

  applsci-14-03585




applsci-14-03585







Appl. Sci. 2024, 14(9), 3585; doi:10.3390/app14093585




Article



The Distribution and Health Risk Assessment of Potential Toxic Elements in Atmospheric Deposition from Ion-Adsorption Rare Earth Mining Areas in the Ganzhou City of Southeast China



Jixin Wei 1, Siwen Liu 2,3,*, Tianshu Chu 2, Guoli Yuan 1, Manman Xie 2,3, Yuanying Huang 2, Qing Sun 2,3, Chenge Ma 2 and Qiang Xue 4,*





1



School of Earth Sciences and Resources, China University of Geosciences (Beijing), Beijing 100083, China






2



National Research Center for Geoanalysis, Beijing 100037, China






3



Key Laboratory of Eco-Geochemistry, Ministry of Natural Resources, Beijing 100037, China






4



MOE Key Laboratory of Groundwater Circulation and Environmental Evolution, School of Water Resources and Environment, China University of Geosciences (Beijing), Beijing 100083, China









*



Correspondence: siwenzliu@126.com (S.L.); xueqiang@cugb.edu.cn (Q.X.)







Citation: Wei, J.; Liu, S.; Chu, T.; Yuan, G.; Xie, M.; Huang, Y.; Sun, Q.; Ma, C.; Xue, Q. The Distribution and Health Risk Assessment of Potential Toxic Elements in Atmospheric Deposition from Ion-Adsorption Rare Earth Mining Areas in the Ganzhou City of Southeast China. Appl. Sci. 2024, 14, 3585. https://doi.org/10.3390/app14093585



Academic Editor: Dibyendu Sarkar



Received: 16 March 2024 / Revised: 18 April 2024 / Accepted: 20 April 2024 / Published: 24 April 2024



Abstract

:

Potential toxic elements (PTEs), including Pb, Cr, Cd, Ni, Cu, As, and Mo, are common pollutants in ion-adsorption rare earth mines (IAREEMs), and atmospheric deposition is an important method of PTE migration. However, the level of PTE atmospheric deposition in and around IAREEMs remains unknown. We established 25 stations at typical sites in the Ganzhou city of southeast China. An exposure assessment model was used to evaluate the health risks for adults and children. The results show that the concentration and fluxes of atmospheric deposition of PTEs follow the order of Pb > Cu > Cr > Ni > As > Mo > Cd, and most PTEs present no human health risk. However, due to the high toxicty of As, it poses both carcinogenic and non-carcinogenic risks to children as indicated by the analysis of an exposure assessment model of heavy rare earth minerals in Longnan county, Ganzhou city. The As concentration in atmospheric deposition ranged from 3.18 to 251.87 mg kg−1, and the As atmospheric fluxes in atmospheric deposition ranged from 0.11 to 39.4 mg m−2 y−1. This is because As-rich materials (e.g., arsenic-adsorbing clay zones and chernovite-(Y) (Y[AsO4])) are exposed in fully weathered layers, and the formed suspended particulate matter is transported into the atmosphere at Longnan county. Consequently, restoring vegetation to reduce particulate matter transport is an important method for controlling the spread of pollutants. These results provide significant insights into pollution characteristics and prevention in and around mining areas under the influence of atmospheric deposition.
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1. Introduction


Ion-adsorption rare earth element mines (IAREEMs) are widely distributed in Jiangxi, Guangdong, and Fujian in southern China [1], with the first discovery and mining in Ganzhou taking place in 1969 [2]. The use of heap leaching and in-situ leaching in these areas has led to significant ecological and environmental issues, including vegetation destruction, delayed vegetation recovery, and pollution from potentially toxic elements (PTEs) [3,4]. Particulate matter from mining operations, such as mining, beneficiation, smelting, and waste, plays a crucial role in migration of pollutants, impacting nearby areas [5,6]. Atmospheric pollution, distinct from soil and water pollution, disperses rapidly over longer distances [7,8], and atmospheric deposition is a key route for pollutants to enter soil, biological, and other media [9,10]. However, current studies are mainly focused on soil and water pollution, and researches on atmospheric deposition are limited [4,11].



