	5.49
	0.13
	6.60
	1.35
	9.02
	1.89
	5.67



	XCD09
	18.8
	57.0
	5.33
	21.9
	9.48
	0.39
	14.65
	3.05
	18.80
	3.80
	10.30



	XCD12
	4.3
	9.1
	1.06
	4.0
	1.00
	0.13
	0.97
	0.17
	0.89
	0.19
	0.50



	XCD13
	11.8
	30.1
	4.09
	16.6
	7.32
	0.09
	10.50
	2.23
	15.00
	3.26
	9.87



	XCD15
	12.0
	13.2
	3.96
	17.6
	9.57
	0.14
	14.70
	3.15
	21.10
	4.46
	13.10



	LHF [9]
	39.0
	77.2
	10.13
	36.64
	8.69
	0.46
	8.56
	1.31
	7.64
	1.51
	4.53



	KY6 [15]
	49.1
	101.9
	12.50
	45.46
	9.56
	0.54
	7.41
	1.14
	4.94
	0.76
	1.86



	12DL [15]
	29.6
	61.6
	7.60
	30.38
	8.32
	0.35
	8.17
	1.40
	8.20
	1.59
	4.70



	15DL [15]
	36.4
	72.0
	9.71
	34.90
	8.60
	0.37
	8.72
	1.29
	7.10
	1.38
	4.25



	Sample No.
	Tm
	Yb
	Lu
	∑REE
	LREE
	HREE
	L/H
	Sm/Nd
	Y/Ho
	δEu
	δCe



	Dl
	0.01
	0.03
	0.01
	
	
	
	
	
	
	
	



