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FOREWORD

This publication is one o f the Safety Guides to the Code o f Practice on Radia
tion Protection o f Workers in the Mining and Milling o f Radioactive Ores, 1983 
Edition, which was published as a joint IAEA/1LO/WHO publication (IAEA Safety 
Series No.26). This Safety Guide is intended to demonstrate as well as facilitate the 
application o f the principles o f optimization in the control o f risk among the workers 
engaged in the mining and milling o f radioactive ores and to give some guidance on 
suitable technology.

The International Atomic Energy Agency, jointly with the World Health 
Organization, the International Labour Organisation and the OECD Nuclear Energy 
Agency, published the Basic Safety Standards for Radiation Protection, 1982 Edition 
(IAEA Safety Series No. 9). The Basic Safety Standards outline the principles of 
radiation protection and also the basic requirements to be followed in the implemen
tation o f radiation protection control. These principles are further developed in the 
case o f mining and milling o f radioactive ores in the joint IAEA/ILO/WHO Code 
o f  Practice on Radiation Protection o f Workers in the Mining and Milling of 
Radioactive Ores (IAEA Safety Series No. 26).

This Safety Guide on the Application o f the Dose Limitation System to the 
Mining and Milling o f Radioactive Ores was prepared by an Advisory Group which 
met for the first time in Portoroz, Yugoslavia, from 22 to 26 August 1983, and then 
again from 6 to 10 August 1984, in Vienna. Following the second Advisory Group 
meeting the draft was further reviewed by A. Dory from Canada who also was a par
ticipant o f the two Advisory Group meetings held earlier. After the consultant’ s 
review the draft was circulated among the members o f the Advisory Group for a fur
ther check. The final version o f the draft was prepared by the Secretariat with the 
help o f a consultant.
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Chapter 1

INTRODUCTION

1.1. The system o f dose limitation is based on the present knowledge o f the biologi
cally deleterious effects o f ionizing radiation on living beings, including experience 
with man and his progeny.

1.2. The basic principles o f radiation protection are outlined in Safety Series No. 9: 
Basic Safety Standards for Radiation Protection, 1982 Edition, sponsored by the 
IAEA, ILO, OECD/NEA and WHO. They are further developed in Safety Series 
No. 26, 1983 Edition, o f the IAEA Safety Standards as they relate more specifically 
to mining and milling o f radioactive ores.

1.3. A higher incidence o f lung cancer has been observed statistically amongst ura
nium miners. The risk o f cancer induction is probabilistic and the probability o f a 
cancer is considered to be linearly related to the radiation dose at the exposure levels 
observed in mining and milling.

1.4. For the implementation o f the Code o f Practice contained in IAEA Safety 
Series No. 26 two guides are being issued in the IAEA Safety Series. The first one 
is this document, which is intended to demonstrate and facilitate the application o f 
the principle o f optimization in the control o f radiation risk among workers engaged 
in the mining and milling o f radioactive ores, and to give some guidance on suitable 
technologies. The second one is the revised IAEA Safety Series No. 43, which deals 
with monitoring and administrative requirements to ensure the continuing proper 
operation o f established programmes o f radiation protection (IAEA/ILO/WHO 
publication).
1.5. The object o f this Safety Guide is to provide information that will enable those 
responsible for radiation protection in mining and milling to optimize the protection 
o f workers, having regard to the risks and the cost o f protection, in accordance with 
the ALARA1 principle.

1.6. The system o f radiation protection optimization described in this Safety Guide 
is based only on the radiological risk. Non-radiological risks such as diesel fumes, 
silica dust, acid fumes, ammonia fumes, reduced oxygen concentration, and other 
industrial risks also exist in mines and mills. Limitations on exposure to these risks 
will usually be imposed by the appropriate competent authority. Such limitations 
may result in protective measures that are different from, and possibly compete with, 
those that result from optimization o f radiation exposure control alone. Situations

1 A n acronym  for 'a s  low  as reasonably ach ievab le ’, a concep t m eaning that the desigh  and use 
o f  sources, and the p ractices associated  therew ith , should be such as to ensure  that exposures a re  kept 
as low as is reasonably  p rac ticab le , econom ic and  social factors being  taken into account (Ref. IC R P 
Publication  26). A synonym  o f  ‘optim ization  o f  rad iation  p ro tec tion ' (R ef. IC R P  Publication  37).

1
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2 CHAPTER 1

may occur where the optimization o f occupational radiation protection enhances, or 
hinders, conventional industrial safety. In such instances of conflict, which are 
presumably rare, the appropriate course o f action is that which optimizes the protec
tion against overall risk from all sources. This may require the responsible regulatory 
authorities to make a judgement that balances both combined radiological and non- 
radiological risks with their total costs o f control. If the combined protective 
measures are then less than the optimum for radiological control, the appropriate 
competent authority and the operator will have to assess the situation.

1.7. Optimization o f radiation protection should include the proper and adequate 
training o f both management and workers. Such training should ensure a comprehen
sive knowledge o f the facilities, equipment and techniques for radiation protection.

1.8. Co-operation o f the workers and their representatives can also significantly 
influence worker radiation protection and should therefore be encouraged. Although 
costs can be reasonably estimated for such programmes, benefits are more difficult 
to identify. This should not prevent training being considered as an important part 
o f optimization. Comprehensive good quality monitoring programmes, and equip
ment designed to detect abnormal radiation levels and system failures, also help the 
optimization systems. Such a monitoring system can likewise be costed, while the 
benefits are difficult to estimate.

1.9. In practice, decisions on matters o f radiation protection must routinely be made 
on the basis o f uncertain or incomplete information. Most often the degree of 
uncertainty is not overwhelming and the appropriate decision is clear. In some cases 
additional information may be necessary to reach a decision, sometimes at an 
exorbitant cost in comparison with the benefit derived from the decision to be made. 
In other cases the information necessary to make clear the proper decision is simply 
not obtainable. This is most frequently the case in instances where costs and benefits 
are highly dependent upon geological and mining conditions in future operations 
which cannot be predicted in advance with confidence.

1.10. The existence o f these difficulties must be allowed for in the decision making 
process. It is therefore important to recognize that application o f the process o f 
optimization will be limited by the information available, and that decisions must 
often be made that are to differing degrees o f a judgemental nature. In these instances 
the optimization process should not be abandoned, but should be used as the basic 
framework for applying available data and information and for defining the judge
ments to be made.

1.11. Finally, it has to be recognized that the cost-benefit assessment is one metho
dology for the optimization o f radiation protection. However, it should be stressed 
that optimization o f radiation protection, like optimization in technology in general, 
is basically an intuitive process. The quantitative techniques discussed in this Safety 
Guide are a substantial aid to optimization, but they are not in themselves the entire 
process.
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Chapter 2

RADIATION RISKS

2.1. GENERAL

2.1.1. Mining and milling o f radioactive ores comprise operations such as 
development, drilling, blasting, handling, crushing, grinding, leaching o f the ore, 
and concentration, stripping, precipitation, drying, packaging and storing o f the 
concentrate product.

2.1.2. Radiation risks in the mining and milling o f radioactive ores result from 
exposure to airborne radioactivity and external radiation. The inhalation risk is o f 
more concern in underground mines than in open pit mines.

2.1.3. In mines the airborne radionuclides consist o f radon2 and its short lived 
daughters, and long lived alpha emitters in the form o f dust. The concentrations of 
airborne radionuclides are usually higher in underground mines than in open pit 
operations.

2.1.4. In mills dust containing long lived alpha emitters is usually more significant 
than radon and its daughters.

2.1.5. External radiation risks in mines and mills can be significant in some areas. 
Their significance is o f increased importance in high grade mines.

2.1.6. Thorium may be present in some uranium ores and, conversely, uranium 
may be present in some thorium ores in concentrations sufficient to make a signifi
cant thoron daughter or radon daughter contribution to the exposure o f the workers. 
Thorium mining itself is at present mainly conducted by open pit operations, and the 
radiation risk is small and mainly in the form o f external radiation. In thorium mills, 
however, dust produced during the physical separation constitutes an inhalation risk.

2.1.7. Some decay characteristics o f radon and its daughters and the long lived 
radionuclides encountered in the mining and milling o f radioactive ores are shown 
in Fig. l(a-d) and in Figs V II-1 to VII-3 in Annex VII.

2.2. UNDERGROUND URANIUM MINES

2.2.1. The radiation risks in underground uranium mines are primarily from the 
airborne radionuclides, which consist o f radon (222Rn) and its short lived daughter

2 T he  te rm  radon and  its daugh ters  re fers  to  2 : :Rn and : “°R n  and the ir daughters  unless specified 

otherw ise.

3
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FIG. 1(b). Radioactive decay series o f radon-222.

products. Radon-222 is an inert gas and, therefore, it passes freely into, and out of, 
the lungs with minimal uptake by the respiratory system. On the other hand, the 
radon daughters 2l8Po, 2l4Pb, 2l4Bi and 2l4Po are often attached to dust particles and 
condensation nuclei in the air. Inhaled radon daughters deposit differently in the 
respiratory tract, the exact location depending on the particle size. The magnitude 
o f  the radiation dose to the respiratory system depends on the concentration o f radon 
daughters in the inhaled air, the concentration and size o f particles in the dust to 
which the daughters are attached, physiological parameters, and — in an active mine 
environment — the fraction o f radon daughters that is not attached. This fraction is 
usually less than 2%. Although the risk factor for the unattached radon daughters 
is higher than the risk factor for attached radon daughters, the magnitude o f the 
radiation dose to the respiratory system from unattached daughters is normally a 
small part o f the total dose and need not be separately considered for practical radia
tion protection purposes.
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2.2.2. The airborne dust in the mine also contains long lived radionuclides from 
the 238u and 235U series. For the purpose o f radiation protection and from the view
point o f internal contamination, 238U, 234U, 230Th, 226Ra, 2l0Po and 210Pb are sig
nificant. Mining operations such as drilling and blasting produce airborne dust 
containing these long lived radionuclides.

2.2.3. External radiation risk in uranium mines is due to beta and gamma radiation 
emitted from the radionuclides in the ore.

2.2.4. Mine waste and mill tailings can be a source o f radiation risk in under
ground uranium mines, if used for backfilling, but the benefits derived from their 
use usually outweigh the increase in radiation risk.

2.2.5. Radioactive ore dust arising during operations in the mine settles on 
surfaces and produces surface contamination, which can assume significance where 
high grade ore is extracted.

2.2.6. Mine water may contain dissolved radium and radon, which could increase 
radon daughter levels in underground mines.
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8 CHAPTER 2

2.3.1. In open pit uranium mines the airborne radiation risk is much less signifi
cant than in underground uranium mines. This is the result o f natural ventilation, 
which will dilute the radon and radon daughter concentrations in the pit atmosphere. 
However, in a deep open pit mine where there is less natural ventilation the radiation 
risk from radon daughters could be significant.

2.3.2. The major sources o f radiation risk in open pit mines are external radiation 
and radioactive dust containing the long lived radionuclides.

2.3. OPEN PIT MINES

2.4. URANIUM MILLS

2.4.1. In uranium mills 222Rn and its daughters usually present only a minor radi
ation risk compared with ore and uranium dust, although significant 222Rn concen
trations may occur near ore storage bins and in enclosed crushing and grinding areas. 
The long lived radionuclides will be in the same state o f equilibrium as in the ore, 
but during subsequent operations this equilibrium is disturbed. At various stages 
following uranium extraction and the precipitation and recovery process the liquids 
and solids handled are rich in uranium so that the airborne radioactivity is 
predominantly due to uranium.

2.4.2. The exposure o f workers in uranium mills to external beta and gamma 
radiation is generally comparable to that o f workers in uranium mines, but it may 
be significantly higher in some locations. The external radiation levels vary from 
mill to mill, depending on the grade o f ore, type and grade o f concentrate, and type 
o f process, but, generally, the external radiation risk assumes significance mainly in 
the final stages o f  precipitation, filtration, concentrate packing, and storage. Freshly 
separated uranium concentrate is primarily an alpha emitter but, as daughter products 
build up, both beta and gamma activities also build up. The increase o f beta and 
gamma activity is governed by the half-life o f 234Th, which is about 24 days. Thus, 
in the product storage area, the external radiation level will increase with the age o f 
the stored concentrate.

2.4.3. Surface contamination, if not controlled by proper containment and regular 
housekeeping, can contribute to airborne radioactivity through resuspension. This is 
a problem mainly in areas where concentrates are handled, such as in precipitation, 
filtration, drying, weighing and packing. Furthermore, where an accumulation o f 
surface contamination is allowed to occur it can become a source o f external radia
tion risk.
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2.5.1. The wastes from uranium mills consist o f liquid, gaseous and particulate 
airborne effluent, and the tailings. The major radionuclides present in the liquid 
effluent before treatment are 230Th, 226Ra and 2l0Pb. In the airborne effluents the 
most important nuclides are 222Rn and its daughters, uranium and other radio
nuclides contained in the ore dust. Uranium mill tailings containing radioactive and 
non-radioactive materials are the solid residue, the water used for facilitating the 
transport o f the tailings, and remains o f the liquids from the process after uranium 
has been extracted from the ore. Tailings contain most o f the 230Th, 226Ra and 2l0Pb 
that was originally present in the ore.

2.5.2. At least 97% o f the 226Ra in the ore fed to the mill remains undissolved 
through the leaching process; therefore the total radium in the tailings is only slightly 
less than that in the ore. Because o f the presence o f 226Ra in the tailings, 222Rn will 
be continuously produced from the tailings.

2.5. URANIUM TAILINGS

2.6. THORIUM MINES

2.6.1. At present, most thorium production is by processing mineral sand mined 
by open pit methods. Therefore the radiological risk, particularly from inhalation, 
may be relatively small compared with underground mining. Inhalation risks arise 
mainly from dust produced during the dry handling o f the mineral sands from 
placers. In underground thorium mines, or in uranium mines where thorium is 
present in significant quantities, the radiation risk occurs as both airborne 220Rn 
daughters and external radiation. Thus the assessment o f risk includes an assessment 
o f thorium and its long lived daughter products in the working atmosphere in addition 
to 220Rn and its daughters.

2.7. THORIUM MILLS

2.7.1. When thorium is present in mineral sand, the initial separation is by physical 
processes. The first stages are usually wet processes and do not present an 
appreciable radiological risk.

2.7.2. Subsequent separation stages are dry and include magnetic and electrostatic 
separation and air tables. Considerable airborne dust concentrations can occur in 
these processes.
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10 CHAPTER 2

2.7.3. The separated thorium rich minerals may then be further processed for the 
recovery o f rare earths and thorium. This further processing involves grinding and 
chemical extraction. Consequently, the release o f  220Rn may be greater than in the 
earlier stages o f processing. External radiation risks arise from both beta and gamma 
radiation emitted by 228Ra, 228Ac, 228Th, 224Ra, 2l2Bi and 208T1. External radiation 
levels may range from less than 10 juSv per hour to more than 100 /xSv per hour in 
monazite storage areas. Surface contamination in thorium processing may be a 
source o f radiation risk. Clothing contamination may in this case be a more signifi
cant source o f exposure than in uranium mines, because o f the more pronounced beta 
and gamma emitters in thorium ore. Equipment and surfaces in the mill should be 
periodically checked for surface contamination. Equilibrium between 232Th and 
220Rn is more rapidly restored than equilibrium between 238U and 222Rn. Thus, 
220Rn from refined thorium oxide presents a greater hazard than 222Rn from refined 
yellow cake.

2.8. THORIUM TAILINGS

2.8.1. Since, at present, the market for thorium is small, the waste from a mill 
processing mineral sands may include all or most o f the thorium. Thus the method 
o f management o f these tailings will influence the workers’ exposure to external and 
internal radiation.
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Chapter 3

THE SYSTEM OF DOSE LIMITATION

3.1. OBJECTIVES

3.1.1. The objectives o f radiation protection o f individuals exposed to radiation are 
the prevention o f the occurrence o f non-stochastic effects and the limitation of 
stochastic effects (risk) to levels deemed to be acceptable. This is achieved by limit
ing the individual exposures. However, even if every individual is adequately 
protected, the total detriment caused by a given practice must also be limited to 
ensure that it is justified by the benefits obtained from the practice.

3.1.2. To meet the objectives o f radiation protection, the IAEA Basic Safety 
Standards adopted the use o f the system of dose limitation recommended by the 
ICRP, composed o f the following requirements:

(1) Justification. No practice resulting in human exposure to radiation should be 
authorized unless its introduction produces a positive net benefit, even taking 
account o f the resulting radiation detriment.

