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Abstract

:

We report on the effects of magmatic hydrothermal fluids on the mineralogical and geochemical compositions of 12U and 12L Coals from the Meitian Mine in the Meitian Coalfield, southern China. The minerals in 12U Coal are predominantly chlorite, quartz, and calcite, while the minerals in 12L Coal consist mainly of illite, quartz, chlorite, kaolinite, and mixed-layer illite/smectite (I/S). The vesicle- and fracture-filling illite, chlorite, I/S, pyrite, and fluorite, cleat- and fracture-filling carbonate minerals (i.e., calcite, and dolomite), and cleat-filling tremolite, diopside, and talc have epigenetic hydrothermal origins. Tremolite, diopside, and talc were probably formed from the reaction between dolomite and Si-rich magmatic hydrothermal fluids. Elevated Pb–Zn–Sn–Cd assemblages are characteristic for the 12U Coal, while 12L Coal is enriched in W, Rb, Cs, Th, V, Zn, and Zr, most notably W, Rb, and Cs. REY (Rare Earth Elements and Yttrium) plots for almost all coals, partings and host rocks are similar, showing an M-type REY distribution, Gd-maximum, positive Y anomalies, and negative Ce anomalies, suggesting acid hydrothermal circulation in the coal-bearing strata. Rubidium and cesium in the coal is clearly associated with K-rich clay minerals (illite + I/S), and to a lesser extent with silicate minerals that were precipitated from hydrothermal solutions. W in the coals mainly occurs in the inorganic constituents of illite and pyrite, especially illite. Enrichment of W, Rb, and Cs in the coal and host rocks is genetically associated with magmatic hydrothermal fluids. Specifically, magmatic hydrothermal fluids of relatively high temperatures that are rich in volatile matter can extract abundant W, Rb, and Cs from granitic melts. The enrichment of these rare metals in the coal is mainly related to illitization. Our study results suggest that, for coal intruded by magmatic rocks, the type of hydrothermal alteration may greatly influence the enrichment of elements.
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1. Introduction


Some rare metals can be significantly enriched in coals and coal-bearing strata under specific geological conditions [1,2,3]. In recent years, metalliferous coal deposits that contain very high concentrations of rare metals have attracted substantial attention due to the recovery potential of critical elements from them [1,2,4,5,6,7,8].



Magmatic intrusions are common in coal seams [9,10]. Some study results showed that magmatic intrusions can lead to some physical and chemical changes of coal, such as the formation of mosaic and vesicular structures, an increase or decrease in gas content and adsorption capacity, and the formation of anisotropic components (e.g., epigenetic minerals), which have positive or negative effects on coalbed methane development [11,12,13,14].



Many study results showed that magmatic intrusions greatly influence petrographic, geochemical and mineralogical compositions of coal seams [9,10,15,16,17,18,19,20,21,22]. Previous studies have shown that some zoned distributions of coal ranks are highly associated with igneous intrusions worldwide, and many elements enriched in coals are derived from magmatic and hydrothermal inputs [9,10,17,18,19,20,21,22,23,24]. More specifically, Querol et al. (1997) [9] showed that coals from the Fuxin Basin, China, are rich in manganese because of a diabase intrusion. Finkelman et al. (1998) [10] showed that some rare metals, such as Rb, Mo, U, Ga, and Ge, are concentrated in coal from Pitkin County, Colorado, and the primary carriers of these rare metals in coals are clay minerals and/or organic matter. Golab et al. (2004) [17] showed that, at the contact between coal and intrusion, some elements (e.g., V, Sc, Sm, Rb, Pb, S) are enriched in thermally altered coals from Upper Hunter Valley, Australia. Suárez-Ruiz et al. (2006) [18] reported that Mn and V in the coals from Rio Maior (Portugal) and Peñarroya (Spain) Basins are related with the circulation of magmatic fluids. Dai and Ren (2007) [19] attributed elevated concentrations of some elements (e.g., Zn, Pb, and U) in coal from Fengfeng-Handan coalfield, Hebei, China, to magmatic intrusions. Zheng et al. (2008) [20] and Dai et al. (2012) [21] showed that the increased Hg in the altered coals from Huaibei Coalfield, Anhui, and from Adaohai Mine, Inner Mongolia, was probably derived from igneous fluids. Chen et al. (2014) [22] showed that some elements (i.e., Fe, Ca, S, Si, Mg, Zn, Cd, and Pb) in coals from Pansan Mine of Huainan Coalfield, Anhui, China, were mainly sourced from magmatic hydrothermal fluids.



Some results indicated that certain epigenetic minerals in thermally altered coals, such as carbonate minerals (e.g., calcite and dolomite) and sulphide minerals (e.g., pyrite and pyrrhotite), mainly originate from hydrothermal alteration, and these minerals tend to carry some trace elements transported into altered coals by hydrothermal fluids [9,10,17,18,19,20,21,22,25]. Although the effects of igneous intrusions on petrographic, geochemical and mineralogical compositions of coal seams have been extensively studied, the mechanism of elements sourced from magmatic intrusions and then enriched in coal is not completely clear.



