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Abstract

:

The Huri bauxite deposit is located 40 km northwest of Maragheh City, East Azerbaijan province, northwestern Iran. Bauxite horizons at Huri develop within karstic depressions and sinkholes of carbonate footwalls of the Ruteh Formation, overlain by carbonate of the Elika Formation. Powder X-ray diffraction (PXRD) and scanning electron microscope, coupled with energy dispersive X-ray spectroscopy (SEM-EDS) analyses show that the Huri bauxite ores consist of hematite, diaspore, kaolinite, and lesser amounts of halloysite, pyrophyllite, illite, goethite, clinochlore, amesite, rutile, zircon, and monazite. Based on geochemical studies (Eu/Eu* vs. Sm/Nd and U/Th bivariate diagrams), basalt rocks interbedded in limestone of the Ruteh Formation are the possible precursor rocks of the Huri bauxite deposit. The pH variations of weathering solutions, fluctuations in the groundwater table level, the function of carbonate bedrock as a geochemical barrier, simultaneous precipitation of Fe-bearing minerals, and preferential scavenging of light rare earth elements (LREE) by hematite played an important role in the fractionation of LREE from heavy rare earth elements (HREE) in the Huri bauxite ores. Fluctuations in groundwater table level, increasing pH of acidic solutions percolating downward, preferential adsorption of Ce onto hematite at the base of the profile, and the possible presence of Ce-bearing fluorocarbonates played an important role in increasing Ce anomaly from the top of the profile downward.
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1. Introduction


Due to their expanding use in new technological applications and the global growing demand for these elements, critical elements, including rare earth elements (REE), have gained increasing attention in the past decade [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17]. The exploitation of ore deposits shows the importance of these elements; therefore, the great challenge facing us at the moment is exploring new economic sources for these elements. These strategic elements are generally concentrated in specific rock materials under certain geological environments. Bauxite deposits are among the specific rock materials that have the potential to significantly concentrate critical metals, making them precious for the exploration of these elements. Karst-type bauxite deposits, which are products of chemical weathering of aluminosilicate-rich parent rocks, accumulated on underlying karstified carbonates and in addition to the primary ore sources of aluminum, contain several economically important elements, including Co, V, Ti, Nb, Ga, Hf, Ta, Zr, Y, and REE [13,14,18,19,20]. These host of critical elements makes karst-type bauxite deposits, especially across the eastern Tethyan belt, worth considering further.



The Iranian karst-type bauxite deposits are deposited within karstic depressions and sinkholes of the Mesozoic marine carbonate deposits in the Palaeo-Tethys Ocean [21]. In recent years, several studies have been conducted on geological features, parental affinity, genetic characteristics and weathering mechanisms, and mineralogical and geochemical controls in the enrichment and distribution of elements, especially REE, of the Iranian bauxite deposits [12,13,14,20,22,23,24]. However, no comprehensive studies have been carried out on the Huri bauxite deposit, 40 km northwest of Maragheh City, East Azerbaijan province, northwestern Iran. The main goals of this study were to (1) determine the possible source rock of the deposit and (2) determine the factors controlling the distribution and fractionation of REE along a weathered profile of the Huri bauxite deposit, Maragheh City, East Azerbaijan province, northwestern Iran.




2. Geology of the Deposit


The Huri bauxite deposit is located 40 km northwest of Maragheh City, East Azerbaijan province, northwestern Iran (Figure 1a). According to the tectono-metamorphic zonation of Iran [25], the Huri bauxite deposit occurs within the Alborz–Azerbaijan zone. The oldest rock units in the study area are early Cambrian micaceous silty shales, dolomites, and sandstones of the Zaigun Formation. These rock units are overlain by early Cambrian arkosic sandstones of the Lalun Formation and middle Cambrian carbonate, sandstone, and shale of the Mila Formation. The Devonian limestone, diorite, and alternating dolomite and sandstone are overlain by early Permian sandstones of the Dorud Formation, middle Permian basalts, and limestones of the Ruteh Formation. The Triassic stratigraphic units consist of a thick sequence of sedimentary rocks. They include early–middle Triassic dolomite and dolomitic limestone of the Elika Formation and late Triassic sandstone and shale of the Nayband Formation. The youngest rock units are Neogene conglomerate, agglomerate, and breccia with a lesser amount of lahar and pyroxene andesite and Quaternary alluvial sediments (Figure 1b).



At Huri, sedimentary hiatus at the contact of limestone of the Ruteh Formation and dolomite and dolomitic limestone of the Elika Formation is associated with the generation and development of bauxite horizons. Bauxite horizons are developed within karstic depressions and sinkholes of carbonate footwall of the Ruteh Formation, overlain by carbonate of the Elika Formation. There is sharp contact between bauxite horizons and limestone of the Ruteh Formation and carbonate of the Elika Formation. Limestone from the Ruteh Formation with a gray color that acts as a bedrock for bauxite horizons contains calcite veinlets, along with cherty bands and nodules. The bauxite horizons have an overall NW–SE trend, a total length of 4 km, and a variable thickness of 4–15 m. Bauxite horizons are sometimes displaced by extensional faults.



According to field observations and physical features such as color, along one of the bauxite horizons, from base to top of the profile, the bauxite subsets are: (1) brownish red bauxite ores (BRBO), (2) brown bauxite ores (BBO), and (3) red bauxite ores (RBO). Among these bauxite subsets, the RBO is mostly layered and has the lowest hardness and density, whereas the BRBO and BBO are massive and dense and are harder and denser than the RBO. Limonitization is one of the most important characteristics of RBO and BBO, indicating the role of atmospheric waters and supergene oxidation. The increasing size of spheroids in bauxite samples, especially in iron nodules close to the carbonate bedrock of the Ruteh Formation, is observed.




3. Sampling and Analytical Methods


A total of 28 bauxite ores from a 14-meter-depth weathered profile were analyzed. Samples R-01–R-07 are from the RBO subset, samples R-08–R-15 are from the BBO subset, and samples R-16–R-28 are from the BRBO subset (Figure 2a). Additionally, 4 samples from Permian limestones footwall of the Ruteh Formation (L-01–L-04) and 4 samples from basalts interbedded in the Ruteh Formation (B-01–B-04) were analyzed. The semi-quantitative (wt%) mineralogical composition of 28 bauxite samples was determined using powder X-ray diffraction (PXRD) at the Geological Survey of Iran, Tehran. PXRD analysis was performed using a Siemens D5000 X’Pert powder diffractometer with Cu-Kα radiation at a voltage of 40 kV and a current of 30 mA with a step size of 0.02° in the 2θ range from 2° to 60°. Microchemical analysis was carried out at the Razi Metallurgical Research Center, Iran, using a Hitachi S-3400N scanning electron microscope equipped with a Link Analytical Oxford IE 350 energy dispersive X-ray spectrometer (SEM–EDS).



