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Abstract 19 

Mining rare earth elements (REEs) can release large amounts of metal(loid)-rich dust, which can 20 

pose significant health risks to local residents. However, compared to other types of particulates, 21 

toxicity of mining dust has been largely overlooked. To provide experimental evidence on toxicity of 22 

REE mine dust, the study assessed the oxidative stress potential and genotoxicity of inhalable 23 

particles collected in a REE mining area, and associated toxicological response with source 24 

compositions. Both source types (i.e., mine and tailing area) and distances from source (i.e., 25 

industrial and residential areas) were considered when selecting the 44 sampling sites.  The particle 26 

samples contained 2.3-3.5 folds higher concentrations of tested metal(loid)s than background 27 

concentrations in soil. Specially, elevated Fe, REEs, Cd, Pb were found. In spite of low cytotoxicity 28 

in lung epithelial A549 cells, there was increased cellular ROS production by of particle exposure. 29 

Samples with higher mining-originated source contributions (Provenance Index < 0.3) had higher 30 

cellular ROS production (1.72 fold, 95%CI: 1.66-1.79 fold) than samples with lower mining 31 

contributions (1.58 fold, 95%CI: 1.52-1.65 fold). The factors soil (~46%), mine (~22%), and heavy 32 

metal (~20%) sources were recognized by source apportionment analysis as the main contributors to 33 

cellular ROS production; importantly, mine and heavy metal sources counted more in industrial 34 

samples. While samples generated genotoxicity, there were no differences in DNA damage between 35 

the location groups of sampling. Collectively, the results indicate that particles in mining areas may 36 

cause ROS production and DNA damage in lung cells depending on mine dust. Coupled with the 37 

long-range transportation potential of mine dust, safety measures on open pit and dust disposal sites 38 

should be adopted.   39 

 40 
Keywords: Rare earth elements, REE, mine pollution, genotoxicity, ROS production, source 41 

apportionment.  42 
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1 Introduction  43 

The group of rare earth elements (REEs) comprises fifteen lanthanides as well as scandium and 44 

yttrium in the periodic table. REEs are essential in numerous green economy applications such as 45 

permanent magnets, rechargeable NiMH batteries and lamp phosphors (Binnemans et al., 2013). 46 

China surpassed the US as the largest REE producer in 1985 and has provided as much as 95% of 47 

global production of REEs (129000 t REEs in 2009) (Christmann, 2014; Wübbeke, 2013). However, 48 

REE mining and processing activities can release large amounts of metal(loid)s into environment, 49 

which may pose significant health risk to the local residents. It has been estimated that 80% of 50 

enterprises have higher emissions than the “Pollution Discharge Standards for the Rare Earth 51 

Industry” (Wübbeke, 2013). Elevated cerium concentrations have been found in hair (Peng et al., 52 

2003; Tong et al., 2004), urine (Hao et al., 2015), and blood (Fan et al., 2002) of humans in REE 53 

mining areas. Bayan Obo, where the largest light REE deposit in the world is located (Chen, 2011; 54 

Hao et al., 2015), has one of the highest malignant tumor mortality rates in China (Hao et al., 2015; 55 

Zhang et al., 2001).  56 

Inhalation is thought to be the main route of exposure, although ingestion via contaminated food 57 

might also occur (Liang et al., 2014). The associations between occupational REE exposure and lung 58 

diseases, including pneumoconiosis, are documented (Chen et al., 2004; Lei et al., 1991; Lei and 59 

Lin, 1985; Pagano et al., 2015; Yoon et al., 2005). REEs are more likely to be excreted than 60 

absorbed when entering the digestive tract, whereas REEs are prone to accumulate when inhaled 61 

(Sabbioni et al., 1982). However, while the consequent soil, water and food pollutions caused by 62 

metal mining have drawn a lot attention worldwide, the exposure assessment and toxicity of mining 63 

or tailing dusts are much overlooked and understudied. 64 

Oxidative stress is a mechanism of action for particle-generated toxicity (Bates et al., 2019; Stone et 65 

al., 2017), including REE-associated adverse health effects (Pagano et al., 2015). The oxidation of 66 

biomolecules like lipids, proteins, and DNA may cause cellular dysfunction. DNA oxidation 67 
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products have been particularly useful as reliable biomarkers of oxidative stress and linkage to 68 

cancer. For instance 8-oxo-7,8-dihydro-2'-deoxyguanosine is a mutagenic DNA lesion that is 69 

frequently found in lung cancer tissue (Hainaut and Pfeifer, 2001). Nowadays, it is most commonly 70 

measured using a modified version of the comet assay, where the DNA is incubated with an enzyme 71 

like formamidopyrimidine DNA glycosylase (FPG) to allow for lesion detection. The comet assay 72 

can also detect DNA strand breaks and is one of the most widely used tests in particle toxicology to 73 

assess for genotoxicity due to its broad applicability and sensitivity in detecting low levels of DNA 74 

lesions (Moller et al., 2015).  75 

The aim of this study was to investigate the toxicity of REE mine dust in lung cells. To this end, 76 

particle samples were obtained from either industrial or residential locations in Bayan Obo mining 77 

area and tailing area in Baotou. This sampling was chosen to collect samples with a noticeable 78 

gradient in REE mine dust contribution. The samples were thoroughly characterized with respect to 79 

their content of metals, polycyclic aromatic hydrocarbons (PAHs), endotoxins, and the potential to 80 

generate reactive oxygen species (ROS) in acellular condition. These characteristics were chosen as 81 

they are the ones most often mentioned with regards to generating cellular ROS production and 82 

genotoxicity. Finally, we explored the associations between particle sources and cellular responses 83 

using source apportionment methods.   84 

2 Methods  85 

 Collection and Preparation of particles 86 

The Bayan Obo mine started production in 1959. It is an open-cast mining surface that is estimated 87 

to release 62 metric tons of mine dust into the environment annually (Gao and Zhou, 2011; 88 

