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Abstract

:

The low-grade bauxite in southern Shanxi Province, China is enriched in multiple critical metal elements, including Li, Ga, V, Se, and rare earth elements (REEs), which have reached the standard of comprehensive utilization as independent deposits or associated resources. Even more importantly, identifying the modes of occurrence of these critical elements is essential for designing technologies to extract critical metals from bauxite ores. This study used a combination of direct (X-ray diffraction, scanning electron microscopy–energy dispersive X-ray spectroscopy, and micro-X-ray fluorescence spectrometer), and indirect (size sieving method, float-sink experiment, and correlation analysis) methods to effectively reveal the distribution of critical elements in the different identified mineral phases. The results regarding the low-grade bauxite are as follows: Li was mainly hosted in cookeite as an independent mineral; Ga was mainly associated with diaspore; anatase is the main carrier mineral for V; REEs were present in the low-grade bauxite in multiples modes of occurrence, the most common of which were goyazite, and to a lesser extent, florencite; Se primarily occurs in sulfides. This study contributes to the development and utilization of these essential metal resources in bauxite by providing a useful reference.
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1. Introduction


Critical metals play a pivotal role in new energy, new materials, aerospace, national defense, and electronic technology. Some governments, such as the European Union, Russia, the United States, and Australia, have adopted critical metal development policies to maintain the security of essential metal supply chains [1,2,3]. The European Commission’s recent list of critical metal resources mainly involves REEs, Sc, V, Co, Ga, Sr, Nb, Hf, and Ta [2]. Bauxite and bauxite residue are substantially enriched of these critical metals [4].



Determining the modes of occurrence of critical metal elements in bauxite is crucial for designing the technology required to extract them and for studying the enrichment mechanism. Analytical methods for determining modes of occurrence of critical elements can be divided into two categories based on their characteristics: indirect and direct methods [5,6]. The indirect method includes statistical analysis, the size sieving method, float-sink experiment, and selective leaching techniques. Correlation and R-mode principal component analysis have shown that REEs are present as independent minerals in the weathering profiles of Devonian bauxite from central Russia in the form of carnallite, goyazite, and svanbergite–woodhouseite [7]. Univariate and multivariate statistics conclude that Al-, Fe-, and Ti-oxi-hydroxides control the distribution of most critical metals in Cretaceous karst bauxite from central and southern Italy [8]. Selective leaching techniques were used by Zhang et al. (2019) [9] on bauxite from central Guizhou Province, China, and showed that Li is hosted mainly in clay minerals, with minor amounts in diaspore and boehmite.



Direct methods have also been commonly used to study modes of occurrence of elements, including optical microscopy, electron microprobe analysis–wavelength dispersive X-ray spectrometers (EMPA–WDS), scanning electron microscopy–energy-dispersive X-ray spectroscopy (SEM–EDS), laser ablation-inductively coupled plasma mass spectrometer (LA–ICP–MS), and Micro X-ray fluorescence spectrometer (µXRF). EPMA was used to observe independent REE minerals in Permian bauxite from western Guangxi, southwest China [10]. Using SEM-EDS, Zhu et al. (2019) [11] found that most LREEs were adsorbed as ions on the surfaces of clay minerals and diaspore, while HREEs were hosted in xenotime in the Songqi karstic bauxite from northern China. The Greek bauxite and bauxite residue were analyzed by LA–ICP–MS, and high Sc concentrations in hematite was found. [12]. Similarly, Ling et al. (2020) [13] employed LA–ICP–MS to study karst bauxite in central Guizhou Province, China, and discovered that montmorillonite is the main carrier mineral for Li, and REEs are mainly found in monazite.



Although Shanxi Province holds the majority of China’s bauxite resources [14], little research has been conducted on the modes of occurrence of essential metal elements in Shanxi bauxite. The bauxite deposits from southern Shanxi Province, North China have been found to be enriched in a variety of critical elements [15], suggesting that they may be exploited and utilized. In this study, selected low-grade bauxite ore was comprehensively analyzed using indirect and direct methods to identify the modes of occurrence of critical elements including Li, Ga, V, Se, and REEs, eventually providing a valuable reference for the development and utilization of these critical metal resources.




