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Abstract：The purpose of this paper is to present the thorium lung burden and its health effects among the 
workers of Huamei Rare-earth Refinery Factory, Baotou, China. The methods used is a combination between 
exhaled thoron activity measurement and the physical examination (peripheral blood counts, hepatic function tests, 
lung function tests, chest X-ray radiograph) as well as the measurement of dust concentrations, radon and thoron 
short lived progeny concentration in the air of the workshops. The results showed that the four workshops are 
thought to be the radiological workplaces. The dust air concentrations in different workshops range from 
1.34~8.17mg/m3. The average α potential energy value of radon short-lived progeny are in the range from 24 to 
285 MeV/L; while the average α-progeny are in the range from 159 to 5972 MeV/L. The thorium lung burdens of 
9 dust-exposed workers are higher than one investigation level (2.22Bq) and the highest one is 3.33Bq. The results 
of radiography, hematological parameters and hepatic parameters for the dust exposed workers examined are all 
within the normal range, while the lung function of 27 cases among the 91 dust exposed workers are abnormal. 
Our conclusion is that the radiological protection problems are existed in rare-earth refinery factory, mainly the 
high thorium-containing dust air concentration and the high α potential energy of the thoron short-lived progeny in 
the air of different workshops. Ventilation should be improved. Long-term follow-up study is necessary. 
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I .  Introduction 

 
During the period from 8 July 2005 to 8 December 2005, an investigation into the thorium lung burdens 
and consequent health effects among the workers of Huamei Rare-earth Refinery Factory, Baotou, 
China was carried out. The purpose of the study was to obtain information about the health effects of 
inhaled thorium and its short-lived thoron daughters among the dust-exposed workers in this factory. 
 
II .  Background Material 

 
Huamei Rare-earth Refinery Factory was established in the October of 2003. Its product is rare earth 
carbonate. Its concentrate and the residue contain thorium at a concentration of 0.16% and 0.18-0.21% 
by weight respectively. 
The air concentration of thorium-containing rare-earth dusts in different locations in this factory is listed 
in Table 1. 
 
Table 1：Dust air concentration (mg/m3) in the factory 
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Sampling locations 

Air concentration of  
thorium containing dusts   

(mg/m3) 
At the gate of the factory 2.691 
Outside the office building 2.408 
At the corridor of the office building  7.701 
In the roaster workshop 1. 8.761 
At the gate the roaster workshop 1. 5.853 
Outside the roaster workshop 1. 5.476 
In the roaster workshop 2. 4.456 
At the gate of the roaster workshop 2. 4.003 
Outside the roaster workshop 2. 2.606 
In the store house 6.487 
At the gate of store house 4.363 
Outside the store house 7.025 
In the carbon ppt. workshop 1. 5.473 
In the carbon ppt. workshop 2. 3.717 
At the gate of the carbon ppt. workshop 
1. 

5.151 

At the gate of the carbon ppt. workshop 2 3.104 
Outside the roaster workshop 1 2.471 
Outside the roaster workshop 2 3.238 
In the residue workshop  8.173 
Outside of the south gate of  
the residue workshop 1 

1.696 

Outside of the south gate of  
the residue workshop 2 

0.980 

Outside of the north gate of 
 the residue workshop 1 

2.402 

Outside of the north gate of 
 the residue workshop 2 

1.281 

    
 
Table 1 show that 87% (20/23) of the air dust air concentration values are higher than 2 mg/M3  level, 
which is the MPC of thorium-containing dusts in China. Individual protection measures should be 
improved. 
The air concentration of short-lived thoron(220Rn) daughters and short-lived radon (222Rn) daughters in 
different locations in this factory are listed in Table 2.  
From Table 2 you can find that the concentrations of short-lived thoron (220Rn) daughters are all higher 
than that of the concentration of short-lived radon (222Rn) daughters.  
The gamma-ray dose rate in different locations is listed in Table 3. 
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Table 2  α potential energy of radon progeny and thoron progeny in the air of different 
locations in this factory. 