	ZS07
	0.11
	0.69
	0.12
	35.71
	30.76
	4.95
	6.21
	0.28
	30.71
	0.08
	1.06



	ZS09
	0.74
	4.45
	0.73
	106.00
	78.69
	27.31
	2.88
	0.34
	29.33
	0.12
	1.06



	SBW13
	0.26
	1.62
	0.23
	140.86
	127.73
	13.13
	9.73
	0.20
	26.62
	0.29
	0.97



	SBW24
	0.56
	3.89
	0.59
	159.20
	136.20
	23.00
	5.92
	0.24
	27.24
	0.20
	0.96



	SBW26
	0.29
	1.76
	0.24
	206.59
	189.31
	17.28
	10.96
	0.20
	25.06
	0.25
	0.96



	SBW28
	0.31
	2.06
	0.32
	205.00
	188.09
	16.91
	11.12
	0.21
	25.68
	0.24
	0.99



	JLJ02
	1.74
	11.35
	1.62
	250.99
	188.85
	62.14
	3.04
	0.27
	28.16
	0.09
	0.97



	JLJ03
	1.16
	7.37
	1.05
	128.90
	89.37
	39.53
	2.26
	0.29
	28.88
	0.16
	0.97



	JLJ04
	0.55
	3.85
	0.59
	121.14
	99.50
	21.64
	4.60
	0.28
	28.57
	0.19
	0.97



	JLJ07
	1.69
	12.05
	1.82
	147.97
	90.63
	57.34
	1.58
	0.37
	30.56
	0.22
	1.00



	JLJ08
	1.25
	8.49
	1.23
	244.13
	194.47
	49.66
	3.92
	0.27
	26.70
	0.14
	0.97



	JLJ09
	0.89
	5.87
	0.85
	143.91
	111.35
	32.56
	3.42
	0.29
	28.38
	0.14
	0.98



	JLJ10
	0.95
	6.12
	0.89
	204.63
	166.36
	38.27
	4.35
	0.28
	26.56
	0.11
	1.00



	JLJ11
	2.46
	16.85
	2.46
	234.06
	146.10
	87.96
	1.66
	0.34
	34.39
	0.14
	0.94



	JLJ13
	1.10
	7.25
	1.05
	114.18
	73.40
	40.78
	1.80
	0.40
	35.89
	0.17
	1.10



	JLJ17
	0.94
	6.53
	0.93
	100.67
	65.79
	34.88
	1.89
	0.37
	29.85
	0.15
	1.08



	JLJ24
	0.69
	4.68
	0.70
	132.68
	106.89
	25.79
	4.14
	0.26
	28.77
	0.13
	1.07



	JLJ26
	0.92
	6.05
	0.93
	449.35
	401.08
	48.27
	8.31
	0.21
	28.00
	0.18
	0.98



	JLJ27
	1.24
	8.49
	1.24
	192.07
	140.12
	51.95
	2.70
	0.33
	31.94
	0.18
	1.04



	JLJ28
	0.83
	5.11
	0.80
	128.67
	94.79
	33.88
	2.80
	0.35
	33.12
	0.18
	1.03



	JLJ29
	1.01
	6.38
	0.96
	211.47
	170.83
	40.64
	4.20
	0.28
	29.18
	0.12
	1.05



	JLJ30
	0.41
	2.62
	0.41
	59.45
	44.99
	14.46
	3.11
	0.31
	27.79
	0.25
	0.99



	JLJ31
	0.68
	4.35
	0.72
	152.13
	126.68
	25.45
	4.98
	0.27
	27.30
	0.17
	1.04



	JLJ33
	0.81
	4.88
	0.80
	99.73
	67.14
	32.59
	2.06
	0.37
	34.02
	0.14
	1.10



	XCD02
	0.88
	5.34
	0.83
	137.09
	103.46
	33.63
	3.08
	0.31
	28.56
	0.08
	1.04



	XCD07
	0.85
	5.05
	0.80
	102.87
	71.64
	31.23
	2.29
	0.35
	29.52
	0.07
	1.04



	XCD09
	1.52
	8.64
	1.33
	174.99
	112.90
	62.09
	1.82
	0.43
	27.89
	0.10
	1.40



	XCD12
	0.07
	0.50
	0.08
	22.96
	19.59
	3.37
	5.81
	0.25
	31.58
	0.40
	1.05



	XCD13
	1.52
	9.65
	1.57
	123.60
	70.00
	53.60
	1.31
	0.44
	32.82
	0.03
	1.06



	XCD15
	2.14
	13.70
	2.23
	131.05
	56.47
	74.58
	0.76
	0.54
	31.73
	0.04
	0.47



	LHF [9]
	0.69
	4.77
	0.71
	201.86
	172.14
	29.72
	5.79
	0.24
	27.93
	0.16
	0.95



	KY6 [15]
	0.25
	1.58
	0.24
	237.26
	219.08
	18.18
	12.05
	0.21
	28.11
	0.20
	1.01



	12DL [15]
	0.64
	4.99
	0.72
	168.26
	137.85
	30.41
	4.53
	0.27
	28.60
	0.13
	1.01



	15DL [15]
	0.61
	4.38
	0.62
	190.30
	161.95
	28.35
	5.71
	0.25
	26.86
	0.13
	0.94