It is well known that Southern Hunan in South China hosts world-famous granitoid-related Cu–Pb–Zn and W–Sn polymetallic ore deposits [26]. The Meitian Coalfield is also located in this area, and the concentrations of some elements (e.g., W, Th, Nd, Rb, and U) in the coals may be associated with granitic intrusions [1,24]. However, minerals resulted from the granitic intrusions, the modes of occurrence of some elements enriched in the Meitian Coalfield and the major factors controlling their enrichment have not been investigated in detail.



In this study, we focus on the effect of magmatic hydrothermal fluids on the geochemical and mineralogical compositions of 12U and 12L Coals (late Permian) from the Meitian Mine in the Meitian Coalfield, southern Hunan, with particular focus on the modes of occurrence of rare metals, especially W, Rb, and Cs, and the major factors controlling their enrichment in the coals.




2. Geological Setting


Meitian Coalfield is located in the central Nanling region of the Cathaysian Block, South China (Figure 1a,b). An igneous intrusion, the Qitianling granite complex, is widely distributed in the north of the Meitian Coalfield (Figure 1b). This granite complex outcrops over an area of about 520 km2 and ranges in age from Carboniferous to Early Triassic [27,28]. The zoned distribution of the coal rank in the Meitian Coalfield is completely related to magmatic hydrothermal intrusion, which resulted in Permian coals metamorphosing into bituminous, semianthracite, anthracite, meta-anthracite, and even graphite (Figure 1c) [24]. The studied coal beds are located in the metamorphic zone III (Figure 1c).



The Meitian Mine is approximately 13 km from the Qitianling granite complex, and thus far, no magmatic intrusion has been found in this coalmine. However, some mineral veinlets (e.g., calcite, illite) can be found in the coal seams and their host rocks from the coal working faces. The Longtan Formation is its major coal-bearing formation [24,29]. Based on their lithological compositions, four separate intervals can be identified: a non-coal-bearing interval, a lower coal-bearing interval, a marine layer interval, and an upper coal-bearing interval from bottom to top (Figure 2) [29]. Coal seams with economic value are located in the lower coal-bearing interval.



The thickness of the lower coal-bearing interval varies from 64.0 to 278.3 m (average 129.8 m), and it mainly consists of fine-medium sandstone, siltstone, silty mudstone, and coal seams, which are a set of clastic rocks of the marine-terrigenous transitional facies [29]. The lower coal-bearing interval contains No. 13, 12L, 12U, 11, 10, 9, and 2 coal beds from bottom to top, of which 12U and 12L Coals are minable. Both 12U and 12L Coals from the Meitian Mine vary from less than 0.5 m to 5 m thick. The study area has been subjected to several tectonic events since the coal-forming period [24], resulting in the destruction of coal structure at different degrees and the impairment of coal permeability. Unlike other coalmines in the Meitian Coalfield, the gas content of the studied coal seams is very low.



The non-coal-bearing interval, which is more than 100 m thick on average, is mainly composed of fine-medium sandstone with interbeds of sandy mudstone and siltstone (Figure 2). The marine bed interval mainly consists of sandy mudstone, mudstone, siltstone, and limestone, with an average thickness of more than 200 m (Figure 2). The upper coal-bearing interval comprises mudstone interlayered with thin fine-grained sandstone, siltstone, and non-minable coal seams, which are not shown in Figure 2.




3. Material and Analytical Methods


The samples, including coals, partings, roofs, and floors, were collected from the coal working faces in Meitian Mine, whose burial depth are about 300 m. Ten bench samples were collected in total, including four coal samples, two partings, two roofs, and two floors, and numbered as indicated in Figure 2. Each coal bench sample was cut over an area 10 cm wide and 10 cm deep. Samples were immediately sealed and stored in plastic bags after they were collected to minimize contamination and oxidation. The texture properties of the studied coals are dominated by granulated coal, followed by cataclastic coal, and even undeformed coal with banded structure.



The proximate analysis for all the coal bench samples was conducted according to ASTM Standards D3173-11 (2011) [30], D3174-11 (2011) [31], and D3175-11 (2011) [32]. Based on ASTM Standard D3177-02 (2002) [33], the total sulfur content was analyzed. Random vitrinite reflectance (Ro, ran) was measured using a Leica DM2500P reflected light microscope (Leica, Wizlar, Germany) following ASTM D2798-05 (ASTM Standards D2798-05, 2005) [34].



A D/max-2500/PC powder diffractometer (Rigaku Corporation, Tokyo, Japan) was used to conduct X-ray powder diffraction (XRD) analysis to determine the mineral compositions of the samples. The sample preparation, experiment conditions, and experiment procedure for XRD analysis are as described by Dai et al. (2017) [5]. Each XRD pattern was recorded over a 2θ interval of 2.6°–70°, with a step size of 0.01°. Prior to XRD analysis, the powdered coal samples were transformed to ash at low-temperatures (<150 °C) using an EMITECH K1050X Plasma Asher (Quorum Technologies, Lewes, UK). In addition, a field emission-scanning electron microscope in conjunction with an energy-dispersive X-ray spectrometer (FESEM-EDS) was used to further determine the mineral compositions of the bench samples. The experiment conditions and experiment procedure are generally as described in Dai et al. (2017) [5]. The samples were coated gold for low-vacuum SEM working conditions. The working distance of the FESEM-EDS was 10 mm, the beam voltage was 15 or 20 kV, the aperture was 6, and the spot size was 4 or 5.