(2) Optimization. All exposures should be kept ‘as low as reasonably achievable’ , 
taking into account the relevant social and economic considerations.

(3) Individual dose limitation. The dose equivalent to individuals from all 
practices (except those specifically excluded) should be less than the 
appropriate dose limits.

3.1.3. , A salient feature o f the system is that it does not only set an individual 
related requirement (individual dose and, therefore, risk limitation), but also 
introduces source related requirements. The source related requirements (justifica
tion and optimization) stem from the following considerations:

— In the range of doses that are important in radiation protection any level o f dose 
results in a probability o f stochastic effects (malignancies and genetic effects) 
and, therefore, at any level o f protection applied to the source there is, under 
the linear proportionality assumption, an expectation o f harm caused by the 
source. The probability o f stochastic effects is assumed to be linear with dose 
without threshold. Non-stochastic effects are not relevant in these considera
tions because they are prevented by the dose limits.

— The radiation detriment due to a source is a function o f all the human radiation 
exposures, either present or future, caused by the source during its operating 
lifetime. Under the linear proportionality assumption the expected number of 
stochastic effects is proportional to the collective dose commitment from the 
source.

11
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12 CHAPTER 3

— Any level of protection applied to the source implies a cost, which may divert 
resources from other beneficial uses, and so can also be considered as 
detrimental to society.

— Conceptually there should be a level o f protection for a given source which 
minimizes the combined detriment to society resulting from the cost o f protec
tion applied to the source and the radiation harm from that source. However, 
protection is required, irrespective o f cost, to comply with the requirement of 
individual dose limits.

3.2. JUSTIFICATION OF THE PRACTICE

3.2.1. The justification o f a proposed practice or operation involving exposure to 
radiation can be ascertained by consideration o f all the expected advantages and dis
advantages, to ensure that there will be an overall net advantage from the introduc
tion o f the practice. The competent authorities have to ensure that the total detriment 
from a proposed practice is appropriately small in relation to the benefit expected 
from such a practice.

3.2.2. Ideally, a cost-benefit analysis could be used for making this type o f  basic 
policy decision in relation to the introduction o f practices involving exposure to 
radiation. In practice, however, the existence o f intangible costs and benefits in many 
cases makes the analysis subjective. In all cases the evaluation o f all the terms, as 
would be required in an absolute assessment o f justification, is a complex and 
difficult undertaking.

3.2.3. Acceptance o f a practice will depend on many factors, only some o f which 
are associated with radiation protection. The role o f radiation protection in justifica
tion procedures is to ensure that the radiation detriment is taken into consideration 
in the decision making process.

3.3. OPTIMIZATION OF PROTECTION

3.3.1. A basic requirement o f radiation protection is that all doses should be kept 
‘as low as is reasonably achievable’ , taking into account social and economic con
siderations. This requirement is called the ‘optimization o f radiation protection’ , and 
it consists o f increasing the level o f protection, and thus reducing the radiation 
detriment, to a value such that further detriment reduction is less significant than the 
additional effort required to achieve such reduction.

3.3.2. The selection o f  the level o f protection that meets the optimization require
ment involves consideration o f several factors, the improvement o f some o f which 
may be in conflict with the resulting effects on other factors. Several methods can
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THE SYSTEM OF DOSE LIMITATION 13

be used for this decision making such as multicriteria methods, which compare by 
pairs the various options, and aggregative methods, which combine the values o f the 
factors in each option into a single value and rank the results from the different 
options in order to select the best option. An important aggregative method is the 
differential cost-benefit analysis, which expresses the criteria in monetary terms. 
The method o f differential cost-benefit analysis and its applicability in the protection 
in mining and milling o f radioactive ores are discussed in this Safety Guide.

3.3.3. Optimization o f radiation protection by differential cost-benefit analysis is 
a selection o f a protection option such that the interplay o f cost o f protection and cost 
o f detriment complies with the relation

X(w) + Y(w) =  minimum

where X is the cost o f protection, and Y is the cost o f the radiation detriment, both 
at a level of protection represented by w (e.g. shielding thickness, ventilation rate, 
alternative options o f protective equipment, etc.). It should be noted that w, X(w) 
and Y(w) could in some cases be continuous variables, while in other cases they are 
discrete.

3.3.4. These optimization assessments require dimensional compatibility between 
cost o f protection and cost o f detriment. As the detriment is proportional to the 
collective effective dose equivalent, the problem is reduced to the assignment o f a 
monetary value to the unit o f this quantity, a. It must be realized that this assignment 
made by the competent authority is a social value judgement rather than a scientific 
determination, reflecting how much the society is willing to pay to prevent a statisti
cal deleterious effect.

3.3.5. When exposures from a given practice can be regarded as composed o f con
tributions (subsystems), each requiring appropriate protection measures, optimiza
tion implies that:

E (Xj -I- aSj) =  minimum

where Xj is the cost o f protection o f subsystem j, Sj is the collective effective dose 
equivalent resulting from subsystem j when its cost o f protection is aSj, and a is the 
monetary value assigned by the competent authority for a unit o f collective effective 
dose equivalent.

3.3.6. Optimization procedures may in many situations be difficult. In one case, 
however, the optimization procedures can be readily established, namely when the 
subsystems j are independent, meaning that the protection in one o f them does not 
influence the collective effective dose equivalent from the others. In this case the 
minimum for the above equation can be obtained by differentiating the expression
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with respect to the different S|, making each result equal to zero. The following set 
o f equations is obtained for j =  1,2, ...n:

dX,
------- +  a  = 0
dSj

since all (dX/dSj) and (dS/dSj) are equal to zero, for i =  j, because o f the indepen
dence o f the subsystems.

3.3.7. It follows that in the case o f independent subsystems optimization o f protec
tion can be obtained by optimizing each independent subsystem taken separately, and 
that this condition is obtained if:

dX,
------- = —a
dSj

Similarly, the optimization for the combined exposures from several installations at 
a given site can be obtained by optimizing separately the protection at each installa
tion, provided the condition o f independence applies.

3.3.8. In many practical cases o f optimization, assessments o f the changes in pro
tection level are achieved in finite increments, both AX and AS being discrete instead 
o f continuous variables. The decision o f going from a level o f protection A, to a 
more expensive level o f control B, would be taken if:

xB -  xA
-------------- <  a
Sb —

3.3.9. The optimization assessment in this case consists o f a step-by-step proce
dure, which has to be verified to ensure that at a given apparent optimum any addi
tional step would make the ratio —AX/AS more than the value o f a.

3.4. INDIVIDUAL DOSE LIMITATION

3.4.1. The ICRP dose limits are intended to ensure adequate protection even for 
the most highly exposed individuals. The practice involving exposures to radiation 
gives rise to a distribution o f doses, and thus o f detriment, and to a distribution of 
benefits. In general, these two distributions are quite different and, therefore, the dis
tribution o f benefits can only be used to justify the distribution o f detriments if the 
detriment to each individual is small, not exceeding levels that could be regarded as 
acceptable.

3.4.2. The dose limits apply to exposures which are the result o f human decisions 
and which have a different distribution over the population from the benefits accruing
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THE SYSTEM OF DOSE LIMITATION 15

from such decisions. They do not apply, therefore, to unmodified exposures to 
natural radiation sources, or to exposures received as a patient in medical 
procedures.
3.4.3. The dose limits are not intended to be design or planning values, but are 
the lower boundary o f the unacceptable region o f values. Values above the limits are 
specifically not permitted, while values below the limits are not automatically per
mitted. This means that the limits are constraints for the optimization procedures.

3.4.4. For occupational exposures, in order to prevent the occurrence o f non
stochastic effects, an annual limit o f 500 mSv is recommended for all tissues except 
the lens o f the eye, for which the recommended annual limit is 150 mSv. These 
values apply irrespective o f whether tissues are exposed singly, or in combination 
with other tissues, and are intended to constrain exposures so that they fulfil the limi
tation for stochastic effects. For the limitation o f stochastic effects the quantity that 
is limited is the effective dose equivalent, HE, with the annual limit being 50 mSv.

3.4.5. In practice, it is possible to use secondary limits for external and internal 
exposures. With external exposures, in cases where there is insufficient information 
on the actual distribution o f dose equivalent in the body, it is possible to assess the 
maximum value o f the dose equivalent that would occur at a depth o f 1 cm or more 
in a 30 cm diameter sphere (the deep dose equivalent index, H, d). The limitation of 
the deep dose equivalent index to an annual value o f 50 mSv would result in a level 
of protection at least as good as that afforded by the limitation o f the effective dose 
equivalent. In addition, the shallow dose equivalent index, H, s (the maximum dose 
equivalent in the shell from 0.07 mm to 1 cm depth in the 30 cm sphere), should 
be limited to 500 mSv per year, to provide protection for the skin.

3.4.6. In practical situations the limitation o f the shallow and deep dose equivalent 
indices would be sufficient to comply with the individual dose limits, including that 
for the lens o f the eye. This limitation procedure does not require the actual use of 
the defining spheres, but only that the measuring devices be calibrated against the 
index quantities.
3.4.7. With internal exposure, resulting from the intake of radionuclides, the 
limitation o f individual dose can be based on the annual limits on intake (ALI). 
Values o f ALI, calculated on the basis o f the committed effective dose equivalent, 
are provided in IAEA Safety Series No. 9. When external and internal exposures 
are received together the individual dose limits will not be exceeded if the following 
two conditions are met:

Ij
------- <  1; and
ALIj

H,I.d +
50 (mSv)

H,.s 

500 (mSv)
< l;
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where H, d is the annual deep dose equivalent index, H, s is the annual shallow dose 
equivalent index, Ij is the annual intake o f nuclide j, and ALIj is the annual limit of 
intake o f nuclide j.
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Chapter 4

DERIVED LIMITS

4.1. GENERAL

4.1.1. It is normally not possible to measure directly the dose equivalent to an 
organ or the effective dose equivalent to an individual, therefore derived limits in 
terms o f a parameter that can be measured or estimated are required. These are der
ived from the dose equivalent to an organ or the effective dose equivalent to an 
individual.

4.1.2. When it is impractical to measure, or calculate, the committed dose 
contributed by a radioactive substance taken into the body, the committed dose 
attributable to that substance is estimated by expressing the actual intake as a fraction 
o f the ALI for that substance, multiplied by 50 mSv in the case o f committed effec
tive dose equivalent, or 500 mSv in the case o f  dose equivalent to an organ.

4.1.3. Annual limits on intake are expressed in terms o f becquerels per year, 
except for radon daughters which are discussed below.

4.2. RADON-222 AND RADON-220 (THORON) DAUGHTERS

4.2.1. Since 222Rn daughters and 220Rn daughters are mixtures o f radionuclides, 
the intake limits vary depending on the relative amounts o f the different 
radionuclides present in a given mixture. It is therefore not appropriate to express 
the intake limits in terms o f activity. Instead, the limits are expressed in terms of 
potential alpha energy resulting from the inhaled daughters as recommended in ICRP 
Publication 32, and in IAEA Safety Series No. 9, 1982 Edition (p. 35). The potential 
alpha energy o f 222Rn daughters is defined as the total alpha energy emitted during 
the decay from 222Rn to 210Pb and amounts to 13.7 MeV (2.3 pJ) per atom o f 222Rn.

4.2.2. The potential alpha energy o f 220Rn daughters is defined as the total alpha 
energy emitted during the decay from 220Rn (thoron) to 208Pb and amounts to 
14.6 MeV (2.4 pJ) per atom o f 220Rn (thoron).

4.2.3. The recommended annual limits on intake for 222Rn and 220Rn daughters 
based on limiting the effective dose equivalent to 50 mSvare 20 mJ and 60 mJ, 
respectively, as shown below. More common units in practice are the working level 
hour (WL-h) and working level month (WLM), where 1 W L-h corresponds to 
2 .5 X10-2 mJ and 1 WLM corresponds to about 4 mJ.

17
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Radionuclide mj W L-ha WLMa

222Rn daughters 20 850 5

220Rn daughters 60 2500 15

a The conversions are approximate as a result of rounding.

4.2.4. The reason why the derived limits are different for 222Rn and 220Rn 
daughters is that virtually all the inhaled potential alpha energy from 222Rn 
daughters is deposited in the lungs whereas only about one-third o f that from 220Rn 
daughters is so deposited, the remainder being either exhaled, swallowed or 
absorbed into the bloodstream. Earlier it was assumed that only about one-tenth of 
the inhaled potential energy from 222Rn daughters was absorbed by the lungs and, 
taking into account the low concentrations usually encountered in uranium mines, 
220Rn daughters were considered to be too insignificant to be specifically mentioned 
in most regulations. Using the improved methods o f calculation recommended in 
ICRP Publication 32 , 220Rn daughters have taken on an increased significance when 
considering radiation exposures.

4.3. DUST CONTAINING LONG LIVED RADIONUCLIDES

4.3.1. Dust containing uranium or thorium is a potential risk, both in the mine and 
in parts o f the mill. In addition, long lived daughter products o f uranium or thorium 
can be assumed to be present in the dust o f the mine.

4.3.2. The determination o f the dose equivalent to the lung and the effective dose 
equivalent as a result o f inhalation o f such dust is very difficult because o f the uncer
tainties in the transportability o f the various radioactive components. The ALIs for 
the nuclides in the 238U and 232Th decay chains as taken from ICRP Publication 30 
are given in Table I.

4.3.3. If the biological half-life o f the compounds in the lung is not known, the 
Y values should be used for uranium and W values for thorium, for the sake o f con
servatism. Dust contains a mixture o f various radionuclides, e.g. 238U and its 
daughters. Intake for such mixtures must be limited by meeting the following 
inequality:

This publication is no longer valid 
Please see http://www.ns-iaea.org/standards/



DERIVED LIMITS 19

TABLE I. ALIs FOR INHALATION OF RADIONUCLIDES ENCOUNTERED 
IN URANIUM AND THORIUM MINING
(Short lived radon daughters omitted.) (Source: ICRP Publication 30)

Radionuclide

A L I (inhalation) (B q)

C lass D Class W Class Y

U -238 5 x  103 ( 8 x l 0 4) 3 x  104 2 x  104

T h-234 7 x  106 6 x  106

Pa-234 3 x  108 2 x  108

U -234 5 x  104 (7 x  10 4) 3 x l 0 4 1 x  103

T h-230 2 x l 0 2 ( 6 x l 0 2) 6 x l 0 2 (7 x  102)

R a-226 2 x l 0 4

Pb-210 9x10 -*  ( l x l O 4)

B i-210 9 x  106 ( l x l O 7) l x l O 6

P o-210 2 x  104 2 x l 0 4

T h-232 4 x 1 0 '  ( l x l O 2) l x l O 2 ( 2 x  102)

R a-228 4 x  104

A c-228 4 x l 0 5 ( 6 x l 0 5) l x l O 6 ( 2 x l 0 5) 2 x  106

T h-228 4 X 1 0 2 ( 8 x l 0 2) 6 x  102

R a-224 6 x l 0 4

Note: W here a second value is show n in parentheses, this represents the norm al A L I based 

on e ffective  dose lim itation, and is the one to be used for  calculating intake limits for  mixtures. 
The first value in these cases represents the A L I based on the 500 m Sv tissue dose limit for  
prevention o f  non-stochastic effects.

where L is the annual intake of radionuclide i, and ALI is the annual limit on intake.1 J J
of radionuclide j.

4.3.4. Having determined an intake limit, a derived air concentration (DAC) can 
be calculated by applying the mean breathing rate for Reference Man equal to
1.2 m-'-h-1 , and assuming an annual occupational exposure time of 2000 hours. 
Such a procedure will be conservative, since it assumes that all the radioactive com
ponents of the aerosol are available for inhalation and production of dose, and that 
the workers are exposed for the whole of their occupational time.
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4.4. URANIUM AND THORIUM ORE DUST

4.4.1. If the assumption is made that all the nuclides in the uranium and thorium 
decay chains in the respective ores are in the longest biological half-life class (Y) 
given in ICRP Publication 30 or in IAEA Safety Series No. 9, 1982 Edition, and 
are in secular equilibrium then the following ALIs and DACs can be calculated in 
terms of total long lived alpha activity.

