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Abstract

:

Ion-adsorption rare-earth deposits supply over 90% of the global market’s heavy rare-earth elements (HREEs). The genesis of these deposits, particularly HREE deposits, has garnered significant attention. To elucidate the metallogenic mechanisms of HREE deposits, a comprehensive study of the weathering profile of granite was conducted in Jiangxi Province, South China. This study focuses on the following two aspects: the petrogeochemistry of HREE-rich granite and the enrichment and fractionation of rare-earth elements (REEs) during the weathering process. The results suggest that the Dabu granites are a typical peraluminous, high-K, calc-alkaline granite series with high silica content (SiO2: 74.5%–76.4%), relatively low phosphorus content (P2O5: <0.05%), and high HREE content (ΣLREE/ΣHREE: 0.16–0.66). Weathering advances the decomposition of minerals and the release of elements. REEs are mainly fixed in the regolith by scavengers, mainly clays, Fe–Mn oxides, and carbonates, and ΣREE can reach 799 ppm in the B horizon. However, HREEs tend to migrate further and preferentially combine with Fe–Mn oxides and carbonates as compared to LREEs, leading to a significant fractionation of REEs in the regolith (ΣLREE/ΣHREE = 0.2–1.1). Additionally, the differential weathering of REE-bearing minerals and the precipitation of secondary REE-bearing minerals are also vital for REE fractionation.
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1. Introduction


Rare-earth elements (REEs), including the lanthanide group elements (La to Lu) along with Y and Sc, are recognized as strategic resources and critical metals, owing to their similar physical and chemical characteristics [1]. REEs are crucial for renewable energy and advanced technology applications [2,3,4,5,6]. Recently, the global demand for REEs, especially heavy REEs (HREEs: Gd to Lu and Y), has dramatically increased with the rapid development of emerging industries [7,8]. HREEs are predominantly found in ion-adsorption rare-earth deposits, which are formed by the weathering of granitoids. Statistics indicate that more than 170 ion-adsorption rare-earth deposits (IAREDs) have been discovered in South China. Although only 10% of these are predominantly composed of HREEs (Figure 1a,b), they still meet more than 90% of the global market demand for HREEs [9,10].



Previous studies have suggested that various lithologies, such as granites, metamorphic rocks, volcanic rocks, and basic–ultrabasic rocks, can generate ion-adsorption LREE deposits [3,12,13,14,15,16,17]. However, HREE deposits can only be formed by the weathering of granites [4,6,10,12,15,18]. Moreover, the granites related to HREE deposits are usually distinct in rock type and geochemical characteristics compared with those associated with LREE deposits [12,13,14,15,16,17]. For example, HREE-related granites are mainly muscovite/biotite monzogranites and two-mica granites [15,16,17], which are typically accompanied by alterations, including albite, greisen, topaz, fluorite, and sericite [10,19]. Regarding geochemical characteristics, these granites are silica-rich (SiO2: 72%–78%), peraluminous (A/CNK ≥ 1.1), and relatively low in phosphorus (<0.08% P2O5). Additionally, they are always predominantly composed of HREEs [10,18,20,21]. The weathering process is also vital for the formation of IAREDs, as it strictly controls REE mineralization in two key aspects. First, the weathering process dramatically facilitates the dissolution of minerals and the liberation of elements. On the other hand, the scavengers of REEs (e.g., clays, carbonates, and Fe–Mn oxides) formed during the weathering process can largely preserve REEs in the regolith through ion exchange, electrostatic interaction, surface complexation, structural incorporation, and secondary precipitation [4,13,14,22,23,24]. However, the fractionation and fixation of REEs usually occur simultaneously, owing to their different geochemical behaviors during weathering, which is the main controlling factor for REE patterns in the regolith [4,25,26].



The characteristics of bedrock and the weathering process are prerequisites for the generation of IAREDs. However, the mechanisms restricting the formation of HREE deposits have not yet been well studied. To better understand the metallogenic mechanisms of HREE deposits, an integrated and representative profile of an ion-adsorption HREE deposit was collected from the Dabu mining area in Jiangxi Province, South China. Because HREE-rich granites are widely distributed in the studied area and the minerogenetic conditions in the region are favorable, this study conducted microscopic observations, along with mineralogical and geochemical analyses, to investigate material variations in the profile during the weathering process. Furthermore, the characteristics of the bedrock and the REE fractionation mechanisms were discussed. The results will provide a theoretical basis for understanding the formation mechanisms of such deposits.