To conduct geochemical analysis, all the samples were crushed and ground to pass through 200 mesh (75 µm). X-ray fluorescence spectrometry (XRF) was used to determine the oxide concentration of major elements (i.e., SiO2, TiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, K2O, and P2O5) in samples. Prior to XRF analysis, both coal samples and non-coal samples were ashed 815 °C. Barring a few elements (i.e., As, Se, Hg, F, Re, and B), concentrations of the trace elements in the coal and non-coal samples were determined by quadrupole inductively coupled plasma mass spectrometry (ELAN DRE-e Q-ICP-MS, Waltham, MA, USA). The experiment procedure for the ICP-MS analysis was mainly conducted in accordance with the methods reported in Han et al. (2015) [35]. A 50-mg powder sample was dissolved in a high-pressure Teflon bomb with 1 mL HF and 2 mL HNO3 at 190 °C for 48 h. After removing HF by heating, the residue was dissolved in 2 mL H2O and 2 mL HNO3 with an appropriate amount of Rh at 145 °C for 12 h. Rh was used as an internal standard to monitor instrument drift during the analysis.




4. Results


4.1. Coal Chemistry and Vitrinite Reflectance


The proximate analysis and total sulfur of the bench samples of 12U and 12L Coals from the Meitian Mine are shown in Table 1. The mean sulfur content in 12U and 12L Coals is 0.41% and 0.58%, respectively (Table 1), indicating that they are classified as low sulfur coals [36]. The average volatile matter yields of 12U and 12L Coals are 9.67% and 7.41% (Table 1), respectively, and the average vitrinite reflectance values of 12U and 12L Coals are 2.80% and 3.17%, respectively, indicating that the Coals are low volatile anthracite coals according to ASTM D388-12(2012) [37]. The ash yields of 12U and 12L Coals shown in Table 1 are 10.26% and 45.47%, respectively, and they are classified accordingly as low- and high-ash coal according to Chinese Standard GB/T 15224.1-2010 [38].




4.2. Geochemistry


4.2.1. Major Element Oxides


The percentage of major-element oxides in the Meitian coal bench samples and host rocks, are shown in Table 2. It can be seen that the concentrations of the major-element oxides in both 12U Coal and 12L Coal are much higher than common Chinese coals [1]. Compared with 12U Coal, the percentage of major-element oxides in 12L Coal is much higher. From Table 2, it can be also seen that the percentage of each major element oxide in the Meitian coal bench samples is higher than the average values for Chinese coals reported by Dai et al. (2012) [1], especially K2O. Compared with 12U Coal, 12L Coal contains higher proportions of SiO2, Al2O3, TiO2, Na2O, MgO, and K2O in particular, and lower concentrations of Fe2O3, CaO, and P2O5.




4.2.2. Trace Elements


The concentrations of trace elements detected in coals are presented in Table 3. It can be seen that Pb is significant enriched in the 12U Coal (94.72 µg/g; cc > 10) (Figure 3a) according to the enrichment classification proposed by Dai et al. (2015) [39]. Moreover, Zn (101.76 µg/g), Sn (4.29 µg/g), and Cd (0.62 µg/g) are slightly enriched, with 2 < cc < 5 (Figure 3a). In contrast to 12U Coal, W (10.06 µg/g), Rb (234.36 µg/g), and Cs (26.10 µg/g) are significantly enriched in 12L Coal, with 10 < cc < 100 (Figure 3b), and Th, V, Zn, and Zr are enriched (5 < cc < 10) (Figure 3). The rest of the elements are either slightly enriched (2 < cc < 5) or close to the global averages for hard coals (0.5 < cc < 2) with the exception of Ge, As, Sr, Mo, Sb, and Bi. The trace element data show that the host rocks are rich in W, Rb, Cs, Be, Th, Ta, Rr, and Ho, but especially W, Rb, and Cs (Figure 3c), when compared with the global average for mudstones [40].




4.2.3. Rare Earth Elements and Yttrium (REY)


In this study, threefold division (e.g., light, medium, and heavy fractions) of REY is adopted according to the classification of Seredin and Dai (2012) [6]. REY were normalized by the Upper Continental Crust (UCC) when LaN/LuN, LaN/SmN, GdN/LuN, and YN/HoN were calculated, and Eu/Eu*, Ce/Ce*, and Gd/Gd* were calculated by the following formulae according to Bau and Dulski (1996) [41] and Dai et al. (2016, 2017) [5,42]. In Table 4, it can be seen that the concentrations of REY in 12U and 12L Coal are 26.33 and 282.17 µg/g, respectively, and the latter is much higher than that of global bituminous coal (68.6 µg/g) [40]. In addition, compared with 12U and 12L Coals, the partings, roofs, and floors have much higher average REY concentrations (Table 4).