2. Materials and Methods


The Shanxi bauxite deposits are hosted in the lower member of Carboniferous Benxi Formation, which is unconformably underlain by the Middle Ordovician carbonate. A bulk bauxite ore sample was collected from fresh outcrops in the bauxite mine of the Yuncheng area, southern Shanxi Province, North China (Figure 1).



The bulk bauxite ore sample (Y1) was crushed to <1 mm in size. The crushed samples were sieved through sieve apertures of 1, 0.5, 0.25, 0.125, 0.074, and 0.044 mm. Mechanically shaken samples with particle sizes of −1 + 0.5, −0.5 + 0.25, and −0.25 + 0.125 mm were analyzed, while others were analyzed using the wet sieve. Three particle size samples of −1 + 0.5, −0.5 + 0.25, and −0.25 + 0.125 mm were used for the float-sink experiment. To make heavy liquids with densities of 1.60 g/cm3 and 2.65 g/cm3, carbon tetrachloride and tribromomethane were chosen. Then, nine samples of three density fractions were finally obtained according to GB/T 478-2008 [16]. Finally, these dried samples were ground to <0.074 mm for mineralogical and geochemical analysis.



The Sample Y1 was determined by the Rietveld method using a X-ray powder diffractometer (SmartLab, Rigaku, Tokyo, Japan) equipped with Cu-Kα radiation operated at 40 kV and 200 mA. The XRD pattern was recorded over a 2θ interval of 2–90°, with a step size of 0.02° and a count time of 3.0 s per step. The samples subjected to size and density fractionation were determined by XRD using a Rigaku (Tokyo, Japan) D/max-2500PC diffractometer equipped with Cu-Kα radiation operated at 40 kV and 100 mA. All XRD patterns were collected using the continuous sweep method from 3° to 70° (2θ) with a scanning speed of 4° per minute. The diffractograms were processed using the JADE 6.5 software (Materials Data, Livermore, CA, USA) and the Rietveld-based Siroquant™ software (V4, Canberra, Australia) [17]. The mineralogical analysis results are shown in Table 1. For clay-mineral identification, oriented-aggregates of the <2 μm clay fractions from the raw ore sample were evaluated by XRD according to SY/T5163-2018 [18].



X-ray fluorescence spectrometer (XRF, PANalytical-PW2424, Malvern Panalytical, Malvern, UK) was used to determine the major elements of the sample Y1. Loss on ignition (LOI; 36.97 wt.%) was determined using the gravimetric method. After digestion of all powder samples, major and trace elements were analyzed using inductively coupled plasma emission spectrometry (ICP-AES, Agilent-5110, Agilent, Santa Clara, CA, USA) and inductively coupled plasma mass spectrometry (ICP–MS, Agilent-7900, Agilent, Santa Clara, CA, USA) with accuracies better than 10%. Specific analytical methods were described by Franzini et al. (1972) [19] and Qi et al. (2000) [20]. The chemical analysis results are shown in Supplementary Table S1.



Before the raw bauxite sample was subjected to size and density fractionation, representative samples were polished to make thin sections for optical, SEM-EDS, and μXRF analysis. Polished sections of bauxite samples that were coated by C were also studied using a Leica DM4500P (Leica, Wetzlar, Germany) polarizing microscope and a field emission-scanning electron microscope (SU5000, Hitachi, Tokyo, Japan) equipped with an energy dispersive spectrometer system and backscattered electron probe HHTNT-511-9022 (Hitachi, Tokyo, Japan) and Quantax Compact30 (Bruker, Billerica, MA, USA), respectively.



The Micro X-ray fluorescence spectrometer (Bruker M4 TORNADO, Bruker, Billerica, MA, USA) has two large-area silicon drift detectors with a super light window and a specially tuned Rh X-ray tube, which can analyze almost all elements from Na (11) to U (92). A poly-capillary optics can perform a rapid, in situ, and non-destructive μXRF analysis on the polished bauxite ore sample to obtain semi-quantitative chemical data at a spatial resolution of 20 mm [21]. In this experiment, the 65.7 mm × 55.8 mm sample area was selected on an internal camera in the chamber under vacuum (vacuum of 20 mbar). Micro μXRF experiments lasted 27 h with an X-ray tube energy of 50 kV, an operating current of 600 mA, a 10 ms per pixel spectrum acquisition time, a minimum integration time of 0.3 ms at a single point, and a pixel step-size of 20 μm. The intensity of the X-ray spectrum for all the scanning element mapping is proportional to the pixel intensity that gridded two-dimensional element distribution maps. The scanning elemental maps on the bauxite sample were processed using the HyperMap software provided by Bruker Micro Analytics.