Mine atmospheric deposition contains various PTEs, including metals and metalloids (e.g., As, Cd, Cr, Cu, Mo, Ni, and Pb). These elements are concerning due to their persistence, toxicity, and potential for bioaccumulation [12,13,14]. Usually, human activities contribute significantly to the atmospheric deposition of PTEs in mining areas [15]. For IAREEM areas, the distribution of PTEs through atmospheric deposition remains unknown.



Given the bioaccumulation of PTEs [16,17], human exposure near IAREEM areas could pose substantial health risks. This study employs the exposure assessment model developed by the United States Environmental Protection Agency (USEPA) to evaluate these risks [18]. The model is widely used and is an effective tool for assessing human health risks, and the results of the assessment can provide a reference and basis for environmental governance policies [19,20,21]. Our analysis focuses on the spatial distribution and pollution levels of PTEs in atmospheric deposition around IAREEM areas. We also assess the human health risks associated with PTE exposure and provide insights for environmental management in IAREEM regions. In this study, we first investigate PTEs of atmospheric deposition in IAREEM areas, offering valuable information for managing atmospheric deposition pollution in these regions.




2. Materials and Methods


2.1. Study Area


The study area is located in Ganzhou city of Jiangxi Province (Southeast China), having a subtropical monsoon climate (Figure 1e). Large-scale mining in Ganzhou city began in the late 20th century. The IAREEMs in Ganzhou city, known as the first discovered and mined IAREEM region in the world, are categorized into two types: the heavy rare earth (Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Y, HREE) type in Longnan county and the light rare earth (La, Ce, Pr, Nd, Pm, Sm, Eu) type in Xunwu county [11,22,23]. Currently, most IAREEMs have been abandoned and wind erosion of the mine’s surface soil poses a risk of spreading PTEs [4,11].




2.2. Sample Collection


Eight major IAREEM areas in Ganzhou city were selected for atmospheric deposition sampling. Based on prevailing wind directions (N-W), each mining area was equipped with three atmospheric deposition stations (Figure 1a,b). The atmospheric deposition was successively collected using a self-designed collector from sampling stations at 25 sites in the study area (Figure 1a). Samples of atmospheric deposition were collected over the course of a year from August 2019 to August 2020 and sampled at the end. Collected samples were stored in PVC plastic bottles (Figure 1d), which were cleaned with Milli-Q water and 1:1 HNO3 before use. The collection bottles were placed and fixed in an open area, such as on a roof or a broad balcony. The collected atmospheric deposition samples (including wet and dry deposition) were transferred into a clean tank. Sparse collectors due to evaporation were replenished with pure water, ensuring complete sample transfer. Additionally, a typical regolith sample was collected at a depth of 50 cm below the surface to minimize anthropogenic influence in fully weathered layers (Figure 1a,b). Since the surface layer is potentially subject to disturbances from exogenous substances and exhibits high variability, soil sampling at a depth of 50 cm can better represent the basic conditions of the surface soil in this region [24].




2.3. Sample Treatment and Analysis


The wet and dry samples were collected and transferred to the laboratory within 72 h. They were filtered through a 0.45 μm quartz fiber membrane, which was pre-measured and recorded. The filtrates (wet deposition) were acidified with 1:1 HNO3 in a 30 mL aliquot and ready for analysis. Both the membrane and its precipitate were dried below 65 °C until the mass difference between the two measurements was under 0.5 mg. The dried precipitates (dry deposition) could then be used for analysis.



Samples were analyzed for Pb, Cr, Cd, Ni, Cu, and Mo. About 50 mg of each sample was digested in a mixture of HCl, HNO3, HF, and HClO4 [12], and analyzed using Inductively Coupled Plasma Mass Spectrometry (ICP-MS, NexION 300Q, PerkinElmer, Waltham, MA, USA) and Atomic Fluorescence Spectrometry (AFS, AFS-8330, Titan Instruments, Beijing, China) for As concentration.



Quality assurance and control involved standard reference substances (soil, GSS21–GSS26) from the National Institute of Metrology, China. Table 1 shows the detection limits of the wet and dry depositions. The sample recoveries ranged from 90% to 110%, and the analyses were performed in triplicate, ensuring levels of accuracy and precision that meet the quality requirements [25].