Uranium ore  dust T horium  ore  dust

ALI 1.7 kBq 0 .2 0  kBq

DAC 0 .7 3  B q -m “ 3 0 .0 8 3  B q ■ m -3

4.5. URANIUM AND THORIUM CONCENTRATES

4.5.1. ALIs for uranium and thorium are based on the naturally occurring mixtures 
of isotopes. Concentrates vary widely in transportability depending on the specific 
milling process. The following ALIs and DACs are recommended:

Uranium (Y ) Uranium (W ) Thorium  (Y ) Thorium  (W )

A L I 1.5 kBq 28 kBq 0 .2 0  kBq 63 Bq

D A C 0.61 B q -m ~ 3 12 B q - m -3 0 .0 83  Bq • m -3 0 .0 3  B q -m -3

4.5.2. If thorium is being concentrated from an ore containing both thorium and 
uranium, then the thorium ALI should be reduced to take account of the presence 
of 230Th.

4.5.3. For highly transportable uranium compounds (class D) chemical damage to 
the kidneys is more important than radiological effects. Based on a threshold concen
tration of 900 fig of uranium in the kidneys, the acute inhalation limit for uranium 
is 200 mg. For chronic exposure a daily intake of 1 mg could result in the kidney 
limit being reached in about ten years.
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4.6.1. Surface contamination results when radioactive material settles on, or spilt 
radioactive liquid dries on, surfaces. This contamination, unless controlled, can be 
resuspended and become an inhalation risk, or it can be the source of external radia
tion to the skin.

4.6.2. Surface contamination can be regarded as being fixed or removable. Both 
contribute to local beta-gamma dose rates, but only removable contamination can be 
resuspended and contribute to air contamination. Thus, removable contamination is 
the more significant, and surface contamination limits are usually set in terms of 
removable contaminations.

4.6.3. Derived surface contamination limits (DSCLs) have been calculated, in 
order that workers and the public can be adequately protected from these sources of 
exposure. Based on a resuspension factor of 2x  10~6 m-1 and the AL1 for various 
mixtures of radionuclides found in mines and mills (e.g. 238U with its daughters, 
thorium, yellow cake), the DSCLs can be calculated for the inhalation, ingestion, 
and external irradiation pathways. In the case of uranium products or ore a value of 
lO5 Bq-m-2 of either alpha or beta activity is recommended.

4.6.4. Generally, this amount of dust will be visible, particularly if the surface has 
a contrasting colour. Thus ordinary ‘good housekeeping’ will usually suffice to con
trol surface contamination levels (105 alpha Bq-m-2 corresponds to about 4 g-m 2 
of uranium product). It is useful, however, to make a numerical assessment of the 
surface contamination from time to time, particularly for surfaces in lunch rooms, 
offices and laboratories. It is also normally a regulatory requirement to measure 
surface contamination on items that are removed from the mine or mill site. Monitor
ing surface contamination in mines is not usually necessary.

4.6.5. Surface contamination may be assessed by measuring alpha or beta radia
tion, either directly using a portable detector probe or indirectly by means of a swab.

4.6.6. While the use of an alpha probe is suitable in many other situations, it is 
not recommended for use in uranium or thorium mines or mills because of the high 
self-absorption that occurs with these dusts, and in the case of underground mines 
the occurrence of plate-out on the detector itself.

4.6. SURFACE CONTAMINATION
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Chapter 5

OPTIMIZATION OF PROTECTION IN MINES

5.1. PRACTICAL PROCEDURES

5.1.1. In practice, many of the protective measures are taken on the basis of opera
tional experience, good engineering and common sense, and they are more or less 
clear and obvious.

5.1.2. In most practical applications of the requirement of optimization, the 
improvements in radiation protection are often achieved in steps, and both the cost 
of protection ‘X ’ and the detriment ‘aSE’ are discrete and not continuous variables. 
The first step may be highly cost effective, but as further protective measures are 
implemented, the cost effectiveness of each step usually declines.

5.1.3. Because of certain conditions inherent in mining, the approach to the 
optimization procedure has to be somewhat modified. Generally, other types of 
nuclear facilities are almost totally engineered structures, where the variables affect
ing radiation protection are known with reasonable confidence at the design stage. 
This allows an extensive optimization process to be applied at the design stage, so 
that optimized radiation protection measures can be engineered into the constructed 
facility.

5.1.4. When the mining facility is designed, the knowledge of variable parameters 
affecting the radiation protection is very limited, and the confidence in the known 
information is lower than in the case of other nuclear facilities. In addition, a mine 
is a constantly changing facility with regard to the overall geometry and natural con
ditions to a much greater degree than any other type of nuclear facility.

5.1.5. Although protective measures could be ‘engineered’ into the design of the 
mining facility, based on experience, engineering and common sense and from the 
known information on the ore body, the need for a constant review and the use of 
optimization procedures during operation of the facility is greater and more impor
tant than with any other type of nuclear facility.

5.2. OPTIMIZATION IN THE DESIGN PHASE

5.2.1. Based on the geological and tectonic information available, estimates of 
radionuclide release should be made. These estimates should reflect not only the ore 
grade (e.g. the amount of radionuclide content), but also the porosity, fracturing, 
stress loading situation, and the presence and flow regime of the groundwater, as
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these factors will greatly affect the release of radionuclides into the work 
environment.

5.2.2. Available samples of the ore should be used to test the radionuclide releases 
in the laboratory conditions to improve on the confidence of the release estimates.

5.2.3. Various technically and economically feasible mining methods for the given 
ore body should be evaluated. The acceptable mining methods should be assessed 
in detail, considering the applicable releases of radionuclides to the work environ
ment and the external dose. An estimate of the total dose should be made. Each min
ing method has a different productivity and allows a different degree of utilization 
of mechanized equipment, which in turn will influence the total occupational radia
tion dose. The use of drill jumbos and trackless loading and hauling equipment will 
normally result in lower doses than the use of conventional drills, slushing and 
tramming.

5.2.4. The layout of the open pit mine and the choice of equipment for drilling, 
blasting, loading and transportation have to be evaluated.

5.2.5. All these factors have to be assessed before the final decision on the mining 
method, and therefore the mine layout, is made. The cost implications of the choice 
of mining method are usually very significant, and because of the limited knowledge 
of radiation conditions in the proposed mine, it is always a difficult task to justify 
the choice of method most desirable from a radiation protection point of view. The 
chosen mining method should be evaluated for the overall health and safety consider
ations, so as not to select the method that may be desirable on the basis of optimiza
tion of the radiation protection analysis at the expense of conventional occupational 
health and safety.

5.3. OPTIMIZATION DURING THE OPERATIONAL PHASE

5.3.1. An operating mining facility is a very dynamic entity, changing from day 
to day. As time progresses, new areas of the ore zone are opened for production, 
development of main access and haulage ways extends further and further from the 
source of fresh air, and stopes are gradually mined out. These changes have a 
constant effect on the work environment conditions. It is therefore important to 
undertake a periodic review of the overall situation of ventilation, results of radiation 
monitoring and the actual exposure records of the workers. The results of these 
reviews should be taken into account when deciding if it is time for another applica
tion of the optimization procedure for the given situation, or for the radiation 
protection procedure of the entire facility.
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5.3.2. In practice, an optimization process should be applied when:

— a new area of a mine is to be developed for production;
— the work environment conditions worsen in comparison with those predicted 

by the engineering design due to the changes in the system;
— there is significant modification of the mining method, mechanized equipment, 

or operating procedures used;
— technological advances make the use of new ventilation or radiation protection 

equipment feasible; and
— specified in regulatory requirements by the competent authority, in order to 

show that the conditions are still optimized.

5.3.3. As in optimization during the design stage, various alternatives should be 
considered for the improvement of the work environment of the area in question. 
Based on estimated improvements, the resulting saving in the collective dose 
(exposure) to the workers working in the area should be estimated. The alternatives 
have to be checked for their possible impact on doses (exposures) in other parts of 
the mine and the effect, if any, should be included in the saving of the collective dose 
(exposure), estimated to result from the implementation of the alternative. The dura
tion of the existing situation — e.g. how long work under the specific condition is 
required — should be determined carefully, as this has a very significant influence 
on the amount of collective dose (exposure) saved. Using the optimization methods, 
the appropriate alternative should be chosen for implementation.

5.4. ASSESSMENT OF ALTERNATIVES

5.4.1. The alternatives for the improvement of radiation protection should con
sider all aspects of the proposed practice. The various options of measures available 
are usually not applied individually, but in combination. The following are some 
examples of the measures to be considered:

— One-pass ventilation system in special working areas by which fresh air is sup
plied to the working place, used once, and then removed by a return air 
system;

— Improved ventilation in general, or in special work areas;
— Filtration of air, to reduce the radionuclide concentration in the air;
— Sealing of walls that have a significant radon flux;
— Covering or piping of water streams to decrease the radon exhalation from 

radon rich water;
— Building airways outside the ore body; and
— Use of personal protective equipment.
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Option No.
Protection cost X 

(US $ ■ a"1)

Saved collective 
dose, AS, compared 
with the basic data

X
(US $ per manSv)

1 x, AS, P,
2 *2 as2 P2

10 *,o

O00<

P.o

TABLE III. COMPARISON OF OPTIONS

Option 0 0 -1 1 1 -2 2 2 -3 3 3 -4

Cost of
protection
(X)

X0 x, X2 x.,

Collective 
dose (S)

So S| s2 s3

AX X, -  X0 X2 -  X, X, -  x2 x4 -  x2
AS So — S, s, -  s2 s2 -  s, s., -  s4

-  AX X, -  X0 X, -  X, X, -  x2 x4 -  X,
AS

Comparison

So — S, s, -  s2 S2 — s, s, -  s4

with a < a < a ~ a > a

5.4.2. All of these measures might not be relevant or need to be considered. Some 
of them are more cost effective than others. Some are additive, some might be 
exclusive.

5.4.3. The benchmark for assessment of each proposed alternative for the purposes 
of optimization should be the conditions existing before any of the options have been 
carried out. Based on this assessment, the options should be listed in falling degree 
of cost effectiveness (Table II).
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5.4.4. The assessment would show that some of the options, although technically 
feasible, would be unreasonably expensive in comparison with the resulting reduc
tion of exposure. They should therefore be deleted from further analysis. If we 
assume that none of the options are exclusive, the optimized solutions can be found 
by an iteration process, as shown in Table III. The costs are the total costs (not only 
the additional costs) for each combined option. The collective doses are not the same 
as in the cost effectiveness analysis. The conclusion from Table III is that the opti
mum level of protection is at option 3, options 1 and 2 included.

5.4.5. With exclusive options (e.g. only one of several alternative options can be 
chosen) the simplest way to find the optimum is to estimate X +  aS for each of the 
options, and the one with the smallest sum is the optimum. The main constraint, 
however, is that the resulting individual doses have to be below the dose limits.
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Chapter 6

APPLICATION OF THE OPTIMIZATION PROCEDURES
IN MILLS

6.1. GENERAL

6.1.1. For the purpose of this Safety Guide, the term ‘mill’ means all ore 
processing operations subsequent to the mining or extraction up to the production of 
concentrate. It does not include any processes for further refinement of the concen
trate. The processing techniques may be physical or chemical, or a mixture of both, 
and are described in more detail elsewhere in this Guide.

6.2. URANIUM MILLS

6.2.1. The radiological properties of the processed material change through the 
mill as daughter products are released or rejected to tailings, and the particle size 
and chemical properties change.

6.2.1. CHOICE OF PROCESS

6.2.1.1. Although the nature of the ore, and the specifications for the concentrate 
may leave little choice, whenever alternatives are possible they should be assessed 
from a point of view of maximizing their radiation protection potential. For example, 
a concentrate calcined at around 650°C is very insoluble and, therefore, presents a 
greater radiological risk from inhalation than that calcined at about 450°C. 
However, in the assessment of various alternative processes, one has to recognize 
that in the case of soluble uranium bearing substances the chemical toxicity and not 
the radiotoxicity might pose the prevalent risk.

6.2.2. CHOICE OF DESIGN

6.2.2.1. The mill design should provide:

— a layout that reduces external dose rates to workers by separating their normal 
work places from places where radioactive material accumulates or is stored. 
Where necessary, shielding should also be provided;

— ventilation and dust suppression systems designed to control airborne radio
active material, thus reducing internal doses;

— ease of access to those areas or items that will require regular maintenance.

29

This publication is no longer valid 
Please see http://www.ns-iaea.org/standards/



30 CHAPTER 6

6.2.2.2. Control of airborne contamination, and hence internal exposure, is best 
achieved by confining the dust at the source whenever possible, and discharging the 
ventilation exhaust through a high stack after appropriate purification.

6.2.3. QUALITY CONTROL OF THE'CONCENTRATE

6.2.3.1. In addition to the commercial reasons for implementation of a quality 
control programme in concentrate production there are also radiological aspects of 
quality control. It should ensure that the amount of 230Th that passes into the 
product is minimized, the solubility of the product (influenced, for example, by 
calcining temperature) should be constant, and the concentrate particle size should 
be constant and as large as practicable.

6.2.3.2. The presence of 230Th in the concentrate at higher levels than one per 
cent of the activity would reduce the DAC for the concentrate dust. Very small parti
cle sizes of the product would potentially increase the air contamination, and variable 
solubility of product could make bioassay programmes impossible to interpret.

6.2.4. MAINTENANCE

6.2.4.1. A programme of regular and effective maintenance should be established 
and implemented to ensure that the protective systems continue to provide their 
design performance. The design of the systems should facilitate easy access for main
tenance purposes to minimize the radiation exposure of the maintenance workers.

6.3. THORIUM MILLS

6.3.1. Most thorium concentrates are produced by the physical processing of 
mineral sands. The processes of production of monazite from mineral sands are 
described elsewhere in this Guide. Thorium concentrates may also be produced as 
a by-product of other mineral processing (usually uranium), in which case the 
process is usually a chemical one.

6.3.1. CHOICE OF PROCESS

6.3.1.1. The separation process in processing mineral sands is comparatively 
simple, but as many stages of the process as possible should be kept wet. Where 
thorium is recovered by a chemical process, measures to minimize airborne contami
nation by thorium bearing dust should be a prime consideration in the choice of the 
process.
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6.3.2. CHOICE OF DESIGN

6.3.2.1. The processing plant design should facilitate the reduction of workers’ 
external and internal radiation exposures. These are usually significant towards the 
final stages of separation. Where chemical processing is used, the potential for 
exposure may be increased as the solubility and particle sizes change.

6.3.3. QUALITY CONTROL OF THE CONCENTRATE

6.3.3.1. In addition to commercial reasons for implementation of a quality control 
programme in concentrate production there are also radiological aspects of quality 
control. Any reduction in particle size of the thorium concentrate produced is 
undesirable, as it will increase the air contamination by thorium bearing dust.

6.3.4. MAINTENANCE

6.3.4.1. A programme of regular maintenance should be established similar to that 
mentioned in Section 6.2.4.

6.4. TAILINGS

6.4.1. The tailings from uranium mills contain most of the radioactivity that was 
in the original ore and, therefore, the treatment, handling, transport and location of 
these tailings will require optimization of radiation protection. The tailings from a 
mineral sand processing plant, which separates the thorium minerals as a commercial 
product, may not contain sufficient radioactive material to warrant radiation 
protection measures. Where the thorium minerals are, however, rejected to tailings 
in the process of separating other minerals, or where uranium or radium is present 
in the tailings in significant quantities, the treatment, handling, transport and location 
of these tailings may require optimization of radiation protection measures.

6.4.2. For recommendations on tailings (waste) management from uranium and 
thorium mine-mill facilities, consult IAEA Safety Series No. 44.

6.5. POTABLE WATER SUPPLIES

6.5.1. When a source of potable water for the mine-mill facility is chosen, besides 
the consideration of the usual requirements for the quality of potable water, the main 
concern is that the water should not be contaminated with radioactive substances as 
this would increase the radiation exposure of the workers.
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Chapter 7

TECHNOLOGY OF PROTECTION MEASURES

7.1. GENERAL PRINCIPLES

7.1.1. The basic objective is to develop the mine and construct the mill in such a 
way that the extent of the radiation risk is controlled to levels as low as reasonably 
achievable. In the properly designed and developed mine and mill it is relatively 
easily to maintain good radiation protection systems, and any additional protective 
measures could be implemented in general much more easily than if sound radiation 
protection principles had not been considered at the design and development stage.

7.2. MINE DESIGN

7.2.1. The selection of the mine design in practice is carried out by considering 
technical and economic criteria. Since the presence of radiation in the working 
environment poses a potential health hazard to the worker, it is recommended that 
an optimization analysis be conducted. The results of the study may change the 
ranking of the options considered by the designer of the mine, and should be used 
as an input in the decision making process. Proper mine planning plays a key role 
in determining how effectively the radiation hazard can be controlled. The function 
of the mine design in reducing radiation exposure to the workers is twofold.

7.2.2. The first function is to provide an adequate system of openings for efficient 
ventilation distribution. The second function is to arrange the sequence and method 
of mining in such a manner that a minimum buildup of airborne radioactive con
taminants occurs in air currents that must later pass around workers.