2. Geological Background


The Dabu HREE deposit is located on the southeast margin of the Ganzhou Basin in the Nanling area of South China [20]. Its tectonic position is in the southeast of the tectonic magmatic belt of the Eurasian Plate, close to the Pacific Plate. Tectonic magmatic activity is frequent in this area, and ore-forming rock masses rich in REEs are widely distributed, especially Yanshanian granite (Figure 2). The main REE ore-forming parent rock in the region is the Dabu granitic pluton, which occurs in a batholith with an outcrop area of 515 km2 [20,27]. The Dabu batholith is a multistage complex pluton that was first formed during the Caledonian stage, with a zircon U–Pb age of 393 ± 27 Ma [28]. However, the main part of the Dabu pluton was formed in the early Yanshanian period (161–169 Ma) [29,30].



The Dabu batholith is composed of medium- to coarse-grained biotite granites and medium- to fine-grained muscovite granites. Biotite granites are the main component of the batholith and were formed during the Silurian and the early and late Jurassic periods [30]. The biotite granites from different periods have similar petrographic characteristics, exhibiting flesh-red, off-white color and typical granite structure [31]. The mineral composition includes feldspar (30%–50%), quartz (30%–60%), biotite (5%–10%), and minor muscovite (0%–1%). The main REE-bearing accessory minerals are zircon, apatite, monazite, thorite, and xenotime [29].




3. Sampling and Analytical Methods


3.1. Description of Regolith Profile and Sampling


The studied samples were taken from a weathering profile on the hilltop, with a depth of 27 m (Figure 3). According to the degree of weathering, mineral compositions, and structure, the weathering profile is divided into the following:



A horizon: This layer is yellowish-brown with strong cohesiveness and is mainly composed of clays and quartz. Samples DBS01–DBS06 were collected from this horizon at depths of 0–4 m. B horizon: This layer commonly appears light flesh-red with a loose structure, and the content of residual feldspar is noticeably increased. Samples DBS07–DBS11 were collected from this horizon at depths of 4–20 m. C horizon: This layer gradually transitions from the B horizon without a distinct boundary. It typically maintains a dense granite structure. Samples DBS12–DBS14 were taken from this horizon at depths of 20–24 m. P horizon: Fresh granite sample DBR01 was collected from this profile at a depth of 27 m. Additionally, fresh granite samples DBR02 and DBR03, as well as weakly weathered granite sample DBR04, were collected near the studied profile. In total, 14 regolith samples and 4 parent rock samples were collected.




3.2. Analytical Methods


The mineral composition of the regolith was analyzed using an X’Pert Pro DY2198 X-ray diffractometer at the China University of Geosciences, Wuhan. The analysis was conducted with Cu Kα radiation at an accelerating voltage of 40 kV and a beam current of 40 mA. The scan range (2θ) was from 3° to 65° at a scan speed of 8°·min−1. The X-ray diffraction (XRD) patterns were analyzed using JADE 6.0 software to obtain quantitative mineral composition data.



Mineralogical microscope and scanning electron microscope observations of the samples were conducted using a Zeiss Axio Scope A1 and a Zeiss Sigma 500, respectively, at the Key Laboratory of Geochemical Exploration in Langfang, China. Prior to analysis, the samples underwent slicing, polishing, and carbon coating. The instruments operated at a vacuum of 2 × 10−6 for the working system and 6 × 10−9 mbar for the gun vacuum, with a high voltage of 10 kV and an approximate working distance of 8.5 mm. Both secondary electron and backscatter detectors were used for observations.



The measurements of REE speciation, major elements, and trace elements were conducted at the central laboratory of the Institute of Geophysical and Geochemical Exploration in Langfang, China. The major elements in soil and rock samples were analyzed using a PW4400/40 X-ray fluorescence spectrometer [32,33]. The empirical coefficient method and scattering line internal standard method were employed to correct the matrix effects between the elements [33]. The analytical precision for all major elements was better than 5%. The concentrations of trace elements, including all REEs, were measured using a Thermo Icap Qc inductively coupled plasma mass spectrometer, following the detailed procedures described by [34]. A seven-step sequential extraction routine was conducted to quantify the different speciations of REEs in the Dabu weathering profile [35,36]. The REEs in various occurrence states were continuously extracted into the solution using different reagents, and inductively coupled plasma mass spectrometry was employed to determine the REE content in the solution after each step. Briefly, the reacted REEs at each step were assumed to correspond to the following fractions: the water-soluble fraction (F1), extracted by purified H2O in step 1; the ion-exchangeable fraction (F2), extracted by MgCl2 solution in step 2; the carbonate-binding fraction (F3), extracted by NaAc solution in step 3; the humic acid fraction (F4), extracted by Na4P2O7 solution in step 4; the Fe–Mn oxide fraction (F5), extracted by NH2OH·HCl-HCl solution in step 5; the organic matter fraction (F6), extracted by H2O2 solution in step 6; and the residual fraction (F7), extracted by a solution of HCl, HNO3, and H2O in step 7 [14].




3.3. Mass Transfer Calculations


The mass transfer coefficient is commonly used to accurately evaluate the enrichment or loss of elements from weathered materials in relation to the parent material [37,38].