The Mineral Liberation Analyzer (MLA) is a process mineralogy automatic analysis and testing equipment developed by the University of Queensland, Australia. Equipped with an energy spectrometer, we can achieve automatic scanning and energy spectrum analysis, accurately identify mineral types, and determine content. Regolith sample observations were made with the aid of an MLA in the Institute of Resource Utilization and Rare Earth Development, Guangdong Academy of Sciences in China. The MLA 650 system consisted of an FEI Quanta 650 scanning electron microscope, Bruker Quanta 200 dual probe electric refrigeration energy spectrometer, and MLA software version 3.1. The working conditions were an acceleration voltage of 20 kV, a working distance of 10 mm, and high vacuum mode.




2.4. Data Analysis


2.4.1. Concentrations and Flux of Trace Elements


The concentrations of PTEs in the atmospheric deposition samples were calculated using Equation (1):


    C   i j   =     V   i   ×   p   i j   +   M   i   ×   w   i j       M   i      



(1)




where Cij (mg kg−1) is the concentration of the j-th PTE of the i-th atmospheric deposition sample; Vi (L) is the volume of the filtrate of the i-th sample; pij (mg/L) is the concentration of the j-th PTE of the filtrate of the i-th sample; Mi (kg) is the mass of the i-th sample deposition; wij (mg kg−1) is the concentration of the j-th PTE of the i-th sample deposition.



The annual deposition flux of PTEs from the atmospheric deposition samples was calculated using Equation (2):


    f   i j   =      C   i j   ×   M   i     S a     



(2)




where fij (mg m−2 y−1) is the deposition flux of the j-th trace element of the i-th atmospheric deposition sample; S (m2) is the collection area of the atmospheric deposition collection device; a (y) is the collection time of the atmospheric deposition sample.




2.4.2. Fractional Vegetation Cover


Utilizing Landsat 8 data (refer to Table 2), the fractional vegetation cover (FVC) was calculated using the normalized difference vegetation index (NDVI) in conjunction with the image dichotomy method [26]. The calculations involved the following Equations (3) and (4):


  NDVI = ( NIR − R ) / ( NIR + R )  



(3)






  FVC = ( NDVI −   NDVI   soil   ) / (   NDVI   veg   −   NDVI   soil   )  



(4)




where NDVI is the normalized vegetation index of a mixed image element; NIR is the near-infrared band reflectance; R is the red band reflectance. NDVIsoil and NDVIveg represent a pure soil and pure vegetation image element value, respectively [26,27]. NDVIsoil and NDVIveg vary in time and space due to different environmental backgrounds, photographic conditions, and image quality. In the actual calculation process, 5% and 95% confidence levels were used to select the maximum and minimum thresholds for NDVI data for the corresponding periods [27,28,29].




2.4.3. Human Health Risk Assessment


Human health risks from exposure to PTEs in atmospheric deposition, as identified by the United States Environmental Protection Agency (USEPA), are categorized into non-carcinogenic and carcinogenic risks [18]. These risk assessments are conducive to quantifying exposure to PTEs [14,20]. Exposure routes include unintentional oral ingestion and inhalation. We conducted a human health risk assessment of PTEs in atmospheric deposition from IAREEs for two demographic groups (adults and children). The primary exposure routes to PTEs in atmospheric deposition are ingestion and inhalation [18]. This assessment evaluates both carcinogenic and non-carcinogenic risks from atmospheric deposition of PTEs at mine sites. Carcinogenicity assessments were conducted for ingestion (As, Cr, Pb) and inhalation (As, Cd, Cr, Ni) pathways due to the unavailability of carcinogenic slope factors for other PTEs [19,20].



The non-carcinogenic risk (HQ) of PTEs to the human via the ingestion and inhalation routes was calculated using the following Equations (5) and (6) [30]:


  H   Q    ingestion      =   C   i   ⋅   I R ⋅ R B A ⋅ E F ⋅ E D   B W ⋅ A T ⋅ R f   D   0   ⋅   10   6      



(5)






  H   Q    inhalation      =   C   i   ⋅   I n h R ⋅ E F ⋅ E D ⋅ P   M   10     A T ⋅ R f C    



(6)







The carcinogenic risk (CR) of PTEs to the population via the ingestion and inhalation routes was calculated using the following Equations (7) and (8) [30]:


    C R    ingestion      =   C   i   ⋅   I R ⋅ R B A ⋅ E F ⋅ E D ⋅ C S F   B W ⋅ A T ⋅   10   6      



(7)






  C   R   i n h a l a t i o n   =   C   i     I n h R ⋅ E F ⋅ E D ⋅ I U R ⋅ P   M   10   ⋅ 1000   A T    



(8)







The total non-carcinogenic risk (HI) of PTEs to the population was calculated [30] using the following Equation (9):


  H I = H   Q    ingestion      + H   Q   inhalation          



(9)







The total carcinogenic risk (TCR) of PTEs to the population was calculated [30] using the following Equation (10):


  T C R = C   R    ingestion      + C   R   inhalation          



(10)







The relevant calculation parameters for human health risk assessment are shown in Table 3 and Table 4.