Wübbeke, 2013). The ore is mined and transported to milling facilities in Baotou where 90% of the 89 

material is deposited in a tailing dam covering an area of 11.5 km2 (Wang and Liang, 2014). When 90 

the water from the dam evaporates, this site becomes a major source of mineral dust (Weber and 91 

Reisman, 2012).  92 
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We hypothesized that the mining dust sources (i.e. mines for Bayan Obo (B) or tailings for 93 

Genghuang (G)) and the distance to the source (i.e. samples collected in the industrial (I) and 94 

residential (R) areas) would affect the compositions of mining dust in samples. In April 2014, 95 

ultimately, 7, 21, 11, 5 sampling sites were chosen in BI, BR, GI, GR areas, respectively (see 96 

supplementary Figure S1 for specific location of sampling sites). Geographical representation, data 97 

power and site availabilities were considered while picking the sites. Each original sample was 98 

collected on roadside using a clean polyethylene brush from a 2 m2 area, comprising 3-5 sub-samples 99 

and each weighing approximately 200-300 g. This type of particle sample was selected because our 100 

previous work has shown that it is a reliable mine dust exposure hotspot with the traffic and wind 101 

disturbances (Tian et al., 2019). The resuspension of settled road dust particles may contribute up to 102 

80-90% of particulate matter with aerodynamic diameter less than 10 µm (PM10) (Amato et al., 2014; 103 

Harrison et al., 2012), and road dust particles in mining areas contains abnormally abundant mine 104 

minerals, which may be due to the ore transportation leakage (Tian et al., 2018). Due to the focus on 105 

toxicity to lung cells, particles larger than 10 μm were not included in the study. The preparation of 106 

samples and Standard reference material 1648a are described in Supplemental Information (SI).  107 

 Sample characterization 108 

The analysis of components in the particle samples and quality control are presented in the 109 

Supplemental Information in detail. Briefly, PAHs were extracted with an accelerated solvent 110 

extraction (ASE 350) and measured by Gas Chromatography-Mass Spectrometry (GC-MS). Total 111 

and water-soluble elements were detected using ICP-OES and ICP-MS after different pre-treatment 112 

(digestion for the former and water extraction for the latter). REEs tested includes La, Ce, Pr, Nd, 113 

Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Y. Endotoxin levels were measured using Chromogenic 114 

End-point Tachypleus Amebocyte Lysate (TAL) Kit (Chinese Horseshoe Crab Reagent 115 

Manufactory, CO., Ltd., Xiamen) according to the manufacturer’s instructions.  116 
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The particle samples’ ability to cause ROS production in acellular condition was tested by the 117 

dithiothreitol (DTT) assay, based on a procedure developed by Cho et al. (2005 with minor 118 

modifications (described in detail in the Supplemental Information). A high rate of DTT loss may 119 

occur in blanks; given this, the phosphate buffer was treated with Chelex 100 resin (Biotechnology 120 

grade, 100-200 mesh, sodium form, Bio-Rad Laboratories, USA) before the start of the assay. The 121 

resin was washed until the effluent pH reached 7-8 in advance following the method described 122 

elsewhere (Charrier and Anastasio, 2012). 123 

 Cell culture and exposure 124 

Human lung epithelial (A549) cells were used to assess cellular responses. Intracellular ROS 125 

production was measured by the 2’7’-dichlorofluorescein diacetate (DCFH-DA) assay as described 126 

previously (Jantzen et al., 2012). Briefly, after 15 min of incubation with DCFH-DA, triplicate cell 127 

samples were washed and exposed to 100 μL particle suspension (12.5, 25, 50, and 100 μg/mL, 128 

corresponding to 3.9, 7.8, 15.6 and 31.3 μg/cm2, respectively) for 3 h, and then measured using a 129 

fluorescence spectrophotometer with excitation at 488 nm and emission at 525 nm (Fluoroskan 130 