The formula is as follows:


τj,w = (Cj,w/Ci,w)/Cj,p/Ci,p) − 1



(1)




where Cj,w and Cj,p represent the concentrations of the mobile element (j) in the weathered material and parent material, respectively, and Ci,w and Ci,p represent the concentrations of the immobile element (i) in the weathered material and parent material, respectively. If τj,w > 0, it indicates that element (j) is enriched in the weathering crust relative to the bedrock; if τj,w < 0, it indicates that element (j) is leached from the weathering crust relative to the bedrock. Titanium was selected as the inert element, owing to its extremely low solubility in aqueous solutions, relatively high concentration, and uniform distribution in granite [38].





4. Results


4.1. Characteristics of Bedrock


4.1.1. Petrology


The bedrock consists of fine- to medium-grained biotite monzogranite with a massive structure, generally exhibiting a flesh-red color. The fresh granite is composed of K-feldspar (35%), plagioclase (30%), quartz (25%), biotite (9%), and minor muscovite (1%), as illustrated in Figure 4a. Secondary minerals include sericite, clays, muscovite, and precipitated iron.



K-feldspar exhibits semi-euhedral columnar crystals with medium grain size (2–5 mm) and is typically metasomatized by muscovite and clays (Figure 4a,b). Plagioclase appears as semi-euhedral plates with medium grain size (2–4.5 mm) and is usually metasomatized by muscovite, sericite, and minor clays (Figure 4b). Quartz commonly occurs as irregular granules (2–5 mm) distributed around feldspar. Biotite and muscovite present as flaky aggregates (0.25–2 mm) that are sporadically distributed among other minerals; moreover, biotite is often metasomatized by chlorite and sericite



Alterations of feldspars are common in Dabu granites, with some being completely replaced by muscovite aggregates (Figure 4a). This indicates that hydrothermal alterations are intense during the diagenetic process of Dabu granites.




4.1.2. Petrogeochemistry


To better understand the characteristics of ore-forming parent rocks in South China, geochemical data from typical REE-related granites were collected. The element contents of the Dabu granites are listed in Table 1. The results indicate that the Dabu granites have relatively high SiO2 (74.5%–76.4%) and K2O + Na2O (7.3%–8.2%). However, the contents of Al2O3, TFe2O3, MgO, CaO, and Mg# are relatively low, measuring 11.9%–12.3%, 0.51%–1.23%, 0.03%–0.13%, 0.18%–0.64%, and 7–18, respectively. In the A/NK-A/CNK diagram (Figure 5a), the LREE-related granites are mainly metaluminous, while the Dabu granites and other HREE-related granites are peraluminous. Additionally, the former are predominantly shoshonitic, whereas the latter are high-K and calc-alkaline (Figure 5b). As a result, the granites that generate HREE deposits are characteristic of a typical peraluminous, high-K, calc-alkaline granite series.



The total REE content of fresh parent rocks ranges from 178 ppm to 222 ppm (average = 204 ppm), which is slightly lower than the average value (229 ppm) for granites in South China [52]. This suggests that secondary enrichment during weathering is also crucial for REE mineralization. The Dabu granites exhibit significant HREE enrichments (LREE/HREE = 0.2–0.66), along with strong Eu negative anomalies (δEu = 0.04–0.2) and negligible Ce anomalies (δCe = 0.96). The chondrite-normalized REE patterns of the Dabu granites are consistent with those of other HREE-related granites, characterized by a slightly left-inclined pattern and stronger negative Eu anomalies compared with LREE-related granites (Figure 6a). The primitive mantle-normalized trace element diagrams indicate that the HREE-rich granites are enriched in Rb, Th, and U, while being depleted in Ba, Sr, P, and Ti (Figure 6b).





4.2. Material Variations of Dabu Granite in Weathering Profile


4.2.1. Mineral Compositions


The chemical index of alteration (CIA = [Al2O3/(Al2O3 + CaO + K2O + Na2O)] × 100%) [54] is used to quantify the weathering degree in the studied profiles. The CIA values for the A, B, and C horizons are 92.4–97.2, 77.8–91.2, and 72.6–75.7, respectively (Table 2). From the bottom up, the CIA value gradually increases from 72.6 to 96.1, suggesting that the parent rock has undergone intense weathering. This condition facilitates the decomposition and transformation of minerals, which is essential for REE enrichment in the regolith.