A 0.25 g of whole powdered samples from the bauxite ores, basalt, and limestone were fused with a flux of lithium tetraborate–lithium metaborate, heated in a furnace at 1000 °C, and then dissolved in 100 mL 5% HNO3. Major oxides and U, Th, Y, and REE concentrations were determined using Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) and Inductively Coupled Plasma-Mass Spectrometry (ICP-MS), respectively, at Activation Laboratories Ltd. (Actlabs) in Vancouver, Canada. Loss on ignition (LOI) was estimated based on weight difference after heating at 950 °C.




4. Results


4.1. Mineralogical and Textural Features


Based on petrographic observations, the Huri bauxite ores have a pelitomorphic and microgranular matrix with spheroidal to ovoid components such as ooids and pisoids embedded in the pelitomorphic matrix. The studied bauxite samples display ooidic (100–1000 μm), pisoidic (1–5 mm), spastoidic, and nodular textures, following the terms proposed by Bárdossy [26]. Hematite was the only mineral phase identified in the studied bauxite samples by microscopic observations and occurs in the form of layering, secondary coatings around spheroidal components, and also in the core of ooids and pisoids (Figure 3a–d). Some researchers [27,28] believed that ferruginous nodules generated during chemical weathering of parent rock under tropical and subtropical climatic conditions are indicative of fluctuations in groundwater levels during the evolution of the deposit. These textural components are prevalent in the Mediterranean-type karst bauxites [27,28]. Fe-rich coatings around spheroidal components (Figure 3b) can be attributed to the distribution and migration of Fe and its precipitation under suitable Eh–pH conditions. The elongated and/or sinusoidal forms in ooids and pisoids can be associated with deformations in a semi-plastic state [29] or to re-depositional conditions during the evolution of the deposit [28].



The semi-quantitative mineralogical composition of 28 bauxite samples from the Huri deposit is given in Table 1. There was no significant variation in the mineralogical composition of the bauxite samples along the studied profile, as shown in Figure 2b and Figure 4. PXRD analyses showed that the Huri bauxite ores consist of hematite, diaspore, and kaolinite—accounting for 76–96% of the total mineral assemblage in the samples—and lesser amounts of halloysite, pyrophyllite, illite, goethite, clinochlore, amesite, and rutile (Figure 4). There is a gradual increase in the abundance of hematite from the top to the base of the profile, in striking contrast to a downward decrease in abundance of diaspore and, to a lesser extent, clay minerals such as kaolinite, illite, clinochlore, and halloysite. Hematite was the most abundant in the BRBO subset ores, significantly close to carbonate bedrocks of the Ruteh Formation. Halloysite and clinochlore occur in the RBO subset ores only, and goethite is present in the two upper RBO and BBO subsets of the profile. Based on the SEM-EDS observations, minerals resistant to weathering zircon and monazite-(Ce) are present as rounded or elliptical single grains in the RBO and BBO subsets, respectively, embedded in a kaolinite matrix (Figure 5a,b).




4.2. Geochemistry


4.2.1. Major Oxides


The dominant chemical components in the analyzed bauxite samples are Al2O3, SiO2, and Fe2O3, accounting for 80.41–88.23 wt% of the total content of the samples (Table 2). SiO2 contents in the RBO (24.19–26.41 wt%) and BBO (20.39–25.67 wt%) subsets are higher than in the BRBO subset (15.79–20.36 wt%), corresponding to a higher abundance of clay minerals such as kaolinite, illite, clinochlore, and halloysite. In contrast, Fe2O3 contents in the BRBO (32.17–47.85 wt%) and BBO (15.36–33.21 wt%) subsets are higher than in the RBO subset (11.53–16.14 wt%), corresponding to a higher abundance of hematite. Geochemical results are consistent with mineralogical evolution upward the succession, promoting an increase in the abundance of diaspore and clay minerals such as kaolinite, illite, clinochlore, and halloysite, and a decrease in the abundance of hematite, a feature observed in other Mediterranean-type karst bauxite deposits. The TiO2 content in the analyzed bauxite samples is up to a maximum of 4.38 wt%. Major oxides Na2O, K2O, CaO, MgO, MnO, and P2O5 were detected at significantly lower concentrations, accounting for 0.90–2.68 wt% of the total content of the samples. Major oxides Al2O3, SiO2, and Fe2O3 are the dominant constituents of the analyzed basalt samples, accounting for 74.62–77.31 wt% of the total content of the samples, whereas other oxides show a wide range (0.39–7.41 wt%) in content. CaO is the dominant constituent of the analyzed limestone samples of the Ruteh Formation, and other oxides are present at low concentrations, up to a maximum of 8.9 wt%.




4.2.2. Trace Elements


The light rare earth elements (LREE: La–Sm), heavy rare earth elements (HREE: Eu–Lu), and total rare earth elements (ΣREE: La–Lu) content in the Huri bauxite ores are in the range 197.2–368.5 ppm LREE, 20.9–46.7 ppm HREE, and 218.1–413.2 ppm REE (Table 2). They are 80.4–102.4 ppm LREE, 17.4–19.2 ppm HREE, and 98.0–121.6 ppm REE in the basalt rocks, and 7.9–13.3 ppm LREE, 1.2–2.2 ppm HREE, and 9.1–15.5 ppm REE in the carbonate bedrock of the Ruteh Formation. The Y content in the Huri bauxite ores is in the range of 7.8–101.3 ppm. The concentration of this element in the basalt rocks and the carbonate rocks of the Ruteh Formation ranges from 9.3–12.7 ppm and 1.2–3.2 ppm, respectively (Table 2).



There is an increase in the LREE, HREE, and REE contents from the lower and middle parts of the profile (the BRBO and BBO subset ores) upward toward the RBO subset ores. The (LREE/HREE)N and La/Y ratios representing the fractionation of LREE from HREE in the Huri bauxite ores are in the range 4.7–6.3 and 0.7–6.4, respectively. These ratios are in the range 2.9–3.4 (LREE/HREE)N and 1.4–2.2 La/Y for the basalt rocks, and 3.8–4.2 (LREE/HREE)N and 0.8–1.8 La/Y for the carbonate bedrock of the Ruteh Formation. The BRBO subset ores are characterized by higher (LREE/HREE)N and La/Y ratios than the two upper BBO and RBO subset ores. It indicates a higher accumulation of REE in the uppermost parts of the succession, but a higher LREE/HREE fraction downward toward the BRBO subset ores. The BRBO subset ores (Ce/Ce* = 1.1–2.0) have a slightly higher Ce anomaly than the BBO (Ce/Ce* = 0.9–1.4) and RBO (Ce/Ce* = 0.8–1.0) subset ores. Negative Eu anomalies (0.76–0.94) are observed in the studied samples from three subsets, but higher anomalies are present in the ores at the basal part of the profile. The Eu and Ce anomalies are in the range 0.85–0.90 Eu/Eu* and 0.82–0.86 Ce/Ce* for the basalt rocks, and 0.30–0.39 Eu/Eu* and 0.66–0.84 Ce/Ce* for the carbonate bedrock of the Ruteh Formation.