If the values of HQ and HI are below 1, it is assumed that no non-carcinogenic risk will occur. If the values are higher than 1, there is a potential health risk to human health [20,29]. Besides, no greater carcinogenic risk is expected if the carcinogenic risk value does not exceed 10−4 [20,29].






3. Results and Discussion


3.1. Spatial Distribution Characteristics of PTEs


The statistical analysis of PTEs in atmospheric deposition is summarized in Table 4. All skewness coefficients for PTEs exceed 1, indicating a right-skewed distribution, where median concentrations are lower than mean concentrations. Due to the presence of concentrations skewed towards lower values, the median provides a more reliable measure than the mean for PTEs in atmospheric deposition in and around IAREEM areas [35,36]. The median concentrations of PTEs followed the order of Pb > Cu > Cr > Ni > As > Mo > Cd. It is clear that spatial variability in PTE concentrations for atmospheric deposition near IAREEM areas is minimal (shown in Table 5). This is probably because elements dominated by natural sources typically exhibit low coefficients of variation, while those influenced by anthropogenic sources have higher coefficients [37,38]. In this study area, most atmospherically deposited PTEs show low spatial variability. Notably, the coefficients of variation for As and Pb are greater than 1, with higher concentrations at mining regions containing heavy rare earth elements in Longnan county (Figure 2), suggesting mining influences concentration of these elements.



Compared to open-pit coal mining areas [40], atmospheric deposition of PTE concentrations of As are significantly higher in IAREEM areas. However, compared to the average level of PTEs in urban areas in China and the world [41,42], the concentration of PTEs in IAREEM areas is at a relatively low level. In addition, the PTE concentrations of Pb, Cr, Cd, Ni, Cu, and As in the IAREEM areas are slightly lower compared to those in the rural areas of Shanghai and the Taihu Lake forest region in the Yangtze River Delta Economic Zone [14,43]. IAREEMs have a relatively low impact on the concentration levels of atmospheric-deposited PTEs (Table 6), and we found that they had the characteristics of atmospheric PTE deposition in other rural regions of China.




3.2. Human Health Risks Assessment


The assessment of Hazard Quotients (HQ), Hazard Indexes (HI), and Total Hazard Indexes (THI) for adults revealed all values are below 1 (Figure 3a–c). This indicates no significant non-carcinogenic health risk from PTEs absorbed via ingestion and inhalation routes in atmospheric deposition in and around IAREEM areas. The ranking of elements by non-carcinogenic risk is Pb > As > Cr > Cd > Cu > Ni > Mo for adults. However, HQingestion values for Pb and As exceed 1 for children in mining regions containing heavy rare earth elements (Figure 3e), suggesting potential adverse health effects from exposure to atmospheric deposition containing Pb and As.



In terms of carcinogenic risk, the values for CRingestion, CRinhalation, and combined exposure were all below 1 × 10−4, indicating that the carcinogenic risk for adults from PTEs in atmospheric deposition is within acceptable limits. Regarding carcinogenic risk, the values for CRingestion, CRinhalation, and CR were less than 1 × 10−4 (Figure 4a–d). The ranking of elements by non-carcinogenic risk followed the order of Pb > As > Cr > Cd > Cu > Ni > Mo (Figure 4c,g). Carcinogenic risk to children from single exposure routes also falls within an acceptable range (Figure 4e,h). Only As poses a significant risk in certain areas for children.