EuN/EuN* = EuN/[(SmN × 0.67) + (TbN × 0.33)]



(1)






CeN/CeN* = CeN/(0.5LaN + 0.5PrN)



(2)






GdN/GdN* = GdN/[(SmN × 0.33) + (TbN × 0.67)]



(3)







According to the classification of enrichment patterns of REY [6], with the exception of 12U-P and 12U-F samples (both L-enrichment types), the REY enrichment patterns in almost all coal benches, partings, roofs, and floors are M-type (LaN/SmN < 1, GdN/LuN > 1) and characterized by a negative Ce anomaly and positive Y and Gd anomalies (Table 4; Figure 4). Except for 12U-R, 12U-1, 12L-R, and 12L-F samples, the coal benches, partings, and host rocks generally exhibit negative or no Eu anomalies (Table 4; Figure 4).





4.3. Minerals in the Coal


The mineralogical compositions in the low-temperature ash (LTAs) of 12U and 12L Coals are shown in Table 5 and Figure 5. The content of chlorite in 12U Coal was found to be highest and can be as high as 50.4%, with an average of 45.8%. The contents of quartz, calcite, plagioclase, I/S, and K-feldspar in 12U Coal decrease in sequence, with an average of 35.5%, 8.1%, 4.2%, 2.5%, and 2.2%, respectively. While the content of illite (average 36.7%) in 12L Coal is the highest, followed by quartz (average 27.7%), chlorite (average 15.3%), I/S (average 8.3%), Kaolinite (average 4.5%), plagioclase (average 3.1%), and K-feldspar (average 2.0%). In Table 5, it can be also seen that almost all partings, roofs, and floors have similar mineral compositions dominated by illite (average 45.3%) and quartz (average 45.3%) followed by chlorite (average 7.1%) and calcite (average 4.3%). Several other phases, including fluorite, dolomite, rutile, arsenopyrite, apatite, gypsum, tremolite, diopside, and talc are mainly identified in 12L Coals by SEM-EDS techniques (Figure 6, Figure 7 and Figure 8), while marcasite in cockscomb form, clintheriform, and spear shapes (Figure 6f) is mainly identified in 12U Coal.




4.4. Modes of Occurrence of Minerals


The modes of occurrence of minerals are shown in Figure 6, Figure 7 and Figure 8. It can be seen that illite, chlorite, I/S, and pyrite in 12U and 12L Coals generally occur as vesicle- and fracture-filling minerals (Figure 6a–g), and coal fragments are typically distributed in these minerals (Figure 6a–c,e,f). Quartz in the coals mainly occurs as cavity fillings in other minerals (e.g., pyrite; Figure 6c) and discrete particles in the organic matter (Figure 7c). Fluorite in 12L Coal mainly has three modes of occurrence, including vesicle- and fracture-filling in the organic matter (Figure 6d,g) and cavity-filling in illite (Figure 6g). Gypsum identified in 12L Coal is mainly distributed along fractures (Figure 6h).



Calcite, dolomite, apatite, tremolite, diopside, and talc identified by SEM-EDS generally occur as cleat fillings in the coals, especially in 12L Coal (Figure 7). Some dolomite is corroded and replaced by silicate minerals, such as tremolite (Figure 7a,d). The similar distribution of C, O, Ca, Mg, Si, and P indicate the possible occurrence of calcite, dolomite, apatite, and diopside in the 12L Coal (Figure 8). According to the grayscale on the BSE images, apatite generally shows the highest brightness of these minerals, followed by calcite, tremolite, and diopside (Figure 7b), whereas dolomite tends to have the lowest brightness (Figure 7a,b,d). For the partings, large proportions of illite, chlorite, and pyrite mainly occur as cavity and fracture fillings (Figure 9), and some coal fragments are also distributed in these minerals, especially in illite (Figure 9a–c,e).





5. Discussion


5.1. Enrichment Origin of Elements in the Coal: Magmatic Hydrothermal Fluids


In Table 1, it can be seen that the decreasing tread of vitrinite reflectance and increasing tread of volatile matter from the bottom to the top in this zone, is best explained by igneous intrusions. SEM-EDX results showed that vesicles and fractures in the coals and partings are well developed (Figure 6, Figure 7 and Figure 9) under the abnormal thermal metamorphism resulting from the intrusion of a Jurassic granitic pluton (the Qitianling granite complex). Moreover, they are almost filled by hydrothermal minerals (e.g., illite, pyrite, and fluorite). Such modes of crystallization in coal are generally related to the influence of magmatic hydrothermal fluids [22,44,45].