The U and Th contents in the Huri bauxite ores are in the range of 11.5–22.6 ppm and 20.8-29.3 ppm, respectively. The concentrations of U and Th in the basalt rocks are in the range 14.2–15.9 and 17.9–18.8 ppm, respectively, whereas U and Th contents in the carbonate rocks of the Ruteh Formation are 0.3–1.3 ppm and 0.08–0.41 ppm, respectively (Table 2).






5. Discussion


5.1. Mineralogy


Breakdown of primary constituents of parent rock results in the generation of pedogenetic phyllosilicates, such as kaolinite, and Fe (oxyhydr)oxides during weathering processes. The decomposition of labile aluminosilicate minerals of the parent rocks, such as muscovite and feldspar, causes the generation of kaolinite under warm and humid tropical climates. According to Schellmann [32], the formation of Fe-rich minerals such as hematite and goethite is associated with the dissolution of ferromagnesian minerals and also with redox conditions controlled by water activity. Hematite is the main Fe-bearing mineral in the Huri bauxite deposit. This mineral forms at a pH range of 7–8 and reflects an oxidizing environment during bauxitization. According to Bárdossy and Aleva [33], the increasing downward trend of hematite reflects multiple cycles of groundwater mobilization and re-distribution. A significant downward increase in hematite is consistent with the classification of the ores in the SiO2–Al2O3–Fe2O3 ternary modified from Aleva [34] in which the RBO subset ores fall within the field of bauxite, whereas the BBO and BRBO subset ores mainly occur in the laterite field (Figure 6). A downward increase in lateritization degree and abundance of Fe contents and Fe minerals shown in Figure 6 are probably an interplay between groundwater and the vertical downward increase in penetrating weathering front, as already noted by Bárdossy and Aleva [33]. These findings are consistent with the point that lithological and geochemical characteristics of the bauxite samples control weathering intensity, weathering trend, and bauxitization processes. The occurrence of both goethite and hematite in the bauxite ores in the uppermost parts of the profile is thought to be a result of weathering in an oxygenated condition without complete dehydration of goethite [33]. The content of resistant accessory minerals mainly depends on the chemical composition of precursor rock and the degree of chemical weathering because these resistant minerals are derived from weathering parent material [6]. According to Cetiner et al. [35], the presence of minerals resistant to weathering, such as monazite in the BBO subset and zircon in the RBO subset, is consistent with the fact that the solubility of these minerals is very low at ambient temperature and low pH.




5.2. Parental Affinity of the Deposit


Addressing the provenance of karst bauxite deposits, especially of allochthonous karst bauxite deposits, is debatable due to significant fractionation of major and trace elements during chemical weathering [22,36]. Although carbonate rocks can host karst bauxites, they cannot generally be considered a suitable parent material for karst bauxite deposits. Based on various studies carried out on the Iranian karst bauxite deposits by many researchers in recent years, igneous rocks—mainly of mafic composition—and argillaceous limestone have been suggested as the parent rock of these deposits [21]. Since Eu anomalies in the bauxite samples from the Huri deposit show negligible variation, ranging from 0.76 to 0.94, thus this ratio can be considered a conservative index, as Eu anomaly was considered to be retained during intense weathering [12,22,36]. Likewise, the Sm/Nd ratio has been applied to identify parent rocks of bauxite deposits due to minor fractionation of elements Sm and Nd during weathering processes, as stated by several researchers [12,13,22,23]. Geochemical proxies such as Nb/Ta, Al/Ta, Ti/Zr, Al2O3/Hf, Al2O3/Nb, and TiO2/Al2O3 have been successfully used to recognize the provenance of bauxite deposits [12,20,23,36,37,38,39]. In spite of the fact that there is no completely immobile element in weathering environments, a strong positive correlation between Th and U (r = 0.85) shows that these elements are probably less mobile during the formation of the Huri bauxite deposit and are used as reference elements in this study. On the Eu/Eu* vs. Sm/Nd and U/Th bivariate diagrams, the Huri bauxite samples are far from the carbonate bedrock of the Ruteh Formation, but close to the basalt samples (Figure 7). This suggests that basalt rocks are the possible precursor rocks of the Huri bauxite deposit, consistent with the sporadic occurrence of basalt patches in the Ruteh Formation in different parts of northwestern Iran.




5.3. Factors Controlling Distribution and Fractionation of REE


Fractionation of major and trace elements (including REE) occurs during weathering processes and bauxitization. Degree of bauxitization and REE content in bauxite samples depend on a number of factors, including chemical and mineralogical composition of parent material, thickness of deposit, duration of weathering processes, drainage, climate, topography, groundwater table position, and microbial activity [33,40]. REE released from primary minerals of parent rock during weathering processes occur in mineral lattice of REE-bearing minerals, as substitutes for major constituents in minerals like apatite and fluorite, and/or are absorbed onto certain mineral surfaces that could be a residual primary mineral or a newly formed mineral. In fact, the presence of REE authigenic minerals greatly influences REE distribution patterns of the ores. Furthermore, organic matter in the upper parts of the weathered profile have a high capacity to adsorb and chelate REE. The presence of organic matter and weathering-resistant REE-bearing minerals, such as monazite, in the uppermost parts of the succession and adsorption of REE onto clay minerals, such as kaolinite, halloysite, and clinochlore, are the other effective mechanisms for concentration and accumulation of REE in the upper parts of the Huri bauxite profile.



In addition to the nature of precursor rocks, physicochemical conditions of weathering environment, and complexation and adsorption mechanisms, the mobility and fractionation of REE during weathering processes can be associated with the preferential dissolution of certain REE minerals. Fractionation of LREE from HREE in bauxite samples can be explained by the formation of Fe (oxyhydr)oxides, clay minerals, and P-bearing minerals as scavengers of LREE. The presence of weathering-resistant REE-bearing minerals, such as monazite, leads to enrichment of LREE in the upper parts of the succession. Some geochemical investigations of bauxite deposits show that both LREE and HREE act as mobile elements during pedogenesis processes [41], while LREE in this study are more mobile than HREE during weathering, as stated by some researchers in the course of weathering [42]. This conclusion is manifested by a slightly increasing (LREE/HREE)N ratio from the top of the profile downward toward the BBO and BRBO subset ores (Figure 8a). In fact, the carbonate bedrock of the Ruteh Formation as a chemical barrier had a significant effect on increasing pH of acidic solutions percolating downward. Therefore, it suggests that pH was one of the key factors controlling the fractionation and mobility of REE in the weathered profile of the Huri bauxite deposit. As the pH of percolating acidic solutions increases downward the profile, the extent of REE-bearing minerals identified by SEM–EDS remarkably decreases. Mineral control (adsorption of LREE by hematite) may be an effective mechanism for the fractionation of LREE from HREE in the Huri bauxite samples, in which Fe content is much higher than Na, K, and P content. The La/Y ratio shows an uneven increase in the downward trend (Figure 8a). This ratio was used to determine the change in pH weathered environment during bauxitization. According to Crnički and Jurković [43], the La/Y ratio below and above 1 represents acidic and alkaline environments, respectively. The increasing downward La/Y ratio suggests alkaline conditions prevailing at the base of the Huri weathered profile. Erratic trends in (LREE/HREE)N and La/Y ratios in the Huri bauxite samples that represent leaching and concentration of REE along the studied profile are generally ascribed to fluctuations in the groundwater table level during the development and formation of the bauxite body. Groundwater fluctuations are generally controlled by seasonal successive changes in precipitation during rainy and dry seasons [33].