Plagioclase is susceptible to weathering and, as a result, it completely disappears in the C horizon (Figure 7). K-feldspar, carbonates, and illite completely decompose with the increasing degree of weathering, particularly at the top of the B horizon. Ultimately, only quartz (85%) and clay minerals (15%) remain under extremely intense weathering conditions. The composition of the clay minerals can be determined from the XRD results of the formamide-treated samples. The proportion of halloysite gradually decreases from the bottom (81%) to the upper A horizon (4%), which aligns with the microscopic observations (Figure 8a–d). Halloysite aggregates grow alongside kaolinite below the A horizon; however, halloysite completely disappears in the A horizon. Since halloysite is relatively unstable, it transforms into thermodynamically stable kaolinite through the unrolling of its edges as weathering continues [4,10]. In the early stages of weathering, aluminosilicate minerals continuously decompose and transform into 2:1 type clays (such as illite). As weathering progresses, the unstable 2:1 type clays gradually transform into 1:1 type clays (such as halloysite and kaolinite). Consequently, illite tends to disappear during the weathering process, comprising only 1% in the upper A horizon, as illustrated in Figure 7.




4.2.2. Major Elements


As illustrated in Figure 9 and Table 1, Na2O and CaO are almost entirely removed from the regolith in the C horizon, owing to the rapid decomposition of plagioclase. The concentration coefficients for these elements decreased to their minimum values at the surface (−1 and −0.98, respectively). The weathering resistance of biotite and K-feldspar is slightly stronger than that of plagioclase, resulting in the concentration coefficients of MgO and K2O gently decreasing to their minimum values (−0.51 and −0.99, respectively) at the surface. The variations in MnO and P2O5 are similar to those of MgO and K2O, with minimum values of −0.97 and −0.87, respectively. Quartz is extremely stable during weathering; therefore, the removal of SiO2 is mainly related to the depletion of silicate minerals. The minimum concentration coefficient for SiO2 is −0.94, indicating that a significant amount of silicate minerals decomposed to form clays. The removals of Al2O3 and TFe2O3 are relatively inconspicuous below the A horizon; however, depletion becomes more pronounced at the surface, with minimum values of −0.79 and −0.41, respectively.




4.2.3. Distribution of REEs


The REE patterns of the regolith are mainly inherited from the parent rocks, displaying a left-inclined pattern with a clear negative Eu anomaly (Figure 10). However, there are notable variations among the different horizons. Compared with the B and C horizons, the REE pattern of the A horizon is relatively flat. Additionally, it exhibits a significant positive Ce anomaly, in contrast to the negative Ce anomalies observed in the B and C horizons. This suggests that the surface horizon is relatively rich in LREEs, particularly Ce.



No significant variations exist in the total REE content (ΣREE) in the A horizon, which remains below 250 ppm (ranging from 156 to 235 ppm). However, ΣREE rapidly increases to a maximum of 799 ppm in the upper B horizon (at a depth of 8.5 m), followed by a gradual decrease to 396 ppm at the bottom of the C horizon (at a depth of 24 m). Ultimately, an 11.5 m ore body forms at depths ranging from 8.5 m to 20 m. Notably, the pH value continuously increases from 4.4 at the surface to 5.6 at the bottom of the regolith, with a particularly significant growth trend observed in the REE-rich horizon. As illustrated in Figure 11, the variation trends of ΣHREE and ΣLREE are similar to that of ΣREE, displaying a significant increase followed by a gradual decline from the top down. However, ΣLREE reaches its maximum (266 ppm) at a depth of 8.5 m, while ΣHREE peaks (633 ppm) at a depth of 14 m.



The A horizon exhibits a positive Ce anomaly (δCe = 1.17–3.79); however, this transforms into a negative anomaly (δCe = 0.19–0.86) in the lower horizons. Owing to the significant accumulation of Ce at the surface, the LREE/HREE ratio is relatively high within the A horizon (0.55–1.1), followed by a gradual decrease in the deeper horizons (0.83–0.2). The δEu value continuously declines from 0.18 at the top to 0.04 at the bottom.




4.2.4. Speciation of REEs


The geochemical properties of REEs during weathering are similar, resulting in consistent trends for LREE and HREE speciation throughout the entire regolith. The total REE in the regolith mainly exists in the ion-exchangeable fraction (23.7%–69.2%) (Figure 12), followed by the residual fraction (13.8%–67.7%), carbonate-binding fraction (F3) (3.05%–23.9%), and the Fe–Mn oxide fractions (1.97%–21.1%). However, the humic acid (<2%), organic matter (<5%), and water-soluble fractions (<0.05%) constitute only a minor portion of the total REE concentrations.



From the surface down, the proportions of exchangeable LREEs and HREEs increased to their maximum (67.9% and 69.7%, respectively) before gradually declining. Notably, these proportions are highest in the REE-rich horizon (46.6%–67.9% for LREEs and 58.8%–69.7% for HREEs) compared with the entire regolith. As one moves downward, the proportion of the residual total REE gradually decreases from 67.7% to 23.1%. Interestingly, a significantly larger amount of HREEs occurs in the residual fraction compared with LREEs throughout the entire regolith. The residual fraction accounts for 14.3% to 43.8%, with an average of 21.1% in LREE speciation, compared with 17.1% to 79.8%, with an average of 43.6% in HREE speciation. The proportion of Fe–Mn oxide in LREEs (4.17% to 37%, with an average of 21.5%) is significantly higher than that of HREEs (0.95% to 3.99%, with an average of 2.5%) in the Dabu regolith. The proportions of carbonate-binding LREEs and HREEs consistently decreased from the bottom (20% and 24.5%, respectively) to the surface (5.79% and 2.33%, respectively).






