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13.1. INTRODUCTION 
 
 
The element uranium is widely distributed within the crust and oceans of the earth. It has been 
estimated that crustal rocks contain an average of some 4 grams of uranium per tonne. The 
structure of the uranium atom is unstable. Emission of subatomic particles from the nucleus 
causes uranium to change or decay into a new element, thorium. The process of radioactive 
decay continues down through a series of elements until it reaches a stable form of lead. This 
process has existed on earth from before the crust was formed. All forms of life on earth have 
evolved and exist within a constant bombardment of natural radiation including that from the 
uranium series of elements. 
 
Although most of the uranium series of elements are solids, one known as radon, Rn, is a gas. 
This facilitates escape, or emanation of radon from mineral crystals into the pore structure of the 
rock from where it may migrate via a fracture network or interconnected interstices towards the 
free atmosphere. However, the liberated radon itself decays into microscopic solid particles 
known as radon daughters which may adhere to dust or other aerosol particulates, or remain 
suspended as free ions in the air. If the rate of radon emanation into mine workings is high or the 
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space inadequately ventilated, then the radioactivity caused by continued decay of radon and its 
daughters will reach levels that are hazardous to health. This is likely to occur within closed 
environments in close proximity to rocks that contain traces of uranium ores. Radon is a potential 
problem in any mine and tests for its presence should be carried out early in the development of a 
new mineral deposit. The hazard can also exist in the basements of surface buildings. 
 
As would be expected, the problem of radon is greatest in uranium mines and particular 
precautions have to be taken in order to protect personnel from the development of lung cancers 
caused by the inhalation and possible alveolar retention of radon daughters. 
 
In this chapter, we shall outline the uranium decay series and quantify the mechanisms of radon 
emanation and the growth of radon daughters within the atmospheres of subsurface openings. 
Methods of measurement will be discussed while the final section is devoted to pragmatic 
guidelines to be followed in designing a ventilation system for a mine with high radon emanations.  
 
Readers who are interested only in the control of radiation in subsurface openings should 
turn directly to Section 13.6. 
 
 
13.2. THE URANIUM SERIES AND RADIOACTIVE DECAY 
 
13.2.1. Atomic structure; alpha, beta and gamma radiation 
 
The current concept of the structure of an atom is that of a nucleus consisting of protons of net 
positive electric charge and neutrons of net zero charge, orbited by negatively charged electrons. 
The electrical charge on the nucleus may be expressed in terms of the unit charge of an electron. 
The atomic number of any given element indicates the level of net positive charge on the nucleus. 
Figure 13.1 gives the atomic numbers of the elements in the uranium series. The atomic mass is 
the nearest integer to the actual mass of the atom expressed relative to the mass of an individual 
proton or neutron (atomic mass unit). 
 
There are many classes of ionizing radiation. However, three are particularly relevant to decay 
through the uranium series. An alpha  )(α  particle has a positive charge of 2 units and a mass of 
4 (helium nucleus). Hence, when an alpha particle is emitted from the nucleus, the atomic 
number of that element reduces by 2 and the atomic mass reduces by 4. The next element in the 
decay series is formed. A glance at Figure 13.1 will reveal the stages at which alpha particles are 
emitted in the uranium decay chain. Alpha particles have relatively low energy levels. They travel 
no more than a few centimeters in normal atmospheres and are halted by human skin.  
However, if alpha particles are emitted within the lung, they can cause cellular alteration within 
the alveolar walls, leading to possible lung cancer. 
 
A beta β particle has a negative charge of 1 and a negligible mass (electron). When this is 
emitted, the atomic mass of the element remains effectively unchanged but the net positive 
charge on the nucleus (atomic number) increases by one. This can be observed by movement 
from left to right at atomic masses of 234, 214 and 210 on Figure 13.1. Beta particles not only 
cause damage to the lung but can also penetrate human skin and may produce alteration of cell 
tissue. 
 
Both alpha and beta radiation involve the emission of subatomic particulates. Gamma (γ ) 
radiation, however, is a very high frequency electromagnetic wave form (like x-rays)and is deeply 
penetrating with respect to the human body. 
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Figure 13.1  The uranium decay series and corresponding half lives. Radon gas, disintegrating 
through the radon daughters RaA, RaB, RaC and RaC' give rise to alpha, beta and gamma radiation. 
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13.2.2. Radioactive decay and half-life 
 
The rate at which atoms disintegrate, I, is known as the radioactivity and depends upon the 
number of unaltered atoms and the probability of disintegration. 
 
 I Nλ=     dis/s      (13.1) 
where 
     λ   =  the decay constant (s-1 ) for that material and is a measure of the 
    probability of disintegration of any one atom.  
    For radon, λ   =   2.1 x 10-6 disintegrations (dis) per second. 
and  N  =  number of unaltered atoms remaining 
 
The activity may also be expressed as 
 

 I 
dt
dN

−=    dis/s      (13.2) 

 
If we commence with a fresh sample of a radioactive substance, then all of the atoms are capable 
of disintegrating to the next lower element in the chain. However, as this process continues, there 
are progressively fewer atoms remaining of the original substance. Hence, the rate of decay of 
that substance will decline exponentially. This may be expressed in terms of the reducing number 
of atoms that remain unaltered. 
 
 N   =   No exp (- tλ )       (13.3) 
 
where   No  =  original number of atoms 
  t  =  time (s) 
 
or, from equations (13.2) and (13.3), 
 

 I    =      
dt
d

−  { No exp(-λ t ) }      λ=  No exp (-λ t) 

 
But the initial activity 0I    =   λ N0   from equation (13.1). 
Hence, 
 I    =   Io exp (-λ t)    dis/s      (13.4) 
 
showing that the radioactivity also decays exponentially with time. Figure 13.2 illustrates a decay 
curve. By measuring the activity given by a radioactive substance while removing the decay 
products, the corresponding curve can be plotted and the value of λ determined. 
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The decay curve approaches zero activity exponentially; hence, the theoretical full lifespan of a 
radioactive element is infinite. A more useful indicator of the aging process is the half-life of the 
element. This is defined as the time taken for half of the original atoms to decay. As I  = λ N, the 
activity also reduces to half its original value at this same time. A simple relationship exists 
between the half-life, th, and the decay constant, λ : 
 
Initially, 
 
 0II =       and at the half-life      I    =  Io/2    =    Io exp(-λ th) 
 
Hence, 
 

   exp(- htλ )   =   
2
1     or    - htλ    =   ln 
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Figure 13.2  The activity, I, and number of atoms, N, of the original substance both decay 
          exponentially with time. The half life, th, occurs when I and N are each half of their 
         original values. 
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giving  

 th     =    
λ

6931.0   seconds     (13.5) 

 
For radon, λ = 2.1 x 10-6 dis/s, giving 
 

 th (radon)    =   
6101.2

6931.0
−x

    =    0.33 x 106   seconds   or 3.82 days. 