 
α  potential energy 

of radon progeny （MeV/L）
α  potential energy 

of thoron progeny （MeV/L） Locations 
Number 

of 
samples max min average max min average 

In the residue workshop 3 n.a. n.a. n.a. 8539 4112 5972 
Outside of the west gate 
of the residue workshop 

3 154 80 107 233 120 159 

Outside of the east gate 
of the residue workshop 

3 195 87 149 296 137 191 

In the roaster workshop 3 283 102 205 596 86 319 

At the gate of the roaster 
workshop 

3 319 73 165 259 103 178 

Outside the roaster 
workshop 

3 196 31 120 363 29 232 

In the carbon ppt. 
workshop 

3 203 113 149 253 213 229 

At the gate of the carbon ppt. 
workshop 

3 339 115 220 555 246 360 

Outside the carbon ppt. 
workshop 

3 316 79 189 427 104 256 

Store house 3 307 77 193 1469 193 657 
At the gate of store house 3 344 91 223 1316 169 601 
Outside the store house 3 315 78 226 1119 93 480 

In the office building 3 396 117 285 535 106 306 

Outside the office 
building 

3 327 24 198 494 61 307 

Outside the gate of the 
factory 

6 406 119 201 460 122 304 

   
 

The total number of workers in this factory is 400 (Male 350, Female 50); the number of staff is 45 
(Male 35, Female 10). 
In this study 91 male workers were randomly selected from five workshops. Among them 77 were from 
four dust exposed ：20 from roaster workshop, 9 from residue workshop, 22 from Immerse workshop 
and 26 from carbon precipitation workshop. Another 14 are from dust free workshop: mechanical 
repairing. 
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Table 3：Gamma- ray dose rate 
 

Locations 
Dose rate 

（×10-8Gy/h） 

In the residue workshop 50.7± 4.8 
Outside of the west gate of the residue workshop 33.6± 3.2 
Outside of the east gate of the residue workshop  68.0± 5.1 
In the roaster workshop 15.8± 2.6 
At the gate the roaster workshop 12.7± 2.7 
Outside  the roaster workshop 17.8± 1.6 
In the carbon ppt. workshop 15.8± 2.1 
At the gate of the carbon ppt. workshop 13.5± 1.5 
Outside the carbon ppt. workshop 15.0± 2.3 
In the store house 10.0± 1.2 
At the gate of store house 13.5± 1.5 
Outside the store house 12.0± 1.5 
In the office building 18.1± 2.1 
Outside the office building 14.8± 2.9 
Outside the gate of the factory 12.0± 0.7 

    
 
III.   METHODS 

 
1. Radioactivity measurements  
 
The measurement of radioactivity in vivo consisted of a thoron-breath measurement. Radioactive thoron 
(220Rn) gas in exhaled breath was collected and measured by alpha particle counting of the longer-lived 
decay products of thoron. It is based on electrostatic collection onto a negatively charged Mylar disk of 
the daughter Pb-212, 85-88% of which is positively charged.  The exhaled thoron activity is expressed 
as the activity of freely emanating 224Ra (the parent of 220Rn), that would support the 220Rn concentration 
measured at the subject�s mouth［1］. A conversion factor of 3.7 Bq emanating 224Ra equivalent activity 
at the mouth to 37 Bq. 232Th was used to estimate the thorium lung burden［2］. The true amount of 
thorium in any case will tend to be higher, because there may not have been time for equilibrium 
between 232Th and 212Bi to be established. Intermediate members of the decay chain, particularly 228Ra 
and 224Ra, may have left the thorium in the lungs because of exhalation of 220Rn. In our situation, an 
under-estimate by a factor of 2 was considered and applied［3］. This is based on the experience of 
Stebbings［4］. 

 
2.  Medical examinations 
 
The general medical protocol includes a complete physical examination, testing of hepatic and 
hematological parameters, respiratory symptoms questionnaire recordings, chest X-ray and pulmonary 
function tests. The testing of hepatic and hematological parameters and the chest X-ray radiography 
were carried out on 63 dust-exposed workers and 13 controls at the No. 2 hospital attached to Baotou 
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Medical College. 
IV.   RESULTS 
1.  Comparison of the background details of the workers. 
 
1.1. Comparison of age between the dust-exposed group and the internal control group. 
 
The age ranges of the two groups are similar; there were no statistically significant difference between 
the average ages of these two groups (Table 4). 