7.2.3. Although the function of mine design can be simply stated, the details neces
sary to achieve the desired results can be as complex and varied as the types of ore 
deposits themselves. The following is a summary of the general principles that can 
make the mine operator’s radon daughter control problem easier.

7.2.1. EXPLORATION

7.2.1.1. It is important to design and carry out exploration work on an ore body 
in a manner that would provide the desired amount of information without creating 
unnecessary mine openings that may be a hindrance in proper radiation control 
during operation.
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7.2.1.2. Generally, the same information which makes it possible to design an effi
cient ore extraction system also aids in planning to facilitate radiation protection 
measures. In addition to knowing the extent, grade and geometry of ore, knowledge 
about the porosity, permeability and fracture characteristics of the host rock can be 
useful in judging potential exposure and dose rates to be encountered during 
operations.

7.2.1.3. One distinct advantage in uranium exploration work is that radiometric 
logs of drill holes can be used to define the mineralization that is penetrated. By drill
ing in a reasonable pattern and closely correlating the radiometric logs of all holes 
it is usually possible to obtain a reasonably good picture of the deposit for planning 
purposes before mining is commenced.

7.2.2. LOCATION OF MAIN AIRWAYS AND OPENINGS

7.2.2.1. The location of main openings and ventilation airways leading to the 
surface should preferably be in barren ground. Permanent return airways need not 
be in barren ground, but there is always the possibility that it will become desirable 
to reverse the direction of airflow, to gain an advantage as mining progresses. In 
some instances this may actually be part of the plan, and because the return airway 
will become the intake airway, it should also be driven in barren ground.

7.2.3. DEVELOPMENT OPENINGS

7.2.3.1. Development openings are important in providing optimized radiation 
protection and, therefore, require extensive consideration and evaluation. The selec
tion of the type of system can be influenced by many factors which require extensive 
detailed consideration. The following discussion in this subsection is intended for 
general application; however, it is recognized that a mine may have site specific con
siderations that influence the choice of system.

7.2.3.2. Driving of development openings in pairs offers distinct advantages in 
ventilation control, both in the initial development stage and in the subsequent 
splitting of air to ventilate individual mining areas. This allows air from the intake 
opening to pass through the active production area directly to the return airway. In 
this way airborne contaminants being removed from one active working area are 
prevented from affecting the quality of ventilating air in the next working area down
stream. In the use of regulators to control air quantities to satisfy individual work 
place requirements, caution is advised to ensure that such regulators are properly 
balanced against the ventilation system capabilities, so that the ventilation system can 
absorb the additional resistance to the airflow.
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7.2.3.3. A single intake air development opening is sometimes used to effect the 
split system when used in conjunction with exhaust fans operating through appropri
ately located openings. Contaminated air is thus returned directly to the surface 
through the openings penetrating each mining area.

7.2.3.4. In either system the intake air development openings should be located in 
a way that reduces the introduction of airborne contaminants. Where practicable, the 
driving of such openings in barren ground, far enough away from the ore zone, 
should be an important consideration.

7.2.3.5. Contamination of the ventilation air is usually significantly reduced by 
driving intake and return airways outside the ore to the extremities of the deposit 
before mining commences. Then, by utilizing retreat mining towards the intake air 
supply, little air is tied up in ventilating non-productive areas. The advantage of 
retreat mining towards the intake is very significant.

7.2.3.6. Where it is not practical to mine totally on the retreat, development blocks 
should be consolidated as much as possible. This generally minimizes total air 
requirements. Air leakage problems are lessened and buildup time for radioactive 
contaminants that do get into intake air is thus reduced. Unnecessary connections 
between production areas and intake air openings should not be made. The connec
tions that are made should be amenable to sealing after production is completed.

7.2.3.7. Development openings used as either intake or return airways must be 
adequate in cross-section, and should be driven directly to mining areas. Return 
airways should not normally be utilized as operating openings in which a large 
number of hours of exposure are necessary. To minimize exposure time, return 
airways should be selected, designed and developed so that they require the mini
mum maintenance work.

7.2.4. MINING METHODS

7.2.4.1. The methods of ore extraction that favour radon daughter control are 
generally preferable. Because radon daughter control is related to the rate at which 
radon gas is liberated into the mine openings it follows that methods of ore extraction 
that limit release of radon from the rock can be used to advantage.

7.2.4.2. Large surface areas of ore in place, or of broken ore in stopes, are 
conducive to the release of radon. Therefore, the preferred mining method would 
expose no more ore than necessary to meet production plans, and would leave a mini
mum amount of broken ore in the stope at any time.

7.2.4.3. When ore is blasted, a large amount of the radon contained in the pores 
of the rock may be released. The contamination potential of this radon can be signifi
cant, even though it constitutes only a temporary surge. Thus, even small blasts can
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liberate enough radon to contaminate large air volumes. A considerable increase in 
the release of radon has been observed in rock over 100 metres away from the blast. 
The proper choice of drill patterns and the amount of explosives used in blasting is 
very important. Therefore, the need for during shift blasting should be kept to a 
minimum.

7.2.4.4. Some mining methods require the use of backfill as an essential compo
nent. Experience indicates that the use of backfill leads to an overall improvement 
in the quality of air in the mine, through an increase in the effective utilization of 
ventilating air.

7.2.4.5. The use of uncontaminated fill material (if available at reasonable cost) is 
always preferable and should be encouraged whenever possible. However, if mill 
tailings or mine wastes are used as backfill, the increased radon potential through 
such a practice has to be balanced against the improved efficiency of the ventilation 
system. As only the coarse fraction of tailings could be used as backfill, the effect 
of increase in the proportion of fine fraction in the remaining tailings on their 
handling and management will have to be considered.

7.2.4.6. The principles discussed so far are based on consideration of the minimi
zation of radon daughter related risk. However, some ore bodies are of such a high 
grade that concern over gamma radiation may become very significant. In this case, 
additional considerations have to be taken into account to minimize gamma radiation. 
Remotely controlled mining equipment, equipment with shielded operator cabs, and 
keeping the size of the open ore face to a minimum are some of the measures that 
have to be considered.

7.2.5. MINE WATER CONTROL

7.2.5.1. Mine or groundwater is an effective radon transfer medium. This has been 
observed in intake airways driven in barren ground but used as drainage openings. 
High radon daughter exposures have been recorded in non-uranium mines with very 
little radium in the immediate host rock. The radon contribution was largely from 
groundwater. The amount of radon reaching the workings is a function of the time 
required for the water to transport the radon through rock strata from its point of 
origin. Radioactive decay diminishes the radon content of the water during transport, 
just as it does during ordinary diffusion within the rock.

7.2.5.2. A large portion of the radon dissolved in water is released at the time the 
water seeps into the mine openings. Lower pressure and aeration is the main cause 
of the sudden release of radon. Radon contamination from groundwater can some
times be minimized in development openings by maintaining a relatively thick shell 
of barren ground around the openings. Depending on the conditions, predrainage can
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be accomplished to some extent by drilling drainage wells and pumping them prior 
to driving these openings. Sublevel drainage drifts are frequently used as an effective 
means of dewatering. Drill holes are often fanned upward from sublevels to speed 
drainage. Whatever drainage system is used, it is important that it be isolated from 
the ventilation currents as much as possible. Open ditches, sumps or other water 
accumulations in active workings or upstream in the ventilation air current are com
mon sources of unnecessary contamination. Open pumping stations can aerate water, 
increasing the release of radon into the atmosphere. Using radon laden mine water 
for drill water, for water-air sprays, or for wetting down muck piles has the same 
effect.

7.2.6. ORE HANDLING

7.2.6.1. Methods of moving ore from the face areas to the surface may influence 
the severity of the radon daughter control problem. Aerating ore by dropping it 
through transfer raises is not in the best interests of controlling the amount of radon 
released in the mine air. Most loading and dumping methods agitate the ore and are 
conducive to the release of radon and the creation of airborne radioactive dust. The 
solution is to minimize the amount of ore handling and to locate necessary ore trans
fer points in separate splits of air or equip them with ‘exhaust hood’ systems.

7.2.6.2. Ore spillage along haulageways is often an overlooked source of contami
nation. Spillage can be caused by fine material sifting through the bottom openings 
of haulage vehicles, or by larger rocks toppling from overloaded vehicles. The finer 
material is usually higher in grade and more difficult to clean up, as it finds its way 
into the irregular surfaces of the haulage floor.

7.2.6.3. The best preventive measures against contamination due to spillage are to 
minimize its occurrence, and to clean it up promptly when it does occur. Properly 
designed and maintained haulage vehicles that are not overloaded will greatly 
minimize spillage. Good maintenance of haulage roads is also an important factor. 
Below grade material is sometimes used for ballast or for maintaining the grade of 
haulageways. The amount of radon emanating from such material can be substantial. 
The total contamination contribution is aggravated by the dust produced when 
haulage vehicles move back and forth Over the road-bed.

7.2.6.4. Airborne radioactive dust originating at any place upwind from occupied 
mine areas is a source of radiation risk by inhalation and, in addition, provides a 
source for radon daughter contamination. Such dust is not only a contamination fac
tor while it is airborne, but the portion that settles out coats the walls of openings 
and presents a continuous large radon emanating surface. Conventional dust control 
measures such as wetting down muck piles ore at transfer points and providing
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air-water sprays during blasting are important dust control procedures that should 
be followed.

7.2.6 .5. Temporary underground ore storage facilities such as transfer raises, 
chutes, skip loading pockets, bins, and even sidings for parking ore cars awaiting 
dumping or hoisting are important factors in the overall radon contamination picture. 
The seriousness o f contamination from underground ore storage can be reduced by 
its location. For instance, a skip loading pocket in the primary intake air current will 
present a constant source o f contamination to the entire operation, but if it is located 
in a return air current or controlled by exhaust ventilation it will cease to be a con
tamination factor.

7.2.7. SEALS AND SEALANTS

7.2.7.1. Sealant materials provide two ways o f limiting the entrance o f radioactive 
contaminants into the active mine openings.

7.2.7.2. One way o f utilizing sealant material is to apply it directly to the rock, so 
that the radon transfer rate from the rock to the mine air is reduced. The second way 
is to use the sealant as a coating on seal-stoppings, constructed to isolate radon and 
radon daughter contamination sources such as mined-out stopes.

7.2.7.3. Conventional stoppings, constructed to separate intake and return air cur
rents, would not ordinarily require a seal coat o f radon impenetrable material, but 
they usually require a coating o f conventional sealant materials to reduce air leakage.

1.2 .1  A . Rock sealant materials must have low permeability to radon, good adher
ence and coverage qualities, and must be chemically stable in mining environments. 
Good rock adherence qualities minimize contamination inflow resulting from sealant 
coating damage or incomplete coverage during the coating process.

1 .2 .1 .5 . Materials for coating seal-stoppings should have the same qualities as rock 
sealants, except that in this case the sealant material should also adhere well to the 
stopping material. The first requirement for the sealant material used to coat seal- 
stoppings is that it should allow very little air transfer from the sealed inactive area 
into the active area. The second requirement o f the sealant is that it be relatively 
impermeable to the passage o f radon. The importance o f this quality is largely depen
dent on whether or not a negative pressure is maintained behind the seal. Main
tenance o f negative pressure behind seal-stoppings lessens the need for high radon 
impermeability characteristics o f the sealant material', but may not entirely eliminate 
it, depending upon the pressure differences involved and their consistency. The use 
o f sealants in production areas where frequent blasting is conducted is not practical 
as the integrity o f the coating is disturbed, but it is recommended in the main

This publication is no longer valid 
Please see http://www.ns-iaea.org/standards/



TECHNOLOGY OF PROTECTION MEASURES 39

airways. The use o f sealants might increase the gamma dose rate because o f an 
increase in the 2I4B (RaC) fraction.

1 .2 .1 .6 . Fractures connecting mined-out areas with active areas can be open to 
such a high degree that air actually flows through them. Exploration and drainage 
boreholes would have the same effect. Where this is the case, the desirability o f seal
ing is obvious.

7.3. MILL DESIGN

7.3.1. Radiation risks in the mill can be significantly reduced if the necessary 
features are included in the design o f the mill. The main sources o f radiation risk 
in the milling o f uranium and thorium are the following:

(1) External radiation: (a) uranium or thorium ore
(b) concentrate.

(2) Internal radiation: (a) uranium or thorium ore dust
(b) concentrate dust
(c) radon daughters.

7.3.2. Although the choice o f the milling process will significantly influence the 
mill design, there are a number o f basic design features that will make the execution 
o f good radiation protection during the operation o f the plant easier. These features 
are general and could be incorporated into the design o f the mill regardless o f the 
choice o f process:

— A mill is a completely man-made structure and as such the design is more 
amenable to optimization than is the design o f a mine.

— The design should consider not only the efficient movement o f process 
materials, but also the safe movement o f workers and safe worker-equipment 
interaction.

— Control rooms, rest rooms and eating areas need to be segregated from 
potentially contaminated areas, should be separately ventilated, provided with 
potable water supplies, and may need to be provided with washing facilities.

— Consideration should be given at the design stage to maintenance requirements. 
It must be borne in mind that radiological considerations may change the nature 
o f certain maintenance operations (e.g. the need to wear respiratory protec
tion). Convenient and safe access to equipment that will require regular main
tenance should also be provided. Services that will be required for regular 
maintenance should also be provided close to the point o f use; in some cases 
this may include compressed breathing air.

— The movement o f dry products in the final stages o f the mill should be by 
gravity feed to the maximum extent possible. This results in simpler equipment
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requiring less maintenance and reduces the likelihood o f spills and dust 
releases. Similarly, the separation distance between individual items o f plant 
should be minimized in order to restrict the distance through which dry 
material is moved. The greater the distance moved, the greater the opportunity 
for the release o f dust.

— Any device that increases the amount o f fines in the product will increase the 
potential dust problem. Thus, if some form o f lump breaker is needed, a trom
mel is preferred to a hammer mill.

— The ventilation system should be designed to control both radioactive dust and 
radon daughters. Trapping airborne contamination at source by providing 
specific extraction ducting to known points o f dust or radon release is preferred 
to general area ventilation.

— The loadings on the dust collection system need to be considered. A wet 
scrubber system is preferred to a baghouse system, as the former provides 
superior emission control, eliminates bag splitting or leakage problems, and 
has no dry product to which maintenance personnel may be exposed.

— Sampling points need to be provided on exhaust stacks and may be needed on 
other sections o f the ventilation system.

7.3.1. CRUSHING, SCREENING AND GRINDING

7.3.1.1. These operations are potential airborne dust generators. Conveyor systems 
transporting the ore into and through these processes are subject to spillage. Struc
tures and galleries should be designed to allow easy pick-up o f spilled material, and 
to allow washdown o f surface contamination. The use o f wood or other absorbing 
materials on walls, floors, platforms and galleries should be avoided. An extensive 
spraying system should be provided to facilitate thorough wetting o f the ore during 
transport and the whole process.

7.3.1.2. The conveyor belts should be designed and built with provisions for keep
ing the potential for spills to a minimum. Provisions should be made for interlocking 
the controls o f consecutive conveyors and feeding equipment to prevent the over
loading o f conveyors. Stoppage o f  any conveyor in the line should result in automatic 
stoppage o f all conveyors and feeders. Flooring under crushers, bins and conveyor 
belts and any transfer points should be provided with sumps and drains, should be 
sloped towards them, and should have no significant irregular features where 
material could easily collect and be difficult to clean by washing down. Clearances 
should be sufficient to provide access for mechanized equipment for cleanup o f more 
extensive spills in areas where they are likely to occur.

7.3.1.3. Finally, whenever possible, conveyors, bins and other parts o f the process 
equipment should be located in such a way as to minimize the need for proximity
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o f workers. If this is not possible and if the ore grade is sufficiently high, provisions 
for shielding should be considered. Crushers, grinding mills, screens and bins should 
be vented directly to the outside through dust scrubbers.

7.3.1.4. The slurry originating from washdown scrubbers and from the process 
should flow to the drains and sumps, should be pumped to the extraction process or 
to clarifiers, and should be treated before release.

7.3.2. EXTRACTION PROCESS

7.3.2.1. The extraction process is generally wet and as such it does not generate 
dust. However, any spills o f process solutions, if not thoroughly washed down, could 
result in drying o f  suspended or precipitated material that can become airborne. 
Therefore, the provisions for floor material and for design and construction recom
mended in Section 7.3.1 are applicable. Liberal provisions for washing down of 
walls, floors and equipment, as well as for collection and containment o f  washdown 
slurry or spilled process solutions should be incorporated in the design.