5. Discussion


5.1. REEs Fractionation


The fractionation of REEs is a common phenomenon during both endogenic processes and the chemical weathering of bedrock, owing to their different geochemical behaviors [3,4,25,26,38]. The fractionation process mainly occurs through the following five geochemical mechanisms:



1. Fractional crystallization of magma and hydrothermal alterations of bedrock: The depletion of P, Ti, Ba, and Sr (Figure 6b) may indicate the fractional crystallization of apatite, Ti-bearing minerals, and plagioclase, respectively [25]. As fractional crystallization occurs, the residual melt becomes enriched in HREEs and depleted in Eu. Additionally, hydrothermal alterations play a crucial role in HREE concentration in granite and the subsequent ore genesis during weathering [6,12,55]. On the one hand, REEs introduced by hydrothermal processes can increase the total REE content [6] and even alter the REE patterns of parent rocks. For example, the transformation of biotite K-feldspar granite to muscovite potassium-alkali feldspar granite results in an increase in HREE/LREE from 1.2:1 to 4:1 in the Zudong granites [19,41]. On the other hand, hydrothermal processes can leach REEs from weathering-resistant REE-bearing minerals (e.g., monazite and xenotime), which are subsequently scavenged by weathering-prone REE minerals (apatite, allanite, and REE-fluorocarbonates) [10,19,41].



2. Differential weathering of REE-bearing minerals: Previous studies indicate that the weathering resistance of REE-bearing minerals follows this sequence—fluorocarbonate < silicate < niobotantalate < arsenate < phosphate [55]. The REE patterns of these minerals also vary significantly. Among the common REE-bearing accessory minerals, thorite, xenotime, zircon, and fergusonite are rich in HREEs, while monazite, apatite, parisite, titanite, and allanite are rich in LREEs [10,14,15,41,56]. Therefore, their differential dissolution will inevitably lead to the fractionation of REEs [25]. The average proportion of the residue fraction for HREEs (43.6%) is significantly higher than that of LREEs (21.1%) in the Dabu regolith (Figure 12), suggesting that HREE-enriched minerals are much more stable during weathering. This stability contributes to the pronounced REE fractionation observed in the regolith.



3. Migration of REEs in regolith: REEs mainly migrate as ligand complexes with fluids in the regolith [40]. Groundwater contains various anions, such as HCO3−, CO32−, SO42−, NO3−, F−, and Cl−, which provide abundant inorganic ligands for the migration of REEs [22,57]. Additionally, REEs can combine with organic matter to form organic complexes [58,59]. Both inorganic and organic ligand complexes of HREEs are more stable than those of LREEs, owing to their smaller ionic radii [60,61]. As a result, HREEs tend to accumulate in the deeper horizons (Figure 11). This phenomenon accounts for the decrease in ΣLREE/ΣHREE from the upper B horizon (0.83) to the bottom of the regolith (0.2).



4. Selective adsorption and complexation of scavengers: Kaolinite and halloysite are the primary adsorption carriers for REEs, as shown in Figure 7, Figure 11 and Figure 12. Together, they account for more than 90% of the clay component in the REE-rich horizon. Previous studies have indicated that at low ionic strengths (I = 0.01 M NaHNO3), clays mainly adsorb REEs through ion exchange, with no significant REE fractionation occurring [23,62,63,64]. However, at high ionic strengths (I = 0.5 M NaHNO3), HREEs are preferentially complexed by clays. The adsorption and complexation of Fe–Mn oxides and CO32− with REEs are typically selective, owing to the different ionic radii of the REEs [3,62,65,66,67,68,69]. REEs are mainly fixed by Fe–Mn oxides through inner-sphere complexation [3]. With their smaller ionic radii and stronger hydrolysis abilities, HREEs are preferentially complexed by Fe–Mn oxides and CO32− [68,69].