Ascent FL, Thermo Electron Corporation). The area under the fitted curve (AUC) of the 131 

concentration-response data was used to calculate the accumulated ROS production. We used 3 h 132 

exposure time for intracellular ROS production because i) it has been shown to be a reliable time 133 

point for other types of particles, including diesel exhaust particles and black carbon, ii) there is a 134 

clear induction of intracellular ROS production, and iii) the intracellular content of the probe may 135 

decrease by leakage or exocytosis by longer exposure times (Danielsen et al., 2011; Hemmingsen et 136 

al., 2011; Jantzen et al., 2012). 137 

The comet assay was used to determine genotoxic effects as measured by DNA strand breaks (SBs) 138 

and formamidopyrimidine DNA glycosylase (FPG) sensitive sites. Briefly, cells were exposed to 139 

particles at 100 μg/mL (or 25 μg/cm2) for 4 h. The exposure was chosen as a convenient time-point 140 

as it mainly reflects the induction of genotoxicity, i.e., repair of DNA strand breaks and 141 
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FPG-sensitive sites in A549 cells has a half-life of approximately 6 h following exposure to diesel 142 

exhaust particles (Danielsen et al., 2009). Previous studies on diesel exhaust particles did not 143 

indicate a difference in levels of DNA strand breaks and FPG-sensitive sites in A549 cells after 3 or 144 

24 h exposure (Danielsen et al., 2008). The cell suspensions were subsequently mixed with agarose 145 

and applied onto gelbonds. After solidification, the gelbonds were washed and incubated with 146 

endobuffer (for SBs test) or FPG enzyme. DNA unwinding, electrophoresis, dehydration, and 147 

staining were then performed before the DNA damage was assessed in an Olympus fluorescence 148 

microscope. Detailed experimental protocol and data process could be found in Supplemental 149 

Information. Positive control and duplicate gels in three independent trials were applied to assure the 150 

quality.  151 

Cytotoxicity was evaluated using the lactate dehydrogenase (LDH) and cellular dehydrogenase 152 

(WST-1) activity assays (Supplemental Information). Briefly, triplicate samples of cells were 153 

exposed to particle suspensions (100 µg/mL or 31.3 µg/cm2; prepared in cell culture medium) for 24 154 

h. The supernatant and the cells were subsequently processed in the LDH and WST-1 assays, 155 

respectively. Both high (1% Triton X-100) and low (cell culture medium) controls were 156 

simultaneously applied. The exposure period was longer than the measurements of ROS production 157 

and genotoxicity because 3-4 h exposure periods are too short to detect cytotoxicity (i.e., 24 h 158 

exposure was used to avoid bias toward a null effect on cytotoxicity). 159 

 Association analysis between particle compositions and cell responses 160 

Pearson correlation analysis after log transformation was conducted in SPSS software to explore the 161 

association between particle components (elements, ions, PAHs, endotoxin) and cellular responses. 162 

Two apportionment methods were used to explore the effects of the particle sources on cellular ROS 163 

production. Due to their similar characteristics and stability, the REE composition of a certain source 164 

remains relatively stable when transported in the environment (Zhao et al., 2017). Given this, REE 165 

parameters serve as good provenance indicators. Two of the most used parameters—(La/Sm)N and 166 
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LREE/HREE (ratio of light and heavy REEs) —represent the fractionation between LREEs and 167 

HREEs and LREE fractionation, and were used to calculate provenance index (PI) to distinguish 168 

provenance of particles as follows: 169 

�� �
∑|��� 	 ��
|

�∑|��� 	 ��
| � ∑|��� 	 ��|�
	 	 	 	 	 �2�  170 

Where i refers to (La/Sm)N and LREE/HREE, Cix represents the value of i for sample x, and Ci1 and 171 

Ci2 represent the value of i for reference materials 1 (i.e., bastnaesite ore) and 2 (i.e., Inner Mongolia 172 

soil). The PI value is between 0 and 1, and a PI < 0.5 indicates a higher contribution from referenced 173 

materials 1 than 2 and vice versa (Guo et al., 2017). In this study, PI < 0.3 was used to categorize 174 

samples with a high proportion of REE mineral content. 175 

EPA PMF 5.0, a well-documented receptor model used in provenance analysis, was used to verify 176 

and perform further source apportionment as previously described (Tian et al., 2018), but with some 177 

modifications. Briefly, compositions that were significantly correlated with toxicological responses 178 

were imported into the model. Both the concentration and uncertainty files were required for the 179 

signal-to-noise ratio (S/N) calculation in the model, and a S/N <2 was defined as “weak” to allow for 180 

stricter modeling. All toxicological response data were also set to “weak”. Details on finding the 181 

optimal solution and bootstrapping can be found in Supplement. 182 

 Statistical analysis 183 

The toxicological results were assessed as fold-differences compared to cells that were not exposed 184 

to particles. The mean biomarker value is statistically significant at p < 0.05 level when the 95% 185 

confidence intervals (CI) for the mean value do not include the value 1. Likewise, the difference 186 

between two means is statistically different when the 95% CIs are not overlapping. Differences 187 

between area groups (BR, BI, GR, and GI) or source apportionment group (PI < 0.3 versus PI ≥ 0.3) 188 

were assessed using an ANOVA test with least statistical difference (LSD) as the post-hoc test. The 189 
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geo-analysis was conducted using ArcGIS 10.3; Inverse Distance Weighted (IDW) tool was used to 190 

do the spatial interpolations. 191 

3 Results  192 

 Particle characteristics  193 

The contents of metal(loid)s measured in all the samples (375 - 473 mg/g for BI, 328 - 477 mg/g for 194 

