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Abstract


Exploring the distributions of rare earth elements (REEs) in soil profiles is essential to understanding how natural and anthropogenic factors influence the geochemical behaviors of REEs. This study aimed to learn about the distribution characteristics of REEs in soils, including their fractionation and enrichment, and to explore the influence of soil pH and soil organic carbon (SOC) on REEs. One hundred and three samples were collected from six soil profiles under different land uses (paddy field: T1, T3; forest land: T2, T6; wasteland: T4; building site: T5) in the Mun River Basin, Northeast Thailand. The average total REE contents (∑REE) are much lower (<80 mg kg−1) than that of Earth’s crust (153.80 mg kg−1) in soil profiles T2, T3, T4, and T6. The contents of REEs tend to increase slightly with depth in all soil profiles. The ratios of (La/Yb)N range from 0.35 to 0.96 in most samples, indicating that the enrichment of heavy REEs (HREEs) relative to light REEs (LREEs) is the main fractionation pattern. Samples from profile T2 show relatively obvious negative Ce anomalies (0.55–0.78) and positive Eu anomalies (1.41–1.56), but there are almost no anomalies of Ce and Eu in other soil profiles. Enrichment factors of LREEs (EFLREEs) range from 0.23 to 1.54 and EFHREEs range from 0.34 to 2.27, which demonstrates that all soil samples show no LREE enrichment and only parts of samples show minor HREE enrichment. Soil organic carbon (SOC) contents positively correlate with the enrichment factors of REEs (EFREE) in soil profiles T1 (R = 0.56, p < 0.01) and T6 (R = 0.71), while soil pH values correlate well with EFREE in soil profiles T2 (R = 0.75) and T4 (R = −0.66, p < 0.01), indicating the important influence of soil pH and SOC on the mobility of REEs in some soil profiles.
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1. Introduction


Rare earth elements (REEs) comprise lanthanides from lanthanum (La) to lutetium (Lu), of which fourteen (except promethium) are relatively abundant in the Earth’s crust [1,2]. Behaving similarly in the geochemical process, the REEs are widely used as environmental tracers for natural systems, such as plants, soil, and aqueous systems [3,4]. Recently, it has been revealed that rare earth elements are mobile during soil formation and weathering processes [5,6]. Many studies showed that REEs were fractionated during weathering, always characterized by the occurrence of Ce and Eu anomalies as well as the fractionation between light REEs (LREEs) and heavy REEs (HREEs) [1,7]. Based on these characteristics, the influence of weathering on REEs can be evaluated by the relative enrichment of REEs. On the other hand, REEs are highly sensitive to redox potential, soil pH, and adsorption/desorption reactions related to organic matter (OM) and iron–manganese oxides [8,9]. For instance, La, Ce, and Ge are easier to release under acidic and reducing conditions in soils [9]. Adsorption and migration mechanisms of REEs in soil were clearly clarified by many studies [10,11], but the profile distributions of REEs at different depths and under different land uses were rarely reported.



In addition to natural factors, anthropogenic activities can also exert significant influence on the distribution of REEs. The REEs are extensively applied in fertilizers due to their function of improving the quality and yield of crops [12]. As rare earth elements are widely used, REE mining has boomed all around the world over the years, and Thailand is one of the main countries producing rare earth elements [13]. Moreover, the study area is located in northeast Thailand, which is a large agricultural region where huge amounts of fertilizers are applied every year [14]. All of these applications of REEs may cause their enrichment in the local area, but the enrichment of REEs in soils is adverse for the environment and may eventually harm human health through the food chain [15]. This demonstrates that the enrichment of REEs is more likely to occur in paddy fields due to human activities, so land-use types were also considered in this study. Due to the potential toxicology of rare earth elements, it is important to explore the factors influencing the mobility of rare earth elements. Studying the distributions of rare earth elements in soil profiles and the correlations between them and other soil properties (e.g., soil organic carbon (SOC), soil pH) provides insights into the behavior of rare earth elements in soils.



Therefore, the objectives of this study are as follows: (1) To explore the profile distributions of REEs under different land uses; (2) to understand the fractionation and enrichment of REEs in the soil profiles; (3) to assess the influence of soil organic matter and soil pH on the mobility of REEs.