3. Results


3.1. Mineral Characterization


Quantitative mineralogical compositions reveal that the minerals in the sample Y1 are mainly composed of diaspore, cookeite, and kaolinite, with minor amounts of anatase and goyazite (Figure 2a, Table 1), of which the identification of cookeite is discussed below. Optical microscope images show that the sample consists of diaspore, argillaceous minerals, and carbonized plant debris (Figure 3a,b). Diaspore was commonly in the form of clastic aggregates with a maximum particle size of around 0.1 mm. The clay minerals were predominantly cryptocrystalline, with opaque-translucent minerals and diaspore interspersed throughout. The abundant plant debris and fusinite interlocked with diaspore and clays as pore and cell fracture fillings, which were pile-like aggregates. SEM-EDS analysis revealed trace amounts of illite and zircon (Figure 3), but they did not show up in the XRD pattern because they were below the detection limit of XRD [22]. In cell cavities, the diaspore coexisted with scale-like aggregates of kaolinite (Figure 3c–e). Some diaspores were highly crystalline, penetrating the clay minerals in long columns (Figure 3c,d), and co-filling the cell cavities with the latter, while a minor proportion coexists with quartz (Figure 3h).



The mineral species in different size samples did not change after sieving, as shown in Table 1, but the crushing process affected the amount of different minerals. The size sieving experiment had the greatest impact on cookeite, and its amount decreased as particle size decreased, with about 7% more cookeite in sample L1 than in sample L6. Diaspore and kaolinite mainly occurred in the particle sizes of the small sample (<0.125 mm), while goyazite and anatase amounts varied less across particle size samples.



The organic matter causes a broad hump at 20°–30° 2θ in the less than 1.60 g/cm3 density-fractionated samples, indicating that the float-sink method efficiently separated the enriched organic matter samples (Figure 2b). Additionally, XRD patterns indicate that a few fine-grained minerals were mixed in with the enriched organic matter samples. Except for cookeite, the float-sink method demonstrates that heavy fluids with specific gravities of 2.65 g/cm3 may efficiently separate the other four minerals—i.e., kaolinite, anatase, diaspore, and goyazite (Table 1, Figure 4a). Cookeite was more equally distributed in the density-fractionated samples with densities of 1.60–2.65 g/cm3 and >2.65 g/cm3. Diaspore was particularly abundant in the >2.65 g/cm3 density-fractionated samples, while kaolinite, goyazite, and anatase were notably numerous in the 1.60–2.65 g/cm3 density-fractionated samples.




3.2. Chemical Characterization


3.2.1. Major Element Characterization


The sum of major elements Al2O3, SiO2, TiO2, and LOI is up to 96.94 wt% in the raw sample Y1, with comparatively low Fe2O3 (0.28 wt.%), CaO (0.12 wt.%), MgO (0.31 wt.%), K2O (0.09 wt.%), Na2O (0.05 wt.%), and P2O5 (0.48 wt.%). The sample Y1 has an Al2O3 to SiO2 ratio of 2.34, which exceeds the cut-off grade for bauxite ore [23].



The distribution characteristics of major elements in the size-fractionated samples (Supplementary Table S1) show that the Al2O3 content decreased with decreasing particle size; TiO2 had the lowest content in the smallest sample L6, while the remaining samples were evenly distributed; the smallest sample L6 had the highest Fe2O3 content, while the other samples were equally distributed. The contents of CaO, MgO, K2O, and Na2O were equally distributed among samples of various particle sizes, which were not affected by the size sieving process.



In the L1, L2, and L3 samples, the distribution of major elements in the density fractions of light (<1.60 g/cm3), medium (1.60–2.65 g/cm3), and heavy (>2.65 g/cm3) were studied (Figure 4b). The Al2O3 contents increased as the density of the heavy fluid increased; the contents of TiO2, MgO, and Na2O were highest in the medium density fractions; Fe2O3 and K2O were equally distributed in the medium and heavy density fractions. In addition to CaO contents, the light density fraction has much lower levels of other main elements than that of the medium and heavy density fractions. CaO was approximately equally distributed in the three density fractions.