7.3.2.2. It has to be remembered that reaction vessels (tanks, columns, pachucas) 
and other process equipment (thickeners, filters) tend to get internally coated with 
radioactive sediments which could become a source o f significant radiation risk for 
maintenance personnel carrying out repair work. This radioactive coating could also 
make the vessels and equipment a significant source o f  external radiation. The 
vessels should therefore be located in areas removed from any permanent work
station, or the provision o f  shielding should be considered. They should be directly 
vented to the outside through scrubbers to minimize the contamination o f the air in 
the rest o f the mill. Whenever possible, thickeners should preferably be located out
side with provisions for the containment and controlled drainage o f their contents. 
The design o f equipment should provide easy access, facilitating speedy maintenance 
when necessary. Filters used in the process, if allowed to dry, will be a significant 
source o f airborne contamination and, therefore, their enclosure and separate ventila
tion should be considered.

7.3.2.3. In the case o f thorium extraction from mineral sands, the dry separation 
process should have a separate high volume ventilation system with the provision of 
direct removal and discharge o f the air through the scrubbing system.

7.3.2.4. Manufacturers o f machinery and metal structures often supply these 
painted in various shades o f orange or yellow. As the precipitates in the extraction 
process o f uranium are o f a similar colour, this should not be allowed and a contrast
ing colour for the equipment and structures should be requested at the design stage. 
It is also recommended that piping in this area, as well as in the whole mill, be 
colour-coded according to the type o f material carried in the pipe and with the direc
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tion o f flow indicated. This simple provision provides for easier and faster repair and 
maintenance work, and minimizes spills and unnecessary exposures as a result of 
errors in pipe identification.

7.3.3. DRYING AND PACKAGING OF CONCENTRATES

7.3.3.1. Airborne concentrate dust could be a source o f significant internal 
exposure and contamination. It is recommended that this area should be separated 
from the rest of the mill, be kept under a negative pressure, and be vented to the 
outside through scrubbers. The operation o f the scrubbers should be interlocked with 
the operation o f the dryer or calciner. This is also important in the packaging area. 
The design o f equipment should minimize the need for direct manual handling by 
the workers. Sealed drums filled with the concentrate should be checked for surface 
contamination and, if necessary, cleaned before removal from the packaging area. 
Recently a new system of shipping slurried concentrate to the refineries in special 
tanks has been developed. This is a good practice, as it eliminates drying and packag
ing in the mill and reslurrying in the refinery. This reduces the radiation exposure 
o f workers, and the potential for airborne contamination on both sides. The recom
mendation regarding the colour o f equipment and structures mentioned in Section
7.3.2 is applicable here, too.

7.3.4. TRANSPORT AND STORAGE OF CONCENTRATES

7.3.4.1. Freshly produced uranium concentrates are not a source o f significant 
external radiation. However, with increasing age the external exposure could 
become significant as daughter products build up. Thorium concentrates, on the 
other hand, are a source o f significant external radiation even when freshly 
produced. Drummed concentrate should be transported by mechanized equipment 
(e.g. fork-lift) to minimize the need for manual handling. The storage should be 
separate and remote from any working area, and should be well ventilated. It should 
be organized in a manner allowing, or indeed requiring, the removal o f older concen
trate first.

7.3.5. TRANSPORT AND HANDLING OF TAILINGS

7.3.5.1. As 85% o f the original radioactivity from the ore remains in the tailings, 
any vessels and tanks should preferably be vented to the outside directly through a 
scrubber, and the tailings handling and distribution system in the tailings area should 
require minimal manual handling.
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7.4. VENTILATION

7.4.1. The purpose o f the ventilation is to deliver sufficient amounts o f fresh air 
into the work-places to enable workers to work in an environment o f acceptable qual
ity, and to dilute and remove contaminants generated by the activities in the work
place. Ventilation is the most practical means o f  controlling workers’ exposure to 
radon daughters, and for controlling exposure to long lived radionuclides in the ore 
dust.

7.4.1. VENTILATION IN UNDERGROUND MINES

7.4.1.1. Natural draft ventilation

7.4.1.1.1. In any underground mine with two or more openings to the surface, 
natural draft may occur periodically, or continuously throughout the year. The 
airflow is caused by the natural ventilation pressure, resulting from density differ
ences between the air columns at the two ends o f the flow system. The value of 
natural ventilation pressure depends on the temperature and elevation difference 
between underground workings and surface. Natural ventilation should not be relied 
on for ventilating underground uranium mines.

7.4.1.2. Mechanical ventilation

7.4.1.2.1. Mechanical ventilation is achieved by the use o f powered devices to 
cause air movement underground. The most commonly used devices are fans of 
various constructions. It is important to note that decisions on ventilation design are 
governed by laws o f fluid flow such as:

( 1) the pressure requirement to deliver a quantity o f air by a ventilation system is 
directly proportional to the square o f the quantity ratio, and

(2) the power required to deliver a quantity o f air by a ventilation system is directly 
proportional to the cube o f the quantity ratio.

7.4.1.3. Primary (main) ventilation systems

7.4.1.3.1. The primary ventilation system is composed o f the fans and openings 
responsible for causing through ventilation from the surface to underground and back 
to the surface. Underground primary air traverses through drifts, cross-cuts, or 
raises which are open at both ends and connected to surface intake and return air 
openings.
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7.4.1.3.2. One important function o f the primary ventilation system is to control the 
concentration o f contaminants in primary airways that usually serve as travel ways 
and operating openings. Another function is to distribute an adequate supply o f good 
quality air to secondary ventilation systems for them to function effectively.

7.4.1.4. Blowing versus exhausting system

7.4.1.4.1. The primary ventilation system design is usually a matter o f choice. 
There are, however, some features that may not be arbitrary if the most efficient con
trol over radon daughter concentrations is to be achieved. The question arises of 
whether to use the blowing or exhausting system o f ventilation or a combination of 
both. There is no general rule that can be applied because conditions affecting the 
best choice may vary at each mine.

7.4.1.4.2. It is desirable to place main operating openings and travel ways in the 
intake air for two reasons. The first reason is that a safe exit is provided from the 
mine in case o f fire or other emergency underground. As toxic gases from a fire end 
up in return airways, if ventilation is not interrupted, a main escape-way or travel 
way in return air may present a definite risk to men working underground. The 
second reason is that workers performing haulage duties or travelling in return air
ways would be exposed to high radon daughter levels.

7.4.1.4.3. The direction o f primary flow through main airways does not dictate 
whether a blowing or exhausting system is used, but, if the main operating openings 
and travel ways are to be in the intake air it is easier to use the exhausting system. 
Air locks or other special control measures are then not required in the operating 
openings.

7.4.1.4.4. Using the exhaust system, the mine atmosphere pressure is negative with 
respect to the surface atmosphere. In shallow mines, in highly fractured ground, or 
where ground fractures connect adjacent mines the negative pressure may add to the 
contamination influx problem. Although utilization o f the exhaust system is known 
to create certain contamination influx problems, it has not been demonstrated that 
the overall added influx o f contaminants is severe enough to discourage its use.

7.4.1.4.5. In practice, a combination o f both blowing and exhausting systems 
(push-pull) should be used unless site specific conditions make alternative options 
preferable.

7.4.1.5. Design criteria for the primary ventilation system

7.4.1.5.1. Some o f the more important factors recommended for the design o f a 
ventilation system for an underground mine are:
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— The use o f  a push-pull system, if possible, with the production shaft not a 
major airway. This will help to achieve an effective air distribution in the 
working areas o f the mine. An analysis should be undertaken to determine if 
the main fan installations should be made as twin units in parallel, to retain par
tial ventilation should a mechanical or electrical failure o f a fan occur. The 
decision on this should be based on an analysis o f the frequency o f the failure 
occurrence o f the system and o f the severity o f such failures. The installation 
o f a remote sensing system to monitor the operation o f the main fans should 
also be considered;

— The advisability o f mine air heating, where climatic conditions warrant, should 
be investigated before the design o f the system is finalized;

— The residence time o f the air in the mine (the age o f the air) should be kept 
to a practical minimum. In a larger mine it is recommended to divide the mine 
into smaller independent ventilation systems rather than to have one large 
system for the whole mine;

— If it is not feasible to ventilate all openings in the mine, unventilated areas 
should be sealed and, if possible, kept under negative pressure by a small 
volume o f air exhausted to the return airway;

— The advantage in developing main airways o f generous size (cross-section), 
straight and with the walls, back and floor as smooth as possible to prevent 
unnecessary friction and resistance;

— The desirability o f locating drifts, haulage ways and access ways that will be 
used for primary air supply in barren ground whenever possible, and driving 
drifts by the most direct route to the extremities o f the planned mine workings;

— The need to minimize the exposed surface area o f ore in the work-places, and 
the flow o f clean intake air past inadequately bulk headed areas;

— The need to minimize ventilation o f work-places in series, and to use a ‘one- 
pass’ ventilation system whenever possible;

— The benefit o f maintaining high air velocities in fresh airways to minimize 
radioactive contamination;

— That separate and/or frequent airways between the main fresh airways and the 
waste and the production areas should be provided to assist in the good distri
bution and control o f air, and the return air from each work-place should be 
directed to the main mine exhaust as quickly as possible;

— Whenever feasible, a backup power source should be provided to maintain 
some level o f ventilation in the event o f breakdown or interruption o f the main 
power supply.

7.4.I.6. Control of airflow

7.4.1.6 .1. Primary circuits should be provided with stoppings, doors and regulators 
to control air movement in an efficient pattern. Stoppings are used to separate intake
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air from contaminated return air and, when sealed properly, they can be used to con
fine contaminants generated in inactive areas.

7.4.1.6.2. Doors are stoppings, designed to permit ready passage o f haulage 
vehicles and/or workers. They should be tight-fitting and should be constructed 
preferably in tandem, to provide an airlock to minimize leakage and short-circuiting 
o f air when workers and equipment pass through them.

7.4.1.6.3. Short-circuiting, or recirculation o f air, resulting from improperly 
constructed stoppings or a leaky door, can result in a rapid buildup o f airborne con
tamination that may go unnoticed for an extended period o f time. Just as added venti
lation efficiently lowers radon daughter concentrations, reduced ventilation is 
equally effective in allowing their concentrations to increase. Leakages can be 
minimized by correct design, proper and sturdy construction, and diligent main
tenance o f the control devices.

7.4.1.7. Auxiliary ventilation

7.4.1.7.1. The main ventilation system delivers the air to the mine. In most cases 
the use o f local auxiliary ventilation systems is necessary to supply the air directly 
to the work-place. Some o f the more important recommendations for the design of 
an auxiliary ventilation system are:

— The proper siting o f the fan is the most important factor in an auxiliary ventila
tion system. No matter how well the rest o f the system is designed and 
maintained, if the fan is not properly sited, there will be problems with 
recirculation;

— The through ventilation quantity of air feeding a fan should be at least 50% 
greater than the fan quantity. This ensures that there is sufficient air velocity 
past the fan and the entrance to the heading to prevent discharge air from the 
heading from getting back to feed the fan;

— All openings driven more than 10 metres beyond the main ventilation airflow 
require auxiliary ventilation, and the system installed must ensure that an 
adequate volume o f fresh air is delivered to the working face to maintain all 
potential contaminants at acceptable levels;

— The minimum volume o f air to be delivered to the work-place to maintain good 
working conditions should be determined and it should be ensured that the 
necessary volume required is provided, with allowances for leakage along the 
system;

— Proper fan and ventilation duct sizes should be selected and it should be 
ensured that the fan has an inlet bell and conversion piece to fit the duct size 
chosen;
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— Whenever possible, the ducting should be installed in a straight line, with all 
joints maintained tight. The discharge end o f the duct should be directed so as 
to deliver the stream o f air along the heading’ s back, sweep the face and return 
along the floor, and to maintain velocity at the working face not less than 
0.3 m -s_ l .

7.4.1.7.2. Auxiliary ventilation could be blowing, exhausting or a combination of 
both. The blowing system is the most widely used today. The main advantages o f 
the method are that collapsible ducting can be used and that discharge velocity causes 
the air to move a considerable distance under its own momentum towards the face.

7.4.1.7.3. Secondary ventilation systems designed to exhaust air from the work
place are sometimes used. Where such systems are provided, fresh air enters through 
the access drift or other opening to the work-place. One disadvantage o f this type 
o f system is that if much radon is introduced from strata along the route, radon 
daughters tend to be concentrated in the face area, where return air enters the ducting 
and where workers spend most o f their working time. Another disadvantage o f the 
exhaust system is that the exhaust ducting inlet must be within about 3 metres o f the 
face, or an unventilated pocket may develop right at the face.

7.4.1.7.4. The push-pull system consists o f one fan and ducting installation blow
ing air into the face area, and the other exhausting the air from the face area. The 
ducting used with the blowing fan is extended to within 10 metres o f the face. The 
inlet o f the ducting connected to the exhaust fan is located about 15 metres from the 
face. Exhaust capacity should exceed blowing capacity, so that contaminated air does 
not return through the drift. Expense and space limitations tend to discourage use 
o f this system, but it gives excellent ventilation at the face.

7.4.1.7.5. Ventilation necessary to control radon daughter concentrations in stopes 
may require diffuser fans and regulators to ensure that air is distributed properly 
through the stope. Air-exchange time for the entire unsealed volume o f the stope 
should be kept to a minimum. Remotely controlled regulators and temporary stop
pings that can be opened during blasting can be used to advantage where stope blast
ing is executed.

7.4.1.7.6. The quantity o f air delivered by secondary systems to the face is 
governed by selecting the proper fan and ducting, avoiding excessive leakage, 
minimizing system resistance, and extending the discharge end o f the ducting 
adequately into the face area.

7.4.1.7.7. Just as system resistance must be considered in the selection o f primary 
fans, it is also important in the selection of the secondary fans. System resistance 
varies with diameter and length o f ducting, with shock losses caused by air passing 
bends and joints, and when entering and leaving the ducting. The design o f the sys
tem should make an allowance for the leaks that occur even in a well designed and 
installed system.
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7.4.1.7.8. Shock losses are usually substantial in high velocity ducting. Summation 
o f pressure losses resulting from friction and shock is the system resistance at the 
existing air volume. The fans selected must be capable o f providing sufficient 
pressure to overcome system resistance and still satisfy flow requirements. System 
resistance presented by ducting installations is highly variable. As mining 
progresses, ducting is extended and more system resistance is introduced; conse
quently, auxiliary fans must have reserve capacity to maintain an adequate quantity 
o f air delivered to the face. Booster fans can be added, in line with the ducting, to 
add pressure and also to aid in pressure distribution. Proper pressure distribution, 
through use o f booster fans in lengthy ducting installations, can be very beneficial 
in facilitating the control o f leakages. Ducting should be extended to the work-place 
along the shortest available path, in order to obtain the advantages o f minimum sys
tem resistance and minimum leakage potential.

7.4.1.7.9. Both diameter and type o f ducting are important in determining ultimate 
system resistance, and the severity o f the leakage problem that can be expected. 
Large diameter ducting is desirable for its lower resistance, but if it is too large rela
tive to the size o f the opening it may be more susceptible to damage.

7.4.1.7.10. Plastic ducting is easier to adapt to irregular mine surfaces than metal 
ducting, but it often has higher resistance per unit length and is more easily damaged 
and kinked. The fewer number o f joints present in plastic ducting, the easier is its 
installation in comparison with metal ducting; this may aid in limiting leakage and 
shock losses. A few tears and kinks can quickly offset these advantages. Kinking can 
be minimized by hanging the ducting properly from suitable messenger lines, and 
through the use o f rigid or flexible elbows where high angle turns cannot be avoided.

7.4.1.7.11. Metal ducting is more durable than plastic ducting, but its joints are 
easily damaged, and it may be more difficult to reassemble properly after being 
moved. Joints in metal ducting have often been observed to be the source o f severe 
leakage.

7.4.1.7.12. Taping or sealing with asphalt mixtures is a way o f mitigating leakage 
difficulties occurring at metal ducting joints.

7.4.1.7.13. Ducting is damaged by flyrock from blasting more than in any other 
way. Pigtails o f plastic ducting, designed so that they can be easily pulled back out 
o f flyrock range at blasting time, are useful in protecting against this damage. 
Another advantage o f the pigtails is that they encourage and facilitate the extension 
o f the ducting to within an effective range o f the face.