2. Materials and Methods


2.1. Study Area


The study site is located in the Mun River Basin (14°00′–16°00′ N, 101°30′–105°30′ E), which is the largest basin in Thailand with an area of 82,000 km2. With the average annual precipitation between 1300 to 1500 mm and average monthly temperature between 25 and 30 °C, the site has a tropical savanna climate, which is characterized by owning two distinctive seasons, a dry season (November to April) and a rainy season (May to October), respectively [16]. The Mun River Basin is mainly covered by agricultural lands, about 75% of which are used as paddy fields; meanwhile, there are many other kinds of lands, including forest lands, wetlands, grasslands, building lands, etc. [17,18]. As an agricultural region, chemical fertilizer and pesticides are commonly applied in about 80% of the total planting area, inevitably causing some pollution [19,20].



Due to the existence of the Khorat Plateau, the terrain of the Mun River Basin is generally high in the west and low in the east. The rock basement of the Mun River Basin is the so-called Khorat Group, which is mainly composed of sandstone, siltstone, shale, and conglomeritic sandstone (Figure 1). The rock basement is mainly covered by the unconsolidated Quaternary alluvial sediment [21,22,23].




2.2. Sampling and Analysis


Six soil profiles were dug in March 2018 at six study sites under different land uses (Figure 1). Specifically, two soil profiles were located in the paddy fields (T1, T3), two in the forest lands (T2, T6), one in the wasteland (T4), and one in the building site (T5). Compared with the paddy field where T1 is located, the other one is different because it was in a non-cultivation period for two years. A total of 103 soil samples were collected at depth intervals of 10 cm. The detailed description for each soil profile is recorded in Table 1.



After plant residue, roots, and stones were removed, soil samples were air dried sufficiently [24]. To make soils homogenized enough, soil samples were entirely ball milled with a grinding machine (Retsch MM400, Retsch GmbH, Haan, Germany) until they passed a 200-mesh sieve [25]. Subsamples of about 100 mg were placed into Teflon beakers separately. Subsequently, these beakers were filled with 1 mL of ultra-pure hydrofluoric acid (HF 40%) and 3 mL of ultra-pure nitric acid (HNO3 70%), and were then heated at 120 °C for 7 days on a hotplate. The digestion process was repeated when some solid residue remained in the beakers. If soil solutions remained unclear, aqua regia (70% ultra-pure HNO3: 38% ultra-pure HCl, 1:3) was used to digest the remaining solid residue. After the solutions became clear, 2 mL ultra-pure nitric acid (70% HNO3) were added to drive out the fluorine compounds for two times [26]. Finally, the digested samples were diluted with 50 mL ultra-pure nitric acid (2% HNO3). The digestion experiment was done in the super-Clean laboratory of Surficial Environmental Geochemistry, China University of Geosciences, Beijing.



Rare earth elements were measured using inductively coupled plasma mass spectrometry (ICP-MS, Elan DRC-e, Perkin Elmer) at the Institute of Geographic Sciences and Natural Resource Research, Chinese Academy of Sciences, Beijing. Quality control was achieved using standard reference material (GBW07449 and GBW07447).




2.3. Data Treatment


Rare earth elements (REEs) are commonly divided into light REEs (LREE: La to Eu) and heavy REEs (HREEs: Gd to Lu) based on their atomic weights and radii [27,28]. Under natural conditions, concentrations of REEs show two distinctive characteristics: (1) They generally tend to decrease from La to Lu; (2) REEs with even atomic numbers have higher concentrations than neighboring elements. To eliminate these two effects and to show the distribution patterns of REEs visually, normalization to a reference is commonly applied to their concentrations [29]. In this study, post-Archaean Australian shale (PAAS) was chosen as the reference material to normalize REE concentrations [30].



Ce and Eu are different from other REEs because they have different oxidation states (Ce: Ce4+ and Ce3+; Eu: Eu3+ and Eu2+) and show more significant fractionation relative to other REEs [31], making them essential in tracing redox conditions. Ce and Eu anomalies [27] were calculated as follows:


  C e   a n o m a l y = C  e N  /    (  L  a N  × P  r N   )    0.5    



(1)






  E u   a n o m a l y = E  u N  /    (  S  m N  × G  d N   )    0.5   ,  



(2)




where LaN, CeN, PrN, SmN, EuN, and GdN imply PAAS-normalized values. The values greater than 1 indicate positive anomalies and the values lower than 1 indicate negative anomalies.



