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• Atmospheric thorium pollution was in-
vestigated around the Bayan Obo rare
earth mine.

• 232Th concentrations were significantly
higher than the world reference of
0.5 μBqm−3.

• A self-organizing map was used to
identify spatiotemporal pattern of air-
borne thorium.

• The inhalation exposure results show a
high radioactive risk for local dwellers.
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Exposure to radionuclide thorium (Th) has generated widespread public concerns, mainly because of its radio-
logical effects on human health. Activity levels of airborne 232Th in total suspended particulate (TSP) were mea-
sured in the vicinity of the largest rare earth mine in China in August 2012 and March 2013. The mean activity
concentrations of 232Th in TSP ranged from 820 μBq m−3 in a mining area in August 2012 to 39,720 μBq m−3

in a smelting area inMarch 2013, much higher than the world reference of 0.5 μBqm−3. Multistatistical analysis
and Kohonen's self-organizingmaps suggested that 232Th in TSP was mainly derived from rare earthmining and
smelting practices. In addition, personal inhalation exposures to 232Th associated with respirable particulate
(PM10) were also measured among local dwellers via personal monitoring. The mean dose values for different
age groups in the smelting and mining areas ranged from 97.86 to 417 μSv year−1 and from 101.03 to
430.83 μSv year−1, respectively. These results indicate that people living in the study areas are exposed to high
levels of widespread 232Th.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Thorium (Th) is a primordial radioactive element which is ubiqui-
tous in the environment at varying concentrations. N99% of natural tho-
rium exist in the form of 232Th, which has a long half-life

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2016.07.192&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2016.07.192
mailto:yifang@ucla.edu
Journal logo
http://dx.doi.org/10.1016/j.scitotenv.2016.07.192
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv


2 L. Wang et al. / Science of the Total Environment 572 (2016) 1–8
(1.39 × 1010 year) and low specific activity (4.1 kBq g−1) (Höllriegl et
al., 2007). Numerous investigations over the past decade have focused
on the 232Th concentration in rocks, soils, water bodies and sediments
and the potential external radiation dose to the public (Cowart and
Burnett, 1994; Kritsananuwat et al., 2015). However, research on air-
borne 232Th activity concentrations is still limited because of analytical
limitations.

Thorium can be released into the atmosphere from both natural and
anthropogenic sources that elevate its level over the background, in-
cluding substances in Earth's crust, cosmic rays, volcano eruption, nu-
clear fuel plants, coal combustion, and ore mining and refining
(Cowart and Burnett, 1994; Alvarado et al., 2014). Atmospheric particu-
latematter (PM) contaminatedwith 232Th are harmful to human health
due to increased radiotoxicity and chemotoxicity. Studies revealed that
232Th if inhaled as a dust or accumulated in human body increased the
risk of lung and liver diseases, lung and pancreatic cancer, adverse effect
on blood and changes in human geneticmaterial (Soudek et al., 2013). It
is estimated that more than half of total radioactive dose received by
world's population is associated with inhalation of radioactive aerosol
particles (United Nations Scientific Committee on Effects of Atomic
Radiation, UNSCEAR, 2000). Therefore, it is of importance to investigate
the activity level of Thorium in aerosols, particularly the respirable PM
(PM10), which contributes significantly to internal radiation dose and
may subsequently cause adverse health effects.

Nearly all rare earth ores contain the radioactive elements thorium
and uranium (Binnemans and Jones, 2015). The Bayan Obo deposit in
North China contains the largest rare earth resources in the world. Its
rare earth mineral is concomitant with natural radiothorium in the
ThO2 with a mean concentration of 0.04% by weight (Chen et al.,
2005). Since the discovery of the main ore body in 1927, mining activi-
ties had been carried out over 90 years. Intensive exploitation activities
of rare earth resources have caused the substantial increases of 232Th
contents in the environment (Li et al., 2014). Thorium was released
into the atmosphere as aerosol particles from mining, milling, process-
ing operations of rare earth minerals, and particle resuspension from
tailing piles. Residents living around the mining and smelting areas
are likely exposed to the radioactive aerosols with 232Th through inha-
lation, ingestion of food and water contaminated by the fallout of parti-
cles, and dermal contact with fallout.