Regarding different exposure routes, the human health risks of ingestion is higher than that of inhalation (Figure 3d,h and Figure 4d,h), and ingestion is the primary exposure route. Non-carcinogenic risks are higher in children compared with adults (Figure 3d,h), and this trend is similar for carcinogenic risks (Figure 4d,h). Children are potentially more susceptible to health risks and are more sensitive to PTEs than adults, and this is consistent with the findings of other researchers [20]. Due to the low oral reference dose and high oral slope factor of As (Table 3), As has high toxicity characteristics. The high concentration areas of As are mainly distributed in Longnan county (Figure 2), posing both carcinogenic and non-carcinogenic risks.




3.3. Source of As


Overall, based on human health risk assessment, As in the atmospheric deposition of this study area poses the greatest risk to humans and is mainly distributed in HREE mines and surrounding areas. Therefore, it was necessary to analyze the sources of As in these atmospheric depositions.



3.3.1. Correlation Analysis and Cluster Analysis


A correlation analysis of elements offers insights into their origins and migration pathways. Strong positive correlations indicate similar sources [15,44]. Following Jacob’s correlation grading [45], strong correlations were observed among Cd, Cr, Ni, Mo, and Cu (Figure 5a, r > 0.71, p ≤ 0.05), suggesting a common origin. They may have the exact same origin. Pb and As also showed a significant positive correlation (Figure 5a, r = 0.97, p ≤ 0.05). Cluster analysis further classifies trace elements based on their similarity in concentration and assesses the correlation between elements by constructing a tree diagram to help determine the source of the elements [37,38]. The Pearson clustering method clusters the elements; the results are shown in Figure 3b. The distance indicates the degree of correlation between elements. The lower the value on the distance cluster, the more significant the correlation. According to the cluster analysis diagram, the seven elements can be classified into two categories (Figure 5b) Pb and As forming a distinct cluster at a distance of approximately 0.02; and Cd, Cr, Ni, Mo and Cu forming a distinct cluster at a distance of approximately 0.25. Most importantly, As and Pb may have a common source. Meanwhile, many studies have reported that IAREEMs may be a significant source of Pb contamination in the surrounding areas [4,11]. Based on previous findings, As is predominantly distributed around mines containing heavy rare earth elements in Longnan county (Figure 2), suggesting that these mines may be the principal source of As in atmospheric deposition in the area.




3.3.2. Transport of Arsenic


The median annual deposition fluxes of PTEs at IAREEMs followed the order of Pb > Cu > Cr > Ni > As > Mo > Cd (Figure 6a). The deposition flux of Pb was the highest (7.60 mg m−2 y−1), and that of Cd was the lowest (0.11 mg m−2 y−1). Mining in IAREEMs resulted in land exposure and vegetation destruction, posing a risk of PTE migration through atmospheric deposition [3]. High atmospheric deposition fluxes of Pb and As around IAREEM areas are shown in Figure 7. In areas with low vegetation coverage near an IAREEM, significant quantities of suspended particulates have been collected from atmospheric deposition (Figure 6b). The transport and deposition of PTEs in the atmospheric deposition of mining areas are controlled by the PTE concentrations in the surrounding soil particulates and vegetation [46,47]. The scarcity of vegetation may facilitate the resuspension of soil particles into the atmosphere, resulting in an increase in arsenic deposition in the IAREEM area.




3.3.3. Mineralogy of the Regolith


In Ganzhou city, IAREEMs are divided into heavy and light rare earth types, with significant As content in the semi-differentiated layer of the heavy rare earth deposit in Longnan county, exceeding China’s agricultural land soil safety standards [22,25]. The minerals in the regolith are listed in Table 7. The main minerals in the regolith are kaolinite\illite (46.00%) and quartz (45.89%). Among them, is a type of As-containing mineral called chernovite-(Y) occuring as micron-sized pseudocubic crystals in the regolith (Figure 8a). The chemical composition of chernovite-(Y) is shown in Figure 8b. It is clear that there is a high content (over 25%) of As in chernovite-(Y) of semi-weathered regolith samples. This results in a high background value of As in the heavy rare earth deposit. Under the ongoing surface fluid–mineral interaction, As and REEs precipitate to generate chernovite-(Y) [22,48]. Additionally, the fully weathered layer of IAREEM contains 46% kaolinite and other clay minerals. Studies have shown As being readily adsorbed by clay minerals such as kaolinite [22,49]. Therefore, the As in atmospheric deposition in Longnan county and surrounding areas is highly likely to come from heavy rare earth minerals. Rare earth mining activities have led to vegetation destruction and soil erosion [3,4,11], exposing weathered layers beneath the soil humus and resulting in wind-borne transport of fine-grained arsenic-adsorbing clay minerals and chernovite-(Y), thereby increasing the risk of As exposure.