 
The half-lives of the other elements in the uranium decay series are given in Figure 13.1 and vary 
from U238 (4.49 billion years) to RaC' (164 microseconds). 
 
The problems of radon in mines occur not only because it is a gas and can be emitted into the 
ventilating airstream, but also from a consideration of half-lives. Radon gas is the decay product 
of radium, Ra226 . This has a half-life of 1622 years, i.e. extremely long relative to the time taken 
for a ventilating airstream to traverse through a mine. Hence, the source of radon is effectively 
infinite. With a half-life of only 3.82 days, some of the radon will decay before it leaves the mine. 
More importantly, the short half-lives of the radon daughters, RaA, RaB, RaC and RaC', indicate 
that they will disintegrate readily, emitting alpha, beta and gamma radiation. These observations 
have an important bearing on the design of ventilation systems for uranium mines. 
 
 
13.2.3. Units of radioactivity 
 
In the previous section we referred to the level of radioactivity in terms of atomic 
disintegrations per second, dis/s. This unit is sometimes called the Becquerel (Bq) after the 
French physicist who found in 1896 that uranium salts are radioactive. 
 
 1 Bq = 1 dis/s         (13.6) 
 
A less rational but widely used unit of radioactivity is the Curie named after Marie (1867-1934) 
and Pierre (1859-1906) Curie, who, in France, first separated and identified radium and a number 
of other radioactive elements. 
 
One Curie, Ci, approximates to the activity of 1 gram of radium or, more precisely, a source that 
is disintegrating at a rate of 3.700 x 1010 atoms per second. Owing to the magnitude of this latter 
value, sub-multiples of the unit are normally employed. 
 
 1 microcurie  = 1 µCi   = 10-6 Ci =  37000 dis/s 
 1 picocurie  = 1 pCi  = 10-12 Ci   =      0.037 dis/s   (13.7) 
 
Hence,   1 pCi = 0.037 Bq       (13.8) 
 
or   1 Bq = 27 pCi        (13.9) 
 
Analyses on radioactivity may be conducted in terms of either Becquerels or Curies. 
 
Prior to the establishment of current knowledge on the effects of radioactivity on the human body, 
it was thought that an average level of 100 pCi/litre from radon daughters was safe. This has 
since been reduced to a third of that value. However, 100 pCi/litre became known as an 
acceptable working level. The term was truncated to Working Level, WL, and is now used widely 
with respect to radon daughters1. 
                                                      
1 The term Working Level is also defined as that concentration of short-lived radon daughters which 
represents 1.3 x 105 MeV of potential α particle energy while decaying to the stable Pb210. 
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Ionizing electromagnetic radiation produced by gamma emissions is measured in Röentgens 
(after Wilhelm Röentgen of Germany who discovered x-rays in 1895). The Röentgen is defined 
formally as the level of x or gamma radiation that produces 1 electrostatic unit of charge2 per 
0.001293 g of air (1 cc at 101.324 kPa and 0°C). In order to apply this in terms of the effect on 
human bodies, the Rem (Röentgen equivalent man) is employed. This is the amount of ionizing 
radiation that will cause the same biological effect as 1 Röentgen of x or gamma rays. Dose rates 
are quoted in mRem/hour. Hence, a dose rate of 50 mRem/hour would produce a dose 
equivalent of 25 mRem after half an hour. 
 
The Röentgen and the Rem are the most commonly used units for ionizing radiation and 
biological dosage. They are not, however, SI units. The rational SI equivalents are: 
 
 1 C/kg (Coulomb per kilogram)  =  3876 Roentgens 
 1 Sv (Sievert)    =  1 J/kg  =   100 Rems 
 
As a Sievert is a very large unit, radiation doses are quoted in milli-Sieverts (mSv). One chest x-
ray is equivalent to about 0.2 mSv. 
 
 
13.3. RADON AND ITS DAUGHTERS 
 
Radon gas emanates from the crystalline structure of minerals into the pores and fracture 
networks of rocks. It migrates through the strata by a combination of diffusion and pressure 
gradient towards mine openings. Radioactive decay produces the solid particulates of the radon 
daughters as given in Figure 13.1, namely 
 
half life 

polonium,  Po218 or radium A,  RaA   3.05 min 
lead,   Pb214 or radium B,  RaB   26.8 min 
bismuth,   Bi214 or radium C,  RaC   19.7 min 
polonium,  Po214 or radium C',  RaC'   164 sµ  

and lead   Pb210 or radium D,  RaD   22 years 
 
As the half-life of RaD is 22 years, we need concern ourselves only with the radon series down to 
RaC'. Furthermore, RaC' has the extremely short half-life of 164 microseconds. Hence, the effect 
of its decay is normally coupled with that of RaC. 
 
The solid particulates of radon daughters that form during migration of the gas through strata are 
likely to plate on to the mineral surfaces and be retained within the rock. However, the remaining 
radon will continue to decay after it has been emitted into a mine opening. The radon daughters 
will then adhere to aerosol particles or remain as free ions within the airstream. 
 
In this Section, we shall examine the migration of radon through the rock and the growth of radon 
daughters within a ventilating airflow. 
 
 

                                                                                                                                                              
 
2 1 electrostatic unit of charge is equivalent to 2.083 x 109 ion pairs. 
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13.3.1. Emanation of radon 
 
When an alpha particle is projected from an atom of radium, the resulting atom of radon recoils 
through a distance of some 3 x 10-8 m in minerals and 6 x 10-5 m in air (Thompkins, 1982). 
Furthermore, the diffusion coefficient for radon within mineral crystals is very small. Hence, 
although movements of radon atoms will occur within the crystals, the distances of individual 
motion are small in comparison to most mineral grain sizes; the probability of any one radon atom 
escaping into a pore is, therefore, also small. Nevertheless, a sufficient number do escape to give 
rise to radon problems in uranium mines. 
 
The migration of radon through the pore and fracture network of the strata may be analysed on 
the basis of Fick's laws of diffusion modified for radon production and decay (Bates and Edwards, 
1980). This leads to an approximate equation that describes the radon concentration, C, within 
the pores with respect to distance into the rock 
 

 C    =   C ∞























−−

D
x φλexp1   pCi/m3 of space   (13.10) 

where    
 C ∞  =  radon concentration at infinite distance into rock (pCi/m3) 
 x  =  distance into rock from free surface (m) 
 λ  =  radon decay constant (2.1 x 10-6 Bq) 
 φ  =  rock porosity (fraction) 
and  D  =  diffusion coefficient for rock (m2/s) 
 
The units of radon concentration require a little explanation. The normal volumetric concentration 
commonly used for other gases would give excessively low values for radon. It is more 
convenient to express radon concentration in terms of the level of radioactivity (pCi or Bq) emitted 
by each m3 of the radon:air (or radon:water) mixture. 
 