The enrichment factors of REEs (EFREE) relative to the UCC (upper continental crust) are widely used to evaluate the influence of weathering and human activities [1]. Al is one of the most frequently used reference elements, for which the EFREE was defined as [32]:


  E  F  R E E   =    (   [ X ]  /  [  A l  ]   )   S  /    (   [ X ]  /  [  A l  ]   )    U C C   ,  



(3)




where X represents REE, and S represents soil samples. Concentrations of REEs and Al in the upper continental crust come from Wedepohl [33].





3. Results and Discussion


3.1. Contents of Rare Earth Elements in Soil


The average contents and the vertical distribution of LREE, HREE, and total REE in six soil profiles are presented in Figure 2. The average ∑REEs (total REE contents) of samples from different profiles are 201.45, 42.19, 29.68, 78.51, 133.06, and 22.96 mg kg−1, respectively. It is obvious that average REE contents of samples from soil profile T1 are higher than those from other profiles. The total REE contents of samples from soil profiles T2, T3, T4, and T6 are relatively low, much lower than that of Earth’s crust (153.80 mg kg−1) [34]. Vertically, the contents of light REEs, heavy REEs, and total REEs tend to increase slightly with depth in all six soil profiles. The LREE contents of all soil samples account for a large part (>87%) of total REE contents, which is consistent with the distribution characteristics of REEs in the Earth’s crust [35]. In the soil profile T5, the highest REE contents were found at the bottom, much higher than those of other samples (Figure 2). The bottom of T5 reaches the boundary between the bedrock and soil, where the weathering for the rocks is the strongest in the whole profile. It denotes that the weathering processes might exert essential influence on the behavior of REEs under natural conditions. During weathering, many chemical elements (including REEs) are released with the breaking up of minerals, which is beneficial for the accumulation of soil REEs [36,37,38]. Meanwhile, the leaching of REEs also contributes to the phenomenon that REE contents tend to increase with soil depth. The Mun River Basin has relatively heavy rainfall every year [16], which would improve the leaching processes of REEs in soils.




3.2. PAAS-Normalized REE Patterns


3.2.1. Fractionation between LREEs and HREEs


The normalized REE distribution patterns at different depths are presented in Figure 3. It shows that these plots tend to tilt slightly to the upper right, indicating a mild HREE enrichment relative to that of the LREEs. The ratio of (La/Yb)N was calculated to quantify the enrichment because it is a widely used indicator that reflects the fractionation extent between HREEs and LREEs [39,40,41]. The results show that the ratios of (La/Yb)N are lower than 1 for most samples (90%)—roughly in the range of 0.35 to 0.96—indicating that the enrichment of HREEs is the main fractionation pattern for most soil samples. The results show that LREEs are generally more mobile than HREEs under natural conditions. A few of the samples whose (La/Yb)N > 1 exist near the weathered crust observed in the field, mainly in the soil profiles T4 and T5 (Table 1). This contradictory phenomenon may have resulted from HREEs’ higher mobility than that of LREEs in the weathered crust, because they tend to form the complexes with carbonate ligands which have better migration than other complexes [10,42]. Different migration speeds lead to the enrichment of LREE in the upper section and the enrichment of HREE at the bottom of the weathered crust.