Therefore, it is necessary to carry out ecological restoration and restore vegetation in mining areas, which can inhibit the migration of pollutants in mining areas, and reduce the risk to children, especially those exposed to As.






4. Conclusions


In this study, we investigated atmospheric deposition of PTEs from typical IAREEMs in Ganzhou city, China. The study reveals the distribution and human health risks associated with PTEs from atmospheric deposition in IAREEM areas. The results show that As concentrations in atmospheric deposition ranged from 3.18 to 251.87 mg kg−1, and As atmospheric fluxes varied from 0.11 to 39.4 mg m−2 y−1. The concentration and fluxes of atmospheric deposition of PTEs in Ganzhou and its surrounding areas followed the order of Pb > Cu > Cr > Ni > As > Mo > Cd. Human health risk assessments for ingestion and inhalation routes indicate that ingestion is the primary exposure route posing health risks. There are no significant non-carcinogenic or unacceptable carcinogenic risks to adults from atmospheric deposition of PTEs in IAREEM areas. However, children are more vulnerable to PTEs than adults, suffering from potential non-carcinogenic and greater carcinogenic risks at mines containing heavy rare earth elements in Longnan county. Pb and As are the primary contributors to non-carcinogenic risks, and As is the main contributor to carcinogenic risks because of its low oral reference dose and high oral slope factor. Because As-rich materials (e.g., arsenic-adsorbing clay zones and chernovite-(Y)) are exposed in fully weathered layers, and the formed suspended particulate matter is transported into the atmosphere at heavy rare earth mineral sites in Longnan county, As poses both carcinogenic and non-carcinogenic risks to children. PTEs are primarily transmitted to surrounding areas through fine particulate matter. Vegetation recovery plays a crucial role in controlling the migration of suspended particulate matter and inhibiting the outward movement of PTEs from mines through atmospheric transmission. Therefore, it is necessary to carry out ecological restoration and restore vegetation in mining areas, for inhibiting the migration of pollutants in mining areas, and reducing the risk to children, especially those exposed to As. Our results provide a deep understanding of the pollution in and around mining areas under the influence of atmospheric deposition, and provide support for pollution prevention.
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Figure 1. (a) Overview of the study area (Ganzhou city, China) including sampling location, Fractional Vegetation Cover (FVC), and wind rose diagram. (b) Shows the places of atmospheric deposition samples in typical IAREEMs. (c) Shows the landform and vegetation of ionic rare earth mines. (d) Shows the collection methods of atmospheric deposition. (e) Shows precipitation and wind speed. 
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Figure 2. The regional distribution of seven potentially toxic elements (PTEs) in atmospheric deposition. Each dot in the legend symbolizes a sampling site. The color of each dot categorizes PTE concentrations into five distinct groups, based on quartile divisions. 
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Figure 3. Non-cancer Hazard Quotients (HQ) and Hazard Indexes (HI) of PTEs via ingestion and inhalation exposure pathways calculated for adults (a–d) and for children (e–h). In detail: (a) HQ of each element through ingestion; (b) HQ of each element through inhalation; (c) HI of each element through ingestion and inhalation; (d) HQ and HI of combined elements through ingestion and inhalation. Figure 3e–h is similar to Figure 3a–d. The red dotted line reflects the safety threshold for potential non-carcinogenic risks. Dark solid circles represent outliers. 






Figure 3. Non-cancer Hazard Quotients (HQ) and Hazard Indexes (HI) of PTEs via ingestion and inhalation exposure pathways calculated for adults (a–d) and for children (e–h). In detail: (a) HQ of each element through ingestion; (b) HQ of each element through inhalation; (c) HI of each element through ingestion and inhalation; (d) HQ and HI of combined elements through ingestion and inhalation. Figure 3e–h is similar to Figure 3a–d. The red dotted line reflects the safety threshold for potential non-carcinogenic risks. Dark solid circles represent outliers.