Cerium behaves differently from the other REE during chemical weathering processes. The distribution of Ce anomaly provides insights into paleo-redox evolution during the formation of bauxite deposits, as stated by several researchers [12,14,22]. According to previous research, positive Ce anomaly in bauxite deposits is generally attributed to the formation of cerianite via the oxidation of Ce(III) to Ce(IV) at pH = 5–6 [44]. In this case, a positive Ce anomaly is obvious at the bottom of the Huri bauxite profile. The BRBO subset ores exhibited a significant abundance of hematite, along with a pronounced positive Ce anomaly (Ce/Ce* = 1.1–2.0) especially close to the carbonate bedrock of the Ruteh Formation (Figure 8b). The reason for the positive Ce anomaly at the bottom of the weathering profile is adsorption of Ce onto hematite. There was a positive correlation between the Ce anomaly values of the analyzed samples and Fe content and Fe oxide abundance. Less abundant clay minerals, such as kaolinite, and more abundant Fe oxides in the samples showing positive Ce anomalies suggest that the variation in the Ce anomaly in the Huri bauxite deposit is associated with Fe behavior and not clay. Another reason for positive Ce anomaly toward the carbonate bedrock of the Ruteh Formation can be attributed to the formation of Ce-bearing fluorocarbonate mineral, parisite, (Ce2Ca(CO3)3F2). In general, REE mobilized under acidic conditions by Ce-depleted solutions percolating downward as fluoride/carbonate/carbonate–fluoride complexes are further concentrated as REE phosphate and fluorocarbonate minerals toward the carbonate bedrock barrier at alkaline pH. The conversion of Ce4+ to Ce3+, possibly associated with the rise in groundwater level, leads to the precipitation of parisite downward the succession [44]. However, this mineral was not identified by SEM–EDS in the Huri bauxite samples. As a whole, fluctuations in the groundwater table level and the carbonate bedrock of the Ruteh Formation as a geochemical barrier had significant effects on increasing pH of acidic solutions percolating downward and consequently Fe leaching and simultaneous precipitation of Fe-bearing minerals, such as hematite, and the preferential adsorption of Ce onto hematite in the lower parts of the profile. The negative Eu anomaly of the Huri bauxite samples (0.76–0.94) (Figure 8b) represents the decomposition of major constituents of parent rock, such as plagioclase, during weathering processes, and is a function of weathering intensity during the formation of the Huri bauxite deposit.





6. Conclusions


The Huri bauxite horizons occur within karstic depressions and sinkholes of carbonate bedrock of the Ruteh Formation, overlaid by the carbonate rocks of the Elika Formation. PXRD data revealed that the main mineral constituents of the Huri bauxite samples are hematite, diaspore, and kaolinite, accounting for 76–96% of the total mineral assemblage of the samples. Halloysite, pyrophyllite, illite, goethite, clinochlore, amesite, and rutile are accessory minerals identified in the analyzed Huri samples. A slightly increasing (LREE/HREE)N ratio from the top of the profile downward can be attributed to fluctuations in groundwater table level and the buffer effect of carbonate bedrock of the Ruteh Formation in increasing pH of acidic solutions percolating downward and the adsorption of LREE by hematite. The variation in the Ce anomaly in the Huri bauxite deposit may be associated with the Fe behavior, the adsorption of Ce onto hematite at the base of the profile, especially close to the carbonate bedrock of the Ruteh Formation, and fluctuations in groundwater table level, as well as the possible presence of Ce-bearing fluorocarbonates, downward the succession. Based on geochemical studies (Eu/Eu* vs. Sm/Nd and U/Th bivariate diagrams), basalt rocks interbedded in limestone of the Ruteh Formation are the possible precursor rocks of the Huri bauxite deposit.
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Figure 1. (a) Simplified tectonic map of Iran [25] showing the location of the Huri bauxite deposit in East Azerbaijan province, northwestern Iran. (b) A simplified geological map showing the local geological setting and lithological units of the Huri bauxite deposit. 
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Figure 2. (a) Stratigraphic column of the bauxite samples along the selected profile at Huri (refer to Figure 1b for the position and trend of the selected profile). The position of samples selected for geochemical analyses is marked with filled circles. (b) Variations in the mineralogical composition of the bauxite samples along the selected profile at Huri. 
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Figure 3. Photomicrographs showing petrological aspects in the Huri bauxite deposit. (a–d) The occurrence of hematite in the form of layering, secondary coatings around spheroidal components, and the core of ooids and pisoids. All images were taken under reflected light. Abbreviations: Hem = hematite [30]. 
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Figure 4. Powder-XRD patterns of representative bauxite samples from the Huri deposit. Ame = amesite, Dsp = diaspore, Gth = goethite, Hal = halloysite, Hem = hematite, Ilt = illite, Kln = kaolinite, Prl = pyrophyllite, Rt = rutile; mineral abbreviations from [30]. 
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Figure 5. SEM–EDS results of the Huri bauxite deposit, East Azerbaijan province, northwestern Iran. (a) Zircon and kaolinite in sample R-02 from the RBO subset. (b) Monazite and diaspore in sample R-09 from the BBO subset. Abbreviations: Dsp = diaspore, Kln = kaolinite, Zrn = zircon, Mnz = monazite [30]. 
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Figure 6. Al2O3–SiO2–Fe2O3 ternary plots [32,34] showing mineralogical classification and lateritization degree of the Huri bauxite samples. 
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Figure 7. Bivariate plots of Eu/Eu* vs. Sm/Nd (a) and U/Th (b) representing affinity of the Huri bauxite samples with basalt rocks interbedded in limestone of the Ruteh Formation. 
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Figure 8. Variation trend of (a) (LREE/HREE)N and La/Y, and (b) Ce/Ce* and Eu/Eu* for the Huri bauxite deposit. 






Figure 8. Variation trend of (a) (LREE/HREE)N and La/Y, and (b) Ce/Ce* and Eu/Eu* for the Huri bauxite deposit.