Kohonen's self-organizing maps (SOM), which is based on an unsu-
pervised neural network model, can serve as an important tool for pat-
tern recognition and classification without preliminary knowledge of
the process (Mukherjee, 1997; Garcı́a and González, 2004). SOMpoten-
tially outperforms other multivariate techniques such as principle com-
ponent analysis for its visualizing interpretation, powerful clustering
capability, and ability to deal with nonlinear problems (Hong et al.,
2003; Aguado et al., 2008). SOM has been frequently used for pollutants
pattern recognition in various environmental media (Lee and Scholz,
2006; Nadal et al., 2006; Gulson et al., 2007; Mari et al., 2010). In the
present study, aerosol samples of total suspended particulate (TSP)
and PM10 were collected from two sampling sites in the largest rare
earth industry city, one in the Bayan Obo rare earth mining area and
the other in the nearby smelting areas.We used the SOMmodel to iden-
tify themost impacted zones and to assess the potential correlations be-
tween thorium in aerosols and meteorological factors. Such research
will provide a basis for understanding the impact of thorium emissions
on the atmospheric environment and human health due to the rare
earth smelting and mining activities.

2. Materials and methods

2.1. Study area

Baotou city (Fig. 1, 40°14′56″–42°43′49″N, 109°15′12″–111°26′25″E)
is the largest rare earth industrial base and accounts for N70% of total rare
earth production in China (Zhu et al., 2015). This region has a typical arid
continental climate, characterized by windy and dry winter and spring,
and warm and comparatively wet summer followed by short and cool
autumn (Li et al., 2002). Mean annual temperature is around 6.5 °C, and
the lowest and highest monthlymean temperatures are−11.1 °C in Jan-
uary and 23.3 °C in July, respectively. The average annual precipitation is
about 240–400 mm, of which over 67% falls in the summer months
(June–August). Mean annual evaporation is around 1938–2342mm, sev-
eral times greater than the annual precipitation. Prevailing wind direc-
tions are northwest in winter and spring, and southwest to south in
summer and autumn. On a 50-year average, the annual wind speed is
3.1m s−1 and the number of dayswith strongwind (≥17ms−1),floating
dust, and the dust storm are about 46, 26 and 43 per year, respectively.
After the cold and drywinter, aeolian sand activity is strong and frequent
in spring (March toMay) because of high air pressure gradients between
the Siberian mainland and East Asia.

The giant Bayan Obo Fe–RE–Nb deposit comprises N170 different
minerals. Its total reserves have been reported as at least
1.5 billion tonnes of iron (average grade 35%), 48 million tonnes of
rare earth oxides (average grade 6%), and about 1 million tonnes of ni-
obium (average grade 0.13%) (Wu, 2008). The concentrates after ore
beneficiation used for rare earth production usually contain about 50–
60%REO and 0.18–0.3% ThO2 (Zhu et al., 2015). It is estimated that refin-
ing one tonne of rare earth oxide can potentially produce 6 × 104 m3 of
waste gas, 200 m3 of acidic water and 1.4 tonnes of radioactive waste
(Hao et al., 2015). Reports indicate that 96%–98% of Bayan Obo's thori-
um ends up in solid waste, 0.1%–0.5% is emitted as exhaust gas, and
0.6%–2.0% goes to liquid effluents (Ault et al., 2015). Long-term mining
activities have produced a large amount of tailings which discharged
into the reservoir through open slots by circulating water. The openly
dumped tailing covers an area of 11.5 km2 with thorium-radioactive
tailings of 1.5 × 108 tonnes. After water is evaporated from the tailing
pond, part of the tailing area is exposed to the air. The tailing powder
was easily spread to the surrounding environment with strong wind.
This process will inevitably result in elevated levels of 232Th in the sur-
rounding areas and cause adverse effects on human health (Chen et
al., 2004). Therefore, it is necessary to characterize and quantify the nat-
ural radioactive content in TSP and PM10 to evaluate the associated en-
vironmental and human health risks.

2.2. Sampling and measurement

TSP samples were collected from 5 sites (Y01–Y05) in the rare earth
mining area and 13 sites (B01–B13) in the smelting area in Baotou (Fig.
1). The intelligent medium-volume air sampler (TH-150C, Wuhan
Tianhong Instrument Co., Ltd., China) and 90-mm quartz microfiber fil-
ters were used to collect TSP samples. The sampling flow rate was fixed
at 100 Lmin−1. At each site, 12-h samples were collected for three days
from 8:00 am to 8:00 pm in 14th–20th August 2012 and 16th–22th
March 2013, respectively. The sampling periods were chosen to avoid
rainy days and most of the sampling at different sites was performed
concurrently. A total of 104 TSP samples were collected from three con-
secutive days at both sampling sites.