7.4.1.7.14. Maintenance o f ventilation systems plays an important part in influenc
ing the radiation exposures that underground workers ultimately experience. No 
matter how well planned and installed the ventilation system is initially, the system 
must be maintained or efficiency rapidly deteriorates.
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7.4.2. VENTILATION IN OPEN PIT MINES

7.4.2.1. Under normal conditions the radon daughter contamination in the air in 
open pit mines is low and constitutes a minor contribution to the total dose. However, 
in areas where temperature inversions occur excursions to significant levels o f radon 
daughter concentrations have been observed for short periods.

7.4.3. VENTILATION IN MILLS AND SURFACE PLANTS

7.4.3.1. The principles outlined in Section 7.4.1 on underground ventilation are 
applicable for the design o f the ventilation system in the mill, which is usually less 
complicated.

7.4.3.2. The area o f concentrate drying and packaging should have a ventilation 
system independent from the rest o f the mill, and should be under negative pressure. 
The use o f mine exhaust air to ventilate the mill or plant buildings should never be 
allowed. Areas where a potential for significant dust generation exists should have 
provisions for dust suppression and, if feasible, arrangements should be made for 
local ventilation systems to draw off the air contaminated by the dust.

7.4.3.3. All discharges o f air from the mill should have appropriate provision for 
removing particulate contaminants before they are discharged to the environment. 
Special care should be taken to prevent the contaminated air discharged from the mill 
and plant from re-entering the ventilation system.

7.5. SHIELDING, CLIMATE CONTROL AND OPERATING PRACTICES

7.5.1. SHIELDING AND CLIMATE CONTROL

7.5.1.1. Very effective radiation protection can be provided through the application 
o f proper materials in the design to provide shielding for operations where significant 
gamma and beta radiation is generated. This is mainly important in facilities where 
high grade ore is mined and treated. Conveyor belts, crushers and grinders, bins, 
and tanks where ore is stored or treated, and other production equipment should be 
located as far as possible from frequented areas and, if practicable, concrete or other 
shielding should be incorporated in the design.

7.5.1.2. In mining high grade ore bodies the utilization o f barren rock pillars for 
shielding purposes is advisable. Every effort should be made to keep the area o f the 
open ore face to an absolute minimum.

7.5.1.3. Ore stockpiling and product storage in the proximity o f working areas 
should be discouraged and kept to an absolute minimum. Stockpiled ore is a signifi
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cant source o f gamma and beta radiation, but also o f  radon daughters which in con
fined spaces underground or in enclosed buildings could add significantly to the 
radon daughter exposure o f  workers.

7.5.1.4. There are many operations in uranium mining that on the one hand gener
ate significant radioactive contamination in the form o f ore dust, concentrate dust, 
or radon and radon daughter releases but on the other hand are mostly mechanized 
and the operators’ attendance is either stationary at the controls o f the equipment, 
or is required only intermittently to inspect visually the proper functioning o f the 
equipment. Crushing, rock breaking and transporting the ore are some examples. In 
these cases it is recommended to explore the feasibility o f providing an enclosed cab 
for the equipment operator with a climate control system that would provide filtered 
air to the operator.

7.5.1.5. In the case o f high grade operations shielding the cab against gamma radia
tion may be advisable and feasible. The use o f remotely controlled equipment should 
be considered for mining o f very high grade ore bodies where shielded, air condi
tioned operator cabs may still not provide sufficient protection.

7.5.1.6. Mechanized operations, where only intermittent visual observation by a 
worker is necessary, should preferably be equipped with an enclosure made o f trans
parent material and maintained under negative pressure to prevent the release o f con
taminants. Ore transfer stations, where conveyor systems are used, and concentrate 
drying and packaging operations are other example^.

7.5.2. OPERATING PRACTICES

7.5.2.1. The importance o f good housekeeping cannot be emphasized enough. In 
underground mines it is important to limit spills and to keep main travel and haulage- 
ways, as well as stopes clean o f  broken ore. All spilled ore should be cleaned up 
and the use o f water sprays and atomizers should be required wherever dust creating 
operations are carried out.

7.5.2.2. The design, colour and materials o f all surfaces in the mill should be such 
that easy housekeeping by simply washing them down to clean them o f surface con
tamination is ensured. The use o f  wood and complicated patterns o f material makes 
removal o f contamination by washing down very difficult and should be discouraged.

7.5.2.3. Filters and dust collectors should be cleaned regularly and maintained in 
good working order.

7.5.2.4. Good personal hygiene practice requires that workers arriving at work 
change into work clothing as soon as possible before they reach an area where their 
street clothes and footwear could become contaminated. Their street clothes and 
footwear should be kept in an uncontaminated area. It is also important that when
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workers have to travel from specific areas o f higher contamination to areas o f lower 
contamination the provision o f boot washers be considered to remove contamination 
from footwear. Handling o f ore or concentrate with bare hands should not be 
allowed. Eye protection against beta radiation should be provided if conditions 
warrant.

7.5.2.5. Eating in the work-place should be strongly discouraged, hence lunch
rooms, supplied with good quality fresh air, and washing facilities should be 
provided in reasonable proximity to the work-place. In wet and dirty operations it 
is a good practice to provide boot washers and a space where dirty and wet outer 
clothing can be placed. Lunch-rooms should be well lit and cleaned regularly to 
encourage workers to keep them clean. Workers should wash their hands and faces 
before eating to prevent ingestion o f radioactive ore or concentrate. For the same 
reason, smoking, chewing tobacco or gum, or eating candy in the work-place should 
be discouraged. This is most important in the mill, but also in high grade operations 
in the mine.

7.5.2.6 . Workers should shower and change after work. The ‘dry’ facilities, where 
workers change from work-clothes into their street clothes, should be designed so 
that workers, after stripping off their work clothes, have to go through the shower 
before they can get to the area where their clean street clothing is kept. In high grade 
operations it is recommended that equipment be increased to check for surface con
tamination o f the body after showering. If excessive contamination still remains after 
showering the worker should shower again.

7.5.2.7. Long hair, beards and moustaches should be discouraged as they readily 
collect contaminated dust, and it is quite difficult to wash out all the contaminants.

7.5.2.8 . In addition, beards and moustaches may hinder the proper wearing o f the 
face-mask type respirator.

7.6. PERSONAL PROTECTIVE EQUIPMENT

7.6.1. Personal protective equipment used in uranium mining and milling includes 
respirators, protective clothing, footwear, gloves, and safety glasses.

7.6.1. RESPIRATORS

7.6.1.1. Respirators are not recommended for the control o f exposures for routine 
operational conditions, but may have to be used in special situations where 
enviromental control is not practicable. An example o f such a condition may be a 
poorly ventilated area that must be entered occasionally, for short periods o f time, 
to perform maintenance, sampling or surveying tasks. It should be remembered that
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air purifying respirators do not remove radon gas, which can be a risk in very poorly 
ventilated areas.

7.6.1.2. The main argument against the general use o f respirators for protection in 
lieu o f environmental control is that there is no positive way o f assessing the actual 
effectiveness o f the respirator programme. There is often doubt as to whether the 
respirators are always worn when they are needed and whether or not improper 
usage or maintenance has significantly lessened their effectiveness.

7.6.1.3. Although respirator protection is not advocated as a substitute for practical 
environmental control measures, because o f the rapidly changing conditions in an 
underground mine, appropriate respirators should be available in case a need for 
their use arises.

7.6.1.4. All workers should receive training in the proper wearing and maintenance 
o f  respirators. Standard respirator fitting and leakage tests should be conducted, and 
periodic evaluation o f the overall respirator programme should be made by manage
ment. The effectiveness o f any respirator programme is dependent on both respirator 
performance and its acceptance by the workers. Therefore, it is recommended that 
minimum performance comfort and safety specifications for respirators used for pro
tection be set by the national authorities.

7.6.1.5. Factors that directly affect the degree o f protection offered by respirators 
include the following:

— Leakage between the face-piece and face
— Breathing resistance
— Strenuousness o f the work to be performed
— Temperature o f the mine atmosphere
— Discomfort due to improper fitting
— Type of respirator
— Training in use
— Maintenance o f the respirator
— General health o f the worker, e.g. heart, lungs, etc.

7.6.1.6. Conventional safety may be affected by visibility or mobility restrictions 
caused by wearing a respirator.

7.6.1.1. Passive respirators

7.6.1.1.1. With certain limitations, passive respirators will give a high degree of 
protection against breathing in high concentrations o f radioactive dust and radon 
daughters, if fitted and worn correctly. High filter resistance is frequently a 
justifiable objection to the use o f passive respirators; however, if proper filters are 
selected, and if proper respirator maintenance is performed, this problem can be 
reduced.
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7.6.I.2. Powered air supply respirators

7.6.1.2.1. The most successful powered air supply respirators now in use provide 
an air curtain o f filtered air delivered over the face o f the worker. They consist o f 
a pump filter unit, usually mounted in the back o f the miner’ s helmet. The unit is 
powered by the helmet lamp battery, and blows the filtered air between the shell o f 
the helmet and the worker’ s scalp to his breathing zone. The air is directed to his 
breathing zone by a shield visor attached to the helmet. The proper use o f the helmet 
by keeping the visor in the ‘down’ (working) position is crucial to the effectiveness 
o f the device. The efficiency o f the device, when properly used, can reach 90% for 
radon daughter removal, but is practically 0 % with the visor in the ‘up’ position.

7.6.1.2.2. These devices do not require strict fitting in the way other respirators do, 
but the use o f the visor introduces other problems, limiting their use in some activi
ties or occupations. For example, moisture or dust on the visor can impair the vision 
o f the worker. Fogging o f the visor can occur, if the pump is not able to supply a 
sufficient volume o f air, either because o f a heavy demand by the worker performing 
a strenuous task, or because o f high resistance o f the filter. This again restricts the 
worker’ s vision. The helmet has to be well balanced in order to be comfortable. 
When operating properly, these devices provide an additional benefit to the wearer 
by creating a cooling effect on the worker’ s face as a result o f the airflow.

7.6.1.2.3. Similar devices exist, mounted on mobile mining equipment, providing 
protection to the operator-driver. Full face and half face mask respirators could also 
be successfully utilized.

7.6.1.2.4. As with passive respirators, powered air respirators do not protect the 
worker against exposure to radon and this could be o f serious concern when the 
radon concentration is high.

7.6.I.3. Self-contained breathing apparatus

7.6 .1.3.1. In some very special cases, and more often in very high grade opera
tions, situations could arise where worker entry might be necessary into areas not 
ventilated, where radon daughter concentrations o f up to 20-200 mJ m -3 
(1000-10 000 WL) could exist. It is obvious that the devices mentioned previously 
would not provide sufficient protection for the workers. If lowering the radon 
daughter concentrations before the worker’ s entry is not possible or feasible, the use 
o f self-contained breathing apparatus as used by mine rescue workers is recom
mended. These devices should be o f the positive pressure type. As they have their 
own air supply totally independent o f the outside air, they offer high protection. 
However, they are heavy, uncomfortable, and have a limited air or oxygen capacity 
which can vary from about half an hour to several hours. In addition, their use 
requires special training. In spite o f these difficulties, they should be seriously consi
dered in very special circumstances and in emergencies.
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7.6.1.4.1. Air o f suitable quality for breathing supplied to a face mask from fixed 
air headers provides excellent protection against radioactive gases and airborne con
taminants. However, the worker has only limited mobility because o f the air hose.

7.6.1.4.2. Charcoal filter canister respirators are available and provide some pro
tection. While they suffer from many o f the disadvantages o f passive respirators, 
they do, however, offer some protection against radon inhalation.

7.6.2. PROTECTIVE CLOTHING

7.6.2.1. Work clothing protects the worker from exposure o f the skin to contami
nation. Gloves should always be worn when ore or mill products are handled.

7.6.3. SAFETY GLASSES

7.6.3.1. Good industrial practice dictates the use o f safety glasses. These will also 
provide protection o f the lens o f the eye against beta exposure.

7.6.4. MAINTENANCE OF PERSONAL PROTECTIVE EQUIPMENT

7.6.4.1. Personal protective equipment has to be maintained in clean and good con
dition to provide the desired protection. Respirators have to be regularly cleaned and 
disinfected. Filters should be changed frequently. Those with face pieces have to be 
regularly checked for observable deterioration and fit leakage. Powered respirators 
have to be checked for pump efficiency, air volume and resistance. The batteries 
should be regularly charged and maintained in good working condition. It is recom
mended that maintenance be done by specially trained employees with a specifically 
assigned responsibility for this task.

7.6.4.2. Protective clothing can accumulate significant contamination o f ore dust 
or concentrate. It is therefore strongly recommended that workers be not allowed to 
remove work clothes from the facility for laundering and repair. Instead, laundering 
facilities should be set up on the mine-mill property (with the wash-water routed to 
mill effluent treatment), and repair o f clothing should also be done on the premises. 
In high grade mine and mill facilities the radioactive contamination o f work clothing 
could be significant. Protective footwear and gloves should also be frequently 
washed and kept clean. Protective clothing should never be stored together with the 
employees’ street clothing, to prevent the spread o f contamination.

7.6.1.4. Other respiratory devices
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Chapter 8

OPERATIONAL DECISIONS AND JOB ROTATION

8.1. LEVELS FOR SPECIAL OPERATIONAL DECISIONS

8.1.1. As the levels o f external radiation and mainly the concentration o f airborne 
radioactivity to which workers are exposed in the variable mine work environment 
are site and time specific, a need to establish a programme o f investigation and inter
vention levels by the operator, and the approval o f this programme by the competent 
authority, is recognized. (See paragraphs 2.1.2, 5.2.4 and A.2.(t), Appendices A.I 
and A.II o f IAEA Safety Series No. 26.)

8.1.2. The objective o f the programme is to ensure that within the specific objec
tive conditions o f the given facility, practical operational measures are in place, so 
that the day to day operation o f the facility or part thereof remains optimized to keep 
the radiation exposure o f the workers as low as reasonably achievable, social and 
economic factors taken into account.

8.1.3. The mining o f radioactive ore causes chronic low level radiation exposures. 
Therefore, there are no justifiable circumstances for special planned exposures that 
are used in other parts o f the nuclear industry, where a real possibility o f acute high 
doses exists. However, situations may arise where engineering measures for reduc
ing external radiation exposures and contamination are either not possible or not 
feasible. In these conditions special operational decisions should be used in conjunc
tion with, or in place of, the programme o f investigation and intervention levels.

8.1.4. Situations that may require these special operational decisions are, for 
example:

— Performance o f work in the main exhaust airway in the mining facility
— Installation or restoration o f the ventilation system after an extended break

down or in areas where ventilation was suspended
— Performance o f rescue work
— The necessity o f travel through relatively high external radiation and airborne 

contamination areas in the mine
— Performance o f production activities in underground leaching areas, etc.
— Maintenance work inside contaminated enclosures such as calciners, mills and 

tanks.

8.1.5. The special operational decisions and rules applied in these situations may 
include a requirement for the use o f personal protective equipment (respirators, etc.), 
reduction o f occupancy time, strict control o f access, and other measures most suita
ble for the specific conditions and operating practices o f the given mining facility.

5 5
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The levels at which these special operating decisions have to be applied, and condi
tions that have to be met in their application, should be formulated by the manage
ment o f the facility and approved by the competent authority. The workers’ 
representatives should be consulted in the process o f formulation o f the special oper
ational decisions, and the programme, when approved, should be made known to the 
workers at the facility who may be subject to its application.

8.2. JOB ROTATION

8.2.1. When no practical means o f control are available in mines with areas o f high 
levels o f radiation exposure, job rotation may be considered in order to reduce the 
exposure o f individual workers. Job rotation should only be used in exceptional cir
cumstances and under strict control, and should not be a substitute for the develop
ment arid use o f appropriate radiation control methods. Normally by job rotation the 
resulting collective dose, and thereby the detriment caused, is increased. If the 
increase is significant, it should be given special attention.
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TRAINING OF PERSONNEL

9.1. All persons who may be exposed to radiation risk should receive appropriate 
training on the requirements o f general safety and radiation protection, including the 
preventive measures related to their work performed either individually or severally. 
Such training should be provided before starting actual work, and should be deve
loped and delivered in a planned manner that will ensure its effectiveness. This 
includes periodic ongoing training sessions, particularly when significant changes 
have been introduced. The programme must also contain procedures to ascertain its 
adequacy. The training programme should include information on the following 
items:

— Potential health risks connected with the work. The training should provide the 
workers with complete information on all the radiological risks in their work. 
The need for constant personal awareness o f potential risks should be stressed. 
Safe working methods and techniques. The consequences o f any practice, and 
failure o f techniques, should be illustrated and explained. It should be 
explained that ignorance or failure to follow good radiation protection practice 
by any one worker can influence the radiological risks for the other workers.