The positional distribution of elements Al, Fe, and Si was shown to complement existing relationships with elements Ca, S, and Cu using the μXRF imaging technique (Figure 5). Another intriguing observation is that the Ca distribution character matched the morphology of plant debris as seen through an optical microscope. This is supported by the fact that Ca is relatively enriched in the light density fractions, implying that the proportions of Ca content were most likely associated with organic matters.




3.2.2. Trace Element Characterization


Concentration coefficients (CC, ratio of elemental concentration in investigated sample vs. the upper continental crust (UCC)) of trace elements in the low-grade bauxite ore (Y1) are shown in Figure 6. The trace elements in the sample Y1 showed large variations compared to the average composition of the UCC. The sample was abnormally enriched in Li and Se (CC ≥ 200); it was highly enriched in Bi, Sb, and LREE (10 ≤ CC < 200); it was moderately enriched in Sr, U, In, Ag, and Sn (5 ≤ CC < 10); and it was slightly enriched in Ga, Sc, V, Cr, Hf, Bs, Th, Pb, As, Mo, MREE, and HREE (2 ≤ CC < 5). The sample was relatively depleted in Co, Rb, Cs, Ba, Tl, Zn, Ge, and Re (CC < 0.5).



The contents of Li, Ga, V, P, and Sr increased with the increase of particle size samples after the size sieving method; the maximum contents of REEs, Th, and U were detected in sample L3; Se was equally enriched in the samples of various particle sizes. In comparison to the size-fractionated samples, sample L6 was substantially enriched in S, Cu, and Zn.



Figure 4c,d shows the contents of selected trace elements in the density-fractionated samples. The contents of P, Sr, Th, U, REY, and Se were notably elevated in medium density fractions (1.60–2.65 g/cm3), followed by the heavy density fractions (>2.65 g/cm3), and the last is in the light density fractions (<1.60 g/cm3). The contents of Li, Ga, and V in the light, medium, and heavy density-fractionated samples successively increased, while S, Cu, and Zn contents had the opposite trend. Moreover, the μXRF positional distribution of S and Cu mapping images was highly consistent with the Ca mapping image, which further indicates that these elements were associated with organic matter (Figure 5).






4. Discussion


4.1. Modes of Occurrence of Li in Low-Grade Bauxite


Critical metal Li is the core raw material for the development of the new energy industry. Li resources in karst bauxite have attracted much attention in recent years, due to the discovery of the Li super-enrichment in numerous karstic bauxite deposit regions [25,26,27]. It should be mentioned that a super-large Li deposit with 340,000 tons of potential Li resources is present in the karstic bauxite-bearing sequences, central Yunnan Province, China and that these Li resources are intimately associated with clay minerals [25]. Despite the fact that Shanxi Province possesses the most karstic bauxite resources in China [14], little research has been conducted on the Li and its occurrence in the Shanxi karstic bauxite deposit. In this study, the Li2O content in the sample Y1 from southern Shanxi is up to 0.89 wt.%, which is much higher than the comprehensive utilization index of the Li element in bauxite (Li2O ≥ 0.05%; [27,28]). Among the size-fractionated samples, sample L1 with a particle size of −1 + 0.5 mm had the highest Li2O content (1.28 wt.%). Heavy density fractions were enriched in Li using the float-sink method, with sample L3-3 having the highest Li2O content (1.38 wt.%).



The XRD trace of the clay fraction shows that sample Y1 contained kaolinite and cookeite (Figure 7). After being heated (450 °C) for 2.5 h, the 002 basal reflection of cookeite shifted from 6.16° to 6.40° and became more intense and widened. Cookeite has a typical structure that is characterized by the transition from dioctahedral to trioctahedral [29], where the intensity of the 002 basal reflection is significantly higher than that of the 004 basal reflection (Figure 2a and Figure 7).