 
Table 4.  Comparison of ages between the two groups 

 

Group        Number of       Average age         t           P 
              workers         ( yrs ± SE ) 
Dust-exposed 
workers          77          30.06 ±1.033        -0.17      0.8647 
Internal Control    14          26.50±2.845          

 
1.2. Comparison of dust-exposed history between the dust-exposed group and the internal control 
group. 
 
There is no statistically significant difference in the dust-exposure histories between the two groups 
(Table 2) 

 
Table 5. Comparison of dust �exposure histories between the two groups  

 
Group        Number of       Average length          t            P 
              workers         of dust exposure 
                               (yrs )    
Dust exposure     77             1.614             -1.87          0.0783 
Internal Control   14             1.968     

 
1.3. Comparison of smoking habits between the dust-exposed group and the internal control 
group. 
 
Table 6. Comparison of the incidence of smokers between the two groups 

 
Group       Number of    Smokers    Incidence of      X2         P 

               workers                  smokers 
Dust-exposed      77          64         72.73        3.39     ＞0.05 
Internal control    14           8         57.14            

 
 
Table 7.  Comparison of smoking habits between the two groups 
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Group      Number of   Number of          smoking history    
              workers     cigarettes (day-1)          (yrs)  
Dust-exposed      77        9.92  ± 1.17           8.69 
Internal control    14        2.43  ± 1.85           1.99            
  t                          2.67                0.95 
  p                         0.0133             0.3557 

 
2. Results of radioactivity measurements and medical examinations 
 
2.1. Comparison of thorium lung burden estimates between the dust-exposed workers and the 
internal control group. 
 
Table 8  Comparison of the average thorium lung burdens between each of the four dust-exposed 
workshops and that of the mechanical repairing workshops (Internal control) 
 

Thorium lung burden(Bq) Workshops 
 

n 
X Sx SE 

Range t-test P 

Roaster 20 1.013 0.702 0.684 0 -2.38 1.48 0.1486
Residue 
Package 

9 1.671 0.962 0.907 0.4-3.33 3.02 0.0065

Immerse  22 1.129 0.616 0.602 0-2.38 2.17 0.0367

Carbon 
precipitation  

26 1.114 0.689 0.676 0-2.75 2.02 0.0506

All the exposed 
workers  

77 1.157 0.721 0.716 0-3.33 2.40 0.0185

Mechanical 
repairing 

14 0.661 0.648 0.625 0-1.95  

 

From Table 8, you can find that the average thorium lung burden of the workers in the residue package 
workshop is the highest one among the four dust-exposed workshops and much higher than that of the 
workers in mechanical repairing. 
 
2.2. Comparison of respiratory symptoms between the dust-exposed workers and the internal 
control group. 
 
The differences in the incidence of chronic cough, chronic phlegm and breathlessness between the two 
groups are not statistically significant. 

 
Table 9  Comparison of respiratory symptoms between the dust-exposed workers and the internal  
control group. 
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Symptoms 

Dust-exposed workers 
(n=77) 

Number of cases 

Internal control  
(n=14)  

Number of cases 

 
 

   X2 

 
 

     P 

Chronic cough 
Chronic phlegm 
Breathlessness 

10 
17 
4 

3 
4 
0 

  1.55 
  0.034 
  0.76 

＞＞0.05 
＞＞0.05 
＞＞0.05 

  
2.3. Comparison of lung function disorder incidence between the dust-exposed workers group and 
the internal control . 
 
Using a Discom-21 spirometer, lung function tests were carried out on each of the 77 dust-exposed 
workers and the 14 dust-free workers. 27 cases and 4cases of lung function disorder (both were 
restrictive type) were appeared among the two groups respectively. The incidence between these two 
groups was not statistically significant (X2=0.027, P＞＞0.05) 
 
2.4. Comparison of radiographic findings in the dust-exposed workers group and the internal 
control . 
Results showed that the radiographic findings of 63 dust-exposed workers and the 13 dust workers were 
all normal. No pneumoconiosis appeared which might be due to the short working history. 
 
2.5. Estimated thorium lung burdens and relationship to hematological and hepatic parameters. 
 
Table 10:  A comparison between the four peripheral blood parameters of the workers in each of the 
four dust-exposed workshops and the non-exposed workers. 