— Precautions to be taken to limit radiation exposure and intake o f radioactive 
substances, and the reasons for specific actions.

— Main features o f the ventilation system o f the entire mine, and the importance 
o f the proper operation o f all components o f the system. This training must be 
sufficient to ensure that all workers understand the interrelationships o f various 
components o f the ventilation system, and how improper activity by an 
individual can adversely affect radiation levels.

— Maintenance o f proper auxiliary ventilation to provide a supply o f fresh air to 
the working place.

— Importance o f the full utilization o f all the means o f dust suppression provided.
— Importance and means o f preventing recirculation o f air locally in the working 

place, and in larger areas o f the entire mine.
— Need to report immediately to the supervisor or the ventilation officer any 

breakdown o f  the ventilation system and other situations where the worker 
believes the protection afforded is inadequate.

— Proper use, operation and care o f personal monitoring and personal protective 
equipment and other radiation protection systems or procedures.

— Importance o f personal hygiene in limiting intake o f radioactive substances.
— The functions and roles o f the medical practitioner, the radiation protection 

officer, the ventilation officer, the competent authority, the representative o f
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the workers. The means o f contacting these officials should be clearly 
explained.

— Need for the notification o f any health problems.
— First aid measures and the location o f first aid stations throughout the facility.
— Sufficient training must be provided to ensure that an optimized environmental 

radiation protection work system is maintained by the workers to minimize 
contamination releases. The need to follow proper procedures in handling 
spills, dumping, etc.

— Instruction on the health risks o f smoking, particularly with respect to the addi
tional potential for occupational health effects from the interrelationship o f 
radon daughters and/or radioactive dust and smoking.

9.2. Local radiation protection procedures should be displayed at locations easily 
accessible to workers.

9.3. A source o f failure in the protection system is often a result o f the influence 
o f the so called human factor. This influence can be minimized by proper training, 
but also by applying good ergonomic principles in the planning and design o f the 
equipment and facilities.
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Annex I

EXAMPLE OF OPTIMIZATION 
IN THE MINE DESIGN STAGE

INTRODUCTION

The McCory Lake mine, a fictitious operation, is currently in the planning 
stage. Drill results indicate that the mine will be a high grade, low tonnage venture. 
The mine, situated in northern Canada, is planned for a seven day cycle. For seven 
days the workers will work for 12 hours a day and for the next seven days they will 
be flown back to their home towns.

The planning group is currently considering three mining methods (Fig. 1-1):

(a) Tight cut and fill
(b) Long hole stoping, and
(c) Vertical retreat.

These mining methods are being studied because the ore and host rock are 
highly fractured with mud seams known to Occur in the ore zones. Experience from 
other operations in the area dictates that a significant amount o f ground support will 
be required in the ore zone or, alternatively, the workers must work away from the 
ore and do the work either remotely or by drilling longer holes into the ore from 
more stable headings located away from the ore.

Access to the mine will be by a vertical shaft located in the footwall. It is 
assumed that regardless o f the mining method chosen the costs for the shaft, ventila
tion raises and all o f  the items listed in Table I-I will be common to all three mining 
methods. For simplicity, these common costs are added to the costs calculated for 
each specific mining method (i.e. capital costs for these items are the same for each 
method) (Table I-II).

Two separate and distinct lenses on the same strike dip at 70°. The west lens 
is approximately 9 metres wide, 12 metres high and 280 metres long. The east lens, 
separated from the west lens by rock, is about 12 metres wide, 20 metres high and 
560 metres long. Both lenses are expected to yield 19 500 tonnes o f U30 8 based 
upon 362 000 tonnes at a 5.37% U30 8 content.

The lifetime o f the mine, based upon current reserves, will be five years. For 
purposes o f the optimization study the above information will be common to all 
proposals.
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METHOD 1 -  TIGHT CUT AND FILL

D rill d rifts

FIG.I-]. Mining methods of McCory Lake Mine, 
(a) Cross-sections

This publication is no longer valid 
Please see http://www.ns-iaea.org/standards/



OPTIMIZATION IN TH E MINE DESIGN STAGE 61

M E T H O D  1 -  T I G H T  C U T  A N D  F I L L

M E T H O D  2 -  L O N G  H O L E  S T O P I N G

M E T H O D  3 -  V E R T I C A L  R E T R E A T

r L O N G IT U D IN A L  S E C T IO N

W est lens
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(b) Plan views and longitudinal sections
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TABLE I-I. COMMON COSTS FOR ALL METHODS

62 ANNEX I

Development work Costs (US $)

Shaft -  260 m @  US $19 000 nr1 4 940 000

Ventilation raises — 245 m @ US $9500 m"1 2 327 500

Ground support 110 000

Underground construction 260 000
Production equipment 70 000
Dewatering 100 000
Other 600 000

Total 8 407 500

Mining method 1 was rejected early in the study because o f excessive radiation 
exposure to workers. Mining methods 2 and 3 were further compared for radiation 
exposures. The calculations are summarized in Table I—III. Details o f the calcula
tions are shown on worksheets which are included in the example.

MINING METHODS AND DEVELOPMENT COSTS 

Method 1

Drifts in the ore are developed to a length o f  150 metres where they are filled 
with cemented sand. Drifting then resumes next to the filled drift. This continues 
from the footwall to the hanging wall and then continues above the filled drifts. A 
manway and chute are provided every 150 metres for ore removal, ventilation and 
access.

Method 2

Drill drifts are driven outside the ore on the footwall from which holes are 
drilled up and down into the ore body. Drawpoints are opened under the ore and the 
rock blasted in vertical slices across the ore body into the drawpoints. This involves 
considerable drilling in waste and the difficulty o f drilling long holes in the fractured 
rock. A drift along the top o f the ore body to install cable bolts over the crown o f 
the ore might be required.
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Mining method Costs (US $)

Method 1

Drift development — 
X-cut development — 
Stoping —

900 m @  US $775 nr1 
(6x20) = 120 m @  US $650 nr1 
138 000 m3 @  US $90 nr3

697 500 
78 000 

12 420 000

Common costs
13 195 500 
8 407 500

Total 21 603 000

Costs include tramming and development within the stope

Method 2

Drift development — 
X-cut development — 
Stoping — 
Fill -

1800 m @  US $775 m"1
(24 x 20) + (56 x 20) = 1600 m @ US $650 nr1 
138 000 m3 @  US $65 nr3 
362 000 t @  US $3 r ‘

1 395 000 
1 040 000 
8 970 000 
1 086 000

Common costs
12 491 000 
8 407 500

Total 20 898 500

Method 3

Drift development — 
X-cut & raises — 
Stoping — 
Fill. -

2700 m @ US $775 nr1
(28x24) + (56x24) = 2016 m @ US $650 nr1
138 000 m3 @  US $55 nr3
362 000 @  US $3 r 1

2 092 500 
1 310 400 
7 590 000 
1 086 000

Common costs
12 078 900 
8 407 500

Total 20 486 400
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TABLE I-III. ESTIMATED YEARLY DOSES3 
(Underground exposure only)

Mining methcxi

2 3 2 3 2 3

Worker
classification No. o f 

workers

Gamma dose/a 
(mSv)

Radon daughters/a 
(10-3 J)

Each Total Each Total Each Total Each Total
worker worker worker worker

Foremen (mine) 2 2 15.1 30.2 15.1 30.2 2.6 5.2 3.3 6.6
Radiation officers 2 2 18.8 37.6 18.8 37.6 1.3 2.6 2.6 5.2
Geologists 2 2 12.8 25.6 12.8 25.6 1.5 3.0 2.0 4.0
Radiation

technicians 2 2 25.9 51.8 25.9 51.8 1.8 3.6 2.0 4.0
Scoop operators 2 2 14.9 29.8 14.9 29.8 3.8 7.6 5.7 11.4
Long hole drillers 4 8 18.9 75.6 18.9 151.2 2.5 10.0 5.0 40.0
Loader/blasters 4 8 13.4 53.6 13.4 107.2 8.0 32.0 16.0 128.0
Cage tenders 4 4 15.8 63.2 15.8 63.2 1.3 5.2 1.3 5.2
Shift bosses (prod.) 2 4 23.4 46.8 23.4 46.8 3.4 6.8 4.3 8.6

Other workers
414.2 543.4 76.0 213.0

mainly in
protected areas

Foremen (elec./ 2 2 2.0 4.0 2.0 4.0 1.3 2.6 1.3 2.6
mech. safety) 2 2 2.0 4.0 2.0 4.0 1.3 2.6 1.3 2.6

Surveyors 4 4 3.6 14.4 3.6 14.4 1.3 5.2 1.3 5.2
Shaft inspectors 2 2 3.6 7.2 3.6 7.2 2.3 4.6 2.3 4.6
Mine labourers 4 4 3.6 14.4 3.6 14.4 2.3 9.2 2.3 9.2
Construction 6 6 3.6 21.6 3.6 21.6 2.3 13.8 2.3 13.8
Pumpmen 2 2 3.6 7.2 3.6 7.2 2.3 4.6 2.3 4.6
Mechanics 20 20 3.6 72.0 3.6 72.0 2.3 46.0 2.3 46.0
Electricians 12 12 3.6 43.2 3.6 43.2 2.3 27.6 2.3 27.6
Trainees 4 4 3.6 14.4 3.6 14.4 2.3 9.2 2.3 9.2
Shift bosses

(elec./m ech.) 2 2 3.6 7.2 3.6 7.2 2.3 4.6 2.3 4.6
Development miners 18 18 3.6 64.8 3.6 64.8 2.3 41.4 2.3 41.4
Shift bosses (dev.) 2 2 3.6 7.2 3.6 7.2 2.3 4.6 2.3 4.6

281.6 281.6 176.0 176.0

Total 695.8 825.0 252.0 389.0

a For details o f  radiation exposure calculations see worksheets.
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Method 3

Two or three drifts are developed along the top o f the ore body. From these 
drifts holes are drilled nearly vertical in slices across the ore. Large diameter, effi
cient drills could be used as a cost saving in manpower. When blasting some 
difficulty in maintaining the brow o f the drill drift might be experienced.

Total development costs for the three methods are shown in Table I—II. The 
costs are very similar as a similar amount o f development is required for each 
method in this mine.

RADIATION ESTIMATION 

Assumptions

For a grade o f approximately 5%!U3Og the dose equivalent for a worker near 
contact is taken as 0.15 mSv-h~' (15 mrem-h-1)- Protection is given by 2 cm thick 
steel cabs, giving a reduction o f 60%.

Method 1

The gamma radiation was calculated for the miner in the ore. He would be pro
tected when drilling, mucking and loading by a steel cab. He would be required to 
work unprotected about 7% o f the time. The calculated total exposure is 114.4 mSv 
per year. As this value is above the acceptable limit, this method was not considered 
for further planning. Details are given in the radiation exposure calculation section.

Methods 2 and 3

The radiation exposure analysis is very similar here. There would be more 
drillers required in method 2 than in method 3. The cleanup o f the drill drifts would 
be easier in method 3 because o f  the large vertical drill holes that could be used to 
drain o ff the cuttings. The contaminated water could cause greater radon daughter 
concentrations in the haulage drift below. The exposures are shown in Table I—III.

Total exposure over the lifetime o f the mine (5 years) will be:

— Method 2: 3.5 man • Sv +  1.26 man-J
— Method 3: 4.1 man-Sv +  1.95 man-J
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SUMMARY

Method 1 was dismissed, as annual individual dose limits would be exceeded. 
The question is, whether the choice o f method 2, which is somewhat costlier than 
method 3, is justified on the basis o f optimization analysis. The choice of method 
2 will result in a saving o f 0.6 man • Sv and 0.69 man ■ J in radiation exposure in com
parison with method 3.

Assuming that the competent authority set the value o f a  at US $100 000 
man-Sv" 1 and US $250 000 man-J-1 , the choice o f method 2 would be justified on 
the basis o f optimization o f radiation protection, if the difference in total cost was 
less than US $232 500 (0 .6x  100 000 +  0.69x250 000). As the choice o f method 
2 would mean an increase in total cost by US $413 000 (US $20 899 000 — 
US $20 486 000) it is obvious that the choices cannot be justified by the requirement 
o f optimization o f radiation protection.

In this case, the choice between methods 2 and 3 will be made on operational 
considerations.
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RADIATION EXPOSURE CALCULATION (WORKSHEETS)

Method 1: Source geometry — ore in the face, one side and back
— 2 cm steel cab (60% reduction)

Miner

External exposure % time
Dose 
rate 

(mSv -h '1)

Protection factors Total
exposure

(mSv-a"1)Distance Shielding

Mucking 16 0.15 0.5 0.4 9.6

Drilling set-up 5 0.15 N/A N/A 15.0

-  drill (F) 25 0.15 0.18 0.6 8.1
-  drill (S) 25 0.15 0.95 0.4 28.5

Loading set-up 5 0.15 N/A N/A 15.0

-  load (F) 8 0.15 0.18 0.6 2.6
-  load (S) 8 0.15 0.95 0.4 9.1

Rock bolting set-up 0.5 0.15 N/A N/A 1.5

— bolting (F) 12 0.15 0.18 0.6 3.9
— bolting (S) 12 0.15 0.95 0.6 20.5

Other 28.5 0.001 0.6

114.4

F =  radiation from face.
S =  radiation from side.
All factors are approximate and rounded to simplify the calculations, and apply to these examples only. 
Loading means loading o f  explosives.
N /A =  not applicable.
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Methods 2 and 3

Detailed exposure calculations for workers

68 ANNEX I

(A) Scoop operator — scoop tram mucking from a drawpoint

External exposure % time
Dose
rate

(m Sv-lr1)

Protection factors Total 
exposure 

(mSv -a"1)Steel cab Distance

Mucking in drawpoint
cab (steel) 3.3 0 .1 5 0 .4 0 x 0 .7 5 “ 0 .0 8 0 .2 4

window (glass) 3.3 0 .15 0 .7 0 x 0 .2 5 a 0 .0 8 0 .1 4

Travel with full
bucket 26 .4 0 .1 5 0 .4 0 .0 05 0 .1 6

Dump in train 3.3. 0 .1 5 0 .4 x 0 .4 a 0 .1 4 0 .2 2

Spill on floor
(5% of floor covered) 33 0 .1 5 0 .4 0 .05 1.98

Move train 17 0 .1 5 0 :4 0 .5 10.20

Other 50 0 .0 02 2 .0

14.94

a Fraction o f  whole body exposed.

Exposure to radon daughters

0.33x0.15 W LX2000 h =  100 haulage drift 
0 .50x0.05 WLX2000 h =  50 mine general

150 W L-h =  0.0038 J-a-'

(B) Long hole driller

— Drilling 8 hours per shift.
— 25% in open drift.
— 75%  in steel shelter; filtered air supplied to shelter; drill remotely 

controlled.
— Spillage o f cuttings — 60% ore plus 40% waste

(60% at 0.15 mSv + 4 0 %  at 0.01 mSv) X covering 50% o f floor = 
0.045 mSv-h-1) from cuttings

— Shelter reduction — 60% for steel, 80% for distance

This publication is no longer valid 
Please see http://www.ns-iaea.org/standards/



OPTIMIZATION IN THE MINE DESIGN STAGE 69

External exposure % time Dose rate Protection factor 
(mSv -h~')

Total exposure 
(mSv - a '1)

Set-up 17 0.045 ' N/A 15.30

Drill 50 0.045 0.4 x  0.2 3.60

18.90

Exposure to radon daughters

0 .2 5 X 0 .2  W LX 2000  h =  100 W L-h =  0.0025 J - a '1.

(C) Underground foreman

External exposure % time Dose rate 
(mSv -h '1)

Distance factor Total exposure 
(mSv-a_l)

With driller 10 0.045 0.5 4.50

With scooper 15 0.02 0.95 5.70

With cage tender 5 0.072 0.5 3.60

With blasters 15 0.0045a 0.5 0.68

With other crews 15 0.002 0.95 0.57

Surface 40 0 0

15.05

a Broken ore on floor only 10% o f  the time.

Exposure to radon daughters

15% travel in fresh air drifts 
45% in work places

[(0.45x0.10 WL) +  (0.15x0.05 WL)] X  2000 h = 1 0 5  W L-h =  0.0026 Ja->.
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(D) Underground shift boss
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External exposure % time Dose rate 
(mSv -h_l)

Total exposure 
(mSv-a-1)

With crew 90 0.013 23.40

Exposure to radon daughters

45% in drill drift; 45% in haulage drift

[(0.45x0.20 W L) +  (0.45X0.15 WL)] x 2000 h =  135 W L-h = 0.0034 J - a - 1.