Notes: L/H = LREE/HREE; δEu = EuN/(SmN·GdN)1/2; δCe = CeN/(LaN·PrN)1/2.
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Figure 1. (a) Geotectonic location map of the ZCGB. (b) Schematic map of granitic plutons and U ore fields in central and southern part of the ZCGB. (c) Simplified geological map of the SJOF. Notes: Figure 1a modified from Mao et al. [2], Figure 1b modified from Deng et al. [3], and Figure 1c modified from Chen et al. [4]. 
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Figure 2. Representative samples and minerals from the SJOF. Notes: Images (a–i) are hand specimen photographs; images (j,k) are optical micrographs; images (l–o) are backscatter micrographs. Abbreviations: Pit—pitchblende; Qtz—Quartz; Py—pyrite; Hem—hematite; Fl—fluorite; Pl—plagioclase; Cal—calcite; Chl—chlorite; Ur—uraninite; Cof—coffinite. 
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Figure 3. Box-whisker diagrams showing relative contents of important elements, namely Pb, Mo, and Sb, in altered SJOF granites. (a) SiO2, (b) Al2O3, (c) Fe2O3, (d) MgO, (e) CaO, (f) Na2O + K2O, (g) SO3, (h) F, (i) Pb, (j) Mo, (k) Sb. 
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Figure 4. (a) Primitive-mantle-normalized trace element spider diagram and (b) chondrite-normalized REE diagram for the SJOF granite samples with different U contents. Note: The normalization values are from Sun and McDonough [31], and the pitchblende data are from Chen et al. [4]. 
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Figure 5. Representative minerals in altered SJOF granites. Notes: Images (a–e) are optical micrographs; images (f–i) are backscatter micrographs. Abbreviations: Bit—biotite; Chl—chlorite; Cof—coffinite; Fl—fluorite; Hem—hematite; Mag—magnetite; Mi—microcline; Pit—pitchblende; Pl—plagioclase; Py—pyrite; Qtz—quartz; Ur—uraninite. 
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Figure 6. Histograms of burial depth versus granite sample type. (a) Barren samples, (b) Mineralized samples, (c) Ore-bearing samples. 
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Figure 7. Scatter plots of some elements and element combinations in various altered granites versus burial depth (Bd). (a) F vs. Bd, (b) S vs. Bd, (c) HREE vs. Bd, (d) LREE/HREE vs. Bd, (e) W vs. Bd, (f) Mo vs. Bd, (g) Sb vs. Bd, (h) Li vs. Bd. 






Figure 7. Scatter plots of some elements and element combinations in various altered granites versus burial depth (Bd). (a) F vs. Bd, (b) S vs. Bd, (c) HREE vs. Bd, (d) LREE/HREE vs. Bd, (e) W vs. Bd, (f) Mo vs. Bd, (g) Sb vs. Bd, (h) Li vs. Bd.



[image: Minerals 12 00144 g007]







[image: Table] 





Table 1. Geological characteristics and location of the SJOF granite samples.
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Sample No.