[image: Minerals 13 00926 g008]







[image: Table] 





Table 1. Results of semi-quantitative mineralogical analysis (weight percent, wt%) of 28 samples from the Huri bauxite deposit, East Azerbaijan province, northwestern Iran. Ame = amesite, Clc = clinochlore, Dsp = diaspore, Gth = goethite, Hal = halloysite, Hem = hematite, Ilt = illite, Kln = kaolinite, Prl = pyrophyllite, Rt = rutile; mineral abbreviations from [30].
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	Sample No.
	Bauxite Subset
	Dsp
	Hem
	Kln
	Hal
	Ilt
	Gth
	Clc
	Ame
	Prl
	Rt





	R-01
	Red bauxite ore (RBO)
	48
	6
	22
	2
	5
	7
	3
	2
	–
	5



	R-02
	Red bauxite ore (RBO)
	49
	7
	23
	–
	5
	6
	3
	1
	2
	4



	R-03
	Red bauxite ore (RBO)
	48
	8
	23
	2
	3
	6
	2
	2
	2
	4



	R-04
	Red bauxite ore (RBO)
	51
	9
	21
	2
	4
	5
	–
	1
	3
	4



	R-05
	Red bauxite ore (RBO)
	46
	9
	25
	1
	4
	5
	2
	2
	2
	4



	R-06
	Red bauxite ore (RBO)
	46
	11
	24
	2
	3
	4
	2
	1
	3
	4



	R-07
	Red bauxite ore (RBO)
	47
	13
	25
	–
	3
	4
	2
	2
	–
	4



	R-08
	Brown bauxite ore (BBO)
	46
	14
	24
	–
	4
	4
	–
	2
	2
	4



	R-09
	Brown bauxite ore (BBO)
	44
	20
	22
	–
	4
	3
	–
	2
	1
	4



	R-10
	Brown bauxite ore (BBO)
	43
	22
	21
	–
	3
	3
	–
	2
	2
	4



	R-11
	Brown bauxite ore (BBO)
	43
	25
	19
	–
	3
	2
	–
	2
	2
	4



	R-12
	Brown bauxite ore (BBO)
	44
	22
	22
	–
	4
	2
	–
	2
	–
	4



	R-13
	Brown bauxite ore (BBO)
	41
	25
	22
	–
	3
	2
	–
	1
	2
	4



	R-14
	Brown bauxite ore (BBO)
	39
	28
	22
	–
	3
	2
	–
	–
	2
	4



	R-15
	Brown bauxite ore (BBO)
	37
	31
	21
	–
	3
	1
	–
	1
	2
	4



	R-16
	Brownish red bauxite ore (BRBO)
	35
	33
	21
	–
	3
	–
	–
	2
	2
	4



	R-17
	Brownish red bauxite ore (BRBO)
	36
	35
	20
	–
	3
	–
	–
	1
	1
	4



	R-18
	Brownish red bauxite ore (BRBO)
	37
	36
	19
	–
	3
	–
	–
	1
	–
	4



	R-19
	Brownish red bauxite ore (BRBO)
	37
	35
	19
	–
	3
	–
	–
	–
	2
	4



	R-20
	Brownish red bauxite ore (BRBO)
	39
	37
	17
	–
	2
	–
	–
	1
	–
	4



	R-21
	Brownish red bauxite ore (BRBO)
	37
	38
	18
	–
	2
	–
	–
	–
	2
	3



	R-22
	Brownish red bauxite ore (BRBO)
	39
	38
	18
	–
	2
	–
	–
	–
	–
	3



	R-23
	Brownish red bauxite ore (BRBO)
	36
	39
	17
	–
	2
	–
	–
	2
	1
	3



	R-24
	Brownish red bauxite ore (BRBO)
	29
	47
	17
	–
	2
	–
	–
	–
	2
	3



	R-25
	Brownish red bauxite ore (BRBO)
	28
	48
	17
	–
	1
	–
	–
	1
	2
	3



	R-26
	Brownish red bauxite ore (BRBO)
	31
	49
	16
	–
	1
	–
	–
	–
	–
	3



	R-27
	Brownish red bauxite ore (BRBO)
	29
	50
	15
	–
	1
	–
	–
	1
	1
	3



	R-28
	Brownish red bauxite ore (BRBO)
	29
	50
	15
	–
	1
	–
	–
	1
	1
	3
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Table 2. Major-element oxides (in weight percent) and trace-element concentrations (in ppm) of the bauxite samples, basalt rocks interbedded in the limestone of the Ruteh Formation, and carbonate of the Ruteh Formation from the Huri bauxite deposit, East Azerbaijan province, northwestern Iran.
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Basalt

	
RBO

	




	

	
d.l.

	
B-01

	
B-02

	
B-03

	
B-04

	
R-01

	
R-02

	
R-03

	
R-04

	
R-05

	
R-06

	
R-07

	






	
SiO2

	
0.01

	
51.88

	
51.04

	
50.32

	
50.63

	
25.56

	
24.88

	
24.19

	
25.55

	
25.15

	
25.69

	
26.41

	




	
TiO2

	
0.01

	
2.04

	
2.12

	
2.16

	
2.25

	
4.38

	
4.26

	
4.13

	
4.05

	
3.99

	
3.87

	
4.03

	




	
Al2O3

	
0.01

	
11.96

	
12.51

	
13.98

	
13.93

	
45.55

	
44.54

	
43.52

	
42.05

	
40.58

	
39.41

	
41.32

	




	
Fe2O3(T)

	
0.01

	
12.98

	
13.76

	
10.87

	
10.06

	
11.53

	
13.65

	
15.74

	
15.33

	
15.02

	
16.14

	
15.21

	




	
MnO

	
0.01

	
0.88

	
0.91

	
0.93

	
0.96

	
0.21

	
0.19

	
0.19

	
0.18

	
0.17

	
0.15

	
0.16

	




	
MgO

	
0.01

	
4.44

	
5.56

	
5.96

	
4.75

	
0.79

	
0.76

	
0.74

	
0.71

	
0.72

	
0.75

	
0.81

	




	
CaO

	
0.01

	
6.17

	
4.72

	
7.11

	
7.41

	
0.03

	
0.02

	
0.03

	
0.04

	
0.06

	
0.05

	
0.03

	




	
Na2O

	
0.01

	
4.11

	
2.92

	
4.33

	
4.51

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.02

	
0.02

	




	
K2O

	
0.01

	
3.88

	
3.89

	
2.28

	
3.23

	
1.55

	
1.66

	
1.22

	
1.62

	
1.52

	
1.33

	
1.25

	




	
P2O5

	
0.01

	
0.39

	
0.41

	
0.67

	
0.71

	
0.05

	
0.04

	
0.05

	
0.06

	
0.07

	
0.09

	
0.15

	




	
LOI

	
0.01

	
1.25

	
2.09

	
1.02

	
1.01

	
10.33

	
9.98

	
10.12

	
10.39

	
12.51

	
12.25

	
10.52

	




	
Sum

	
0.01

	
99.98

	
99.93

	
99.63

	
99.45

	
99.99

	
99.99

	
99.95

	
99.99

	
99.80

	
99.75

	
99.91

	