REY plots are similar for almost all coal bench samples, partings, roofs, and floors, showing an M-type REY distribution, Gd-maximum, and positive Y anomalies (Figure 4 and Table 4), which is likely connected with acid hydrothermal circulation [5,6,42,46]. The ascent of hydrothermal fluids under high pressure is also identified by the decreasing concentrations of most elements (e.g., W, Rb, Cs, V, Ni, and Zn; Table 3) from the bottom to the top of this zone [47,48], especially considering the similar zonal distribution of these elements in the host rocks (Table 3). Eskenazy (1982) [47] pointed out that coal deposits enriched in tungsten may be expected in rocks consisting of acid granitoids with high tungsten contents; the Qitianling granite complex in the north of the study area is one such granitoid that is significantly enriched in W, Rb, and Cs [49,50]. All these findings indicate that the enrichment of some elements, especially W, Rb, and Cs, in the coals of Meitian Mine is genetically associated with magmatic hydrothermal fluids.




5.2. Minerals Originating from Magmatic Hydrothermal Fluids


As shown in Figure 6, the clay minerals in 12U and 12L Coals, especially illite and chlorite, mainly occur as vesicle and fracture fillings, indicating that they originated from epigenetic magmatic hydrothermal fluids. In addition, some coal fragments are distributed within illite and chlorite (Figure 6e,f), further confirming their epigenetic origin. Pyrite is also very common in coals intruded by magmatic rocks [10,19,22,51]. The 12U and 12L Coals may have a very low pyrite content if there are no igneous intrusions, because the coal seams formed in a fluvial plain and were not influenced by sea water during peat accumulation [29]. SEM-EDX results showed that pyrite in the coals, especially 12L Coal, occurs as fracture or vesicle fill (Figure 6a–c,f), also indicating that it originated from epigenetic magmatic hydrothermal fluids [22,44,45,52].



Fluorite has been found in some coals, such as Heshan and Yishan coals in Guangxi province, southern China [53,54] and in Bulgarian coals [55]. Fluorite in the studied coals mainly occur as cavity-, vesicle-, and fracture-fillings (Figure 6d,g), indicating an epigenetic hydrothermal origin. It was reported that vesicle- and vein-filling carbonate minerals in coals intruded by magmatic rocks are very common [10,19,21,22,51]. Calcite and dolomite in the 12U and 12L Coals mainly occur as cleat and fracture fillings (Figure 7a,b,d,h), indicating an epigenetic hydrothermal origin. The formation of calcite and dolomite in the 12U and 12L Coals may be attributed to CO2 from volatile matter in the intrusions [27,28,55], and to CO2 sourced from reactions between thermally altered coals and materials from the intrusion, considering the carbon component in coals [9,10].



Tremolite, diopside, and talc are uncommon in other coals, even in thermally altered coals. In this study, these minerals generally occur as cleat fillings (Figure 7 and Figure 8); some of them are distributed along the edge of the corroded dolomite (Figure 7a,d) and even occur as cavity-fill in the dolomite (Figure 7d), indicating an epigenetic hydrothermal origin. According to the relationship between these minerals and dolomite, they were probably formed from the reaction between dolomite and Si-rich magmatic hydrothermal fluids. Pei et al. (2011) [56] reported that tremolite, diopside, and talc can be formed from the metasomatic alteration of dolomitic marble and siliceous magmatic hydrothermal fluids, which may confirm this conclusion.




5.3. Mode of Occurrence of Rb, Cs, W, Pb, Zn and Cd


Seredin and Finkelman (2008) [4] have shown that “Metalliferous coal” is typically applied to coals with unusually high concentrations of potentially valuable trace elements (e.g., W, Cs, and Mo), at least ten times higher than the respective averages for the same elements in world coals. Furthermore, W and Cs in coals are typical rare metals and are considered promising for use [8]. The concentrations of Rb, Cs, and W in 12L Coal are more than ten times than that of world coals (Figure 3 and Table 3), which means they have potential for economic by-product recovery. On the other hand, high concentrations of toxic trace elements (i.e., Pb, Zn, and Cd) in the studied coals may result in adverse effects on human health and environments [8,57].



5.3.1. Rubidium


The rubidium concentration in 12L Coal is 234.36 μg/g (Table 3), which is higher than that in global hard coals (average 18 μg/g) [40]. Furthermore, elevated Rb is not only found in the coal but in the host rock (Table 3), indicating that it has important economic significance for coal recovery. Although no one has set the exact and affirmative cut-off grades of Rb in coals up to now, it was proposed that if the concentration of Rb is 5 times higher than that the average of world coal [3,58]. It is generally believed that Rb in coal has an inorganic affinity; it mainly occurs in illite and mixed-layer clays and can readily substitute for potassium [3,57,59,60]. Our study results showed that rubidium in the coal is clearly associated with K-rich clay minerals (i.e., illite + I/S; Figure 8, Figure 10, Figure 11 and Figure 12). From Figure 11, it is also clear that samples with higher Rb concentrations generally have higher K2O contents, which might also confirm that the K-rich clay minerals (i.e., illite and I/S) are the main carriers of rubidium. Judging from 12L Coal, the content of illite and I/S in 12L-1 Coal is higher than that in 12L-2 Coal, resulting in higher concentration of Rb in 12L-1 Coal. Furthermore, as shown in Figure 8 and Figure 10, Rb in the coals can also occur in other hydrothermal silicate minerals (i.e., tremolite, diopside, and talc). The high proportion of nitric acid and HF soluble rubidium reported by Finkelman et al. (2018) [57] may further verify this conclusion.