Li, as an ultra-light element, cannot be detected by SEM–EDS or μXRF. However, we can distinguish between kaolinite and cookeite by comparing their elemental composition. According to the chemical formulas of kaolinite and cookeite, these two minerals have two characteristics in EDS analysis: one is that only Al, Si, and O are displayed in the EDS analysis; the other is that the cookeite has a greater Al/Si atom ratio (Al/Si = 1:1.66) than kaolinite (Al/Si = 1:1). EDS analyses show that the Al/Si atomic ratios of cookeite in this study all ranged from 1.2 to 1.4, which was consistent with that of cookeite in the Jincheng Basin, which was described in the research of Shanxi by Zhao et al. [30]. Furthermore, high-magnification SEM images show that the cookeite morphology is mainly characterized by irregular flakiness and rarely exhibits platy morphologies (Figure 8a–d), whereas the kaolinite morphology is mostly characterized by a regular tabular shape (Figure 8d).



Figure 9a,b shows the relationship between Li contents and the proportion of cookeite and kaolinite in the low-grade bauxite. As mentioned earlier, considering the significant differences in sorting different minerals between size sieving and float-sink techniques, we need to choose the appropriate sample type for correlation analysis. Li content is positively correlated with cookeite in size-fractionated samples (r = 0.84), but negatively correlated with kaolinite in the density-fractionated samples (r = −0.71), which further suggests that Li is mainly hosted in cookeite and is unrelated to kaolinite.




4.2. Modes of Occurrence of Ga and V in Low-Grade Bauxite


Ga and V are critical metals that can be successfully recycled from by-products of Al production [31,32]. Gallium extracted from alumina industrial production supplies about 90% of the world’s demand [33]. The content of Ga and V in the sample Y1 is 39.3 and 195 μg/g, respectively. Among the size-fractionated samples, sample L1 with a particle size of −1 + 0.5 mm yielded the highest content of Ga and V (40.8 and 231 μg/g, respectively). The float-sink method shows the content of Ga and V were notably elevated in the heavy density fractions, with the sample L3-3 having the maximum content of Ga and V (50.7 and 258 μg/g, respectively).



The fact that Ga3+ (0.62 nm) and Al3+ (0.57 nm) have similar ionic radii and can be easily isomorphous meant that results could be substituted in a strong correlation (r = 0.99) between Ga and Al in all samples (Figure 10a) [34,35]. Previous research indicates Ga in aluminum oxides (e.g., boehmite, gibbsite, and diaspore) in bauxite ore [32,34,35,36]. Due to the ease with which the float-sink method separated diaspores from density-fractionated samples, correlation analysis (r = 0.93) revealed that Ga was mainly associated with diaspores in the study (Figure 9c).



Previous studies have shown that the occurrence of V in bauxite mainly occurs in titanium oxides [35,37]. V could be used as an isomorphous alternative for Ti in Ti-bearing materials due to their similar ionic radius. XRD analysis indicates that the Ti-bearing minerals in the bauxite samples are mainly anatase (Table 1, Figure 2a). Using μXRF analysis, Ti and V elemental mapping revealed a similar spatial distribution for both elements (Figure 11). In particular, the elemental distribution of granular Ti, most likely anatase, was highly consistent with that of V, implying that anatase is the main carrier mineral for V. This is supported by the positive correlation (r = 0.98) between TiO2 and V in all samples excluding the >2.65 g/cm3 density fractions (Figure 10b). Figure 10b also indicates that additional V occurs in other materials as suggested by the three outliers from the >2.65 g/cm3 density-fractionated samples that are beyond the trend line. Therefore, the modes of occurrence of V in these samples were diverse, but anatase was the primary host mineral of V.




4.3. Modes of Occurrence of REEs in Low-Grade Bauxite


Critical metal REEs are irreplaceable raw materials for high-tech and military industries, and their significance can no longer be measured in terms of a single economic value. Because of the scarcity of REE resources in European and other countries, many researchers attribute great importance to the REE resources in bauxite and bauxite residues [4,8]. Many REE-rich apatite and REE-independent minerals have been identified in karst bauxite in previous studies [10,38,39,40]. In this study, the total rare earth oxide (TREO) content of 0.15 wt% in sample Y1 is higher than the marginal grade in weathering crust-type REE deposits (TREO ≥ 0.1%; [41]). Among the size-fractionated samples, sample L3 with a particle size of −0.25 + 0.125 mm had the highest REE content (1539.25 μg/g). The float-sink method shows that REEs were enriched in the middle density fractions, of which sample L2-2 had the highest REE content (1759.59 μg/g).