	
U

	
0.05

	
15.11

	
14.21

	
15.92

	
14.87

	
22.69

	
21.14

	
20.55

	
21.24

	
20.93

	
18.50

	
20.58

	




	
Th

	
0.05

	
18.70

	
17.90

	
18.80

	
18.20

	
29.25

	
29.34

	
28.47

	
25.91

	
26.34

	
26.23

	
27.13

	




	
Y

	
0.5

	
9.3

	
11.1

	
12.7

	
10.4

	
97.3

	
95.5

	
92.3

	
91.3

	
100.7

	
90.7

	
100.5

	




	
La

	
0.5

	
17.2

	
22.7

	
17.4

	
22.5

	
86.1

	
80.5

	
74.9

	
85.4

	
95.9

	
76.1

	
90.7

	




	
Ce

	
0.5

	
31.6

	
41.3

	
32.7

	
41.1

	
139.4

	
144.5

	
149.6

	
150.7

	
151.8

	
155.3

	
151.2

	




	
Pr

	
0.03

	
4.84

	
6.52

	
4.79

	
6.53

	
21.38

	
19.68

	
17.98

	
20.34

	
22.71

	
18.52

	
21.53

	




	
Nd

	
0.1

	
21.6

	
26.3

	
21.5

	
26.5

	
79.1

	
72.5

	
65.9

	
74.3

	
82.7

	
68.4

	
78.5

	




	
Sm

	
0.03

	
5.12

	
5.62

	
5.08

	
5.61

	
14.86

	
13.74

	
12.62

	
13.98

	
15.34

	
13.13

	
14.66

	




	
Eu

	
0.03

	
1.57

	
1.61

	
1.52

	
1.64

	
4.10

	
3.78

	
3.47

	
3.83

	
4.19

	
3.60

	
4.01

	




	
Gd

	
0.05

	
5.55

	
5.88

	
5.51

	
5.86

	
13.00

	
12.19

	
11.38

	
12.07

	
12.76

	
11.81

	
12.41

	




	
Tb

	
0.01

	
0.77

	
0.88

	
0.76

	
0.87

	
2.07

	
1.93

	
1.79

	
1.89

	
2.00

	
1.86

	
1.95

	




	
Dy

	
0.05

	
4.71

	
4.90

	
4.73

	
4.88

	
11.85

	
11.08

	
10.31

	
10.81

	
11.31

	
10.84

	
11.06

	




	
Ho

	
0.01

	
0.78

	
0.91

	
0.75

	
0.89

	
2.24

	
2.11

	
1.97

	
2.03

	
2.09

	
2.09

	
2.06

	




	
Er

	
0.03

	
2.03

	
2.43

	
1.97

	
2.41

	
6.25

	
5.88

	
5.51

	
5.66

	
5.81

	
5.86

	
5.74

	




	
Tm

	
0.01

	
0.26

	
0.31

	
0.24

	
0.32

	
0.88

	
0.83

	
0.78

	
0.80

	
0.81

	
0.83

	
0.80

	




	
Yb

	
0.03

	
1.76

	
2.02

	
1.73

	
2.01

	
5.45

	
5.13

	
4.80

	
4.92

	
5.04

	
5.09

	
4.98

	




	
Lu

	
0.01

	
0.24

	
0.26

	
0.21

	
0.24

	
0.83

	
0.78

	
0.74

	
0.75

	
0.77

	
0.78

	
0.76

	




	
LREE (La–Sm)

	
–

	
80.36

	
102.44

	
81.47

	
102.24

	
340.84

	
330.92

	
321.00

	
344.72

	
368.45

	
331.45

	
356.59

	




	
HREE (Eu–Lu)

	
–

	
17.67

	
19.20

	
17.42

	
19.12

	
46.67

	
43.71

	
40.75

	
42.76

	
44.78

	
42.76

	
43.77

	




	
REE (La–Lu)

	
–

	
98.03

	
121.64

	
98.89

	
121.36

	
387.51

	
374.63

	
361.75

	
387.48

	
413.23

	
374.21

	
400.36

	




	
(LREE/HREE)N

	
–

	
2.90

	
3.40

	
2.98

	
3.41

	
4.66

	
4.83

	
5.03

	
5.14

	
5.25

	
4.95

	
5.20

	




	
La/Y

	
–

	
1.85

	
2.05

	
1.37

	
2.16

	
0.88

	
0.84

	
0.81

	
0.94

	
0.95

	
0.84

	
0.90

	




	
Eu/Eu*

	
–

	
0.90

	
0.85

	
0.87

	
0.87

	
0.88

	
0.87

	
0.87

	
0.88

	
0.89

	
0.87

	
0.89

	




	
Ce/Ce*

	
–

	
0.84

	
0.82

	
0.86

	
0.82

	
0.77

	
0.86

	
0.97

	
0.86

	
0.77

	
0.98

	
0.81

	




	

	
BBO

	
BRBO

	




	

	
R-08

	
R-09

	
R-10

	
R-11

	
R-12

	
R-13

	
R-14

	
R-15

	
R-16

	
R-17

	
R-18

	
R-19

	




	
SiO2

	
25.67

	
22.85

	
24.48

	
20.94

	
23.11

	
21.33

	
20.58

	
20.39

	
19.81

	
19.78

	
18.91

	
20.36

	




	
TiO2

	
4.02

	
3.87

	
3.81

	
3.71

	
3.84

	
3.71

	
3.64

	
3.52

	
3.55

	
3.58

	
3.42

	
3.51

	




	
Al2O3

	
42.07

	
41.52

	
38.31

	
36.09

	
38.52

	
37.15

	
34.99

	
31.62

	
32.85

	
32.84

	
30.36

	
31.61

	




	
Fe2O3(T)

	
15.36

	
19.99

	
21.22

	
27.66

	
22.24

	
26.09

	
29.15

	
33.21

	
32.18

	
32.17

	
34.15

	
33.19

	




	
MnO

	
0.15

	
0.14

	
0.15

	
0.15

	
0.12

	
0.11

	
0.09

	
0.07

	
0.07

	
0.06

	
0.07

	
0.08

	




	
MgO

	
0.79

	
0.71

	
0.71

	
0.65

	
0.68

	
0.62

	
0.61

	
0.59

	
0.52

	
0.57

	
0.56

	
0.59

	




	
CaO

	
0.03

	
0.04

	
0.05

	
0.05

	
0.08

	
0.06

	
0.07

	
0.09

	
0.08

	
0.07

	
0.09

	
0.11

	




	
Na2O

	
0.01

	
0.01

	
0.02

	
0.03

	
0.02

	
0.03

	
0.03

	
0.04

	
0.04

	
0.04

	
0.05

	
0.04

	




	
K2O

	
1.54

	
1.22

	
0.85

	
0.87

	
1.06

	
0.88

	
0.55

	
0.43

	
0.61

	
0.49

	
0.46

	
0.41

	