GI, 241 – 384 mg/g for BR, 274 – 406 mg/g for GR) were much higher than the background level in 195 

soil (132 mg/g) in the Inner Mongolia (Gao et al., 2007; MEP and CNEMC, 1990) (Figure 1a). The 196 

content of most REEs, Fe and Ba were significantly higher (p<0.05) in industrial areas than in the 197 

residential areas, e.g., Ce in BI and GI samples were 3.1 and 1.8 times higher than in the BR and GR 198 

samples, respectively (Table S1). Cadmium and Pb showed different contamination pattern than Fe 199 

and REEs, i.e., the concentrations in the GI samples were not as high as in the BI samples, and the 200 

concentrations in Bayan Obo were higher than that in Genghuang (P<0.05). More than half of the 201 

mass of most samples might originate from the mine (PI < 0.5), and the PI decreased with elevated 202 

REEs in the industrial areas (Figure S2).  203 

Except for S, Cd, Ca, K, Na, Mg, the water-soluble percentages of other elements in the particle 204 

samples were low (< 2%) (Table S1). Likewise, there were very low levels of PAHs and endotoxins 205 

in the particles. The total PAHs and six carcinogenic PAHs (benz(a)anthracene, 206 

benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, indeno(1, 2,3-cd)pyrene, and 207 

dibenzo(a, h)anthracene) had similar distribution in the different locations (Figure 1b), and 208 

significant difference among groups was only found for phenanthrene (Table S2). The residential 209 

area particles (BR + GR) contained significantly higher (95% CI: 10.4-42.15 EU/mg) levels of 210 

endotoxins compared to the industrial area particles (95% CI: 0.6-10.1 EU/mg) (Figure 1c). There 211 

were low DTT consumption rates, indicating a limited acellular ROS-producing ability by the 212 

particle samples (Figure 1d).  213 

Fig. 1. 214 



10 

 

 Cytotoxicity screening 215 

In A549 cells, the LDH and WST-1 assays showed consistent responses to particle sample exposure 216 

(rp= -0.678, p < 0.01) (Figure 2). Overall, the cytotoxicity of the particles was not so high (95% CI: 217 

6.1-9.7% activity reduction in the WST-1 assay and 16.3-25.2% increased LDH leakage from the 218 

cells) except for BR10 and BR18 that had more than 50% cytotoxicity in the LDH assay. The 219 

cytotoxicity of most particle samples was higher than that of the reference material SRM1648a 220 

(0.9% and 7.8% cytotoxicity in the WST-1 and LDH assays, respectively). Bayan Obo had more 221 

samples that were significantly different from control than those obtained from Genghuang (11 222 

samples out of 28 versus 1 out of 16 samples from Bayan Obo and Genghuang areas, respectively, 223 

were cytotoxic in either the WST-1 or LDH assay, χ2 = 5.6, p < 0.05).   224 

Fig. 2. 225 

 226 
 ROS production in A549 cells exposed to particles 227 

Almost all samples induced ROS production from the lowest concentration, exceptions included 228 

BR3, BR4, BR6, BR7, BR16, BR17, and GI7 that are mainly samples from the residential areas. The 229 

ROS production occurred in a clear concentration-dependent manner (Table 1, Figure S6).   230 

Table 1. 231 

Industrial areas had more samples (14 out of 18) that induced more ROS production in A549 cells 232 

than SRM1648a compared with residential areas (13 out of 26) (χ2 = 3.5, P = 0.06). And for all four 233 

exposure concentrations and calculated AUC, particles with PI <0.3 (more contribution from mine 234 

than soil) increased more ROS production than particles with PI>0.3 (p < 0.05) (Table 1; Figure 3). 235 

In total, these comparisons showed a consistent pattern that the particle samples containing more 236 

mineral (i.e., with low PI or collected in an industrial area) generated more ROS in A549 cells. 237 

The spatial variation analysis also indicated high ROS production is more likely in samples from 238 

location with particle sources from the mine. There was an obvious decreasing trend from the 239 

northwest to southeast of Bayan Obo (Figure 3, left map), which is in accordance with the attenuated 240 
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impact of the mine pit source to the downwind direction. In Genghuang, samples collected in the 241 

southeast (downwind) of the tailing dam resulted in a higher cellular ROS production than those 242 

collected in the northwest (upwind) of the dam (Figure 3, right map). The sample collected in the 243 

mining pit (BI4) induced the highest ROS production in A549 cells (higher than 23 other samples at 244 

12.5 μg/mL, than 35 other samples at 25 μg/mL, than all other samples at 50 μg/mL, and 40 other 245 

samples at 100 μg/mL at p < 0.05). 246 

Fig. 3. 247 

 DNA damage in A549 cells exposed to particles  248 

Samples from all the indicated area groups increased the levels of DNA strand breaks when 249 

compared with control (0.02 lesions/106 bp, SEM = 0.01 lesions/106 bp) (Figure 4, Table S3). 250 

Figure 4 251 

From the geo-map (Figure S7), there was a decreasing trend in DNA strand breaks from northwest 252 

