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A Method for Determining Relative Amounts of 
Combined and Uncombined Radon Daughter 

Activity in Underground Uranium Mines 

BOB F. CRAFT, JAMES L. OSER,* and F. WARREN NORRIS 

Public Health Service, USDHEW, Salt Lake City, Utah 
Occupational Health Field Station, Division of Occupational Health, 

@ A method for determining relative amounts of “uncombined” radon daughter 
decay products has been developed. Because of the different ‘diffusion coefficients of 
atomic-size radon daughter products compared with those combined with particulates, 
a diffusion tube will separate out a calculable fraction of the atomic-size daughter 
products and permit larger particulates to pass through the tube. Data obtained 
from samples collected at several active underground working faces indicate sub- 
stantial amounts of highly m&i& radon daughter alpha activity. 

Introduction 

HE SHORT-LIVED decay products of T radon-222 (RaA through RaC’) crrate 
such significant health hazards in uranium 
mining that continued study is warranted 
to elucidate information on factors that 
might influence the deposition and retention 
of these elements in the respiratory system. 
Several investigators have proposed lung 
models based on various assumptions and 
have calculated the radiation doses that 
would be delivered to the respiratory tract 
as a consequence of inhaling air contamin- 
ated with radon daughters. Reports by Sha- 
piro,l Chamberlain and Dyson,* H~l tqvis t ,~  
Simpson et d.,4 Alt~huler,~ and Jacob? give 
details of the various models used. 

There is general agreement that radon 
daughters may exist in an atmospherc in two 
forms - as individual or “uncombined” 
atoms, or as atoms “combined” with par- 
ticulate matter. The relative importance of 
these two forms as sources of radiation dose 
to the lung has been assessed differently. 
For example, Chamberlain and Dyson as- 
sumed that only the uncombined RaA atoms 

’Present address:  Division of Occupatioiial Health, 1014 
Broadway, Cincinnati, Ohio 45202. 

delivered an effective radiation dose to the 
bronchi and trachea. On the other hand, 
Altshuler and Jacobi calculated that these 
atoms contributed only a minor portion of 
the total radiation dose to the critical lung 
tissue, Several different estimates have been 
uscd by workers considering the fraction of 
uncombined daughters that may exist. 
Shapiro calculated that in low-nuclei air 
containing 50 nuclei/cc, 99% of the RaA 
would be uncombined; in fairly clean air 
containing 5000 nuclei/cc, 43%; and in air 
containing 100,000 nuclei/cc, the fraction of 
uncombined RaA atoms would be negligible. 
Some measurements have been reported7qR 
of combined-uncombined radon daughter 
relationships in uranium mines, but these 
data are too fragmentary to permit of any 
general conclusions. 

Radon decay products will become at- 
tached readily to particulates commonly 
present in air. Wilkening!’ used an electro- 
static precipitator to measure the mobility 
of the carriers of the radioactivity in the 
general air. By calculation from Stokes’ law 
he found that 901% of the radioactivity was 
associated with particles of effective diam- 
eters of less than 0.5 micron, and that most 
of the particles in this fraction were in the 
size range of 0.001 to 0.04 micron. As the 
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mobilities of freshly formed radon daughter 
atoms are similar to those of positive ions 
where the charge is caused by the stripping 
of shell electrons, it is reasonable to expect 
that the daughter atoms will be attached to 
particulates soon after formation. 

Wellisch'O reported the diffusion constant 
of RaA to be 0.045 cm2 sec-'. In  contrast, 
Nolan and Keenanll reported diffusion co- 
efficients for condensation nuclei produced 
by a hot platinum wire ranging from 5 X 

to 8 X lo-' cmz sec-l. As these values 
for nuclei are less than that for RaA atoms 
by more than two orders of magnitude, it 
should be feasible to develop diffusion meth- 
ods that would separate atomic-size ions 
from the larger forms. The mathematical 
basis for such separations was developed by 
TownsendlZ in 1900, and redeveloped and 
modified by Gormley and KennedyI3 in 1948. 
Nolan and Guerrine14 and ThomaP ex- 
tended the method to characterize mono- 
disperse aerosols by determining the related 
diffusion coefficients. Gallimore and Mercerla 
used diffusion theory to develop diffusion 
coefficients from which particle sizes could 
be estimated for TelS2, and Ru103. 
Chamberlain and DysonZ studied the deposi- 
tion of uncombined RnZz2 and TnzZo daugh- 
ters in a model of a human trachea and 
bronchus. They also investigated aerosols 
containing RnZz2 and Tnzz0 daughters, using 
a diffusion tube and flow rates designed to 
simulate the conditions existing in a bronchus 
during respiration. 