Equation (13.10) is based on an assumed radon concentration of zero at the open rock surface. 
The actual emanation at the rock surface can be measured directly or calculated as 
 

 J    =   φλ DC∞  
sm

pCi
2

    (Bates and Edwards, 1980)  (13.11) 

 
The maximum value of radon concentration in the rock, C ∞ may be determined from 
 

 C∞    =    
λφ
B   

3m
pCi       (13.12) 

 
where B is the rate of emanation from unit volume of rock (pCi/m3s) (sometimes known as 
emanating power) and can be measured from samples of the rock. Values of both B and J for 
differing rocks vary by several orders of magnitude. 
 
To reiterate, J indicates the radon emanation from a solid rock surface while B refers to radon 
emanation from fragmented rock. 
 
Combining equations (13.11 and 13.12) gives 
 

 
φλ

DBJ =   
sm

pCi
2

      (13.13) 
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A guide to coefficients of diffusion for radon in a range of materials is given in Table 13.2. Figure 
13.3 may be used as a guideline to estimate a coefficient of diffusion for radon in rocks of known 
porosity. However, it should be noted that the coefficient of diffusion varies widely with the type 
and condition of pore fluid. 
 

Medium Coefficient of diffusion D m2/s 

Rocks: 
dense rock 
porosity 6.2 percent 
porosity 7.4 percent 
porosity 12.5 percent 
porosity 25 percent 

 
Air 
Water 
Alluvial soil 
Concrete 

 
0.05 x 10-6 
0.2 x 10-6 
0.27 x 10-6 
0.5 x 10-6 
3 x 10-6 
 
(10 to 12) x 10-6 
0.0113 x 10-6 
(3.6 to 4.5) x 10-6 
(0.0017 to 0.003) x 10-6 

 
Table 13.2. Coefficients of diffusion, D, for radon in various porous media (after Thompkins, 1985). 
 

Figure 13.3  Guideline to the approximate coefficient of diffusion, D, for radon in rocks of 
        known porosity. Note that actual coefficients of diffusion depend upon the  
        type and state of pore fluids. 
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Figure 13.4 illustrates the variation of radon concentration within the pores for the four rocks of 
specified porosities and corresponding coefficients of diffusion given in Table 13.2. These curves 
indicate that peak emanations of radon are likely to occur when rock is broken from the orebody 
and reduced to fragments of about 10 cm in size. However, below that dimension there is 
relatively little change in radon concentration within the pores, particularly for the higher porosity 
rocks. 
 
 
13.3.2. Growth of radon daughters 
 
Radon is emitted into mine openings not only directly from the surrounding rock surfaces but also 
from old workings and other zones of voidage. Hence, the total emanations will consist of a 
mixture of the gas and its particulate daughters. In order to analyse the growth of the daughters, 
consider an imaginary experiment. We commence with one litre of filtered air that contains a 
radon concentration of 100 pCi/litre. The radon will immediately begin to suffer disintegration into 
RaA. This has a half-life of only 3.05 minutes. Hence, the second radon daughter, RaB soon 
appears. However, this has a half-life of 26.8 minutes and concentrations of the RaC (and RaC') 
do not become significant until some 20 minutes from the start of the experiment. We now have a 
situation in which the initial amount of radon gas is diminishing slowly (half-life of 3.82 days) but 
each of the daughters is simultaneously being generated and decaying on a shorter time scale. 
With its relatively small half-life, the concentration of RaA reaches a state of dynamic equilibrium 
within a few minutes. Figure 13.5 illustrates the growth of the radon daughters from an initial  
radon concentration of 100 pCi/litre, i.e. 1 Working Level. 
 
Full (secular) equilibrium is reached in some 30 hours when the air is said to have fully “aged”. 
However, 80 percent of the aging occurs within 90 minutes (5400 seconds). The concept of the 
“age” of the air is most important in understanding the radioactive decay of radon. At secular 
equilibrium, the number of atoms in each radon daughter is proportional to its half-life. The age of 
the air can be estimated from the growth curve of Figure 13.5 for a given working level of radon 
daughters and having corrected for the actual concentration of radon gas present. The latter may 
be eliminated by using Figure 13.9 which gives the growth in total radon daughters for a range of 
initial radon gas concentrations. 
 
With a half-life of 3.82 days, the radioactivity caused by the decay of radon during the short time it 
spends within the human lung is very limited. However, the shorter half-lives of the radon 
daughters cause them to be much more prolific emitters within the respiratory system. 
Furthermore, as they are particulates, they may adhere to mucous membranes and be retained 
within the lung tissue. It is, therefore, the daughters of radon rather than the gas itself that are 
dangerous to health. 
 
As it is the decay of the radon daughters that causes the health hazard, it is clear from Figure 
13.5 that airflows should be sufficiently vigorous to remove radon from mine workings as rapidly 
as possible and before significant aging has occurred. It is also clear that near stagnant air in old 
workings will be fully aged, i.e. contain the maximum concentrations of radon daughters and may 
cause serious escalations in working levels if leakage occurs from those old workings into active 
airways. 
 
Although Figure 13.5 illustrates the growth of each radon daughter, it will be recalled that each 
daughter is simultaneously suffering disintegration. Hence, a mirror image of Figure 13.5 would 
indicate the corresponding decay curves. At full secular equilibrium, the growth and decay curves 
for each radon daughter would be horizontal lines, equal in magnitude but opposite in sign. For 
clarity, the decay curve for total radon daughters only is shown on Figure 13.5. 
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13.3.3. Threshold limit values 
 
Lung cancers occur throughout the general population but are exacerbated by the inhalation of 
some types of dust particles and products of combustion. However, the higher incidence of lung 
cancer in uranium mine workers is attributed to radon daughters. The current method of dosage 
assessment is based on cumulative exposure. Any unit of time may be employed. However, the 
most widespread measure of cumulative exposure is the Working Level Month, WLM, defined as 
an exposure of 1 WL for a period of 1 month. 
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Figure 13.5  The growth curve shows the development of radon daughters from an initial 
radon concentration of 100 pCi/litre and with no replenishing radon. The decay curve 
shows the fall in total working level due to radon and radon daughters and is a mirror 
image of the growth curve. 
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Assuming that an average of 170 hours are spent in the workplace each month, the cumulative 
exposure of any individual may be calculated as 
 

 
170

)exposureofhours( ×WLΣ   WLM 

 
Example 
During the 40 hours a miner spends underground during a week, radiological monitoring indicates 
the following levels and periods of exposure to radon daughters: 
 
 20 hours at 0.1 WL 
 15 hours at 0.2 WL 
   5 hours at 0.4 WL 
 
Determine the cumulative exposure in WLM for that week. 
 