(closer to mine pits) to southeast (farther to mine pits) in Bayan Obo, which was consistent with that 253 

observed for ROS production. The DNA strand breaks caused by samples collected in the BR area 254 

seemed to be lower than BI samples; however, due to the high value of sample BR3, this difference 255 

was not statistically significant. Only a few samples generated FPG-sensitive sites, as only two 256 

values were significantly different from control (p < 0.05, Figure S7). 257 

 Association analysis between cell responses and particle compositions 258 

Our results indicate that many components — including most REEs — are significantly correlated 259 

with cellular responses (p < 0.05), although the correlation coefficients are relatively low (rp < 0.5) 260 

(Figure 5). This is especially true for ROS production, as many elements including most lanthanide 261 

elements, Mg, P, Pb, Ba, Zn, Mn, Cr, Fe, Ca, Al, and soluble Mn, Pb, Ba, Mg, Ga, and several PAHs 262 

were associated with ROS production in A549 cells. Influential factors in particle samples on the 263 

level of cytotoxicity, determined by the WST-1 and LDH assays, included K, Rb, Cr, Fe, Ca, Be, and 264 
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soluble F. Few components are found to be associated with genotoxicity, as only K, As, Fe, Cs, In, 265 

and soluble F were related to DNA strand breaks. 266 

Fig. 4. 267 

Provenance index (PI) (described previously) and positive matrix factorization (PMF) were used to 268 

generate source allocations to avoid the influence of co-linearity of components when investigating 269 

correlations. In PMF 5.0, after a number of trials, a 5-factor solution (Fpeak=0) was selected as the 270 

optimal result. It produced a good fit as indicated by the absolute scaled residues and close Qtrue and 271 

Qexpected. The bootstrap test showed high reproducibility, while DISP showed no factor swaps and 272 

BS-DISP showed a minimum number of factor swaps (1-4) indicating the solution is acceptable 273 

(Scerri et al., 2018).  274 

The fingerprints of the five factors, representing different sources (i.e., organic matter (Org), mine, 275 

biological components (Bio), heavy metals (HM), and soil), were shown in Supplemental 276 

Information (Figure S8). Factor Org almost singularly contributed to PAHs, suggesting an organic 277 

matter-related origin, while Factor Mine was the main contributor of REEs and other mine-related 278 

components, e.g., Fe, Cr. Factor HM primarily contributed to heavy metals that are not abundant in 279 

the mining area, as well as to the water-soluble part of the particles. This suggests the heavy metal 280 

origin is related to anthropogenic activities such as traffic and industry. Factor Bio was the main 281 

contributor to endotoxins and rarely contributed to other components, suggesting that endotoxins 282 

have a specific distribution pattern when compared with other sources. Factor Soil was the main 283 

contributor to the crustal elements, i.e., Al, Ca and Mg, suggesting a soil origin.  284 

Fig. 5. 285 

There were significant differences (p < 0.001) among source contributions to total predicted metals 286 

in the GI, BI, and BR, but not the GR area samples (Figure 6b). The Factor Mine was one of main 287 

contributors of metals in the industrial areas (41% for BI and 49% for GI on average), while factor 288 

Soil seemed to contribute more in residential areas (46% in BR and 47% in GR on average). The 289 
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source apportionment results for cellular ROS production and metals were similar, except that more 290 

contributions were assigned to the Soil factor for the ROS production (Figure 6d). The factors soil 291 

(on average of 46%), mine (on average of 22%), and heavy metal (on average of 20%) sources were 292 

recognized as the main contributors. Only small fractions (averages < 10%) of ROS production in 293 

A549 cells exposed to particles were explained by Org and Bio factors except for Bio factor in the 294 

samples from the BR area (14% on average) and Org factor in the samples from GR (12% on 295 

average). Factor Mine and Soil showed opposite trends in the PI < 0.3 and PI ≥ 0.3 regions (Figure 296 

6c).  297 

4 Discussion  298 

In this study, we assessed whether REE mining dust in particle samples collected from mining areas 299 

generated cellular ROS production and genotoxicity with emphasis on REE mine dust contributions. 300 

To address this, samples that contained a range of mine dust components (PI from 0.09 to 0.52) were 301 

extensively characterized. Two source apportionment methods were used to link their components 302 

with cellular responses.  303 

The tailing dam is fenced and thus not directly accessible for local residents. However, the vast area 304 

of mining pits, disposal sites, and tailing surface where water evaporates are not covered and are 305 

exposed to the regional strong wind. Elevated REEs in the Yellow River of the Baotou section, soil, 306 

airborne particulates in the study areas have been reported, and wind direction-related dispersions are 307 

important factors for the contamination in the last two media (He et al., 2004; Li et al., 2008; Pan 308 

and Li, 2016; Wang and Liang, 2014; Wang and Liang, 2015; Wang and Liang, 2016; Wang et al., 309 

2014). Our previous work on coarse road dust particles (the finest size was <100 μm) have shown an 310 

increased pollution level with decreased particle size (Tian et al., 2018), but the elevation seems to 311 

be more significant when downsizing to 10 μm, suggesting higher mobility of finer mine dust. The 312 

particle samples in present work contain significantly higher levels of REEs than the soil and 313 

airborne particulates in the same region do (Li et al., 2008; Li et al., 2018; Wang and Liang, 2014; 314 
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Wang and Liang, 2015; Wang and Liang, 2016; Wang et al., 2014), suggesting that the road dust 315 

particles are likely pollution hotspots of mine dust in the local environment. The high traffic intensity 316 

with trucks, transporting the ore material, may play an important role in this setting (Weber and 317 