A small proportion of goyazite in the sample was discovered by XRD and SEM–EDS analysis (Table 1, Figure 8c,f), which is also confirmed by P and Smapping analysis (Figure 11). The positive correlation of REEs vs. goyazite in the size- and density-fractionated samples (Figure 9d) implies that goyazite was the primary host mineral of REEs. In addition to the REE-bearing goyazite, florencite was discovered by SEM-EDS (Figure 8e) as suggested by the P, Ce, and Al detected by EDS (Supplementary Table S2). Furthermore, Figure 10d demonstrates strong correlations between REEs and Th and U in all samples, implying that the radioactive elements U and Th were also controlled by goyazite.




4.4. Modes of Occurrence of Se in Low-Grade Bauxite


Se is an essential trace element for humans and animals, as well as an environmentally sensitive element with both toxic and beneficial biological functions [42,43,44]. High selenium concentrations are coupled with black shales and sulfide mineralization in coals, while Se concentrations in most other rock types are very low [42,45]. The maximum Se content in the Permian black-shale sequence in South China, for example, is 8390 μg/g [46], demonstrating that Se, as a distributed element, is not only exceedingly low in the UCC (0.05 μg/g), but also has an extremely uneven distribution. The Se content of the sample Y1 was 10 g/g. In size-fractionated samples, the variation in Se content was very small, ranging from 7–8 μg/g. The Se content in the density-fractionated samples was enriched in the medium density fractions, ranging from 6–7 μg/g (Figure 4d).



The mode of occurrence of Se in bauxite has received little attention in the literature. Se in coal commonly occurs in sulfides and organic matter [6]. By using the neutron activation technique, Zhao [47] found that the average Se content of pyrite in coal reached 34.1 μg/g. Because Se and S have very similar physicochemical properties, Se isomorphically occurs in sulfides. Based on selective leaching experiments, Wen et al. [48] estimated that 75 percent of the selenium in the Laerma Se-Au deposit in China is connected with organic matter, which is attributed to the substitution of Se for S in organic matter.



Although not in sufficient abundance to be detected by direct methods such as XRD, μXRF, and SEM–EDS, the modes of occurrence of Se in this study can still be investigated using a combination of float-sink experiments and correlation analysis (indirect methods). Except for the light density-fractionated samples (<1.60 g/cm3), Se and S show a positive correlation (r = 0.92) in the rest of the samples (Figure 10). As mentioned previously, organic matter was abundant in the light density-fractionated samples and the elevated concentrations of S were closely associated with organic matter. However, Figure 10d shows that the Se contents were not elevated with S contents in the light density samples, suggesting that Se is not correlated with the S in organic matter. As a result, we deduce that Se in the low-grade bauxite primarily occurs in sulfides.





5. Conclusions


Although the southern Shanxi Province contains many mineable bauxite resources, the low-grade bauxite in this area has been underestimated for its potential industrial recovery of critical metal elements such as Li, Ga, V, Se, and REEs. In this study, the modes of occurrence of these critical metal elements were studied using a combination of direct and indirect analytical methods.