	
Lithology

	
Type

	
Sample Location

	
Mining Area






	
ZS07

	
Altered granite

	
BS

	
ZKZ4, burial depth 315 m

	
Zhongshan




	
ZS09

	
Cataclastic-altered granite

	
BS

	
ZKZ1, burial depth 163 m




	
SBW13

	
Fresh biotite monzogranite

	
FG

	
ZK10, burial depth 80 m

	
Shibiwo




	
SBW24

	
Cataclastic-altered granite

	
BS

	
Outcrop, burial depth 0 m




	
SBW26

	
Cataclastic-altered granite

	
BS

	
ZK01, burial depth 126 m




	
SBW28

	
Cataclastic-chloritized rock

	
BS

	
ZK72, burial depth 161 m




	
JLJ02

	
Cataclastic-altered granite

	
MS

	
ZK71, burial depth 125 m

	
Jiulongjiang




	
JLJ03

	
Cataclastic-altered granite

	
MS

	
ZK71, burial depth 198 m




	
JLJ04

	
Altered granite

	
MS

	
ZK63, burial depth 265 m




	
JLJ07

	
Cataclastic-altered granite

	
OBS

	
ZK39, burial depth 100 m




	
JLJ08

	
Cataclastic-altered granite

	
OBS

	
ZK16, burial depth 196 m




	
JLJ09

	
Fresh biotite monzogranite

	
FG

	
ZK16, burial depth 184 m




	
JLJ10

	
Cataclastic-altered granite

	
OBS

	
ZK39, burial depth 99 m




	
JLJ11

	
Cataclastic-altered granite

	
OBS

	
ZK71, burial depth 130 m




	
JLJ13

	
Cataclastic-altered granite

	
OBS

	
ZK71, burial depth 135 m




	
JLJ17

	
Cataclastic-altered granite

	
OBS

	
ZK02, burial depth 119 m




	
JLJ24

	
Cataclastic-altered granite

	
MS

	
ZK95, burial depth 311 m




	
JLJ26

	
Fresh biotite monzogranite

	
FG

	
ZK87, burial depth 234 m




	
JLJ27

	
Cataclastic-altered granite

	
OBS

	
ZK73, burial depth 237 m




	
JLJ28

	
Cataclastic-altered granite

	
OBS

	
ZK16, burial depth 195 m




	
JLJ29

	
Weakly altered granite

	
BS

	
ZK95, burial depth 384 m




	
JLJ30

	
Cataclastic-altered granite

	
MS

	
ZK79, burial depth 246 m




	
JLJ31

	
Cataclastic-altered granite

	
MS

	
ZK63, burial depth 171 m




	
JLJ33

	
Cataclastic-altered granite

	
OBS

	
ZK47, burial depth 539 m




	
XCD02

	
Cataclastic-altered granite

	
BS

	
ZK55, burial depth 309 m

	
Xiucaidong




	
XCD07

	
Cataclastic-altered granite

	
BS

	
ZK63, burial depth 66 m




	
XCD09

	
Cataclastic-altered granite

	
MS

	
ZKX2, burial depth 473 m




	
XCD12

	
Altered granite

	
BS

	
ZK47, burial depth 60 m




	
XCD13

	
Kaolinized cataclastic rock

	
BS

	
ZK44, burial depth 315 m




	
XCD15

	
Cataclastic-altered granite

	
MS

	
Outcrop, burial depth 0 m








Note: Most of the cataclastic altered granites that do not display granite texture are tectonites.
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Table 2. Geochemical summary of major-element oxides (wt%) and U (ppm) of SJOF granite samples.
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SiO2

	
Al2O3

	
Fe2O3T

	
MgO

	
CaO

	
Na2O

	
K2O

	
SO3

	
F

	
U

	
LOI






	
Fresh granites (n = 3)




	
min

	
62.28

	
12.48

	
1.17

	
0.21

	
0.32

	
2.06

	
5.32

	
Bld

	
Bld

	
14.6

	
0.87




	
max

	
77.13

	
17.52

	
5.02

	
1.08

	
0.66

	
3.89

	
6.57

	
0.26

	
0.10

	
22.4

	
1.43




	
ave

	
71.43

	
14.52

	
2.50

	
0.52

	
0.48

	
2.87

	
5.79

	
0.09

	
0.03

	
17.7

	
1.09




	
Altered granites and tectonites (n = 27)

	

	




	
min

	
69.97

	
1.84

	
0.82

	
0.04

	
0.03

	
0.03

	
0.41

	
Bld

	
Bld

	
4.1

	
0.31




	
max

	
94.47

	
16.86

	
3.09

	
0.66

	
8.32

	
4.02

	
6.86

	
1.32

	
5.10

	
1154.0

	
3.47




	
ave

	
80.12

	
10.06

	
1.50

	
0.27

	
0.90

	
0.99

	
4.08

	
0.45

	
0.32

	
402.4

	
1.53








Notes: “Bld” in the table, body text, and appendix indicates that the element content is below the detection limit, and “n” is the number of samples with effective analysis results. The high U content (>1000 ppm) is assumed to be 1000 ppm for the calculation of the average U content.
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Table 3. Geochemical summary of selected trace elements and REEs (ppm) of SJOF granite samples.
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Cs

	
Tl

	
Rb

	
Ba

	
W

	
Th

	
Nb

	
Ta

	
Pb




	
Fresh granites (n = 3)




	
Min

	
13.85

	
2.5

	
505

	
108.5

	
187

	
25.7

	
17.5

	
3.3

	
41.0




	
Max

	
27.40

	
2.9

	
514

	
203.0

	
830

	
117.0

	
31.9

	
5.4

	
48.4




	
Average

	
20.52

	
2.7

	
509

	
171.2

	
569

	
57.6

	
25.7

	
4.4

	
43.7




	
Altered granites and tectonites (n = 27)