3.2.2. Ce and Eu Anomalies


The Ce anomalies (Ce anomaly values: 0.94–1.05) and Eu anomalies (Eu anomaly values: 0.91–1.18) are not obvious in most soil samples from the selected depths. However, as shown in Figure 3, samples from profile T2 show obvious negative Ce anomalies (Ce anomaly values: 0.55–0.78) and positive Eu anomalies (Eu anomaly values: 1.41–1.56); by contrast, a significantly positive Ce anomaly (Ce anomaly value: 2.87) was observed at the middle section of profile T5. The Ce and Eu anomalies are usually explained by the changes of redox potential [9,43], because Ce can occur as Ce (IV) and Eu can occur as Eu (II) under different redox conditions, which makes them different from other REEs (III). The negative Ce anomalies were rarely found in soils, so it is of great significance to explore the reasons. Middelburg et al. (1988) reported the negative Ce anomalies in weathering profiles on granites. They implied that Ce (III) was oxidized to Ce (IV) during weathering processes. Because Ce (IV) is less mobile than Ce (III) by precipitating as CeO2 or being absorbed onto Fe/Mn-(hydr)oxides [44], Ce(IV) would preferentially remain in the weathering suite [45]. Therefore, Ce was relatively depleted in the residual soils, resulting in the negative Ce anomalies. The positive Eu anomalies can also be explained in the weathering profiles of granites: Divalent Eu is quite similar to Ca ions in the ionic radius, so it always happens that Eu2+ takes the place of Ca2+ in feldspar minerals and stays in these minerals during magmatic processes [46,47]. Combined with the local geological background (volcanic rock exposure, including granites, basic, and ultrabasic rocks) [48], soils from profile T2 are very likely derived from granites. Moreover, negative Ce anomalies were already observed in soils derived from granites in Thailand [49], which is consistent with our results. However, the positive Eu anomalies may also be correlated with carbonates or fluid mineral interaction. To confirm the contribution of these factors, further research should be committed to learning about the distributions of REEs in certain mineral groups. In terms of the positive Ce anomaly (Ce anomaly value: 2.87) in profile T5, it almost occurred at the same depth as that of iron–manganese oxides (Table 1), indicating the potential correlation between them. Actually, the behavior of Ce is closely correlated with ferromanganese nodules [50] because iron and manganese oxides absorb Ce (IV) preferentially, causing the enrichment of Ce relative to neighboring elements [1,51].





3.3. Enrichment Factors (EFs) of REEs


3.3.1. Distribution Patterns of EFs


The vertical distributions and box plots of the calculated enrichment factors (EFs) for LREEs and HREEs are shown in Figure 4. The average EF values for the LREEs and HREEs of each profile are 0.96, 0.23, 1.42, 0.97, 1.28, and 1.54 and 1.08, 0.34, 2.27, 1.16, 1.41, and 2.07, respectively. According to the EF values, the enrichment degrees of soil REEs can be categorized as no enrichment (≤2), minor enrichment (2–3), moderate enrichment (3–5), and severe enrichment (≥5) [52]. It can be seen that almost all samples show no enrichment of LREEs, but most samples from profiles T3 and T6 show minor enrichment of HREEs, indicating that HREEs are less mobile than LREEs. The phenomenon that HREEs are more enriched than LREEs can be explained by the adsorption/desorption processes: Under the effect of the lanthanide contraction, HREEs have smaller ionic radii, so they can be more stably absorbed than LREEs [36].



Vertically, the EFs of LREEs and HREEs generally tend to decrease slightly along with depth, but they show one huge positive peak at the depth of 55 to 75 cm in the soil profiles T3, T4, and T5 (Figure 4). One exception is that samples from the bottom of the soil profile T5 (boundary between the bedrock and soil) have severe enrichment of both LREEs and HREEs. Obviously, this anomalous enrichment is very likely related to weathering processes: In the process of weathering, many REEs are released from minerals and accumulate in soils, while some Al may have been lost, causing the severe enrichment of REEs relative to the UCC [53]. As for the positive peak, it may have resulted from the leaching of REEs down the soil profiles and their accumulation at certain soil depths.




3.3.2. Factors Influencing EFs of Rare Earth Elements


The enrichment of REEs can be highly influenced by soil physicochemical properties, such as organic matter, soil pH, and soil texture [11,35]. In this study, the effects of SOC and soil pH on ∑REEs were explored to better understand the migration mechanisms of rare earth elements.