5. Precipitation of secondary REE-bearing minerals: As a variable valence element, Ce is more susceptible to redox conditions compared with other REEs [22]. Ce3+ can be oxidized to Ce4+, which then hydrolyzes to form insoluble cerite (CeO2) in oxidizing conditions, leading to its separation from other REEs in the superficial horizon [10,22,70]. Additionally, Ce3+ can be oxidized by Fe–Mn oxides to form aggregations [71,72,73], as shown in Figure 8f,g. The regolith contains more abundant (Bi) carbonate complexes compared with other inorganic complexes such as SO42−, Cl−, and F− [60,74]. The product of the concentrations of REE3+, CO32−, and F− in fluids can easily exceed the Ksp value of REE-fluorocarbonate, resulting in the precipitation of these minerals. However, REE-fluorocarbonate is susceptible to weathering [26], which explains the continuous decrease in the proportion of carbonate-bonded REE from the bottom (23.9%) to the surface (3.49%) (Figure 12). In contrast, secondary florencite is resistant to weathering and is preserved in the A horizon (Figure 8e). Consequently, the formation of secondary REE-bearing minerals is significant for REE fractionation.




5.2. Ore-Forming Process


	
Initial stage: At the onset of weathering, rock-forming minerals that are susceptible to weathering, such as plagioclase and biotite, dissolve and transform into 2:1 type clay, mainly illite (Figure 8h). These clays have a large specific surface area (SSA) and provide abundant adsorption sites for REEs [66]. During this stage, a certain amount of Fe oxides is precipitated from the primary Fe oxide minerals (e.g., magnetite and ilmenite) and Fe-bearing silicate minerals (e.g., biotite). Mn, usually present as a trace element, leaches with Fe oxides and forms Fe–Mn (hydr)oxides through oxidation and precipitation (Figure 8h,i) [3]. Fe–Mn oxides are crucial for the enrichment of HREEs, owing to their preferential adsorption of HREEs [68,69]. Crystalline Fe oxides exhibit stronger selective adsorption of HREEs compared with amorphous Fe oxides; however, the latter has a higher adsorption capacity because of its larger SSA [75,76]. Both illite and Fe–Mn oxides are excellent scavengers of REEs, owing to their relatively high adsorption capacities, as previously mentioned. Therefore, they are indispensable for the fixation of iREEs in the early stages of weathering (Figure 13a).



	
Intermediate stage: As weathering progresses, many minerals in parent rocks continuously decompose, leading to the release of elements from minerals. Mobile major elements (e.g., Na+, Ca2+, K+) are largely removed by weathering fluids from the regolith (Figure 13b). Conversely, REEs are mainly fixed by clays and Fe–Mn oxides through ion exchange, electrostatic interaction, surface complexation, structural incorporation, or formation of secondary minerals (such as florencite and cerianite) in the regolith [13,14,22,23,24,77]. These processes often cause significant REE fractionation, owing to the different geochemical behaviors of REEs during weathering [2,3,4,10,22,23,24,38,65]. Intensified weathering also accelerates the transformation from 2:1 type clays (mainly illite) to 1:1 type clays (e.g., kaolinite and halloysite). Illite has a larger SSA and stronger cation exchange capacity than kaolinite and halloysite [66,77]. However, the relative content of illite is much lower than that of kaolinite and halloysite in REE-rich horizons (Figure 7, Figure 11 and Figure 12). Therefore, REEs are mainly adsorbed by kaolinite and halloysite.



	
Advanced stage: Under conditions of intense chemical weathering, rock-forming minerals almost completely decompose, except for quartz (Figure 7). At this stage, major elements are massively removed from the regolith by fluids (Figure 9). The REE-bearing minerals that can be weathered completely dissolve, serving as the main source of iREEs. However, weathering-resistant REE-bearing minerals (e.g., zircon, xenotime, and monazite) retain REEs in the residue fraction. Since halloysite is relatively unstable under intense weathering, it transforms into thermodynamically stable kaolinite by unrolling its edges. This process results in the adsorbed REEs located in the internal and lumen pores being directly exposed to the weathering fluids, making desorption much more feasible [77]. The pH value of the upper regolith is relatively low (4.44–4.65), causing the adsorbed iREEs to be largely exchanged by abundant H+ [2,42,77,78,79]. The released iREEs then migrate downward with the fluids. As the pH value increases, the mobility of REE complexes decreases, enhancing the adsorption capacity of clays, organic matter, and Fe–Mn oxides for REEs [57,80,81,82]. As a result, REEs gradually accumulate in the horizons, where the pH value rapidly increases from 4.65 at a depth of 8.5 m to 5.59 at a depth of 20 m (Figure 11 and Table 2). However, the complexes of HREE are more stable than those of LREEs, causing HREEs to tend to be enriched in the deeper regolith (Figure 13c).