	
P2O5

	
0.14

	
0.16

	
0.14

	
0.14

	
0.15

	
0.15

	
0.14

	
0.13

	
0.13

	
0.13

	
0.13

	
0.13

	




	
LOI

	
10.21

	
9.48

	
10.25

	
9.69

	
10.17

	
9.86

	
10.14

	
9.88

	
10.11

	
10.25

	
11.74

	
9.81

	




	
Sum

	
100.00

	
100.00

	
100.00

	
99.98

	
99.99

	
99.99

	
99.99

	
100.00

	
99.95

	
99.98

	
99.90

	
99.84

	




	
U

	
19.87

	
19.44

	
18.25

	
17.89

	
18.51

	
17.99

	
17.78

	
16.68

	
16.51

	
16.88

	
15.79

	
16.68

	




	
Th

	
29.00

	
25.70

	
26.00

	
26.12

	
26.05

	
26.04

	
26.19

	
25.80

	
26.35

	
26.35

	
25.20

	
25.75

	




	
Y

	
101.3

	
88.9

	
77.8

	
16.1

	
26.1

	
24.1

	
21.7

	
16.9

	
19.7

	
19.8

	
14.1

	
16.9

	




	
La

	
85.4

	
63.8

	
65.2

	
51.8

	
67.4

	
54.2

	
49.4

	
47.9

	
44.6

	
44.6

	
51.3

	
47.9

	




	
Ce

	
150.7

	
159.9

	
151.1

	
143.5

	
145.5

	
146.8

	
140.3

	
129.4

	
133.7

	
133.7

	
125.1

	
129.4

	




	
Pr

	
20.34

	
14.60

	
15.50

	
12.03

	
15.93

	
12.54

	
11.52

	
10.70

	
10.50

	
10.50

	
10.80

	
10.65

	




	
Nd

	
74.3

	
52.8

	
57.0

	
43.9

	
58.2

	
45.7

	
42.1

	
38.9

	
38.6

	
38.6

	
39.3

	
38.9

	




	
Sm

	
13.98

	
10.40

	
10.90

	
8.32

	
10.95

	
8.74

	
7.91

	
7.20

	
7.09

	
7.09

	
7.40

	
7.24

	




	
Eu

	
3.83

	
2.80

	
3.00

	
2.35

	
3.04

	
2.45

	
2.25

	
2.10

	
2.06

	
2.06

	
2.10

	
2.09

	




	
Gd

	
12.07

	
9.80

	
10.10

	
7.94

	
9.82

	
8.31

	
7.58

	
6.70

	
6.85

	
6.85

	
6.60

	
6.71

	




	
Tb

	
1.89

	
1.50

	
1.60

	
1.28

	
1.56

	
1.33

	
1.24

	
1.10

	
1.15

	
1.15

	
1.10

	
1.11

	




	
Dy

	
10.81

	
8.80

	
9.40

	
7.75

	
9.18

	
7.95

	
7.55

	
6.80

	
7.14

	
7.14

	
6.50

	
6.79

	




	
Ho

	
2.03

	
1.70

	
1.80

	
1.54

	
1.77

	
1.57

	
1.50

	
1.40

	
1.44

	
1.44

	
1.30

	
1.35

	




	
Er

	
5.66

	
4.80

	
5.20

	
4.49

	
5.04

	
4.54

	
4.43

	
4.10

	
4.32

	
4.32

	
3.80

	
4.05

	




	
Tm

	
0.80

	
0.70

	
0.70

	
0.63

	
0.71

	
0.64

	
0.62

	
0.60

	
0.61

	
0.61

	
0.50

	
0.57

	




	
Yb

	
4.92

	
4.20

	
4.50

	
3.91

	
4.39

	
3.96

	
3.86

	
3.60

	
3.76

	
3.76

	
3.40

	
3.55

	




	
Lu

	
0.75

	
0.60

	
0.70

	
0.60

	
0.67

	
0.61

	
0.59

	
0.50

	
0.57

	
0.57

	
0.50

	
0.54

	




	
LREE (La–Sm)

	
344.72

	
301.50

	
299.70

	
259.55

	
297.98

	
267.98

	
251.23

	
234.10

	
234.49

	
234.49

	
233.90

	
234.09

	




	
HREE (Eu–Lu)

	
42.76

	
34.90

	
37.00

	
30.49

	
36.18

	
31.36

	
29.62

	
26.90

	
27.90

	
27.90

	
25.80

	
26.76

	




	
REE (La–Lu)

	
387.48

	
336.40

	
336.70

	
290.04

	
334.16

	
299.34

	
280.85

	
261.00

	
262.39

	
262.39

	
259.70

	
260.85

	




	
(LREE/HREE)N

	
5.14

	
5.51

	
5.17

	
5.43

	
5.25

	
5.45

	
5.41

	
5.55

	
5.36

	
5.36

	
5.78

	
5.58

	




	
La/Y

	
0.84

	
0.72

	
0.84

	
3.22

	
2.58

	
2.25

	
2.28

	
2.83

	
2.26

	
2.25

	
3.64

	
2.83

	




	
Eu/Eu*

	
0.88

	
0.83

	
0.86

	
0.87

	
0.88

	
0.87

	
0.88

	
0.91

	
0.89

	
0.89

	
0.90

	
0.90

	




	
Ce/Ce*

	
0.86

	
1.24

	
1.13

	
1.36

	
1.05

	
1.33

	
1.39

	
1.34

	
1.46

	
1.46

	
1.24

	
1.35

	




	

	
BRBO

	
Limestone




	

	
R-20

	
R-21

	
R-22

	
R-23

	
R-24

	
R-25

	
R-26

	
R-27

	
R-28

	
L-01

	
L-02

	
L-03

	
L-04




	
SiO2

	
18.74

	
18.06

	
17.63

	
16.25

	
16.74

	
16.16

	
16.12

	
15.79

	
15.96

	
0.51

	
1.32

	
5.61

	
4.32




	
TiO2

	
3.33

	
3.22

	
3.09

	
3.27

	
2.87

	
2.81

	
2.84

	
2.82

	
2.85

	
0.02

	
0.01

	
0.03

	
0.02




	
Al2O3

	
29.15

	
27.92

	
26.85

	
28.52

	
24.62

	
24.22

	
24.42

	
24.33

	
24.41

	
0.24

	
0.36

	
1.09

	
0.45




	
Fe2O3 (T)