Workshop 
 

N 
 

HGB(g/L) 
X±Sx 

( p ) 

 
WBC（×109/L） 

X±Sx 
( p ) 

 
LCR 

X±Sx 
( p ) 

 
SCR 

X±Sx 
( p ) 

Roaster  19 
14146±10.55 * 

(0.012) 
6.305±2.127 

(0.478) 
0.613±0.072 

(0.097 ) 
0.313±0.068 

(0.122) 

Residue 9 
156±9.25 
(0.792) 

6.711±2.732 
(0.320) 

0.653±0.100 * 
(0.042) 

0.274±0.090 * 
(0.045) 

Immerse 21 
156±7.62 
（0.846） 

7.148±1.406 ** 
(0.010) 

0.618±0.070 
(0.060) 

0.306±0.068 
(0.048) 

Carbon 
precipitation 14 

153±10.44 
（0.466） 

6.850±1.538 
( 0.074) 

0.634±0.070 * 
(0.034 ) 

0.295±0.060 * 
(0.048) 

All the dust 
exposed 
workers 

examined 63 
152±10.14 

(0.313) 
6.765±1.878 * 

( 0.091) 
0.625±0.074 * 

(0.012 ) 

 
0.301±0.070 * 

(0.013) 

Mechanical 
repairing 

 
13 155±7.40 5.831±1.272 0.565±0.090 

 
0.358±0.090 
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HGB  Hemoglobin ;  WBC  White blood cell count; LCR  Large cell (neutrophil) ratio 
SCR  Small cell (lymphocyte) ratio 
 

*   means the difference is significant. 

**  means the difference is very significant 
 
 
Table 11:  A comparison between the four hepatic function parameters of the workers is each 
of the four dust-exposed workshops and the non-exposed workers. 

 

Workshop 
 

  N 
 

ALT(u/L) 
 X±Sx 
( p )  

 
ALP（u/L） 
X±Sx 
( p ) 

 
ALB(g/L) 
X±Sx 
( p ) 

 
GLO(g/L) 
X±Sx 
( p ) 

Roaster 
     

 19 
29.21±9.62 
(0.212) 

65.11±20.85 
(0.254) 

47.21±2.15 
(0.727) 

27.95±3.49 
(0.550) 

Residue 
       
9 

27.00±15.30 
(0.289) 

90.00±26.35 
(0.225) 

46.33±2.12 
(0.563) 

 
27.67±1.94 
(0.505) 

Immerse 
 

21 
29.00±14.59 
(0.232) 

81.14±25.09 
(0.522) 

47.67±2.50 
(0.400) 

 
27.29±3.39 
(0.282) 

Carbon 
precipitation 

 
14 

28.64±12.03 
(0.242) 

55.86±20.72 
(0.052) 

47.236±2.41 
(0.645) 

 
27.34±4.20 
(0.405) 

All the dust 
exposed 
workers 
examined 

 
63 

28.70±12.03 
(0.064) 

71.95±25.65 
(0.688) 

47.27±2.31 
(0.626) 

 
27.56±3.39 
(0.254) 

Mechanical  
repairing 

 
13 37.23±24.99 75.15±28.03 46.92±2.43 

 
28.85±4.93 

ALT   alanine transaminase; ALP   alkaline phosphatase; ALB   Albumin; 
GLO   globulin 
 

Results showed that the average values of the four hematological parameters are all normal. But the 
average value of the LCR and the SCR of the workers in residue package workshop are higher than that 
of the control (p <0.05). 
All the four hepatic parameters of both the 63 dust-exposed workers and the 13 controls are all normal. 
Only the values of ALT of 13 workers are somewhat higher, but they all have a long history of drinking 
alcohol. 
 