6. Conclusions


The Dabu granites are typical peraluminous, high-K, calc-alkaline granite series with high silica content, relatively low phosphorus content, and high HREE content. The REE pattern of the regolith is essentially inherited from the parent rocks. The weathering process plays a crucial role in REE mineralization by facilitating the release of REEs and the formation of REE scavengers (e.g., clays, carbonates, and Fe–Mn oxides). The results indicate that the released REEs are mainly adsorbed by kaolinite and halloysite as ion-exchangeable fractions, which account for 49.2%–69.2% of the bulk samples in the REE-rich horizon. The relatively high proportion of the ion-exchangeable fraction makes the Dabu HREE deposit easy to mine and indicates its economic potential. However, the fractionation of REEs often occurs in the regolith, owing to their different geochemical behaviors during the weathering process. In conclusion, the differential weathering of REE-bearing minerals, the mobility of REEs, selective adsorption and complexation of scavengers, and the precipitation of secondary REE-bearing minerals are the main processes responsible for REE fractionation.
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Figure 1. (a) Simplified tectonic map with ion-adsorption REE deposits in South China (modified by [11] and different colored areas represent different tectonic units of China); (b) Geological maps showing the distribution of granites and REE deposits in southern China (modified by 1:2,500,000 geological map of China), the yellow star represents the Dabu deposit. 
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Figure 2. Simplified Geological map showing the distribution of the Dabu granite, with the location of the Dabu profile (modified by 1:2,500,000 geological map of China). 1—Quaternary sediments; 2—Cretaceous conglomerate and sandstone; 3—Jurassic sandstone and mudstone; 4—Permian sandstone; 5—Carboniferous limestone; 6—Devonian sandstone; 7—Cambrian metasandstone; 8—Precambrian metamorphic rocks; 9—Early Yanshanian granite; 10—Late Caledonian granite; 11—the Dabu deposit; 12—Faults. 
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Figure 3. (a) Schematic of the weathering profile and (b) sampling sites of the Dabu deposit; (c–f) are the photographs of A, B, C, and P horizon, respectively. 
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Figure 4. Micro-photographs of the parent granites. (a) mineral components of fresh granite; (b) weakly weathered granite (etch pits on minerals surfaces and micro-cracks are common). (Abbreviations: Qtz—Quartz, Ms—Muscovite, Kfs—K feldspar, Pl—Plagioclase). 
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Figure 5. (a) A/NK vs. A/CNK and (b) SiO2 vs. K2O for the Dabu granites and other typical REE-ore-related granites from South China (data were collected from [10,13,15,18,20,21,27,32,39,40,41,42,43,44,45,46,47,48,49,50,51]). 
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Figure 6. (a) Chondrite-normalized REE patterns and (b) primitive mantle-normalized trace element diagrams for the Dabu granites and other typical REE-ore-related granites (data were collected from [10,13,15,18,20,21,27,32,39,40,41,42,43,44,45,46,47,48,49,50,51]). Chondrite and primitive mantle values are from [53]. 
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Figure 7. The variations of minerals and CIA value in the Dabu regolith. (Abbreviations: Kln—kaolinite, Hal—halloysite, Ill—illite). 
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Figure 8. (a–d) Micro-photographs of clays. (a) vermicular kaolinite in A horizon; (b) tube-shaped halloysite aggregates in B horizon; (c) halloysite aggregates grow at the edge of kaolinite in B horizon; (d) Illite aggregates in C horizon; (e) secondary florencite in topsoil. (f–i) micro-photographs of Fe–Mn oxides. (f) Mn oxides co-exist with cerianite; (g) the aggregations of Fe–Mn oxides and cerianite; (h) biotite released iron and transformed into illite; (i) the occurrences of kaolinite and Fe-oxides in bedrock. (Abbreviations: Bt—biotite, Cer—cerianite, Flr—florencite, Ill—illite, Kln—kaolinite, Kfs-K—feldspar, Qtz—quartz). 
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Figure 9. Mass transfer coefficient (τTi,j) of major element in the Dabu profile. (The red shaded area represents the REE-rich horizon, at a depth of 8.5–20.0 m). 
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Figure 10. Chondrite-normalized REEs pattern for regolith (a–c) and bedrock samples (d). Chondrite values are from [53]. 
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Figure 11. Vertical variations of REEs indices (ΣREE, ΣLREE, ΣHREE, ΣLREE/ΣHREE, δEu, and δCe) and pH values in the Dabu weathering profile. The red shadow represents the REE-rich horizon. 
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Figure 12. Variations in total REE, LREE and HREE speciations with depth in the Dabu weathering profile. (The black dotted lines represent REE-rich horizon). 






Figure 12. Variations in total REE, LREE and HREE speciations with depth in the Dabu weathering profile. (The black dotted lines represent REE-rich horizon).