Solution 

 Cumulative exposure   =  
170

)4.05()2.015()1.020( ×+×+×    =   0.041 WLM 

 
 
The most commonly accepted TLV (threshold limit value) for mine workers is that no person 
should be subjected to a cumulative exposure exceeding 4 WLM in one year. Legislation may 
also require that there should be an upper limit of 2 WLM in any consecutive three months and an 
instantaneous ceiling limit level of 1.0 WL. 
 
The TLV of 4 WLM per year implies an average of 4/12 = 0.33 WLM per month, i.e. an average 
radiation level of 0.33 WL. Legislation may require mandatory reporting and increased rates of 
sampling at higher levels. However, the aim should be for lower actual levels in the active work 
areas of a mine as leakage from old workings can cause rapid escalation of working levels in 
return airways. [National or state legislation may also mandate notification to inspection agencies 
at very low levels of radiation (Howes, 1990).] 
 
There remains considerable doubt on the long term effects of exposure to low levels of 
radioactivity. It should be expected that threshold limit values will be decreased yet further. In the 
meantime, the International Commission on Radiological Protection has recommended that in 
addition to remaining within specified threshold limit values, radiation levels should be maintained 
"as low as reasonably achievable”. This is often termed the ALARA principle. The practical 
application of this rather vague phrase may involve mine management being required to notify the 
inspectorate when a specified fraction of the exposure TLV is exceeded for any worker; and, 
furthermore, to demonstrate that all reasonable steps have been taken to alleviate the problem. 
 
The threshold limit values for gamma (ionizing) radiation are, typically, 5 Rems per year. Where 
average gamma radiation measurements are in excess of 2 milli-Röentgens per hour, personal 
gamma radiation dosemeters may be mandated for all personnel and records of cumulative 
exposure maintained for each individual (e.g. Title 30 US Code of Federal Regulations, 
paragraph 57.5047).  
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13.4. PREDICTION OF LEVELS OF RADIATION 
 
13.4.1. Emanation rate 
 
In order to predict the levels of radiation to be expected in any active area of a mine, the 
emanation rates, J (pCi/m2s), from exposed surfaces and/or emanating powers, B (pCi/m3s), from 
drill cores or other samples must first be measured. The relationship between the two is given by 
equation (13.13). Surface emanation rates can be measured in-situ by attaching steel collection 
receptacles tightly to a rock face (Archibald, et al, 1980) or by excavating chambers into the rock. 
Multiple measurements made on a variety of ores and waste rock allow tables of surface 
emanation rates, J, and emanating powers, B, to be assembled for a given mine or rock type. 
 
In order to determine the total rate of emanation in a specified zone, the surface area of all 
exposed rock faces, A (m2), and the volumes of broken ore, V (m3), must be assessed and 
multiplied by the relevant values of J and B respectively. 
 
Example 
In the walls of a given stope, 350 m2 of ore and 300 m2 of waste rock surface are exposed. The 
stope contains 320 t of fragmented ore. If the density of the ore is 2000 kg/m3, determine the rate 
of emanation into the stope given that 
 
  J (ore)    =     500 pCi/m2s;  B (ore) = 600 pCi/m3s 
and        J (waste)   =     100 pCi/m2s 
 
 
Solution 
Radon from: Ore wall surface      =    350 x 500   =   175 000 pCi/s 
  Waste wall surface  =    300 x 100   =     30 000 
  Total wall surface    =                        205 000 pCi/s 
 

Volume of ore fragments = 
2000

000320   
kg
mkg 3

    =    160 m3 

 
Radon from fragmented ore   =   160 x 600            =      96 000 pCi/s 
 
Total emanation of radon       =   205 000 + 96000 =    301 000 pCi/s 
 
 
13.4.2. Changes in working levels of radon daughters 
 
A commonly accepted method of calculating the variation in natural radioactivity due to radon 
daughters along an airway was developed by Schroeder and Evans at the Massachusetts 
Institute of Technology in 1969. Consider the length of airway shown in Figure 13.6. The working 
level of radon daughters at the exit from the airway, distance x (m) from the entrance, arises from 
three factors 
 
(i) decay of the radon gas already in the air at the entry point, 
 
(ii) decay of the radon that emanates from the walls or fragmented rock within the airway itself, 
and   
(iii) continued aging of radon daughters that already exist in the airway at the entry point. 
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Each of these three behaves independently of the others. They may, therefore, be determined 
separately and summed to give the working level of radon daughters at exit. Let us consider each 
component in turn. 

 
(i) Decay of radon existing at entry 
 

This can be determined from Figure 13.5. Curve fitting to the total working level (growth) 
curve on this Figure gives 
 
 WL    =    102 x 10-5 t0.8 Working Levels for  t  <   2400 s (40 minutes)       (13.14) 
       
where  WL  =  Working level due to decay of 100 pCi/litre of initial radon 
and  t  =  travel time for air to traverse the airway (s)  
 
(the coarser equation:  WL = 159 x 10-5 t0.74 may be used for t < 4200 s or 70 minutes). 
 
For other concentrations of radon, C (pCi/litre), equation (13.14) becomes 
 

 WL1    =    
100
C  x  102 x 10-5 t0.8          (13.15) 

 
This equation is the basis of Figure 13.9. 
 
 
Example 1 
An airflow of 24 m3/s with a radon concentration of 20 pCi/litre enters an 800 m long 
rectangular airway of dimensions 4m by 3m.Calculate the working level of radon daughters at 
exit caused by the initial radon. 
 
 
Solution 1 
 Cross-sectional area, A  =  4 x 3   =   12 m2 

 

 Mean velocity  =  2
12
24Airflow

==
A

     m/s 

 

Residence time, seconds400
2

800
velocity
distance

===rt  

 

 
 
 

0 

Q = uA  m3/s 

Xx 

dx 

J

Figure 13.6  Radon emanates from rock surfaces at a rate of J  pCi/m2s. 
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Then equation (13.15) gives 

 WL1   =   100
20

 x 102 x 10-5 (400)0.8   =   0.025  Working Levels 

 
This result may also be read directly from Figure 13.9. 
 
The example will be continued for the remaining sources of radon daughters. 

 
(ii) Decay of radon emanated from rock surfaces into the airway 
 

To facilitate the analysis, it is assumed that radon emanates at a uniform rate of J 
pCi/m2s from all solid surfaces around the opening. Consider the airway shown in Figure 
13.6. The air enters at position 0 and leaves after traversing a distance of X (m). Over 
the short length dx, the wall area is per ×  dx (m2 ), where per = perimeter (m). 
 
The radon emitted over this increment is, therefore, 
 
 J per dx      pCi/s. 
 