To evaluate the radiation risk of inhalation exposure, 10 volunteers
from the Kuangshan community near the mining area and 9 volunteers
from theWulanji community around the smelting area were randomly
selected to wear a personal inhalation exposure sampler with a 10-μm
cut-size (Omni5000IS, Beijing Jinkesantong Instrument Co., Ltd.,
China) to collect PM10 samples. Each sampler (flow rate 3 L min−1)
was placed at the breathing zone of the volunteers for 24 h from
8:00 am to 8:00 am the next day. Three samples were obtained from
each volunteer for three consecutive days. The PM10 samples were col-
lected on 37-mm quartz microfiber filters.

Prior to use, the filters of both Φ90 mm and Φ37 mm (Pore size =
0.2 μm, retention N99%, MK360, Munktell, Sweden) were pre-baked in a
muffle furnace at 450 °C for at least 4 h and then maintained in a refriger-
ator (2 °C) for over 24 h and weighed before and after sampling. The mass



Fig. 1. Study area and sampling sites.
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difference of the filters before and after sampling and the amount of
sampled air volume were used for the TSP and PM10 concentration
calculations.

The sampled filters were cut into small pieces using plastic scissors and
subsequently stored in an air-tight cylindrical Teflon container, mixedwith
5mLHNO3, 2mL HCl, and 1mLHF. The samples were digested in amuffle
furnace at 150–160 °C for 6 h and then diluted to 10 mL with ultra-pure
water. The concentrations of 232Th were analyzed by inductively coupled
plasma mass spectrometry (ICP-MS, Thermo Elemental ×7, Waltham,
USA). The background content of 232Th in the filters is below the detection
limit of ICP-MS (0.1ng L−1). 209Bi (1.5 μg L−1)was used as an internal stan-
dard to compensate for the instrument drift between runs. Quality assur-
ance of the analytical procedure was determined by using standard
solutions of both thorium and bismuth from the Beijing Research Institute
of Chemical Industry and the China Institute of Metrology. Recovery was
ascertainedby spiking the sampleswith standard solutions and the average
recovery varied from 89% to 96%. The coefficient of variation for replicate
analysis of the samples and standards was b5%.

2.3. Data analysis

For normally distributed data, analysis of variance (ANOVA) was
used to compare thorium concentration from different groups of atmo-
spheric samples (i.e. different sampling periods and sites). For non-nor-
mally distributed data, Kruskal-Wallis test was applied instead.
Meteorological data, including daily average wind speed, air pressure,
temperature, vapor pressure, relative humidity and precipitation, were
obtained from Baotou city meteorological stations for the period of
TSP sampling. These data were used for establishing correlation pat-
terns for thorium in TSP. To describe pattern similarity and classification
of thorium pollution among themonitors, a SOM algorithmwas applied
to atmospheric samples and corresponding meteorological factors. The
SOM is one of the most popular neural network models, which trans-
forms multidimensional data (input data set) into one- or two-dimen-
sional discrete map subject (output data set). The input data set
consisted of seven variables including thorium concentration for 104 at-
mospheric samples and 6 meteorological factors. The output map is
composed of an array of neurons, commonly two-dimensional hexago-
nal lattice. The number of map units is strongly related to the accuracy
and generalization capability of SOM. An acceptable compromise be-
tween the quantization and topographic error was made to determine
the number of hexagonal units by a heuristic equation, M ¼ 5

ffiffiffiffi

N
p

,
where M is the number of map units, and N is the number of samples.
In this study, the output map was composed of 18 neurons
(6 × 3 hexagonal units). The output results are presented as component
planes, indicating correlation patterns among the variables and natural
groups based on similarity of observations. Details for implementation
and properties of the SOM analysis have been described in previous
studies (Lee and Scholz, 2006; Alvarez-Guerra et al., 2008). The quality
of the SOM model was assessed using the quantization error (QE) and
the topographic error (TE). QE is the average distance between each
data point and the weight vector which is closest to the input vector
(called Best-Matching Unit, BMU) and TE serves as a measurement of
topology preservation, representing the proportion of all data for
which the first and the second BMU are not adjacent (Kohonen,
2001). Kriging and other methods, such as the inverse distance weight-
ed method (IDW) which have been widely applied in many scientific
disciplines for spatial interpolation (Chen et al., 2009), were also con-
ducted to confirm the results of the SOM. All interpolations were per-
formed under the R environment (R Development Core Team, 2011).