As shown in Figure 5, the enrichment factors of ∑REEs tend to increase slightly with SOC contents. Moreover, EFREE shows a relatively stronger correlation with SOC contents in soil profiles T1 (R = 0.56, p < 0.01) and T6 (R2 = 0.71). Many researches have studied the distributions of REEs in organic components and revealed the positive correlation between soil organic matter (SOM) and REEs [54,55]. Some functional groups of SOM own the ability to complex with REE ions, which enhances the absorption of SOM to REEs [56]. Soil pH values are correlated with EFREE in soil profiles T2 (R = 0.75) and T4 (R = −0.66, p < 0.01). Generally, the EFREE shows both positive (pH < 6) and negative (pH > 6) correlation with soil pH (Figure 5). The phenomenon demonstrates that pH is an important factor controlling the mobility of REEs, but the negative correlation between them contradicts with what many studies have found: The adsorption of REEs is positively correlated with soil pH because as soil pH increases, there will be more hydroxide ions (OH−) forming complexes with REE ions [3,9,57,58]. One potential reason for the negative correlation between soil pH and EFREE when soil pH is higher than 6 could be that the mobility of the reference element Al is also strongly influenced by soil pH. It is known that as pH increases, Al ions tend to occur as Al–OH complexes [59], which is more easily retained in soils. When the enrichment rates of Al are higher than those of REEs, the EFREE will decrease as soil pH increases although the adsorption of REEs is improved.






4. Conclusions


The study of REEs’ profile distributions presents many distinctive characteristics of soil in the Mun River Basin. The main conclusions of this study are as follows: (1) The average contents of REEs in soil profiles T2, T3, T4, and T6 are quite low (<80 mg kg−1) compared with those in other regions, and these contents seem to be little influenced by land uses. (2) The enrichment of HREEs relative to LREEs is the main fractionation pattern for most samples, but a few samples near weathered crusts show the opposite results, indicating that HREEs are more mobile than LREEs during weathering processes. (3) The negative Ce anomalies and positive Eu anomalies occurring in the soil profile T2 demonstrate that these soil samples are very likely derived from granites. (4) Most soil samples show no enrichment of REEs even in paddy fields, indicating that anthropogenic activities have little influence on REEs, and that the behavior of REEs in soil is dominated by natural factors. (5) The correlation analysis shows that the low soil pH benefits the mobility of REEs, while high organic matter contents are not conducive to their mobility.
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Figure 1. Map of sampling points and lithological distribution in the Mun River Basin. 
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Figure 2. Box charts and vertical distributions of rare earth elements (REEs) in six soil profiles. Some data are omitted because they are in small ranges of variation. (a–c): Box diagrams of light REE (LREE), heavy REEs (HREE), and total REE contents in six soil profiles; (d–f): Vertical distributions of LREE, HREE, and total REE contents in six soil profiles. 
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Figure 3. Rare earth elements fractionation patterns (post-Archaean Australian shale (PAAS)-normalized) at the selected depths in six soil profiles in the Mun River Basin. (a–f) represent soil profiles T1–T6. 
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Figure 4. Box charts and vertical distributions of enrichment factors for LREEs and HREEs in six soil profiles. Some data are omitted because they are in small ranges of variation. (a,b): Box diagrams of the enrichment factors for LREEs and HREEs in six soil profiles; (c,d): Vertical distributions of the enrichment factors for LREEs and HREEs in six soil profiles. 
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Figure 5. (a) Correlation between soil organic carbon (SOC) and enrichment factors of total rare earth elements. (b) Correlation between soil pH and enrichment factors of total rare earth elements. Data from [17]. 
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Table 1. General information of the six soil profiles in the Mun River Basin.
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Sampling Point

	
Land Cover

	
Location

	
Important Field Records






	
T1

	
Rice

	
14°56′32.59″ N

101°58′34.10″ E

	
Relatively uniform soil at different depths




	




	
T2

	
Forest

	
14°33′5.03″ N

104°56′14.76″ E

	
Brown, red, and compact soil




	




	
T3

	
Rice

	
15°09′0.77″ N

105°10′56.44″ E

	
0–12 cm: Gray-black root layer




	
12–100 cm: Fine silt




	

	

	

	
>100 cm: Iron–manganese nodules




	
T4

	
Wild grass

	
15°03′55.86″ N

104°55′7.50″ E

	
0–20 cm: Plant root layer




	
20–112 cm: Fine silt




	

	

	

	
112–180 cm: Red weathering crust




	

	

	

	
180–193 cm: Gray-green sand




	

	

	

	
>193 cm: Bedrock




	
T5

	
Artificial building

	
14°58′33.11″ N

104°23′44.07″ E

	
0–105 cm: Fine silt




	
105–205 cm: Iron–manganese nodules




	

	

	

	
205–405 cm: Clay layer




	
T6

	
Forest

	
15°11′59.35″ N

104°30′28.23″ E

	




	
Fine silt
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