5.3.2. Cesium


The cesium concentration in 12L Coal is 26.10 μg/g (Table 3), which is higher than that in global hard coals (average 1.1 μg/g) [40]. Similar to rubidium, elevated cesium is also found in the host rocks, which can increase its potential economic significance. Like Rb, no one has set the exact and affirmative cut-off grades of Cs in coals, but it has been suggested that if the concentration of Cs is 5 times higher than that of the average of world coal [3,58]. Some study results have shown that cesium in coal generally occurs in K-bearing minerals [2,3,61,62]. In this study, the vertical variation of Rb and Cs in 12U and 12L Coals are almost identical (Figure 11 and Figure 12), which may confirm the hypothesis that Rb and Cs in coal display very similar geochemical behavior and are likely to have similar modes of occurrence in the coal [57]. Our study revealed that samples with elevated Cs concentrations generally have higher K-bearing minerals and K2O contents (Figure 11 and Figure 12), further indicating that K-rich clay minerals are the main carriers of cesium in the coals. Unfortunately, the areal distribution of Cs (not shown in Figure 8 and Figure 10) shown by the SEM images is not as ideal as that of Rb in the coals, which might be attributed to its relatively low concentration in K-rich clay minerals.




5.3.3. Tungsten


As discussed above, tungsten is significantly enriched in 12L Coal with a weighted average of 10.06 μg/g (cc > 10). Furthermore, elevated W is also found in the host rocks (Table 3), which might increase its potential economic significance for recovery. Up to now no one has set the exact and affirmative cut-off grades of W in coal. Many studies have indicated that organic matter in coals is the main carrier of W [4,10,57,60,63,64]. Moreover, some reports have shown that tungsten in coals can be associated with inorganic constituents, such as carbonate minerals [61] and quartz veins [1]. All these results indicate that W in coal is mainly associated with inorganic constituents and/or organic matter.



In this study, no tungsten minerals such as scheelite or ferberite occur in the coals to affect the W mass balance, indicating that tungsten in the coals is associated with inorganic constituents and/or organic matter. Compared with 12U Coal, 12L Coal exhibits a higher W concentration with a much greater ash yield (Table 1 and Table 3), indicating that W is mainly associated with inorganic matter [65]. Further study found that, just like Rb and Cs, higher concentrations of W in coals and host rocks are linked to higher K2O contents and illite (Figure 11 and Figure 12), confirming that illite may be the main carriers of W. The concentrations of W in illite of 12L Coal determined by SEM-EDX are 1.03%–3.15%, with an average of 1.85%, which also suggests this conclusion. In addition, a relatively high concentration of W in the 12L Coal has been detected in hydrothermal pyrite (1.32%–2.44%), with an average of 1.82%, which suggest that W in coal has a modest chalcophile tendency in bituminous coals and can occur in epigenetic sulfide mineralization [57].




5.3.4. Pb, Zn and Cd


As shown in Figure 3, Pb is significant enriched or slightly enriched in the studied coals. Some study results showed that lead in coals predominantly occur as micro-sized grains of galena and clausthalite [57,66]. In addition, many studies have reported that lead in coals predominantly occurs as sulfides or in association with sulfide minerals [61,67,68]. In this study, SEM-EDX analysis results indicated that hydrothermal pyrite may be the main carrier of Pb. The concentrations of Pb in hydrothermal pyrite determined by SEM-EDX are 3.05%–6.44%, with an average of 4.83%. In Table 3, it can be also seen that the concentration of Pb in 12U Coal is much higher than that in 12L Coal, which implies that there may be some micro-sized grains of galena and clausthalite in the coals, especially in 12U Coal.



In Figure 3, Zn and Cd are enriched or slightly enriched in the studied coals. It was reported that Zn and Cd in coals mainly occur in sphalerite [61,67]. In this study, no large sphalerite was found in the coals. In Table 3, it can be seen that the concentrations of Zn and Cd in 12L Coal are higher than that in 12U Coal, totally different from Pb, which seems to indicate that the mode of occurrence of Zn and Cd may be different from Pb in the studied coals. SEM-EDX analysis results can verify this point. It was showed that relatively high concentrations of Zn and Cd in the studied coals have been detected in hydrothermal illite, calcite, gypsum, and fluorite, indicating that these minerals may be the main carriers of Zn and Cd. In addition, traces of Zn were detected in hydrothermal pyrite, while Cd was below the SEM detection levels in pyrite.