Table 1
232Th activity concentrations in TSP (mBq m−3).

Sites Periods Mean Std. deviation C.V. (%) Min Max Geometric mean P-value (K-S test)

Mining areas Mar 25.60 14.68 57.4 10.39 53.59 21.91 0.582a

Aug 0.82 1.27 155.2 0.03 5.24 0.42 0.118a

Smelting areas Mar 39.72 15.71 39.5 2.72 320.09 20.50 0.003
Aug 2.81 3.44 122.4 0.04 16.65 1.41 0.011

C.V.: Coefficients of variation.
a Asymptotic significance N 0.05 (2-tailed).
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3. Results and discussion

3.1. Activity concentrations of 232Th in TSP

The descriptive statistics of 232Th activity in TSP are summarized in
Table 1. The Kolmogorov-Smirnov (K-S) test confirmed that the thori-
um concentrations in TSP in themining area were normally distributed,
whereas those in the smelting area were not normally distributed. After
log-transformation, the distributions of 232Th in March in the smelting
area were normally distributed. The coefficient of variation (CV) can
beused to compare in relative terms the variability of the same property
under similar values of variances and different means. Low CV values
correspond to a spatially homogeneous distribution of 232Th concentra-
tions, whereas high CV values indicate a non-homogenous surface dis-
tribution in the study area. The CVs of 232Th in both mining and
smelting areas in August were relatively high, N100%, indicating a
high variability.

Sampling sites and periods are expected to affect concentration dis-
tribution patterns of 232Th in TSP samples. Hence, we assumed that
Fig. 2. 232Th concentr

Table 2
Results of ANOVA and Kruskal-Wallis test for 232Th activity concentrations in TSP samples
among different defined groups.

Subgroups Sample sites(df = 1) Sample periods(df = 1)

Chi-square Sig. Chi-square Sig.

232Th Smelting areas – – 47.19 6.44e-12b

Mining areasa – – 36.88 1.74e-6b

August 8.57 0.003b – –
March 0.41 0.53 – –

a ANOVA F-test.
b Significance level of 0.05.
232Th concentrations in TSP are different between two sampling sites
(i.e., the smelting and mining areas) and two sampling periods (i.e.,
2013March and 2012 August). ANOVAwas used to determinewhether
themean values of 232Th concentrations collected in August 2012 differ
among the defined groups, and Kruskal-Wallis test was applied for the
non-normal distribution datasets. The results are listed in Table 2. Sig-
nificant differences were found in 232Th concentrations between two
sampling periods and two sampling sites except for samples collected
in March. The mean activity concentration of 232Th associated with
TSP in mining and smelting areas in March 2013 were 25.60 and
39.72 mBq m−3, almost 31 and 14 times higher than those in August
2012. Fig. 2 shows the box-and-whisker plots of the results. 232Th con-
centrations in TSP varied substantially over sampling time and sites,
suggesting the spatial variation. Although significant difference was ob-
served in 232Th activity levels between two sampling periods, an inter-
pretation of seasonal variation in atmospheric 232Th activity levels
cannot be concluded from the limited dataset in this study.

It is quite clear from Table 1 and Fig. 2 that the activity concentra-
tions of 232Th in TSP were more abundant in the smelting areas than
in the mining areas. This was expected and clearly indicated that the
process of ore smelting must be responsible for the high atmospheric
pollution load in the study area. The excessive concentration in March
at the smelting and mining areas may also be attributed to the intense
dust storm events originated from Taklimakan Desert, Gobi Desert and
the Loess Plateau (Li et al., 2015; Zhao et al., 2015), which are known
to transport large amount of radionuclides including 232Th from the
continental crust (Serno et al., 2014; Hirose et al., 2016).