If the airflow is Q  =  uA   m3/s  
where   u = mean velocity (m/s)   and A = cross sectional area (m2 ) 
 
then the radon emanation may be expressed in terms of cubic meters of air, i. e. an 
increase in concentration: 
 

Concentration from radon emitted in increment dx   =   
Q

dxperJ    =  
uA

dxperJ        
3m

pCi  

          (13.16) 
The time taken for the air to travel from x to X is 
 

 t    =    
u

xX )( −   seconds 

 
Equation (13.14) states that from a radon concentration of 1 Working Level, i.e.100 pCi/litre 
(or 100 000 pCi/m3) the working level of radon daughters that will develop in this time is 
 

 102 ×  10-5 
8.0

8.0)(
u

xX −    WL 

 
Hence, from a radon concentration of 
 

 
uA

dxperJ    







3m
pCi   or 

LevelsWorking
000100

=
uA

dxperJ
 

 
the working level of radon daughters will grow to 
 

 
uA

dxperJ
000100

 102 x 10-5 8.0

8.0)(
u

xX −
 WL   at exit from the airway. 
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To find the working level of radon daughters at exit due to radon emanations throughout the 
complete length of airway, WL2, we must integrate from 0 to X: 
 

 WL2     =    102 x 10-10 ∫ −
X

xX
uA
perJ

0

8.0
8.1

)(  dx 

 
The integration is accomplished by substitution to give 
 

WL2   =   102 x 10-10 
8.1

8.1

8.1
X

uA
perJ

 

But the total residence time is tr  =  X/u, giving 
 

 WL2  =  56.7 x 10-10 
8.1

rtA
perJ

      (13.17) 

 
 
Example 2 
Continuing from Example 1, the known values are  
 u   =   2 m/s tr   =   400 seconds per   =   14 m  
Determine the activity of radon daughters at exit due to radon being emitted from the airway 
surfaces at a rate of J = 250 pCi/(m2s). 
 
 
Solution 2 
Equation (13.17) gives 

 WL2  =  56.7 x 10-10 
12

14250 ×
(400)1.8    =    0.080 WL 

 
 
(iii)  Continued aging of radon daughters that existed in the air at the entry point 
 

In general, the air that enters at location 0 on Figure 13.6 will already contain radon 
daughters. These will continue to age and, hence, decay to a reduced working level by the 
time they reach the exit. The fact that the daughters are continuously being replenished from 
the decay of radon can be ignored as those effects have been considered separately in (i) 
and (ii). 
 
The reduction in working levels may be read from the decay curve on Figure 13.5 and 
adjusted for the initial working level, WLin or, as the decay curve is a mirror image of the 
growth curve, calculated as 
 
 WL3    =    WLin (1 - 102 x 10-5 tr 0.8 )     WL 
 
 
Example 3 
If the activity of radon daughters at entry into the airway of Example 2 is 0.05 WL, then after 
the residence time of 400 s, this will have decayed to 
 
 WL3  =    0.05 {1 – 102 x 10-5 (400)0.8}   =   0.0438  WL 
 
There is, however, a weakness in this technique. It assumes that the radon daughters are in 
equilibrium with each other and with their parent radon gas. This is not usually the situation in 
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ventilated areas underground. Further analysis of a suggestion made by Schroeder and 
Evans (1969) leads to an improved estimate: 
 

 WL3   =    WLin 










 −+

8.0

8.08.0

)(

)()(

in

rrin

t

ttt
     (13.18) 

 
where tin = the “age” of the air at entry. 
 
Let us repeat this previous example using the Schroeder and Evans technique, given that the 
radon concentration at entry is C = 20 pCi/litre. 
 
An estimate of the age of the air at entry, tin, is given by an inversion of equation (13.15). 
 

 tin    =    
8.0

1

510102
1100













−xC
WLin  (s)    (13.19) 

 

             =   
8.0

1

510102
1

20
10005.0













×
×

−
     =   970 seconds 

 
(This result can be estimated from Figure 13.9 at WL = 0.05 and radon concentration =  20 pCi/litre.) 

 
Equation (13.18) then gives 
 

WL3    =    0.05  ( )










 −+

8.0

8.08.0

)970(
400)400970(     =     0.0413  WL 

 
To complete the series of examples given in this Section, the total working level of radon 
daughters exiting the airway is 
 
 WLout =    WL1  +  WL2  +  WL3 
  =  0.025 + 0.080 + 0.041     =    0.146 WL 

 
 
 
13.5. METHODS OF MONITORING FOR RADIATION 
 
When radioactive emissions strike the atoms of other substances, they produce effects that may 
include increases in temperature or secondary radiation. These effects can be measured and are 
a function of the level of the primary emission. In general, there are two types of radiation 
instrumentation, the thermal and photosensitive detectors. 
 
In thermal detectors, the radiation is directed on to the hot junctions of a series of thermocouples 
(thermopile) or a resistance thermometer within an evacuated chamber. The increase in 
temperature of these sensors produces an electrical output that is representative of the level of 
radiation. Another type employs a sensitive gas thermometer. Thermal detectors tend to be 
fragile and are less suitable for portable instruments. 
 
The most widely used principle of radiation detection in subsurface openings is photosensitivity. 
The radiation is aimed at a material that emits photons (quanta of light) when irradiated. Zinc 
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sulphide is commonly employed. The photons are directed towards a photomultiplier tube (PMT) 
where the light is amplified and converted to electrical pulses for counting and display. 
 
 
13.5.1. Measurement of radon daughters 
 
A number of instruments have been devised to measure the working levels of radon daughters 
(Williamson, 1988). In the Kusnetz (1956) method, the air is pumped for 5 minutes at a steady 
rate of 2 to 10 litres/minute through a filter of pore size less than 0.8 microns. The radon 
daughters collected on the filter are allowed to age for a further 40 to 90 minutes and are then 
exposed to a photomultiplier tube. The pulses of output energy are counted over a period that 
depends upon the level of activity but should be small compared with the delay period, typically 1 
to 2 minutes (Calizaya, 1991). The concentration of radon daughters in working levels is then 
given as 
 

 WL   =   
VTF

CEC
×
×        (13.20) 

 
where  C  =  measured count rate (counts/min) 
 CE  =  counter efficiency (instrument factor) 
 TF  =  time factor corresponding to the 40 to 90 minute delay (Figure 13.7)  
   between the end of sampling and the midpoint of the counting interval 
and  V  =  sample volume (litres) 
 
A disadvantage of the Kusnetz and similar methods is the delay between sampling and 
measurement. This limits the number of samples that can be taken in any one shift. “Instant” 
radiation meters reduce the sampling and measurement cycle to a few minutes but may suffer 
from reduced accuracy, particularly at low levels of activity (Williamson, 1988). These instruments 
also involve the collection of radon daughters on filters and employ photomultiplier tubes and 
display units to indicate count rates. The Instant Working Level Meter (IWLM) gives gamma 
radiation in mRem/h as well as separate counts for alpha and beta radiation. 
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Figure 13,7   Time factors for the Kusnetz method. 
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13.5.2. Measurement of radon concentration 
 
An early grab sample technique for measuring radon concentration is the Lucas flask. This is a 
lucite container whose sides and top are coated with zinc sulphide. To measure radon 
concentration the flask is first evacuated by a vacuum pump. Sample air is then admitted via a 
valve and filtered to remove radon daughters. The sample is allowed to age for about 3 hours in 
order to achieve secular equilibrium. A flash of light (photon emission) occurs when an alpha 
particle strikes the wall of the container.  A window at the bottom of the flask is attached to a 
photomultiplier unit and a reading taken of the output count rate.  
 