2.6 An assessment on the effective dose delivered to the exposed workers due to inhaled thorium 
and short-lived thoron daughters and the estimation of lung cancer expectations. 
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In this factory, the highest value of the thorium lung burden of one of the dust exposed workers is 3.33 
Bq. 
Using the LUDEP［5］implementation of the ICRP Publication 66 lung model［6］ it may be estimated 
that long term (tens of years) inhalation of 232Th, assuming an activity median aerodynamic diameter of 
5µ m and class S solubility behavior, results in an accumulated lung burden of 0.16 Bq per Bq.y-1 of 
intake. We may, therefore, interpret the lung burden of 3.33 Bq as reflecting a constant chronic 
inhalation intake of about 20.8 Bq.y-1. If we assume that the inhaled dust contains 232Th, 228Ra, 228Ac, 
228Th and 224Ra in secular equilibrium, an intake of 20.8 Bq.y-1 corresponds to a committed equivalent 
dose to lung of 6.43×10-3 Sv.y-1, and the average exposure time of 3 years for the dust-exposed miners 
indicates an average individual cumulative committed equivalent dose to lung of 1.93×10-2 Sv. 
If we take an excess risk coefficient for lung cancer mortality of 4.0 (95% confidence interval: -1.5, 9) 
per 104 person years per Sv, based on the Hiroshima and Nagasaki Life Span Study［7］, the 1050 
person-years of follow-up for the dust-exposed miners, together with the average individual cumulative 
committed equivalent dose to the lung of 1.93×10-2 Sv, would lead to an expectation of only 0.0032 
excess lung cancers.       
According to our investigation, the average annual exposure from thoron progeny in the factory is 2.34 
WLM. Using the conversion factor from ICRP Publication 47［8］, the highest excess of lung cancer due 
to occur in 1050 (350 male workers×3years) person years is 0.014 cases. Based on the ratio of ALI 
between 222Rn daughters and 220Rn daughters, which is 0.02 vs 0.06 J, the highest excess of lung cancers 
due to the short lived radon daughters is 0.002 cases which can be expected among the dust-exposed 
workers of this factory. 
Therefore, the highest excess lung cancer due to the inhaled thorium dusts, inhaled thoron short lived 
daughters and inhaled radon short lived daughters is 0.02 cases, which should appear in the 350 male 
exposed workers. 
 
V.  CONCLUSIONS 

 
1. The average thorium lung burden estimates for those 77 workers from the four dust-generating 
workshops is at a level of 1.16±0.72 Bq, with a range from 0-3.33 Bq. This average value is 
significantly different from the average thorium lung burden estimate, 0.66±0.63 Bq (range from 0 to 
1.95 Bq), of the 14 workers from the mechanical workshop. The latter was treated as an internal control 
group in this study. 
Among the 77 dust-exposed workers, 9 workers have a thorium lung burden higher than 2.22 Bq (one 
investigation level). Among them 3 from residue package workshop (Incidence 33.3%), 2 from immerse 
workshop (9.0%) and 2 from carbon precipitation workshop (7.7%). Among the 14 dust free controls, 
none of them having a thorium lung burden reached one investigation level. 
 
2. Based on our investigation, the most contaminated area is residue package workshop. 
Comprehensive protective measures should be improved in this area. 
 
3. Comparison of respiratory symptoms between the dust-exposed workers and the controls showed 
they are not significantly different. 
 
4. 27 cases and 4 cases of lung function disorder (both were restrictive type) appeared among the 77 
dust-exposed workers and the 14 dust free workers respectively. The incidence between these two 
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groups was not statistically significant (X2=0.027, P＞＞0.05). 
 

5 Radiography showed that no pneumoconiosis appeared among the 63 dust exposed workers. 
 
6 The results of the four hematological parameters and the four hepatic parameters for the 63 dust 
exposed workers and the 13 controls examined are all within the normal range. This indicates that the 
proportions of thorium-containing ore dusts entering the blood circulation and deposited in the liver are 
small, which may be expected from the low solubility in the lung of ThO2. Noteworthy is that all the 
workers in this factory have a fairly short working history. 
 
7 An assessment on the effective dose delivered to the exposed workers due to inhaled thorium, 
short-lived thoron daughters and short-lived radon daughters showed that only 0.02 cases of lung cancer 
deaths would be appearing among the 350 male exposed workers. Actually, there are no lung cancer 
deaths reported in this factory. 
 
8 Huamei is a newly established small private factory. The workers have no health insurance 
records. Therefore, we are unable to carry out an epidemiological study on lung cancer death mortality 
in this factory. 
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