In the literature, scientific studies and related data are limited about
232Th in the atmospheric PM near the rare earth mining and smelting
areas. The concentrations of 232Th in TSP in the present study were
more than a thousand times higher than the world reference value of
0.5 μBq m−3 (United Nations Scientific Committee on Effects of
ations in the TSP.
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Atomic Radiation, UNSCEAR, 2000). The concentrations of 232Th ob-
served in August were similar to previously reported levels near nuclear
fuel facilities in Sweden (between 0.22 and 3.65 mBq m−3, Pettersson
and Holm, 1992), and the geometric mean (4.46 mBq m−3) observed
in both August and March approached the ambient concentration of
4.26 mBq m−3 reported in Canada (Ahier and Tracy, 1997).

3.2. Spatial variations of 232Th in TSP

An ordinary kriging approachwas applied for interpolation of atmo-
spheric 232Th in March in the smelting area, on the basis of its log-nor-
mality feature. Due to the small number of samples in the mining area
and non-normality in August in the smelting area, inverse distance
weighting (IDW) was used in the remaining dataset. The filled contour
maps of atmospheric 232Th in the mining and smelting areas are shown
in Fig. 3. Compared to March, regional airflow, precipitation, and tem-
perature resulted in low level of 232Th activity in TSP in August. The spa-
tial patterns demonstrate that hotspots of atmospheric 232Th are located
near a rare-earth company in the smelting area, and a water pressuring
station in the mining area. The relatively high levels were observed in
March at approximate 15 km in the south-west direction from a rare-
Fig. 3. Spatial distribution of 232Th concentrations in TSP (a) in March in smelting area, (b) in
earth company. No meaningful spatial gradient of 232Th concentration
was found in the main wind direction.

The SOMmodel was applied to identify the zones that weremost ra-
dioactively impacted and the relationship between atmospheric 232Th
concentrations and meteorological factors. The component planes for
correlation patterns among variables and the resulting Kohonen map
are depicted in Fig. 4 and Fig. 5, respectively. The QE and TE for the
18-unit map (6× 3)were 0.277 and 0, respectively, indicating awell to-
pology-preservingmapping and its relevance to subsequent interpreta-
tion (Alvarez-Guerra et al., 2008). The U-matrix visualizes distances
between neighboringmap units, and helps to identify the cluster struc-
tures of themap. Each component plane shows values for each variable
with its corresponding unit. Each unit represents a neuron. Sampling
sites within one unit are themost similar, while sampling sites in neigh-
boring units are more similar than sites in more distant units. The com-
ponent planes which are built in color gradient allow the comparison
between variables. Similar color distribution of the component planes
indicates positive correlation between variables. Fig. 4 shows the rela-
tionship between 232Th concentrations in TSP samples and the meteo-
rological factors. High concentrations of atmospheric 232Th are linked
to higher wind speed, lower temperature, lower vapor pressure, lower
March in mining area, (c) in August in smelting area, and (d) in August in mining area.



Fig. 4. Component planes of the Self-organizing Maps for 7 input variables. Visualization of the relationship between thorium concentrations in TSP and meteorological factors.
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relative humidity, and lower precipitation in March than in August. A
decrease in daily average temperature, vapor pressure, relative humid-
ity, and precipitation from August to the next March corresponds with
an increase of the atmospheric 232Th concentrations, suggesting that
meteorology is one of the main mechanistic determinant factors. More-
over, the elevated 232Th level in March is probably due to thorium-
enriched aerosol transported from the continental crust by the intensive
dust storm. The Kohonen resulting map for atmospheric 232Th were
grouped into four classes according to the sampling time (i.e. March
and August) and zones (smelting area andmining area). For spatial var-
iation, most samples showed relatively low concentrations of 232Th,
while three hotspots were identified in the smelting area with high ra-
dioactive pollution. Only sample B03 surrounding two rare earth
smelters is a real point source of thorium pollution, whereas the other
two samples B11 and B12 which were at approximately 15 km south-
west from the rare earth smelters are probably related to transport of
232Th.