To determine the relative amounts of com- 
bined and uncombined radon daughter atoms 
existing in mine atmospheres, it was necessary 
to devise a method that would separate effi- 
ciently the two species of atoms and permit 
the measurement of each fraction. The study 
reported here was undertaken to develop 
such a procedure and to measure conditions 
existing in active uranium mines. 

Theory 
When an aerosol is passed through a tube 

under conditions of laminar flow, particulates 
are deposited on the surface of the tube at 
rates and distances determined by the length 
of the tube, the rate of flow, and the diffu- 

sion constants of the various species of par- 
ticles composing the aerosol. Thus, diffusion 
tubes can be used to separate an aerosol into 
fractions if the diffusion constants of the 
particles differ markedly. The equations of 
Gormley and Kennedy3 which describe the 
process are given below: 

F = 0.8191e-7.314h + 0.0975e-44"h + 
0.0325e-114h + , . . + 

when h > 0.0156 
F = 4.07h2J3 + 2.4h f 0.446h4I3 f . . . + 

when h <0.0156 
where 

h = xDL/2Q2. 
D = diffusion coefficient, cm2/sec 
L = length of diffusion column, cm 
Q = flow rate, cm3/sec 
F = fraction of particles penetrating 

the column, 

The smallest condensation nuclei reported 
by Nolan and Keenanfl had diameters of 
0.01 micron with an associated diffusion con- 
stant of 5 X cm2 sec-'. Condensation 
nuclei studied by Chamberlain and Dyson2 
had a diameter of 0.15 micron and a dif- 
fusion constant of 3 X cm2 sec-l. This 
latter size is probably more representative of 
the condensation nuclei found in mine at- 
mospheres. Radon daughter atoms are as- 
sumed to have the same diffusion constant 
as RaA, which is 0.045 cmz sec-l. Table I 
lists the calculated percentages of penetra- 
tions of particles with these specified diffusion 
constants through a 63.5-cm cylindrical tube 
at various flow rates. This table shows that 
at the lowest flow rate about 90% of the 
smaller and 99.5% of the larger condensation 

TABLE I 
Calculated Percentage of Penetration for Particles 

with Three Diffusion Coefficients at Various 
Flow Rates through a 63.5-Cm Tube 

Q Percentage Penetrating the Tube 

Condensation Nuclei 
RaA 

(Liters/min. ) o=o.o45 ~ = 5 x  10-4 o=3x 10-6 

0.6 3.06 89.29 99.62 
1 .o 11.4 91.62 99.73 
1.5 22.2 94.00 99.79 
2.0 30.6 95.00 99.98 
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FIGURE 1. Closed-circuit system. 

nuclei penetrate the diffusion tube. At higher 
flow rates the penetration is even greater. In  
contrast, the penetration of atomic-size nu- 
clei (D = 0.045 cm' sec-l) ranges from 
about 3% to about 30% over the indicated 
flow rates. 

Laboratory Studies 
Apparatus 

Diffusion tubes must be individually cali- 
brated to adjust for factors, such as entry 
losses, that cannot be calculated from dif- 
fusion theory. To perform such calibrations 
a system is required in which all the variables 
that might affect diffusion process are con- 
trolled. A series of preliminary experiments 
showed that it was essential that the test 
atmosphere be practically free of nuclei; that 
the humidity be maintained at a constant 
low level; that the radon daughter concen- 
tration be held constant; that primarily only 
one isotopic species be present; and that elec- 
trostatic effects be controlled. With these 
considerations in mind, the closed-circuit sys- 
tem shown in Figure 1 was designed. 

In this system the source of radon was 
uranium ore contained in a steel drum. Air 
was pumped from this drum through a Ca- 
SO, drying column, through a membrane 

filter (0.8-micron pore size) to the sampling 
chamber, and then back to the source cham- 
ber. Two diaphragm pumps in parallel 
maintained a flow rate of 9 liters/min. Since 
the membrane filter was very efficient in col- 
lecting radon daughters17 (both uncombined 
and combined), the air discharged into the 
sampling chamber contained almost daugh- 
ter-free radon. After a circulation time of 
one hour (4.6 air changes), the radon daugh- 
ter concentrations in the tank reached a 
steady state. Decay curve analyseP of typi- 
cal samples taken from the sampling cham- 
ber showed that the RaA:RaB:RaC activity 
ratios were 1 : 0.1 : 0.01. Thus, essentially all 
the alpha activity in the sampling chamber 
was produced by freshly formed RaA atoms 
in an atmosphere free of particulates to which 
they might attach. This system provided a 
source of uncombined atoms for calibrating 
the diffusion tube. 