Reisman, 2012). The resuspension of these particles could further act as a mine dust exposure 318 

hotspot, given that they produce an estimated 43.77-239.15 μg/m3 PM10 at 1.2 m height near road at 319 

the local setting (Tian et al., 2019).  320 

Despite high REEs contents, the concentrations of the usually investigated hazardous metals (i.e., As, 321 

Cd, Cu, Pb, Zn) in the samples were generally much lower than concentrations in samples from other 322 

types of mining districts (Boisa et al., 2013; Ettler et al., 2019; Liu et al., 2018; Zhao et al., 2018). 323 

The different element composition and mineralogy may affect the leaching of metals from the dusts 324 

and the toxicity. The low concentration of water-soluble components in the samples is similar to the 325 

low leached metal concentrations of other mining dusts (Ettler et al., 2019), but toxicity data of mine 326 

dust are very limited.  327 

To provide evidence on ROS production and genotoxicity of REE mine dust, the sample set covered 328 

a wide range of mine dust contributions and provided an opportunity to investigate the cellular 329 

responses of mine dust in environment samples in the “worst case” scenarios. It was found that the 330 

sample BI4 collected from the mining pit induced the most ROS production in A549 cells while the 331 

concentrations of REEs in BI4 were not the exactly highest in values, which also suggests that the 332 

cellular responses may be influenced by both physical properties and chemical composition of the 333 

particles. The groups with high mine dust contribution (PI <0.3 or BI+GI) caused more ROS 334 

production than samples with lower content of mine minerals. The results on cytotoxicity and DNA 335 

damage showed more complex patterns. Different or even opposite distribution pattern of organics 336 

and endotoxin may neutralize the effects of mine dust gradient. Differences between B and G areas 337 

may be explained by that tailings released from a steel plant in the tailing dam area may contain 338 
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more REEs than ore, and that acid addition during metals extraction processes in plants caused the 339 

significant improved sulfate in tailing areas than mining areas.  340 

Compare with cellular ROS, the particles generated very low ROS levels in acellular condition. This 341 

may be due to that the DTT assay is a simpler chemical test than the cellular ROS assay and it is only 342 

sensitive to some organic compounds and water-soluble transition metal species. In comparison, the 343 

cellular DCFH-DA assay reflects a more comprehensive cellular response (Hu et al., 2008). 344 

Oxidative stress may not only come from ions and organics but also endotoxin, physical harms, and 345 

interactions between factors and cells. 346 

To explore the effects of the constituents of particles on cellular responses, we conducted correlation 347 

analyses and source apportionment analysis. Many constituents of particles were found to be related 348 

to the toxicity including Pb, Ba, As, and Fe. The relationships between the metal content in particles 349 

and toxicity has been identified by many in vivo and in vitro experiments (Gerlofs-Nijland et al., 350 

2009; Gray et al., 2015; Molinelli et al., 2002; Pagan et al., 2003), though the mechanisms are not 351 

totally clear. Rohr and Wyzga (2012) have recently summarized toxicological studies on urban air 352 

particles and showed that V, Ni, Al, and Si were closely associated with adverse health outcomes. 353 

Chromium, Ba, Pb, and Fe have been shown to be strongly related to intracellular ROS production 354 

(Verma et al., 2009); moreover, Fe was also found to be related to DNA damage (Perrone et al., 355 

2010). The source apportionment analysis showed that metals, which were mainly associated with 356 

Soil, Mine, and HM factors, were the main contributors to cellular ROS production. Although 357 

positive associations were found between the soluble metals’ contents and intracellular ROS 358 

production, the soluble concentrations were low, and the low DTT values may indicate limited effect 359 

of them on the cellular ROS production. The importance of the insoluble portion of particles has 360 

been strengthened as the total and insoluble fractions of urban air PM produced more cytotoxicity 361 

and proteomic alterations than the soluble fraction (Vuong et al., 2017).  362 
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No positive correlation was found between PAH levels and cellular responses, and low contributions 363 

were attributed to factor Org by positive matrix factorization. It may be because PAH levels were too 364 

low (i.e., on average between 5 to 30 mg/kg) to cause intracellular ROS production and DNA 365 

damage (Perrone et al., 2010). Our previous studies on combustion-derived particles have 366 

demonstrated increased intracellular ROS production in A549 cells after exposure to low 367 

concentrations of wood smoke particles (6.25-100 µg/mL) with PAH content in the range of 1252 to 368 

3267 mg/kg (Danielsen et al., 2011), whereas standard reference material (SRM2975) diesel exhaust 369 

particles with much lower PAH content (53 mg/kg) only induced modest cellular ROS production at 370 

concentrations between 25 and 100 µg/mL (Jantzen et al., 2012; Skovmand et al., 2017). Correlation 371 

analysis did not indicate a relationship between endotoxin levels and cellular responses in this study 372 

but PMF recognized an average of 16% contribution to the ROS production by factor Bio in BR. 373 

Exposure of A549 cells to lipopolysaccharide and endotoxin-rich particles have been shown to 374 

increase the production of pro-inflammatory cytokines, although these studies tested endotoxin 375 

concentrations exceeding those used in the present study (Hansen et al., 1999). 376 