	
35.16

	
36.15

	
37.94

	
35.64

	
46.12

	
47.85

	
47.01

	
47.75

	
47.32

	
0.21

	
0.36

	
0.75

	
0.41




	
MnO

	
0.06

	
0.06

	
0.07

	
0.06

	
0.05

	
0.03

	
0.04

	
0.03

	
0.04

	
0.06

	
0.04

	
0.03

	
0.05




	
MgO

	
0.54

	
0.54

	
0.52

	
0.47

	
0.48

	
0.46

	
0.39

	
0.36

	
0.43

	
0.65

	
1.93

	
1.24

	
0.72




	
CaO

	
0.12

	
0.13

	
0.15

	
0.14

	
0.15

	
0.16

	
0.16

	
0.14

	
0.15

	
54.84

	
52.31

	
50.41

	
52.36




	
Na2O

	
0.05

	
0.05

	
0.06

	
0.05

	
0.06

	
0.06

	
0.06

	
0.06

	
0.06

	
0.06

	
0.05

	
0.02

	
0.03




	
K2O

	
0.46

	
0.48

	
0.22

	
0.29

	
0.17

	
0.19

	
0.16

	
0.19

	
0.12

	
0.03

	
0.05

	
0.09

	
0.13




	
P2O5

	
0.12

	
0.11

	
0.13

	
0.12

	
0.13

	
0.12

	
0.12

	
0.12

	
0.13

	
0.03

	
0.02

	
0.03

	
0.03




	
LOI

	
12.12

	
12.99

	
12.99

	
14.99

	
7.95

	
7.92

	
8.67

	
8.39

	
8.45

	
43.21

	
42.71

	
40.12

	
41.06




	
Sum

	
99.85

	
99.70

	
99.70

	
99.80

	
99.00

	
100.00

	
100.00

	
99.98

	
99.90

	
99.86

	
99.16

	
99.42

	
99.58




	
U

	
14.89

	
14.00

	
12.72

	
14.45

	
11.84

	
11.56

	
11.74

	
11.65

	
11.71

	
0.62

	
0.33

	
1.07

	
1.32




	
Th

	
24.55

	
24.00

	
23.60

	
24.25

	
21.00

	
21.00

	
21.00

	
20.81

	
20.90

	
0.08

	
0.11

	
0.41

	
0.25




	
Y

	
9.6

	
9.6

	
7.8

	
8.8

	
9.8

	
11.6

	
12.1

	
11.1

	
12.4

	
1.2

	
1.6

	
3.2

	
2.2




	
La

	
54.6

	
57.9

	
33.4

	
56.2

	
30.1

	
29.6

	
29.9

	
29.7

	
29.8

	
1.7

	
2.8

	
2.7

	
2.3




	
Ce

	
120.8

	
116.5

	
129.2

	
118.6

	
125.8

	
125.4

	
125.6

	
125.5

	
125.6

	
2.1

	
4.6

	
3.8

	
3.9




	
Pr

	
10.96

	
11.10

	
7.50

	
11.04

	
7.34

	
7.34

	
7.30

	
7.34

	
7.30

	
0.31

	
0.63

	
0.55

	
0.52




	
Nd

	
39.6

	
39.9

	
28.5

	
39.7

	
28.4

	
28.5

	
28.4

	
28.4

	
28.4

	
3.5

	
4.7

	
4.5

	
4.4




	
Sm

	
7.54

	
7.70

	
6.10

	
7.61

	
6.34

	
6.38

	
6.40

	
6.37

	
6.40

	
0.27

	
0.61

	
0.55

	
0.52




	
Eu

	
2.17

	
2.20

	
1.80

	
2.19

	
1.58

	
1.53

	
1.60

	
1.54

	
1.60

	
0.03

	
0.06

	
0.07

	
0.06




	
Gd

	
6.42

	
6.30

	
5.60

	
6.35

	
5.70

	
5.66

	
5.70

	
5.67

	
5.70

	
0.31

	
0.62

	
0.53

	
0.55




	
Tb

	
1.03

	
1.00

	
0.90

	
1.01

	
0.95

	
0.95

	
1.00

	
0.95

	
1.00

	
0.07

	
0.13

	
0.12

	
0.11




	
Dy

	
6.10

	
5.80

	
5.40

	
5.93

	
5.53

	
5.51

	
5.50

	
5.51

	
5.50

	
0.31

	
0.62

	
0.56

	
0.53




	
Ho

	
1.19

	
1.10

	
1.10

	
1.15

	
1.06

	
1.05

	
1.10

	
1.05

	
1.10

	
0.07

	
0.13

	
0.13

	
0.11




	
Er

	
3.50

	
3.20

	
3.10

	
3.36

	
2.97

	
2.92

	
2.90

	
2.93

	
2.90

	
0.18

	
0.23

	
0.25

	
0.22




	
Tm

	
0.50

	
0.50

	
0.50

	
0.48

	
0.42

	
0.41

	
0.40

	
0.41

	
0.40

	
0.03

	
0.04

	
0.03

	
0.04




	
Yb

	
3.14

	
2.90

	
2.80

	
3.03

	
2.55

	
2.48

	
2.50

	
2.49

	
2.50

	
0.17

	
0.32

	
0.31

	
0.26




	
Lu

	
0.48

	
0.50

	
0.40

	
0.47

	
0.38

	
0.36

	
0.40

	
0.36

	
0.40

	
0.03

	
0.04

	
0.05

	
0.04




	
LREE (La–Sm)

	
233.50

	
233.10

	
204.70

	
233.15

	
197.98

	
197.22

	
197.60

	
197.31

	
197.50

	
7.88

	
13.34

	
12.10

	
11.64




	
HREE (Eu–Lu)

	
24.53

	
23.50

	
21.60

	
23.97

	
21.14

	
20.87

	
21.10

	
20.91

	
21.10

	
1.20

	
2.19

	
2.05

	
1.92




	
REE (La–Lu)

	
258.03

	
256.60

	
226.30

	
257.12

	
219.12

	
218.09

	
218.70

	
218.22

	
218.60

	
9.08

	
15.53

	
14.15

	
13.56




	
(LREE/HREE)N

	
6.07

	
6.33

	
6.05

	
6.21

	
5.98

	
6.03

	
5.98

	
6.02

	
5.97

	
4.19

	
3.89

	
3.77

	
3.87




	
La/Y

	
5.69

	
6.03

	
4.28

	
6.39

	
3.07

	
2.55

	
2.47

	
2.68

	
2.40

	
1.42

	
1.75

	
0.84

	
1.05




	
Eu/Eu*

	
0.93

	
0.94

	
0.92

	
0.94

	
0.79

	
0.76

	
0.79

	
0.77

	
0.79

	
0.32

	
0.30

	
0.39

	
0.34




	
Ce/Ce*

	
1.14

	
1.05

	
1.92

	
1.10

	
2.01

	
2.03

	
2.02

	
2.02

	
2.03

	
0.66

	
0.81

	
0.72

	
0.84








Abbreviations: dl = detection limit, LOI = loss on ignition. Eu/Eu* = (2 × EuN)/(SmN + GdN), Ce/Ce* = (2 × CeN)/(LaN + PrN), (LREE/HREE)N = (LREE/HREE)bauxite ore/(LREE/HREE)chondrite, where the subscript “N” refers to normalized values to chondrite [31].
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