The radon concentration is given as 
 

 
VCEFE

TFbC
××××

−
322.2
)(     

litre
pCi      (13.21) 

 
where  C     =   counts per minute 
 b     =   counts per minute due to background radiation from the ambient surroundings 
 TF   =   time factor (varies from 0.9762 at 2.5 hours to 1.0051 at 3.5 hours of elapsed time) 
 FE  = flask efficiency (given by flask manufacturer) 

 2.2 = conversion of counts per minute to pCi (60 x 0.037 from equation (13.8)) 
  CE  = counter efficiency (instrument factor) 
and   V   = volume of flask (litres) 
 
The remaining constant of 3 arises from the fact that alpha emission occurs at three levels during 
decay from radon to RaD. This is shown on Figure 13.1. At secular equilibrium, the alpha 
emissions at each level are equal. As the instrument detects total alpha activity the result must be 
divided by 3 to give the concentration of radon alone (Calizaya, 1985). 
 
Further developments have produced instruments suitable for continuous and integrating 
sampling over longer periods. These are useful in establishing variations and average values of 
radon concentrations at fixed locations. 
 
 
13.5.3. Personal dosemeters 
 
Radiation badges or personal dosemeters are designed to be attached to the clothing and 
provide a measure of the cumulative radiation dosage to which the wearer has been subjected. 
Thermoluminescent dosemeters (TLD) consist of four luminescent phosphors. At periods of one 
to three months each badge is processed by heating it to a given temperature. The amount of 
light emitted from each phosphor indicates the average levels and types of radiation to which the 
badge has been exposed. Another type of radon detector employs an element consisting of poly-
alyl diglycol carbonate (PADC detector). A difficulty with personal detectors is that they may be 
incapable of distinguishing between the radon daughters which are the main radiation hazard in 
mines and other less harmful forms of radiation including the radon gas itself (Howes, 1990). 
They are also susceptible to changes in atmospheric pressure, temperature and humidity that are 
characteristic of subsurface environments. 
 
Miniature versions of the pump and filtration units may prove to be more reliable than current 
radiation badges. However, these are likely to be cumbersome as well as expensive for routine 
use. Electronic dosemeters have also been developed for personal use ( Bartlett, 1993). To this 
time, personal dosemeters have not found widespread use in subsurface workings. 
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13.6. CONTROL OF RADIATION IN SUBSURFACE OPENINGS 
 
The control of radon and its daughters in underground mines should be addressed during the 
design of the mine layout, choice of mining method and in selecting mineral transportation routes 
as well as in planning the ventilation system. In this Section, we shall discuss the measures that 
may be taken to reduce the hazard of radiation in mines. The guidelines that are suggested have 
been established through a combination of practical observations and theoretical analyses. 
Although these guidelines can be followed without regard to theoretical background, their success 
is better assured if the ventilation engineer is familiar with the earlier sections in this chapter. The 
concepts of aging and residence time are particularly important. It follows that the need for rapid 
removal of radon and its daughters results in higher airflow requirements in uranium mines than 
for most other subsurface openings. The high operating costs that can ensue make it particularly 
important to design the ventilation system with a view to high efficiency and to employ the 
techniques of computer-assisted network analysis (Chapter 7). A further prerequisite is to obtain 
data on the geology of the area, rock surface emanation (J) rates and emanating powers of 
fragmented ore (B) (Section 13.3.1.). 
 
 
13.6.1. Ventilation systems for uranium mines 
 
Particular regard should be paid to the locations and dimensions of intake airways in uranium 
mines. The purpose is to deliver the intake air to stoping areas as free as practicable from radon 
or its daughters. There are three methods of achieving this objective. First, the intakes should be 
driven in the native rock and, as far as possible, not within the orebody. Such airways will be less 
subject to emanations of radon from the rock surfaces. 
 
Secondly, the residence times of air in intake airways should be kept to a minimum. Air velocity 
limits normally accepted for the purposes of economics and dust control (Section 9.3.6.) are 
frequently exceeded in the intakes of uranium mines. Ventilation requirements for uranium mines 
are usually much higher than for other mines. Thirdly, where long intake airways are unavoidable, 
then even higher velocities may be necessary and consideration may be given to the use of 
airway liners. These are discussed further in Section 13.6.7. 
 
Within the stoping areas, emphasis should, again, be placed on rapid air changes. Series 
ventilation should be avoided and when booster fans are used, particular care should be taken in 
the choice of their locations and duties in order to minimize recirculation. Uranium mines are a 
case in which systems of controlled partial recirculation should not be employed. 
 
Pressure differentials across sealed old workings should be in a direction such that any leakage 
will pass into return airways and not into intakes. The "dirty pipe" principle may be used to 
advantage in the design of ventilation systems for uranium mines (Section 18.3.1.). The number 
of personnel required to work or travel in the return airways of uranium mines should be kept to a 
minimum. 
 
In order to provide “young” air to the faces of headings in uranium mines, it is preferable to 
employ forcing systems of auxiliary ventilation. An exhaust overlap duct and filter may be added 
to deal with dust problems (Section 4.4.2.). 
 
 
13.6.2. Dilution and mixing processes 
 
At a constant rate of emission, the rise in concentration of non-radioactive gases is inversely 
proportional to the rate of through flow of fresh air (Section 9.3.1.). This is not the case for radon 
daughters because of the ongoing effects of radioactive decay. Equation (13.17) indicates that if 
an airway or stope is supplied with uncontaminated air and the rate of radon emanation remains 



Radiation and radon gas                                                       Malcolm J. McPherson 
 

    13 -  22

constant, then the exit working level of radon daughters is proportional to the residence time 
raised to the power 1.8, i. e., 
 
 WL  ∝   (tr)1.8         (13.22) 
 
where ∝ means 'proportional to'. 
 
This shows that if the airflow is halved and, hence, the residence time doubled, then the exit 
working level of radon daughters will increase by a factor of 21.8 = 3.48. 
 
A more general relationship is gained by substituting 
 

 Q   ∝ 
rt
1

 for a given airway geometry,    where Q = airflow (m3/s) 

 
giving 
 

 WL  ∝
8.1

1
Q

        (13.23) 

 
Then 
 

 
8.1

1

2

2

1

WL
WL









=

Q
Q

       (13.24) 

 
 
Example 1 
A mine opening is ventilated by an airflow of 10 m3/s. The exit concentration of radon daughters 
is 0.9 WL. If this is to be reduced to 0.33 WL, determine the required airflow. 
 