5.4. Favorable Conditions for the Enrichment of W, Rb, and Cs in Coal


In this study, the magmatic hydrothermal fluids that penetrated the coals from the Meitian Mine extracted abundant rare metals (e.g., W, Rb, and Cs) from the granitic melts; this is predominantly ascribed to the following three aspects. (1) It is notable that granitic magmas contain abundant rare metals [49,50], which can later become concentrated in magmatic hydrothermal systems for eventual enrichment in coal. (2) Magmatic hydrothermal fluids contain abundant volatile matter (e.g., F, and CO2), inferred by the hydrothermal fluorite and carbonate minerals (Figure 6d,g and Figure 7), which have very strong extraction and transporting capacities for rare metals (e.g., W) [69,70]. Therefore, magmatic hydrothermal fluids that are rich in volatile matter can extract abundant rare metals from granitic melts. (3) Temperature is closely related to the solubility of W in magmatic hydrothermal fluid [70,71]. The illitization and chloritization of the coal and the mineral assemblages of hydrothermal calcite, dolomite, tremolite, diopside, talc, and pyrite with combinate crystal form in the coals (Figure 6 and Figure 7) indicate that they formed at temperatures between 200 °C and 300 °C [56,72,73,74]. This is consistent with the fact that the decrepitation temperature of pyrite in coal metamorphism zone III shown in Figure 1c is approximately 250 °C [24]. Therefore, magmatic hydrothermal fluids with relatively high temperature can also extract abundant rare metals from granitic melts.



It is interesting that the concentrations of some elements in 12U and 12L Coals, especially W, Rb, and Cs, vary greatly (Figure 11 and Figure 12). As discussed above, this variation is largely attributed to the much higher hydrothermal illite contents in 12L Coal than 12U Coal. However, the very distinct vertical zonality of altered illite in the coals (Figure 11 and Figure 12) is worthy of further study. Some studies have shown that, in medium-low temperature hydrothermal altered environments, illite generally forms by illitization of plagioclase and mica, and is mainly affected by fluid influx, water/rock ratio, temperature, and potassium contents in fluids [75,76,77]. The very distinct vertical zonality of illitization and chloritization in the coals (Figure 11) seems to indicate that limited fluid influx or a low water/rock ratio during water-rock interactions between magmatic hydrothermal fluids and coals might have restricted the formation of altered illite in upper 12U Coal, which can also be inferred from the decreasing percentage of K2O through the vertical distribution of the coal (Figure 11). Considering the ascent of hydrothermal fluids, the decreasing fluid temperature may also have limited the formation of altered illite in 12U Coal. Therefore, our study results seem to suggest that hydrothermal alteration types in coal may be responsible for the enrichment of elements in coal intruded by magmatic rocks, which are mainly controlled by fluid influx, water/rock ratio, and fluid temperature. In addition, Eskenazy (1982) [47] reported that the pH value of magmatic hydrothermal fluids influences the enrichment of tungsten. However, the effects of fluid pH and Eh on rare metal enrichment in the coals require further study.





6. Conclusions


The 12U and 12L Coals from the Meitian Mine of southern China are late Permian low volatile anthracite coals, characterized by low (10.26%) and high ash coal (45.47%), respectively. The minerals in 12U Coal are predominantly chlorite, quartz, and calcite, while illite, quartz, chlorite, kaolinite, and mixed-layer illite/smectite (I/S) compose the minerals in 12L Coal. In addition, dolomite, fluorite, rutile, gypsum, tremolite, diopside, and talc are predominantly observed in 12L Coal using SEM-EDS techniques. Illite, chlorite, I/S, pyrite, and fluorite in the coals generally occur as vesicle and fracture fillings, indicating an epigenetic hydrothermal origin. Tremolite, diopside, and talc, which are uncommon in other coals, mainly occur as cleat-filling material in 12L Coal and probably formed from the reaction between dolomite and Si-rich magmatic hydrothermal fluids.



Pb (94.72 µg/g), Zn (101.76 µg/g), Sn (4.29 µg/g), and Cd (0.62 µg/g) are enriched or slightly enriched in 12U Coal, while W (10.06 µg/g), Rb (234.36 µg/g), and Cs (26.10 µg/g) are significantly enriched in 12L Coal. Furthermore, the host rocks are also rich in W, Rb, and Cs, which may increase their potential economic significance for recovery. REY plots for almost all coals, partings and host rocks are similar, showing an M-type REY distribution, Gd-maximum, positive Y anomalies, and negative Ce anomalies. Rubidium and cesium in the coals are clearly associated with K-rich clay minerals (illite + I/S), and some other hydrothermal silicate minerals (i.e., tremolite, diopside and talc). W in the coals mainly occurs in inorganic constituents (i.e., illite and pyrite), especially in illite. Hydrothermal pyrite, galena and clausthalite in the coals may be the main carrier of Pb, while Zn and Cd in the coals may be primarily associated with hydrothermal illite, calcite, gypsum, and fluorite.