3.3. Inhalation exposure

232Th concentrations measured in PM10 samples collected in the vi-
cinity of the rare earth mining and smelting areas were used for health
risk assessment. The inhalation annual effective radiation dose (Eh) as-
sociatedwith PM10was calculated using the following equation adapted
from United Nations Scientific Committee on Effects of Atomic
Radiation (UNSCEAR) (2000):

Eh ¼ Ca � B� dh � 1−Fo þ Fo Frð Þ

where Ca is the integrated activity concentration of 232Th associated
with PM10 (Bqm−3), B is the breathing rate (m3 year−1), dh is the com-
mitted dose per unit intake from inhalation or effective dose coefficient
(Sv Bq−1), Fo is the indoor occupancy factor and Fr is the ratio of indoor
to outdoor air concentration.
The annual effective radiation dose due to inhalation of PM10 was
calculated for the six age groups identified by International Commission
of Radiological Protection (The International Commission on
Radiological Protection, ICRP, 2012), namely 3 month, 1, 5, 10, and
15 years, and adults. For each age group, the corresponding coefficients
recommended by ICRP were used. The ratio of indoor to outdoor air
concentration (Fr) was assumed to be 0.3 (United Nations Scientific
Committee on Effects of Atomic Radiation, UNSCEAR, 2000). The values
used for the different age groups are summarized in Table 3.

The mean activity concentrations of 232Th at the sampling sites of
mining and smelting areas were 5.97 mBq m−3 (1.81–
11.62 mBq m−3) and 5.79 mBq m−3 (2.38–11.82 mBq m−3), respec-
tively. The average activity concentrationswere used to calculate the in-
halation annual effective radiation dose for various age groups at
different sampling sites. Because of the variations in air breathing rate,
the total annual dose due to the natural radioactivity in airborne PM10

increases for the older age groups. The mean values of dose for the dif-
ferent age groups in smelting and mining areas ranged from 97.86 to
417 μSv year−1 and from 101.03 to 430.83 μSv year−1, respectively.
These annual effective doses are lower than the annual limit of
1mSv year−1 as suggested by the ICRP. But it does notmean that people
living in the study areas are safe. These dose values only present the in-
halation exposure associatedwith the PM10 fraction of atmospheric par-
ticles. The total annual effective doses received by the general public
also include the external gamma radiation, inhalation and ingestion ex-
posures to all radioactive nuclides (Iwaoka et al., 2013). The results of
the present study are significantly higher than the inhalation radiation
dose reported in Jeddah City, Saudi Arabia (15.03–58.87 nSv year−1).
This indicates potential high risk of 232Th exposure in both the rare
earth mining and smelting regions.

4. Conclusions

The results of this study showed that 232Th concentrations in TSP
varied substantially over sampling sites, suggesting great spatial



Fig. 5. Kohonen self-organizing map for 232Th in TSP samples. Sampling sites within one
cell share similar pattern. For each label, i.e. B030317, the first three characters “B03”
represent sampling NO., the last four characters “0317” represent sampling date.
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variations. Although significant differencewere observed in 232Th activ-
ity levels collected in August and March, to what extent the seasonal
variation exists in atmospheric 232Th activity levels requires a long-
term study in the future. The relatively high concentration in March at
the smelting andmining areas can be attributed to frequent dust storms
in spring in this region. Under themeteorological conditions during the
sampling period in this study, results showed that regional airflow, pre-
cipitation, relative humidity, and temperature were themain factors af-
fecting atmospheric 232Th removal. However, more studies are needed
Table 3
The average inhalation annual effective radiation dose for various age groups.

Age group 3 mo. 1 year 5 year 10
year

15
year

Adult

Breathing rate, B (m3 d−1) 2.86 5.16 8.72 15.3 20.1 22.2
Indoor occupancy factor, Fo 1.0 0.96 0.88 0.88 0.9 0.92
Effective dose coefficient,
dh(μSv Bq−1)

54.00 50.00 37.00 26.00 25.00 25.00

Inhalation annual effective radiation dose (μSv year−1)
Smelting areas 97.86 178.75 261.70 322.66 392.72 417.34
Mining areas 101.03 184.52 270.15 333.08 405.41 430.83
for long-term data collection to conclude on the relationship between
atmospheric 232Th activity levels andmeteorological factor. Atmospher-
ic thorium samples were grouped into four classes according to the
sampling time and zones. One real hotspot was observed at a sampling
location near a rare-earth company. The results of the inhalation expo-
sure emphasize the importance and significance of the potential radia-
tion risk. This study demonstrated that a combination of multivariate
statistics and SOM map can serve as a useful tool to characterize 232Th
spatial distribution and to determine the pollution sources. The results
of this study call for effective polices on protecting human health from
long-term inhalation exposure to radioactive pollution in the study
area.
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