 
Solution 
From equation (13.24) 
 

 Q2    =    Q1 
8.1

1

2

1

WL
WL









    =    10 

8.1
1

33.0
9.0







     = 17.46 m3 /s 

 
 
Example 2 
The radon daughter concentration leaving a mine section is 0.3 WL when the airflow is 15 m3/s. A 
temporary obstruction caused by stocked materials reduces the airflow to 5 m3/s. Determine the 
effect on the radon daughter concentration. 
 
 
Solution 
Equation (13.24) gives 

 WL2    =    WL1 
8.1

2

1








Q
Q

    =   0.3 
8.1

5
15








    =    2.17  WL 

 
This is a dangerous concentration of radon daughters and illustrates the importance of 
maintaining adequate airflows at all times in a uranium mine. 
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It should be recalled that equation (13.24), upon which this method of estimating the effects of 
airflow is based, assumes that the air at entry to the opening is uncontaminated. This may not be 
the situation in practice and, indeed, experience has shown that the formula often underestimates 
the amount of air required (Rock and Walker, 1970). 
 
When two airstreams of differing concentrations of radon daughters are mixed, then the resulting 
concentration is given simply as the weighted mean: 
 

 WLmixture    =    ( )
Q

WLQ
Σ

Σ ×       (13.25) 

 
 
Example 3 
An airflow of 10 m3/s and radon daughter concentrations of 0.25 WL passes a seal from which 
issues a leakage flow of 0.3 m3/s at 150 WL. (Near stagnant air in sealed areas can reach very 
high concentrations of radon and its daughters.) Determine the radon daughter concentration in 
the downstream airflow. 
 
Solution 
From equation (13.25) 

 WLmixture    =    
3.10

)1503.0()25.010( ×+×      =   4.61  WL 

 
This example illustrates the dangerous levels of radiation that can arise from small leakages 
through abandoned areas. 
 
 
13.6.3. Radiation surveys 
 
The preceding section makes it clear that modifications to the airflow distribution and small 
leakages from old workings can have very significant effects on levels of radioactivity in mines 
subject to radon emanations. In order to ensure the continuity of acceptable conditions and to 
locate sources of contamination, it is useful to conduct radiation surveys. These involve taking 
measurements of radon and radon daughters, commencing at points of fresh air entry and tracing 
the primary ventilation routes through to mine exits. Figure 13.8 illustrates the type of results 
produced by a radiation survey. 
 
Sampling Control stations may be selected at strategic locations in order to establish time-
transient trends or to correlate radiation levels with mining activities. Permanent monitoring 
stations with recording and alarm facilities provide an even greater degree of Control (Bates and 
Franklin, 1977). 
 
The degree of equilibrium between the measured concentrations of radon and radon daughters 
enables the “age” of the air to be established (Figures 13.5, 13.9 or equation (13.19)). High 
equilibrium levels (“old” air) measured along the airflow paths are indicative of inadequate 
ventilation, recirculation or leakage from old workings. Low equilibrium levels (“young” air) but 
with elevated concentrations of radon and radon daughters imply that high rates of radon 
emanation are occurring. 
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13.6.4. Mining methods, mineral clearance and backfill 
 

The choices of mine planning, stoping methods and operational procedures have a large influence on 
the severity of a mine radiation problem that must, subsequently, be handled by the ventilation 
system. In planning the extraction sequence, stoping areas should progress from the main exhaust 
airways towards the trunk intake zones. This strategy of retreat mining ensures that worked out areas 
and zones of fragmentation and voidage do not contribute towards the radioactive contamination of 
current workings. Leakages from abandoned areas pass directly into return airways. 
 

Stoping methods should avoid systems that involve large areas of exposed ore, sluggish ventilation 
or high tonnages of fragmented rock. Hence, open or shrinkage stoping and caving techniques are 
not advisable in uranium mines. Peak emanations of radon occur during and after blasting. It is 
particularly important that adequate re-entry periods are employed for the clearance of blasting fumes 
and the associated radon daughters before personnel are allowed to return to the workings. 
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Figure 13.8  Example of a radiation profile produced from a radiation survey along 
         a main ventilation route in a uranium mine.  (Airways adding or 
           subtracting air from the main route are not shown.) 
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Piles of fragmented ore may produce high radiation levels, especially when they are disturbed by 
mucking operations. This can result in very large variations in radon daughter concentrations 
during a mining cycle. The broken ore should be transported from the mine as rapidly as 
practicable. Where some aeration of fragmented ore is unavoidable such as in orepasses or at 
transfer points, then consideration should be given to the use of exhaust hoods or air bypasses to 
route the contaminated air directly into a return airway. The number of ore handling operations 
within the mine should be kept as low as possible and out of main intake airways. 
 
Haulage airways should be well maintained in order to avoid unnecessary comminution of the ore 
or spillage during transportation. Furthermore, the production of dust particles from uranium-
bearing rocks will cause increased levels of radiation (Bigu and Grenier, 1985). The settlement of 

Figure 13.9   Growth of radon daughters as a function of time and radon concentration. 
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such dust particles within subsurface airways produces an escalating source of radon. Dust 
suppression by water sprays or filters is particularly important in uranium mines (but refer to 
Section 13.6.6 for the effects of water vapour on emanating surfaces). 
 
Localized peaks of radon emanation may occur during drilling operations either for blasting or for 
orebody exploration. Consideration should be given to the location of machine operators. Long 
exploration holes should be sealed. Blasting patterns for developments should be selected to 
minimize the overbreak envelope of fractured rock around the opening. The induced fracture 
network within this envelope produces additional surface area for radon emanation as well as 
enhancing the inflow of radon-contaminated groundwater. Good strata control techniques 
including rock bolting and other support methods will help to minimize radon emanations. 
 
In addition to controlling ground movement, the employment of backfill material will reduce 
leakage flows through old workings. Both of these features are particularly important in uranium 
mines. However, tests should be carried out on the radon emanation characteristics of the fill 
material itself, particularly when it contains mill tailings. Freshly placed wet fill may emanate radon 
gas at about twice the rate of the consolidated fill (Bates and Franklin, 1977; Thompkins, 1982). 
The addition of cement to the fill material can result in a reduction of the radon emanation rate. If 
backfilling operations produce a significant amount of radon, then care should be taken to ensure 
that the contaminated air is exhausted into return airways. 
 
 
13.6.5. Contamination from abandoned workings 
 
Example 3 in Section 13.6.2. illustrates the high level of radioactive contamination that can occur 
in uranium mine ventilation systems when slight leakage occurs from abandoned areas or 
unventilated blind headings. The near stagnant air in such zones achieves a high concentration of 
radon at secular equilibrium with the radon daughters (fully aged). Radon concentrations of many 
thousands of pCi/litre may occur behind seals in uranium mines. It becomes particularly important 
that barrier seals in uranium mines should be constructed and maintained to a high standard. The 
faces of stoppings and adjoining rock walls may be coated with additional sealant material 
(Section 13.6.7.). However, minor transients in atmospheric pressure can cause “breathing” 
through seals and stoppings, resulting in peak emanations of radon and radon daughters during 
periods of falling barometric pressure (Section 4.2.2.). 
 