The enrichment of W, Rb, and Cs in the coals is genetically associated with magmatic hydrothermal fluids. Magmatic hydrothermal fluids that are relatively high temperature and enriched in volatile matter can extract abundant W, Rb, and Cs from the granitic melts. Instead of other alterations (e.g., chloritization), the enrichment of these rare metals in the coal is mainly related to illitization of plagioclase and mica during water-rock interactions between magmatic hydrothermal fluids and coals. Our study results indicate that, for coal intruded by magmatic rocks, hydrothermal alteration types in coal may be responsible for the enrichment of elements, which are mainly controlled by fluid influx, water/rock ratio, and fluid temperature.
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Figure 1. (a) Sketch map showing the regional geology of the central Nanling region, South China. (b) Distribution of Jurassic igneous rocks and associated polymetallic mineral deposits in the central Nanling region, South China, including the location of the Meitian Coalfield (modified from Li et al., 2007) [27]. (c) Schematic diagram showing metamorphic zones of the 12U and 12L Coals, including the location of the Meitian Mine (modified from Wang et al., 1999) [24]. 
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Figure 2. Sedimentary sequences of the Meitian Mine and bench samples used in this study. 
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Figure 3. Concentration coefficients (CC) of trace elements in 12U Coal (a), 12L Coal (b), and host rocks (c) from the Meitian Mine, normalized by global average trace element concentrations in hard coals and average mudstones [40]. 
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Figure 4. Distribution patterns of REY in coal benches (a), partings (b), and roofs and floors (c). REY are normalized by upper continental crust concentrations (UCC) [43]. 
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Figure 5. XRD patterns of 12L Coal (a) and 12U Coal (b). I = illite; Ch = chlorite; I/S = mixed-layer illite/smectite; Q = quartz; Pl = plagioclase; F = K-feldspar; C = calcite; Py = pyrite. 
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Figure 6. SEM back-scattered electron images of illite, chlorite, I/S, and pyrite in 12U and 12L Coals. (a) Fracture-filling pyrite and illite, and some illite and coal fragments distributed in the fracture-filling pyrite in sample 12L-1; (b) enlargement of the red square in (a); (c) fracture-filling pyrite and I/S, and some illite and coal fragments distributed in the pyrite in sample 12L-1; (d) vesicle-filling illite and fluorite in sample 12L-2; (e) fracture-filling illite in sample 12L-2; (f) vesicle- and fracture-filling chlorite, and some coal fragments and marcasite distributed in the chlorite in sample 12U-2; (g) vesicle- and fracture-filling illite and arsenopyrite and vesicle-filling fluorite and cavities of illite filled by fluorite in sample 12L-2; and (h) gypsum mainly distributed along fractures in sample 12L-2. 
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Figure 7. SEM back-scattered electron images of carbonate minerals, rutile, apatite, tremolite, diopside, and talc in 12U and 12L Coals. (a–d), cleat-filling calcite, dolomite, tremolite, diopside and talc in 12L Coal; (e–g) EDS data for tremolite, diopside, and talc; and (h) fracturing-filling calcite in sample 12U-1. 
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Figure 8. Areal distributions of C, O, Si, Al, Ca, Mg, P, and Rb in Figure 7b. 
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Figure 9. SEM and back-scattered electron images of minerals in partings. (a) Fracture-filling illite and some chlorite, pyrite, and coal fragments distributed in the illite in sample 12U-P; (b) enlargement of the white square in (a); (c) fracture-filling chlorite and coal fragments in sample 12U-P; (d) fracture-filling illite and coal fragments in sample 12L-P; (e) fracture-filling illite and coal fragments in sample 12L-P; (f) fracture-filling illite, chlorite, and pyrite in sample 12L-P. 
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Figure 10. Areal distributions of C, O, Si, Al, K, Ca, Mg, Sn, Rb, CS, and W in sample 12L-2. 






Figure 10. Areal distributions of C, O, Si, Al, K, Ca, Mg, Sn, Rb, CS, and W in sample 12L-2.



[image: Minerals 08 00504 g010]







[image: Minerals 08 00504 g011 550]





Figure 11. Vertical variations of W, Rb, Cs, illite + I/S, chlorite, K2O, and Fe2O3 concentrations, as well as ash yield contents in the coal. (a) 12U Coal; (b) 12L Coal. 
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Figure 12. Relationship between W, Rb, and Cs and illite (a), illite + I/S (b), and chlorite (c) in the coals. 
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Table 1. Proximate analysis (%) and vitrinite reflectance (%) of coal benches in the Meitian Mine.
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Coal Seam

	
Sample No.

	
Thickness (cm)

	
Mad

	
Ad

	
Vdaf

	
St,d

	
Ro, ran ± Stdev






	
12U

	
12U-1

	
15

	
2.58

	
7.07

	
11.18

	
0.38

	
2.64 ± 0.35




	
12U-2

	
10

	
4.82

	
13.44

	
8.15

	
0.43

	
2.96 ± 0.24




	
12L

	
12L-1

	
25

	
2.39

	
46.80

	
8.19

	
0.64

	
2.89 ± 0.41




	
12L-2

	
30

	
6.13

	
44.14

	
6.62

	
0.52

	
3.45 ± 0.16




	
12U

	
Av

	
12.5

	
3.70

	
10.26

	
9.67

	
0.41

	
2.80 ± 0.23




	
12L

	
Av

	
27.5

	
4.26

	
45.47

	
7.41

	
0.58

	
3.17 ± 0.46








M, moisture; A, ash yield; V, volatile matter; St, total sulfur; ad, as-received basis; d, dry basis; daf, dry and ash-free basis; Ro, ran, random vitrinite reflectance; Av, average; Stdev, standard deviation.
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