Our investigation has certain uncertainties. Though contributing much to PM10, the particles may 377 

lead to different toxicological outcomes when interact with other component of airborne particulates. 378 

Now that the particle samples in our study contained much less organic matter (Ramgolam et al., 379 

2009; Seagrave et al., 2006), one order of magnitude lower PAHs and water-soluble ions (Perrone et 380 

al., 2010; Seagrave et al., 2006; Steenhof et al., 2011), and 1-3 orders of magnitude lower endotoxin 381 

levels (De Vizcaya-Ruiz et al., 2006; Steenhof et al., 2011) than airborne particulates. As to 382 

investigate the effects of sources, an important caveat is that the identification of a specific source 383 

effect may be dependent on the methods used. In the present study, we have analyzed the effects of 384 

minerals in two ways; PI was calculated from REE parameters and the use of a receptor model and 385 

both consistently supported the hypothesis that an abundance of minerals enhanced cellular ROS 386 

production. Consistently, the minerals have previously been regarded as independent mediators 387 
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related to all-cause and cardiovascular mortality (Ostro et al., 2011). Though positive correlations 388 

between mineral components and cellular responses were found, the mechanisms remain only partly 389 

elucidated, which will be avenues of research for future studies.  390 

Certain studies have documented the importance of characterizing mine or waste dust properties that 391 

are related to human health, e.g., bioaccessibility (Schaider et al., 2007), hygroscopicity (Youn et al., 392 

2016). However, studies on the toxicological responses to particles from environmental sampling in 393 

mining areas are rare. There are several aspects where the present study can provide relevant 394 

information to public health and mining management. First, the study showed that in the vicinity of 395 

mining and tailing areas, the mine dust may migrate widely and contribute to the proportion of 396 

inhalable particles in the environment. Second, the increased mine dust contribution may lead to 397 

higher ROS generation in lung cells which may initiate inflammation or other biological effects. 398 

Third, inhalation exposure should be taken into account when assessing the health risk. The size 399 

distribution of mine or tail dust may be an essential determinant; thus, the effect of ultrafine particles 400 

may be more hazardous than large particles that contribute substantially to the mass concentration in 401 

toxicological tests. When possible, coverings should be taken to decrease the migration of mine or 402 

tail dust. 403 

5 Conclusions 404 

The results show that REE mine dust may pose a health risk to people through inhalation by 405 

mechanisms of ROS production in human lung cells. The use of source apportionment showed that 406 

sources like anthropogenic heavy metals, REE mining, and soil were the main causes of ROS 407 

production in A549 cells. The relative importance of particle sources varies across different regions, 408 

as the mine contributes to the constituents in the particles even more than crustal sources in areas 409 

closer to the mine pit and tailing dam. Finally, DNA damage as a result of mine dust exposure 410 

remains complex. Further works are needed to clarify the mechanisms. 411 

 412 
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Tables 597 

Table 1. Fold-difference and 95% confidence interval of ROS production in A549 cells after 598 

particles exposure. 599 

 600 

 601 

Figures 602 

Figure 1. Component analysis results and acellular ROS production of particles collected in 603 

Bayan Obo mining area (BI) and residential area (BR), Genghuang tailing area (GI) and residential 604 

area (GR). 605 

Figure 2. Cytotoxicity of A549 cell exposed to 100 µg/mL for 24 h of particles collected in 606 

Bayan Obo mining area (BI) and residential area (BR), Genghuang tailing area (GI) and residential 607 

area (GR), and SRM1648a (S). 608 

Figure 3. The spatial distribution and group comparisons of ROS production in A549 cells 609 

exposed to particles collected in Bayan Obo mining area (BI) and residential area (BR), Genghuang 610 

tailing area (GI) and residential area (GR), and SRM1648a (S). 611 

Figure 4. DNA strand breaks and FPG sensitive sites in A549 cells exposed to particles 612 

collected in Bayan Obo mining area (BI) and residential area (BR), Genghuang tailing area (GI) and 613 

residential area (GR), or sites categorized as provenance index (PI)<0.3 and PI≥0.3. 614 

Figure 5. Pearson correlations between cellular responses and compositions of metals and 615 

polycyclic aromatic hydrocarbons in particles. 616 

Figure 6. Performance and results from PMF model.617 
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Table 1. Fold-difference and 95% confidence interval of ROS production in A549 cells after 618 

particles exposure 619 

Area N 12.5 µg/mL 25 µg/mL 50 µg/mL 100 µg/mL AUC 

Area 

GR 5 
1.35 
(1.3, 1.40) 

1.40 
(1.31, 1.48) 

1.52 
(1.43, 1.62) 

1.71 
(1.62, 1.80) 

1.54 
(1.45, 1.63) 

GI 11 
1.44 
(1.34, 1.54) 

1.58 
(1.47, 1.7) 

1.72 
(1.60, 1.84) 

1.95 
(1.81, 2.08) 

1.75 
(1.64, 1.87) 

BR 21 
1.33 
(1.28, 1.38) 

1.50 
(1.43, 1.57) 

1.62 
(1.57, 1.68) 

1.87 
(1.78, 1.96) 