[image: Applsci 14 03585 g003]







[image: Applsci 14 03585 g004] 





Figure 4. Carcinogenic Risk (CR) of PTEs via ingestion and inhalation exposure pathways calculated for adults (a–d) and for children (e–h). In detail: (a) CR of each element through ingestion; (b) CR of each element through inhalation; (c) CR of each element through ingestion and inhalation; (d) TCR of combined elements through ingestion and inhalation. Figure 4e–h is similar to Figure 4a–d. The red dotted line reflects the safety threshold for carcinogenic risk. Dark solid circles represent outliers. 
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Figure 5. (a) Correlation for the concentration of PTEs in atmospheric deposition (n = 25). × indicates no significant correlation. (b) Cluster for the concentration of PTEs in atmospheric deposition (n = 25). Distance reflects the degree of correlation between different elements. 
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Figure 6. (a) Boxplot of atmospheric deposition fluxes for PTEs. The box reflects the 25th and 75th quantiles. Whiskers are the maximum and minimum values within 1.5 times the interquartile range. The dark line inside the box represents the median. Dark solid circles outside the whisker are outliers. (b) The correlation of Fractional Vegetation Cover with suspended particulate matter collected from atmospheric deposition. The remote sensing images used for the FVC calculations and the calculation process are shown in Table 1. 
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Figure 7. This figure depicts the regional distribution of seven potentially toxic elements (PTEs) in atmospheric deposition. The dots in the legend indicate the locations of sampling sites. The color coding of each dot corresponds to PTE fluxes, which are classified into five tiers based on quartile analysis. 
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Figure 8. (a) Backscattered electron images of HREE minerals in the regolith. Yellow arrows indicate chernovite-(Y). (b) Chemical composite of chernovite-(Y) of four points in Figure 8a (yellow arrow). The bar chart represents the mean. Whiskers outside the bar chart are the maximum and minimum values within 1.5 times the interquartile range. 
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Table 1. Detection limits of dry and wet deposition of atmosphere.
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Element

	
Type

	
Unit

	
Pb

	
Cr

	
Cd

	
Ni

	
Cu

	
Mo

	
As






	
Limit

	
Dry

	
mg kg−1

	
0.1

	
1

	
0.01

	
1

	
0.2

	
0.01

	
0.02




	
Wet

	
mg/L

	
0.01

	
0.004

	
0.05

	
0.03

	
0.05

	
0.001

	
0.05











 





Table 2. The information of Landsat 8 remote sensing images.






Table 2. The information of Landsat 8 remote sensing images.





	Sensor
	Date
	Path/Raw
	Resolution (m)





	Landsat OLI
	22 October 2019
	121/41
	30



	Landsat OLI
	22 October 2019
	121/42
	30



	Landsat OLI
	20 September 2019
	121/43
	30



	Landsat OLI
	14 November 2019
	122/42
	30



	Landsat OLI
	18 February 2020
	122/43
	30










 





Table 3. Relative bioavailability factor, oral reference dose, oral slope factor, inhalation reference concentration, and inhalation unit risk values for each potential toxic element.
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	Element
	As
	Cd
	Cr
	Cu
	Mo
	Ni
	Pb
	Reference





	Relative bioavailability factor (RBA) (unitless)
	0.6
	1
	1
	1
	1
	1
	1
	[31]



	Oral reference dose (RfDo) (mg kg−1 day−1)
	0.0003
	0.001
	0.003
	0.04
	0.005
	0.02
	0.0014
	[32]



	Inhalation reference concentration (RFC) (mg m−3)
	0.000015
	0.00001
	0.0001
	0.04
	0.002
	0.00009
	0.035
	[32]



	Oral slope factor (CSFo) (mg kg−1 day−1)−1
	1.5
	
	0.5
	
	
	
	0.0085
	[32]



	Inhalation unit risk (IUR) (μg m−3)−1
	0.0043
	0.0018
	0.084
	
	
	0.0003
	
	[32]










 





Table 4. Variables with their descriptions and reference values used for health risk assessment of PTEs in atmospheric deposition.
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Parameters

	
Description

	
Units

	
Values

	
Reference




	
Adult

(>18 Years Old)

	
Child

(1~6 Years Old)






	
Ci

	
Concentration of PTE

	
mg/kg

	

	

	
Site-specific




	
IR

	
Intake ratio

	
mg/day

	
100

	
200

	
USDOE (2011)




	
EF

	
Exposure frequency

	
day/year

	
180

	
180

	
[33]