The diffusion tubes were made of alumi- 
num tubing, 60 cm long and 37 mm in diam- 
eter. Each tube was fitted with a plastic 
filter paper holder containing a membrane 
filter (0.8-micron pore size) at the exit end. 
Diffusion tube R, used as the reference tube 
(see calibration section), was also fitted with 
a similar holder and paper at the entrance. 
Sampling tube A was equipped with an open 
plastic collar at  the entrance end to makc 
the over-all lengths of each tube 63.5 cm. 
In use, both tubes were grounded to thc 
sampling chamber to ensure that equipo- 
tential conditions existed. 
Calibration 

The diffusion tubes were calibrated by 
measuring the fractions of uncombined atoms 
that penetrated the tubes at various flow 
rates. These values were compared with the 
theoretical values calculated by Gormley and 
Kennedy's diffusion equation. The theoreti- 
cal values for flow rates of 0.6, 1.0, 1.5, and 
2.0 liters are presented in Table I. 

Air was drawn, by means of a vacuum 
system, through each of two diffusion tubes 
vertically positioned side-by-side in the sam- 
ple chamber (see Figure 2 ) .  The alpha 
activity collected on filter paper S attached 
to the exit end of tube A comprised that 
fraction of the chamber activity that was 
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Sampling F i l t w  ( S )  

G r o u n d  mire8 
t o  c h a m b e r  
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Correcl lon Filter (CI -- .. . . 

from radon 

I I1 I 

FIGURE 2. Calibration apparatus. 

able to penetrate the tube plus the radon 
daughter activity produced by decay of ra- 
don in the tube, The activity collected on 
filter R at the entrance end of tube B repre- 
sented the radon daughter activity in the air 
entering the tubes (reference activity) . Since 
this filter removed the radon daughters, only 
radon gas entered the tube. The purpose 
of filter C at  the exit end of tube B was 
to provide a correction for the decay prod- 
ucts that formed from radon in the tube 
during the sampling period. It was thereby 
determined that about 16% of the activity 
penetrating the sampling tube at a flow rate 
of 1 liter/min resulted from the radon decay 
products formed during passage through the 
tube. 

The observed fraction ( F )  of radon 
daughter activity penetrating the tube can 
be calculated as follows: 

Activity on filter S-activity on filter C 
F =  activity on filter R 

The results of several tests are presented 
in Figure 3, along with a plot of theoretical 
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FIGURE 3. Experimental results versus theoreti- 
cal diffusion values. 

values determined by the Gormley and Ken- 
nedy diffusion equation. Since the experi- 
mental results at a flow rate of 1 liter/min 
show good agreement with theory, and since 
1 liter/min is a practical flow rate for field 
application, that rate was selected for field 
sampling. 

Field Studies 
The percentage of uncombined radon 

daughters was measured, by using the diffu- 
sion techniques described, in various working 
areas of several underground uranium mines 
in southern Utah and Colorado. The size 
of mine and the types of mining operations 
were selected to represent a cross section of 
uranium mines in the Colorado Plateau. 

Sampling was accomplished in the field 
in much the Same manner as in the labora- 
tory. Portable battery pumps were used to 
draw air through the diffusion tubes and 
membrane filters at a flow rate of 1 liter/min. 
A series of counts of each filter (R, S ,  and 
C)  were made by a gas proportional counter. 
These counts were used to plot decay curves 
on semilog paper which permitted compari- 
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TABLE I1 
Summary of Field Studies Results 

Conditions Percentage of 
Sample Working Uncombined 

Mine Number R H  T ( O F )  Level* Activity - 
A 

A 

A 

A 

u 
B 

C 

D 

E 

E 

E 
E 
F 

I: 

c: 

G 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 
12 
13 

14 

15 

16 

- 
- 

- 

- 

72" 

65' 

729  

72" 

66' 

66 = 

65" 
65" 
66" 

67' 

70" 

- 

0.3 

5.6 

2.7 

1.8 

6.4 

4.6 

0.5 

7.0 

4.3 

3.1 

9.6 
8.4 
6.6 

0.9 

0.6 

18.6 

54.6 

48.6 

3.7 

33.4 

60.8 

13.2 

0 

24 

33 

13 

10.2 
6.6 
5.8 

O 

12 

20.6 

Remarks 
-~ 

Active stope. Moderate visible dust. 
Air velocity 30 fpm. 