The results exhibited that Li in the low-grade bauxite was mainly hosted in cookeite as an independent mineral. Ga in the low-grade bauxite was mainly associated with diaspore. In the low-grade bauxite, anatase is the main carrier mineral for V. REEs were present in the low-grade bauxite in multiple modes of occurrence. The major host mineral is goyazite, and to a lesser extent, florencite. Se in the low-grade bauxite primarily occurs in sulfides. Furthermore, because environmentally sensitive elements such as Se are present, the use of these resources should be carefully examined in an integrated manner.
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Figure 1. Locality map showing the sampling site in the Yuncheng area, Shanxi Province. 
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Figure 2. XRD patterns of the sample Y1 refining the mineral cell parameters using Rietveld refinement (a) and density-fractionated samples (b). Yobs: observed value, Ycalc: calculated value. 
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Figure 3. Optical microscope and SEM back-scattered electron images of representative samples. (a) Coexistence of diaspore and argillaceous minerals; (b) Different types of minerals filled in cell cavities of plant debris; (c) Elemental maps of C, O, Al, and Si obtained by SEM-based EDS microanalysis; (d) Enlargement of marked area in (c); (e) Kaolinite coexisting with gibbsite, and cookeite disseminated in kaolinite in granular form; (f) Cell cavities largely filled with anatase and kaolinite; (g) Illite in granular form; (h) Coexistence of well psephicity zircon. EDS data are as in the Supplementary Table S2. 
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Figure 4. Box-and-whisker plots showing the mineral distribution patterns in the density-fractionated samples (a); distribution patterns of major elements in the density-fractionated samples (b); distribution patterns of trace element in the density-fractionated samples (c,d). 
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Figure 5. Elemental maps of Al, Fe, Si, Ca, S, and Cu in the sample Y1 obtained by the scanning μXRF mapping technique. White boxed pieces appear to be obviously plant debris. 
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Figure 6. Concentration coefficient (CC) of trace elements in the sample Y1 from southern Shanxi Province. Data of UCC are from Taylor and McLenan (1985) [24]. CC represent ratio of elemental content in investigated bauxite vs. the UCC. Light REEs (LREE-La, Ce, Pr, Nd, and Sm), Medium REEs (MREE-Eu, Gd, Tb, and Dy), and Heavy REEs (HREE-Ho, Er, Tm, Yb, and Lu). 
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Figure 7. Oriented-aggregate XRD patterns of the sample Y1 obtained from air-dried, glycol-saturated, and heated (450 °C for 2.5 h) < 2 μm fractions. 
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Figure 8. SEM back-scattered images of minerals in the sample. coexisting cookeite and quartz in cell-infilling (a); pillar-like chamosite in the cookeite (b); coexisting cookeite and goyazite (c); cookeite and kaolinite in cell-infillings (d); florencite in the clay matrix (e); goyazite in kaolinite matrix (f). EDS data are as in Supplementary Table S2. 
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Figure 9. Relationship of Li vs. Cookeite (a), Li vs. Kaolinite (b), Ga vs. Diaspore (c), REE vs. Goyazite (d) in the low-grade bauxite samples subjected to size and density fractionation. 
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Figure 10. Bivariate plots of Ga vs. Al2O3 (a), TiO2 vs. V (b), REE vs. Th and U (c), and Se vs. S (d). All the data are from size and density fractionated samples. 
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Figure 11. Elemental maps of Ti, V, P, and Sr in the sample Y1 obtained by the scanning μXRF mapping technique. The circular boxes represent the highly overlapping areas of the elements Ti and V; the rectangular boxes represent the highly overlapping areas of the elements P and Sr. 
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Table 1. Quantitative mineralogical compositions (%) of sample Y1 and the samples subjected to size and density fractionation.
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	Sample
	Size

mm
	Density

g/cm3
	Diaspore
	Anatase
	Goyazite
	Cookeite
	Kaolinte





	Y1
	
	
	37.9
	2.7
	3.5
	30.7
	25.2



	L1
	−1 + 0.5
	
	23.5
	1
	4
	38.8
	32.8



	L2
	−0.5 + 0.25
	
	23.7
	1.2
	3.8
	38.9
	32.4



	L3
	−0.25 + 0.125
	
	24.5
	1.3
	4.1
	34.7
	35.5



	L4
	−0.125 + 0.074
	
	26.3
	1.5
	4.2
	34.9
	33



	L5
	−0.074 + 0.044
	
	28.1
	1.4
	3.3
	31
	36.2



	L6
	−0.044
	
	26.9
	1.8
	3.4
	31.9
	36



	L1-1
	
	<1.60
	-
	-
	-
	-
	-



	L1-2
	−1 + 0.5
	1.60–2.65
	22.7
	0.9
	4.4
	38.5
	33.4



	L1-3
	
	>2.65
	36.7
	0.9
	2.8
	34
	25.6



	L2-1
	
	<1.60
	-
	-
	-
	-
	-



	L2-2
	−0.5 + 0.25
	1.60–2.65
	24.4
	1.4
	4.5
	33.5
	36.1



	L2-3
	
	>2.65
	40.1
	0.9
	2.2
	33.1
	23.9



	L3-1
	
	<1.60
	-
	-
	-
	-
	-



	L3-2
	−0.25 + 0.125
	1.60–2.65
	23.7
	1.5
	4.7
	35
	35



	L3-3
	
	>2.65
	31.4
	1
	2.5
	35.3
	29.9
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