	
Min

	
3.26

	
0.49

	
55

	
17.7

	
108

	
4.7

	
2.1

	
1.4

	
3.6




	
Max

	
101.50

	
5.18

	
933

	
238.0

	
1620

	
62.2

	
38.1

	
51.0

	
307.0




	
Average

	
34.63

	
2.81

	
488

	
97.4

	
608

	
31.5

	
19.4

	
6.6

	
117.2




	

	
Mo

	
Sr

	
Zr

	
Hf

	
Sn

	
Sb

	
Tb

	
Li

	
Y




	
Fresh granites (n = 3)




	
Min

	
0.28

	
31.2

	
99.0

	
3.4

	
13.1

	
0.06

	
0.66

	
59.8

	
18.1




	
Max

	
0.45

	
47.8

	
330.0

	
10.7

	
29.0

	
0.11

	
2.46

	
154.0

	
68.6




	
Average

	
0.38

	
40.7

	
177.3

	
6.1

	
21.1

	
0.09

	
1.53

	
114.3

	
46.4




	
Altered granites and tectonites (n = 27)




	
Min

	
0.07

	
6.5

	
8.0

	
0.3

	
2.4

	
0.09

	
0.17

	
12.1

	
6.0




	
Max

	
194.00

	
149.5

	
143.0

	
6.3

	
37.9

	
9.85

	
3.57

	
510.0

	
179.5




	
Average

	
15.76

	
34.1

	
76.3

	
3.3

	
14.1

	
1.14

	
1.63

	
147.2

	
65.8
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Table 4. Main results of REE (ppm) of granite samples from SJOF.
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La

	
Ce

	
Pr

	
Nd

	
Sm

	
Eu

	
Gd

	
Tb

	
Dy




	
Fresh granites (n = 18)




	
Min

	
24.2

	
50.0

	
6.47

	
23.6

	
5.04

	
0.33

	
4.30

	
0.66

	
3.57




	
Max

	
94.6

	
185.0

	
22.80

	
80.6

	
17.15

	
0.93

	
15.35

	
2.46

	
13.05




	
Average

	
43.3

	
86.7

	
10.95

	
39.6

	
9.16

	
0.49

	
8.56

	
1.39

	
7.58




	
Altered granites and tectonites (n = 27)




	
Min

	
4.3

	
9.1

	
1.06

	
4.0

	
1.00

	
0.04

	
0.97

	
0.17

	
0.89




	
Max

	
44.6

	
88.2

	
11.15

	
40.9

	
11.85

	
0.72

	
16.60

	
3.57

	
23.80




	
Average

	
22.5

	
48.6

	
6.23

	
23.5

	
7.22

	
0.35

	
8.34

	
1.63

	
10.20




	

	
Ho

	
Er

	
Tm

	
Yb

	
Lu

	
∑REE

	
LREE

	
HREE

	
L/H




	
Fresh granites (n = 18)




	
Min

	
0.68

	
1.81

	
0.25

	
1.58

	
0.23

	
140.86

	
111.35

	
13.13

	
3.42




	
Max

	
2.45

	
7.06

	
0.92

	
6.05

	
0.93

	
449.35

	
401.08

	
48.27

	
12.05




	
Average

	
1.46

	
4.27

	
0.61

	
4.18

	
0.61

	
218.83

	
190.17

	
28.66

	
7.08




	
Altered granites and tectonites (n = 27)




	
Min

	
0.19

	
0.50

	
0.07

	
0.50

	
0.08

	
22.96

	
19.59

	
3.37

	
0.76




	
Max

	
5.22

	
17.00

	
2.46

	
16.85

	
2.46

	
250.99

	
194.47

	
87.96

	
11.12




	
Average

	
2.18

	
6.55

	
0.98

	
6.37

	
0.97

	
145.48

	
108.26

	
37.22

	
3.75








Note: L/H = LREE/HREE.
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