One mucker operating. Little visible 
dust. 

Loading ore. Little air movement. 
Diesel smoke. 

Slusher slot, after blasting. Heavy 
powder smoke. 

Haulageway. Moderate visible dust. 
Air velocity 30 fpm. 

One drill operating. Moderate visible 
dust. Air velocity 20 fpm. 

Drilling stoEYd shortly before. Mod- 
erate visi e dust. Diesel smoke. 

Face. Little air movement. Little 
visible dust. 

One man shoveling ore. Little visible 
dust. Air velocity 15 fpm. 

One drill operating. Moderate visible 
dust. 

Moderate visible dust. 
Moderate visible dust. 
Diesel smoke. Oil mist. Little air 

movement. 
Active stope. Moderate dust. Mucking 

ore prior to sample. Little air 
movement. 

Drad end drift. Two men drillinq. Oil 
and Hz0  mist visible. Little air 
movement. 

FaFe. Ventilation system not operat- 
ing. Moderate visible dust. 

81.3 x 105 Mev oi potential alpha energy per liter of air is equivalent to one working level. 

son of the activities at similar times. From 
these data the percentages of uncombined 
daughter activity were calculated by the 
following technique : 

Let X = 
Y =  
F =  

c =  

uncombined activity 
combined activity. 
the fraction of uncombined ac- 
tivity that will penetrate the 
tube. For the dimensions of the 
tube used and at a flow rate of 
1 liter/min, F = 0.114. 
daughter activity formed in the 
tube (count on correction filter 
C ) .  

Then 

X f Y = R (activity on reference paper R )  

F ( X )  + Y + C = S (activity on sampling 

(1) 

filter S) (2 )  

[ F ( X )  + Y + C] - C = (corrected 
activity on filter S) (3)  

Equations 1 and 2 solved simultaneously for 
X give 

R - S +  C 
1 - F  x =  

X 

R 
-x 100 = 70 uncombined activity 

A summary of field study results is pre- 
sented in Table 11. Temperature and rela- 
tive humidity measurements were made at  
most sample locations. Radon daughter 
working levels as measured by the standard 
method are also listed, along with descrip- 
tions of sample location, dust conditions, air 
velocity, and type of operation. 
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Discussion 

The amount of uncombined radon daugh- 
ter activity ranges from almost zero up to 
73%. This wide range indicates that it 
would be impossible to select any particular 
fraction of uncombined atoms as representa- 
tive of actual mine conditions. It is apparent 
that several factors affect the percentage of 
radon daughter atoms that exist in the un- 
combined state. Some of these are the atmos- 
pheric concentration of particulates, the 
amount of water vapor in the air, and the 
rate of air change in the area (the longer 
the residence time, the greater is the oppor- 
tunity for any particular daughter atom to 
become combined). An extensive study 
would be required to evaluate these factors 
and determine their significance. One gen- 
eral observation was that in areas where 
diesel smoke was present the fraction of un- 
combined daughters was low. 

The biological meaning of these findings 
is uncertain. As was pointed out earlier, 
several different lung models have been pro- 
posed which assess the role of uncombined 
daughters quite differently. The informa- 
tion developed by this study does not help 
to resolve those differences but only shows 
that the fraction of the daughters that exist 
in a highly mobile form varies over wide 
ranges and is high in many mine areas. The 
method of collection and counting will not 
permit calculation of the relative amounts 
of each of the daughters present in a given 
mine atmosphere, but the deposition rates 
of these elements in the respiratory tract 
should be quite similar and should be af- 
fected similarly by the same factors. 

If the fraction of radon daughter atoms 
that exist in either a combined or uncom- 
bined state does influence the effective radia- 
tion dose delivered to the critical tissue in 
the lungs, the present method of measuring 
atmospheric concentrations of radon daugh- 
ters is only poorly correlated with the true 
exposure of the miners. For example, the 
fraction of combined daughter atoms found 
in the field tests varied from 1.0 to 0.27. 
If it is assumed that only the combined 
atoms are the important item, the working 
level values shown in Table I1 should be 

multiplied by factors varying from 1 to 0.27 
before these numbers are used to calculate 
exposure indices. On the other hand, if the 
uncombined atoms are all-important, the cor- 
rection factor would vary from 0 to 0.73. 
Studies of the lung deposition and retention 
of known mixtures of uncombined and com- 
bined radon daughter atoms are needed to 
properly assess the radiation exposure of 
uranium miners. 
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