[image: Minerals 14 00857 g012]







[image: Minerals 14 00857 g013] 





Figure 13. A schematic model illustrating the formation of the Dabu deposit (modified by [10]). (a) initial stage: REE were rapidly released from weathering susceptible REE-bearing minerals in weakly weathering condition; (b) intermediate stage: with the development of weathering, major elements were greatly removed from regolith and amounts of clays formed; (c) advanced stage: REE presented obvious enrichment and fractionation in regolith. 
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Table 1. Major element composition of regolith and bedrock samples (%).
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	Sample
	SiO2
	Al2O3
	TFe2O3
	MgO
	CaO
	Na2O
	K2O
	MnO
	P2O5
	TiO2
	CIA





	DBS01
	52.3
	28.8
	3.40
	0.15
	0.06
	0.03
	0.77
	0.03
	0.02
	0.31
	96.8



	DBS02
	55.6
	27.7
	2.24
	0.12
	0.06
	0.03
	0.75
	0.05
	0.02
	0.14
	96.8



	DBS03
	48.9
	31.4
	3.28
	0.15
	0.06
	0.04
	0.75
	0.03
	0.02
	0.23
	97.1



	DBS04
	60.8
	25.6
	2.00
	0.12
	0.07
	0.03
	0.71
	0.03
	0.02
	0.13
	96.7



	DBS05
	54.6
	28.0
	2.59
	0.14
	0.06
	0.03
	0.65
	0.07
	0.02
	0.18
	97.2



	DBS06
	56.2
	29.3
	0.86
	0.06
	0.06
	0.07
	2.00
	0.14
	0.01
	0.09
	92.4



	DBS07
	56.2
	29.7
	0.72
	0.06
	0.06
	0.08
	2.43
	0.34
	0.01
	0.06
	91.2



	DBS08
	66.1
	20.9
	0.80
	0.08
	0.06
	0.10
	4.96
	0.15
	0.01
	0.05
	78.7



	DBS09
	60.8
	24.3
	0.76
	0.05
	0.06
	0.14
	5.82
	0.12
	0.01
	0.06
	78.5



	DBS10
	64.7
	22.8
	0.50
	0.05
	0.06
	0.17
	5.83
	0.10
	0.01
	0.05
	77.3



	DBS11
	62.1
	24.0
	0.81
	0.04
	0.07
	0.20
	5.93
	0.21
	0.01
	0.05
	77.8



	DBS12
	67.3
	20.5
	0.59
	0.03
	0.06
	0.18
	5.72
	0.13
	0.01
	0.05
	75.7



	DBS13
	70.8
	18.4
	0.64
	0.04
	0.10
	0.69
	5.26
	0.11
	0.01
	0.04
	72.3



	DBS14
	72.6
	15.6
	0.57
	0.04
	0.11
	1.55
	5.23
	0.09
	0.01
	0.04
	72.6



	DBR01
	76.4
	11.9
	0.51
	0.03
	0.24
	3.54
	4.63
	0.07
	0.01
	0.03
	51.4



	DBR02
	74.5
	12.0
	1.23
	0.13
	0.64
	3.08
	4.51
	0.07
	0.03
	0.09
	52.0



	DBR03
	75.8
	12.1
	0.75
	0.04
	0.48
	3.31
	4.57
	0.11
	0.01
	0.03
	51.7



	DBR04
	76.1
	12.3
	1.47
	0.05
	0.18
	2.49
	4.77
	0.08
	0.01
	0.03
	56.1










 





Table 2. Geochemical parameters of REE and pH value of the weathering profile.
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	Sample
	ΣREE

(ppm)
	ΣLREE

(ppm)
	ΣHREE

(ppm)
	ΣLREE/ΣHREE
	δEu
	δCe
	pH





	DBS01
	191
	67
	124
	0.55
	0.18
	1.17
	4.44



	DBS02
	232
	111
	121
	0.92
	0.17
	2.97
	4.64



	DBS03
	197
	96
	101
	0.95
	0.17
	2.55
	4.73



	DBS04
	192
	72
	120
	0.60
	0.15
	2.10
	4.60



	DBS05
	235
	123
	112
	1.10
	0.17
	3.79
	4.60



	DBS06
	156
	71
	85
	0.83
	0.15
	2.57
	4.87



	DBS07
	460
	186
	274
	0.68
	0.11
	0.86
	4.91



	DBS08
	799
	266
	533
	0.50
	0.09
	0.40
	4.65



	DBS09
	797
	164
	633
	0.26
	0.07
	0.37
	5.47



	DBS10
	706
	117
	589
	0.20
	0.06
	0.19
	5.32



	DBS11
	517
	103
	414
	0.25
	0.06
	0.53
	5.59



	DBS12
	449
	78
	372
	0.21
	0.05
	0.52
	5.41



	DBS13
	386
	69
	318
	0.22
	0.05
	0.77
	4.96



	DBS14
	396
	66
	330
	0.20
	0.04
	0.49
	5.57



	DBR01
	178
	37
	141
	0.26
	0.04
	0.96
	



	DBR02
	210
	84
	127
	0.66
	0.2
	0.96
	



	DBR03
	222
	38
	184
	0.20
	0.06
	0.96
	



	DBR04
	500
	69
	430
	0.16
	0.04
	0.28
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