Such effects occur not only from sealed areas of the mine but also from fracture networks and 
other voidages within the strata. Attempts have been made to modify mine atmospheric 
pressures by fan control in uranium mines such that air pressures are elevated during working 
shifts and depressed when few or no persons are underground (Schroeder et al, 1966; Bates and 
Franklin, 1977). Leakages from sealed areas can be controlled by pressure balance chambers 
(Section 21.5.5.) which maintain pressure differentials across seals at near zero. Another 
technique is to employ a bleed pipe that connects the sealed area to a main return airway or 
through a vertical borehole to surface. The sealed zone can be maintained at sub-atmospheric 
pressure by employing a low capacity extractor pump or fan within the bleed pipe. Leakage into 
the sealed area then remains safely in an inward direction. In the absence of these pressure 
control techniques, a small pressure differential should be maintained across the sealed area 
such that any leakage that occurs will be into return airways. 
 
 
13.6.6. The influence of water 
 
The emanation of radon from mineral crystals into the pores of a rock will be essentially the same 
whether the interstices are filled with air or water. However, any migration of the groundwater can 
provide a transport mechanism for the dissolved radon that is more efficient than diffusion of the 
gas through a dry rock. When the water reaches a mine opening it will yield up its dissolved radon 
very readily, particularly if the water is aerated by spraying or dripping into the airway. It is 
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prudent to capture such water into pipes as soon as possible in uranium mines and minimize its 
exposure to the air. 
 
In permeable wet strata, the emanation of radon can be reduced significantly by pre-draining the 
area. This may be achieved by pumping from a ring of drainage boreholes. Better results can be 
obtained by driving drainage levels below the stopping areas prior to mining. The effectiveness of 
this technique can be further enhanced by boreholes drilled into the strata from the drainage 
levels. In severe cases, the flow of water into development headings can be reduced by grouting. 
 
Radioactive decay of the radon occurs whether it is contained within air or water. Hence, the 
concentration of radon in groundwater depends upon the elapsed time since the gas was emitted 
from mineral crystals into the water-filled interstices. Mine water that contains dissolved radon 
should not be used for dust suppression sprays. However, if it is first brought to the mine surface 
and aerated, then the radon content may be diminished to a level that renders the water suitable 
for dust suppression. 
 
Experimental observations indicate that commencing with dry rock, radon emanations can 
increase dramatically as the moisture content of the rock increases (Bates and Franklin, 1977). A 
similar effect occurs from raising the moisture content of the air that is in proximity to rock 
surfaces. However, as the rock or air approaches saturation, the effect diminishes and radon 
emanations fall when liquid water appears on the rock surface. The mechanisms that produce 
these phenomena appear not to be clearly understood. It is thought that displacement of 
adsorbed radon by water molecules on mineral surfaces may explain the initial increase in 
emanation rates, while the later inhibition of radon release may be due to the interstices near the 
surface becoming filled with liquid water. 
 
 
13.6.7. Air filters and rock surface liners 
 
As radon daughters are particulates, a large proportion of them can be removed by passing the 
air through high efficiency dust filters. These should be capable of removing at least 95 percent of 
particles 0.3 microns in size. As such filters are relatively expensive and can rapidly become 
blocked in mining conditions, fibreglass prefilters may be used to remove the coarser particles 
and, hence, improve the life of the high efficiency filters (Rock and Walker, 1970). The latter are 
also affected adversely by humid conditions. The pressure drop across filters can be monitored to 
indicate when renewal or cleaning has become necessary. 
 
The major drawback to filters is that they do not remove the radon gas that continues to replenish 
radon daughters. The filtered air must be supplied quickly to the personnel who are to be 
protected. Figure 13.9 or equation (13.15) show that even if perfect filtration of particulates is 
achieved, a radon concentration of 100 pCi/litre will generate 0.3 WL of radon daughters in 1218 
seconds (20.3 minutes). However, if the radon concentration is 500 pCi/litre, then 0.3 WL of 
radon daughters will appear in only 163 seconds (2.7 minutes) after filtration. Filters for radon 
daughters are perhaps most effective for forcing duct systems supplying rejuvenated air to 
headings. 
 
Activated charcoal can remove radon gas from air. At the present time, large scale applications 
appear to be impractical. However, gas masks with activated charcoal filters can be used to 
protect personnel who are required to venture into high radon and radon daughter concentrations 
for a short time. 
 
A number of trials have been carried out into the use of sprayed coatings and film membranes to 
reduce radon emanations into mine openings. These are unlikely to replace good ventilation as 
the primary means of combatting the radon problem. However, they can have an application in 
long intakes driven in high grade ore or permanent work places such as workshops. Liquid sprays 
are suitable for application on rock surfaces while membranes may be attached to the faces of 
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stoppings. Grouting of the rock envelope with or without rock bolting can also be effective in 
reducing inflows of both radon and water. 
 
Tests conducted by the U. S. Bureau of Mines investigated the ability of a range of polymer 
sealants to resist the passage of radon (Bates and Franklin, 1977). The permeability of a material 
with respect to air has little bearing on its resistance to radon gas. The latter is a monatomic gas 
that will diffuse through most substances. Furthermore, any lining material intended for use in 
mines should have low toxicity and flammability both during application and after curing has been 
completed. Additionally, it should be convenient to apply, inexpensive and not productive of 
smoke or toxic fumes when heated. These stringent requirements limit the use of radon barriers 
in practice. 
 
The U. S. Bureau of Mines tests indicated that water-based epoxies were suitable for application 
to rock surfaces. However, two spray applications are recommended, the first with a low viscosity 
liquid to penetrate surface interstices, and the second with a thicker fluid to seal visible fractures. 
Using differing colours for the two applications assists in achieving full coverage. 
 
Further tests in Canada indicated that a polysulphide copolymer spray and aluminized mylar 
sheeting were both capable of reducing radon diffusion through a bulkhead by more than 95 
percent (Archibald and Hackwood, 1985). Additional data on the permeability of membranes to 
radon is given by Jha et al (1982). 
 
 
13.6.8. Education and training 
 
Radon gas and radon daughters are a particularly insidious hazard. They are invisible, odourless 
and can be detected only by specialized instruments. Furthermore, they have no short term 
observable effects on the human body. It becomes particularly important that all workers in 
affected environments should be made aware of the health hazards associated with radon and 
the steps that can be taken to alleviate the problem. Booklets, videotapes and classroom teach-
ins are particularly effective. These should emphasize the importance of a brisk throughflow of air 
and the hidden dangers that may arise from recirculation, damaged stoppings or ventilation doors 
left open. 
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