1.66 
(1.60, 1.73) 

BI 7 
1.41 
(1.30, 1.51) 

1.56 
(1.38, 1.74) 

1.77 
(1.48, 2.06) 

1.95 
(1.71, 2.19) 

1.74 
(1.55, 1.94) 

Source apportionment 

PI<0.3 32 
1.40 
(1.36, 1.44) 

1.56 
(1.49, 1.62) 

1.70 
(1.63, 1.77) 

1.93 
(1.85, 2.01) 

1.72 
(1.66, 1.79) 

PI≥0.3 12 
1.29 
(1.24, 1.35) 

1.42 
(1.35, 1.49) 

1.56 
(1.50, 1.62) 

1.76 
(1.69, 1.83) 

1.58 
(1.52, 1.65) 

Note: Fold-difference is statistically different if it does not overlap with 1 in the 95% confidence 620 
interval. Likewise, 95% CIs that do not overlap indicate statistically significant effects at p < 0.05. 621 
The areas are Bayan Obo residential (BR) or mining (BI) area and Genghuang residential (GR) or 622 
tailing area (GI). The source apportionment has been segregated according to provenance index (PI) 623 
into predominantly mineral (PI < 0.3) and crustal (PI ≥ 0.3) compositions. Area under the curve 624 
(AUC) is an indicator of the accumulated ROS production. The N refers to the number of locations 625 
(samples). The ROS production for each sample was tested on three different days (i.e. n = 3). 626 
 627 
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 628 

 629 

Figure 1. Component analysis results and acellular ROS production of particles collected in Bayan 630 

Obo mining area (BI) and residential area (BR), Genghuang tailing area (GI) and residential area 631 

(GR): (a) Levels of total and selected metal(loid)s (mass concentration mg/g for total metal(loid)s, 632 

Ce, Fe, Pb, As and mg/kg for Cd) (All the other metal concentrations are reported in Supplemental 633 

Information, Table S1). (b) Levels of total PAHs (Total PAHs) and six carcinogenic PAHs 634 

(CarPAHs), (mass concentration mg/kg). (c) Endotoxin concentrations. (d) DTT consumption rate. 635 
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 636 

Figure 2. Cytotoxicity of A549 cell exposed to 100 µg/mL for 24 h of particles collected in Bayan 637 

Obo mining area (BI) and residential area (BR), Genghuang tailing area (GI) and residential area 638 

(GR), and SRM1648a (S). The numbers indicate sampling sites in each area. The Provenance index 639 

(PI) shows the relative proportions of soil source and mine source in REEs where PI < 0.3 indicating 640 

a predominantly mineral source. * Significantly different from control at p < 0.05; † significantly 641 

different from GI (p = 0.047); ‡ significantly different from GR (p = 0.011) and GI (p = 0.005); § 642 

significantly different from PI < 0.3 samples at p < 0.032. Bars and whiskers indicate mean and SEM 643 

from three independent experiments. 644 
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 645 

Figure 3. The spatial distribution and group comparisons of ROS production in A549 cells exposed 646 

to particles collected in Bayan Obo mining area (BI) and residential area (BR), Genghuang tailing 647 

area (GI) and residential area (GR), and SRM1648a (S). Values were calculated by integrating the 648 

area under the fitted curve; the values of 12.5, 25, 50, 100 ug/mL exposure concentrations are 649 

presented in the Supplemental Information. ₡ significantly different from I (p = 0.033); ℒ 650 

significantly different from GR (p = 0.038 for BI, p = 0.017 for GI), § significantly different from PI 651 

< 0.3 samples at p = 0.011. The values of BI2, BI6 and BR3 are not shown. Bars and whiskers 652 

indicate mean and SEM from three independent experiments.653 
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 654 

Figure 4.  DNA strand breaks and FPG sensitive sites in A549 cells exposed to particles 655 

collected in Bayan Obo mining area (BI) and residential area (BR), Genghuang tailing area (GI) and 656 

residential area (GR), or sites categorized as provenance index (PI)<0.3 and PI≥0.3. Bars and 657 

whiskers indicate mean and SEM.658 
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 659 

Figure 5. Pearson correlations between cellular responses and compositions of metals and polycyclic 660 

aromatic hydrocarbons in particle samples. Reactive Oxygen Species (ROS), Water soluble 661 

tetrazolium (WST), Lactate dehydrogenase (LDH), Strand break (SB), Formamidopyrimidine DNA 662 

glycosylase (FPG), Acenaphthylene (ANY), fluorine (FLU), phenanthrene (PHE), anthracene 663 

(ANT), fluoranthene (FLT), pyrene (PYR), benzo(a)pyrene (BaP), indeno(1, 2,3-cd)pyrene (IPY), 664 

dibenzo(a, h)anthracene (DBA) and benzo(ghi)perylene (BPE). *Significant at P<0.05. 665 
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 666 

Figure 6. Performance and results from positive matrix factorization: (a) Predicted metals (sum of 667 

metals imported in PMF) by PMF versus measured metals. (b) Metal contribution by different 668 

sources. (c) and (d) ROS contribution by different sources. Sources sharing the same letter did not 669 

have significantly different effects in the same region as determined by one-way ANOVA. 670 

 671 

 672 
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