	
ED

	
Exposure duration

	
year

	
24

	
6

	
[31]




	
BW

	
Body weight

	
kg

	
70

	
15

	
[31]




	
AT

	
Average time

	
day

	
365 × ED (non-carcinogen)//365 × 70 (carcinogen)

	
[31]




	
InhR

	
Inhalation rate

	
m3/day

	
20

	
7.5

	
[29]




	
PM10

	
Inhalable particulate matter

	
kg/m3

	
3.525 × 10−8

	
3.525 × 10−8

	
[34]











 





Table 5. Statistical analysis of trace element concentration of atmospheric deposition.
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	Element *
	Mean
	Min
	Max
	Median
	Std 1
	Skew
	CV 2
	Reference 3





	As
	23.64
	3.18
	251.87
	8.15
	52.39
	3.94
	2.22
	70.00



	Cd
	2.85
	0.45
	13.30
	2.35
	2.46
	3.36
	0.86
	0.13



	Cr
	58.24
	10.31
	303.11
	45.03
	55.84
	3.82
	0.96
	78.00



	Cu
	76.68
	26.08
	319.85
	60.54
	71.44
	2.75
	0.93
	26.00



	Mo
	5.67
	1.09
	18.96
	4.53
	4.47
	1.99
	0.79
	0.73



	Ni
	26.43
	5.37
	143.39
	20.69
	26.58
	3.90
	1.01
	33.00



	Pb
	121.04
	32.40
	654.10
	73.88
	136.23
	3.27
	1.13
	26.00







* Units are mg kg−1. 1 Standard deviation, 2 coefficient of variation, 3 the data in references [39].













 





Table 6. Comparison of atmospheric deposition (mg kg−1) of metals for concentration between the REE and other regions.
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	Location
	Period
	Landuse
	As
	Cd
	Cr
	Cu
	Mo
	Ni
	Pb
	Reference





	Ganzhou, China
	2019~2020
	Rare earth mine
	23.64
	2.85
	58.24
	76.68
	5.67
	26.43
	121.04
	This study



	Wuhai, China
	2018~2019
	Coal mine
	408.78
	1.97
	45.97
	27.40
	
	25.41
	38.93
	[40]



	Shanghai, China
	2011~2012
	Rural region
	47.60
	1.53
	
	
	
	
	150.60
	[43]



	Taihu lake, China
	2016~2018
	Woodland
	
	9.42
	71.60
	139.60
	
	45.98
	223.60
	[14]



	Yinchuang, China
	2019~2020
	Urban
	28.00
	0.74
	82.60
	46.50
	2.72
	35.10
	48.80
	[41]



	Kandy, Sri Lanka
	2017~2018
	Urban
	10.12
	68.60
	103.00
	123.60
	
	87.60
	234.40
	[42]










 





Table 7. Minerals in the regolith.
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	Mineral Name
	Chemical Formula
	wt%





	Kaolinite/Illite
	Al4[Si4O10](OH)8/KAl2[(SiAl)4O10]·(OH)2·nH2O
	46.0072



	Quartz
	SiO2
	45.8911



	K-feldspar
	K[AlSi3O8]
	5.0466



	Muscovite
	Al2K2O6Si
	2.4201



	Limonite
	Fe2O3·nH2O
	0.4462



	Albite
	NaAlSi3O8
	0.0559



	Montmorillonite
	Al2Si2O5·(OH)4
	0.0221



	Zircon
	ZrSiO4
	0.0196



	Chernovite-(Y)
	Y[AsO4]
	0.0159



	Ilmenite
	FeTiO3
	0.0092



	Xenotime-(Y)
	YPO4
	0.0030



	Chlorite
	(Mg,Fe,Al)6(Si,Al)4O10(OH)8
	0.0026



	Euxenite-group mineral
	(Y,Ca)(Nb,Ta,Ti,Fe)2O6
	0.0023



	Calcite
	CaCO3
	0.0022



	Fergusonite-group mineral
	YNbO4
	0.0013



	Coronadite
	Pb(Mn4+,Mn2+)8O16
	0.0013



	Dolomite
	CaMg(CO3)2
	0.0013



	Thorite
	Th[SiO4]
	0.0006



	Monazite
	CePO4
	0.0003



	Total
	
	99.9486
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