(E) Ventilation/radiation protection officers

External exposure % time
Dose rate 
(mSv -h '1)

Total exposure 
(mSv -a"1)

Production area 30 0.03 18.00

Development area 20 0.002 0.80

18.80

Exposure to radon daughters

0.50x0.05 W L x 2000 h =  50 WL •h =  0.0013 J - a - 1.

(F) Geologist (underground)

External exposure % time Dose rate 
(mSv -h_l)

Distance factor Total exposure 
(mSv -a_l)

With driller 5 0.045 0.50 2.25

With scoop tram oper. 10 0.02 1.00 4.00

With cage tender 5 0.072 0.85 6.12

With other crews 10 0.002 N/A 0.40

12.77

Exposure to radon daughters

0.30X0.10 WLX2000 h =  60 WL-h =  0.0015 J - a 1.

This publication is no longer valid 
Please see http://www.ns-iaea.org/standards/



OPTIMIZATION IN THE MINE DESIGN STAGE 71

(G) Radiation technician (underground)

External exposure % time Dose rate 
(mSv -h '1)

Protection factor Total exposure 
(mSv -a"1)

With driller 10 0.045 0.85 7.65

With scoop tram oper. 15 0.02 0.95 5.70

With cage tender 10 0.072 0.75 10.80

With blaster 15 0.0045 0.75 1.01

With cars 20 0.002 0.95 0.76

25.92

Exposure to radon daughters

0.70 x  0.05 W L x 2000 h =  70 W L-h =  0.0018 J - a 1.

(H) Loader/blaster

Wash out drill drift to clean out drill cuttings, load holes and blast.

External exposure % time Dose rate 
(mSv -h_l)

Total exposure 
(mSv - a-1)

Wash drift 10 0.045 9.00

Blast large rocks
in drawpoint 2 0.075 3.00

Load and blast 70 0.001 1.40

13.40

Exposure to radon daughters

0.80X0.20 W LX2000 h =  320 W L-h =  0.008 J-a’ 1.
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Help move loaded ore cars on and off shaft cage, and out o f storage area.

External exposure % time
Dose 
rate 

(mSv -h"1)

Protection factors Total

exposure
(m Sv-a'1)Steel cab Distance

Storage area 5 0.15 0.60 0.80 7.20

Moving 5 0.15 0.60 0.95 8.55

15.75

General 40 0.001 0.80

Total 16.55

Exposure to radon daughters

0.50x0.05 WLX2000 h = 50 WL-h = 0.0013 J-a-'.

(J) Other workers — not near ore

Exposure to radon daughters

0.90x0.05 WLX2000 h = 90 WL-h = 0.0023 J-a-'.

Radon daughter control in the mine

Large air volume — small mine — fast air exchange. 

Situation

(1) Drill drift: 3x3x150 m 

Air quantity: 150 m3-min_l 

Air volume exchange: ^ *50  ̂  = 9 min

Drill cuttings: 20 Bq-s- l -m ' 2
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Mine water: 7 x l0 5 Bq-L_l = 7 x  106 Bq-min' 1

Radon from water at 10 L-min ' 1

7 x1 0 6x50%  released = 4 x l0 6 Bq-min_l

,  = 6.15_xl0:6x4x_106x_9»^= 
max 1.85x9x150

Drift working average = 0.2 WL

(2) Haulage drift: 3 x 4 x 8 5 0  m 

Air quantity: 1200 m3-min''

. >. 12x850 D c .Air volume exchange:-----------  =  8.5 min
1200

Water from 10 drawpoints at 10 L-min_1

7 x l0 6 x 50% released =  4 x l0 7 Bq-min*1

WI * = 6 .15xl0-6x 4 0 x l0 6x 8 .5185 n , 0 nrj
max. ---------------- — ---- —— —  ------------- =  U.00 W L1.85x 12x850 

Drift working average =  0.15 WL

OPTIMIZATION IN THE MINE DESIGN STAGE

*  Schroder-Evans equation for less than 40 minutes age of air.
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Annex II

EXAMPLE OF OPTIMIZATION 
FOR RADON DAUGHTER EXPOSURES

INTRODUCTION

The 900 East Mining Block is currently being mined by a room and pillar 
method, using trackless rubber tired equipment. Since the mining block is located 
between two dykes, as shown in Fig. II-1, the area must be ventilated using auxiliary 
fans and ventilation ducting until the 9341 drift intersects the 800 ramp. At this time 
a more conventional flow-through ventilation system will be provided.

Adjacent to the 900 East Mining Block is a mined-out area which is being 
utilized as an exhaust air corridor. The active area is separated from the inactive 
block by two barricades, one at the end of the 9331 stope drift and the second along 
the 9341 subdrift near the end of the 9341 stope. It has been determined that these 
barricades are limiting the flow of radon daughters into the active area.
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TABLE II-I. AIR VOLUMES AND RADON DAUGHTER CONCENTRATIONS 
IN 900 EAST MINING BLOCK

Location Volume Radon daughter concentration
(m3 -s~') ( /J -n r3) (WL)

9334 St 14.16 1.3 (0.06)

9334 Dr 13.69 1.3 (0.06)

9335 St 14.16 1.7 (0.08)

9333 St 13.21 2 .1 (0 . 10)
9332 St 12.74 2.5 (0 . 12)

9331 St 14.16 10.9 (0.52)

9342 St 14.16 10.5 (0.50)

9341 St 15.10 9.0 (0.43)

TABLE II-II. CALCULATED AIR VOLUMES FOR 900 EAST MINING BLOCK 
AND EXPECTED LOWER RADON DAUGHTER CONCENTRATIONS

Option A Option B Option C

Location Volume Radon daughters Volume Radon daughters Volume Radon daughters
(m3 -s_ l) (yuJ -m -3) (WL) (m3 -s - ) (/iJ -m -3) (WL) (m3 -s - ) (/*J-m- 3) (WL)

9334 St 28.30 0.4 (0.02) 30.67 0.4 (0.02) 38.70 0.2 (0.01)

9334 Dr 25.59 0.4 (0.02) 30.67 0.4 (0.02) 38.22 0.2 (0.01)

9335 St 24.54 0.6 (0.03) 30.67 0.4 (0.02) 36.34 0.4 (0.02)

9333 St 21.71 0.8 (0.04) 30.67 0.6 (0.03) 32.56 0.4 (0.02)

9332 St 18.88 0.8 (0.04) 23.12 0.8 (0.04) 32.56 0.4 (0.02)

9331 St 20.76 5.3 (0.25) 25.48 3.8 (0.18) 35.86 2.1 (0.10)

9342 St 20.76 5.3 (0.25) 25.48 3.6 (0.17) 31.62 2.5 (0.12)

9341 St 23.00 4.2 (0.20) 27.37 3.2 (0.15) 34.17 2.1 (0.10)

9020 XC 23.75 3.2 (0.15) 30.67 3.6 (0.17) 33.98 3.2 (0.15)

Note: 1 W L =  2 .1 -x  10“5 J -m ”3
1 W L -h  =  0.0235 mJ, since 0.02 J-a'1 =  850 W L -h .
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TABLE II-III. CALCULATION OF MONTHLY RADON DAUGHTER 
EXPOSURES OF WORKERS IN 900 EAST MINING BLOCK FOR EXISTING 
SYSTEM AND PROPOSED OPTIONS

Location
(h)

Existing system 
(mJ) (WL-h)

Option A 
(mJ) (WL-h)

Option B 
(mJ) (WL-h)

Option C 
(mJ) (WL-h)

9334 St 274 0.385 (16.4) 0.129 (5.5) 0.096 (4.1) 0.063 (2.7)
9334 Dr 274 0.385 (16.4) 0.129 (5.5) 0.096 (4.1) 0.063 (2.7)

9335 St 274 0.515 (21.9) 0.193 (8 .2 ) 0.129 (5.5) 0.096 (4.1)
9333 St 274 0.644 (27.4) 0.259 ( 1 1 .0 ) 0.162 (6.9) 0.129 (5.5)

9332 St 274 0.773 (32.9) 0.259 (1 1 .0 ) 0.270 (11-5) 0.129 (5.5)
9341 St 274 2.77 (117.8) 1.29 (54.8) 0.966 (41.1) 0.644 (27.4)

9331 St 274 3.35 (142.5) 1.61 (68.5) 1.16 (49.3) 0.625 (26.6)
9342 St 274 3.22 (137.0) 1.61 (68.5) 1.00 (46.6) 0.773 (32.9)

Subtotal 12.04 (512.3) 5.47 (233.0) 3.88 (169.1) 2.52 (107.4)

900 Gen. 274 3.28 (139.7) 0.97 (41.1) 1 .1 0 (46.6) 0.97 (41.1)

Total 15.32 (652.0) 6.44 (274.1) 4.98 215.7 3.49 (148.5)

Notes: (1) 900 General: n ^  =  =  1.50, where nj =  work-place concentration and
I O

i =  number o f  work-places.

(2) W L -h  =  n j-h.

(3) Based on IAEA Safety Series No. 9, 1982 Edition, Annex III (A.III.7), 0.02 J =  5 W LM . 
Therefore, 20 mJ =  850 W L -h , 1 mj =  42.5 W L -h  and 1 W L -h  =  0.0235 mJ.

During routine monitoring of the work-place, increased radon daughter con
centrations were observed. An investigation has shown that this increase in radon 
daughter concentrations may be attributed to the increased air residence time in the 
mining block. The conditions found by monitoring are shown in Table II—I.

The investigation has shown that the radon daughter concentrations could be 
reduced by increasing the airflow to the mining block, and thus the airflow to each 
heading, provided that the appropriate fans and ventilation ducting are installed. The 
projected values are shown in Table II—II.
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Discussions following this discovery o f  increased radon daughter readings con
cluded with a recommendation to determine whether costs required to increase the 
air volume were justified.

The optimum solution to the ventilation query will be derived by:

(1) Reviewing the current ventilation system, determining the present conditions 
and measuring the air volumes

(2) Predicting the required air volumes and related radon daughter concentrations 
for all practical solutions

(3) Comparing the total operating costs with the value for exposure determined by 
the competent authority.

The following discussion and tables present a solution to the above situation. 
The following factors were considered for the proposed modifications:

(1) A maximum o f 37.75 m3-s“ ' o f  air could be channelled from 1275 raise. If 
more than 37.75 m3-s '' o f  air is used to ventilate 900 East Mining Block, 
short-circuiting will occur in the lower levels o f  the mine.

(2) The maximum size o f ducting that can be placed in the drifts is 122 cm 
diameter. A larger size o f ducting would mean enlarging the size o f the drift 
at considerable expense.

(3) If a greater fan pressure than 2000 Pa is required, new fans will have to be 
purchased.

Table II—II describes three options which could be implemented. Increasing the 
volume to the stopes lowers the radon daughter concentrations. The values shown 
in Table II—II, i.e. the radon daughter concentrations and corresponding air volumes, 
are calculated by:

where V, =  volume o f uncontaminated air provided;
V2 =  volume o f uncontaminated air required;
WL, =  working level concentration at the work-place;
WL2 =  desired working level concentration at the work-place.

The application o f this formula assumes that the intake air is uncontaminated. 
This assumption is not entirely correct in this particular case. The formula, however, 
does give an indication o f what radon daughter concentrations can be expected with 
increased air volumes.

Assuming that each stope is mined daily in two shifts, the average number o f 
hours the crew would spend in the stope would be 274 hours per month. Table II—III
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TABLE II-IV. ESTIMATED MONTHLY OPERATING COSTS FOR EACH 
OPTION

Existing system O ption A

L ocation 9 1 .5  cm  ducting 122 cm  ducting 107 cm  ducting

PL P C P M PL P C P M PL P C P M
(Pa) (kW ) (U S $) (Pa) (kW ) (U S $) (Pa) (kW ) (U S $)

9334 St 1370 2 4 .4 477 1320 4 6 .4 908 2565 9 1 .0 1780

9334 Dr 1370 24 .4 477 1096 35 .8 700 2141 70.1 1371

9335 St 1370 2 4 .4 477 996 30 .2 590 1925 59.1 1155

9333 St 1370 2 4 .4 477 772 2 1 .0 410 1511 4 1 .0 802

9332 St 1370 2 4 .4 477 573 13.7 269 1145 2 7 .0 527

9341 St 1370 2 4 .4 477 921 2 6 .9 524 1793 5 2 .7 1030

9331 St 1370 2 4 .4 477 697 18.4 358 1382 3 5 .9 701

9342 St 1370 2 4 .4 477 772 2 1 .0 410 1511 4 1 .0 802

L ocation

O ption  B

122 cm  ducting 107 cm  ducting

PL

(Pa)

P
(k W )

C P M
(U S $)

PL

(Pa)
P

(kW )
C P M

(U S $)

9334 St 1544 5 9 .0 1154 3013 115.8 2263

93 34  D r 1544 5 9 .0 1154 3013 115.8 2263

9335 St 1544 5 9 ,0 1154 3013 115.8 2263

9333 St 1544 5 9 .0 1154 3013 115.8 2263

9332 St 946 2 7 .4 534 1868 5 3 .7 1050

9341 St 1220 4 1 .8 816 2415 62.1 1600

9331 St 1967 6 2 .7 1226 2092 6 6 .4 1300

9342 St 1967 62 .7 1226 2092 6 6 .4 1300
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TABLE II-IV (cont.)

Location

Option C

122 cm ducting 107 cm ducting

PL
(Pa)

P
(kW)

CPM
(US $)

PL
(Pa)

P
(kW)

CPM
(US $)

9334 St 2415 114.9 2249 4532 223.8 4380

9334 Dr 2415 114.9 2249 4532 223.8 4380

9335 St 2117 94.0 1845 4133 185.0 3618

9333 St 1743- 70.9 1380 3411 138.8 2707

9332 St 1868 76.8 1495 3685 149.9 2933

9341 St 1892 80.6 1568 3710 157.4 3076

9331 St 2117 94.0 1845 4133 185.0 3618

9342 St 1743 70.9 1380 3411 138.8 2107

PL = pressure loss; P = power; CPM = cost per month.

shows the concentration o f monthly working level-hours for each o f the options. 
Workers not assigned to a specific work-place are assigned the general concentration 
for 274 hours. The general concentration is an average o f the work-place values.

The values o f pressure loss, power requirements and operating cost per month 
were calculated for the various options and are shown in Table II-IV.

If the necessary fan pressure is to exceed 2000 Pa, then a capital cost o f 
US $5000 is required to purchase a high pressure fan.

Optimization of the system

It was previously noted that the existing system consisted o f one 91.5 cm fan 
and fibreglass ducting o f the same diameter. Ducting diameters o f 122 and 107 cm 
were considered for each o f the options. At the increased volume 91.5 cm fibreglass 
ducting can no longer be used. (At 26 m3-s_l the pressure loss using 91.5 cm 
diameter is over 4700 Pa.)

Table II-V shows the monthly cost o f exercising each option, which includes 
a capital cost o f purchasing a new fan where necessary. The cost o f the new fan is 
amortized over a five year period and is calculated to be US $146 per month.

Table II-VI summarizes the difference in cost and working level-hours of 
exposure when implementing each o f the three options.
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TABLE II-V. TOTAL MONTHLY COST FOR IMPLEMENTING EACH 
OPTION

Location

Initial
operating

cost

(US $)

Option A

122 cm ducting 107 cm ducting

Operating 
cost 

(US $)

Incremental 
cost 

(US $)

Operating 
cost 

(US $)

Incremental 
cost 

(US $)

9334 St 477 908 431 1780 1303

9334 Dr 477 700 223 1371 894

9335 St 477 590 113 . 1155 678

9333 St 477 410 -6 7 802 325

9332 St 477 269 -2 0 8 527 50

9341 St 477 524 47 1030 553

9331 St 477 “358 -1 1 9 701 224

9342 St 477 410 -6 7 802 325

Operations cost 353 4352

Capital cost 292

Total monthly cost 353 4644

Assuming that the competent authority has set the a  value to be US $30 000 
man-Sv'1 or US $30 m an-m Sv1, the value o f a  would be US $75 000 manJ-1 or 
US $75 m an-m J1.

It then follows that for the three main options available, the following expendi
ture is justified:

Option A US $666.00
Option B US $777.00
Option C US $827.25

A comparison o f the cost for each o f the available options per month and the
monthly exposure saved suggests that the implementation o f option A is required to 
optimize the radiation protection for this operational situation.

All the other options would exceed the cost that could be justified on the basis 
o f optimization analysis.
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TABLE II-V (cont.)

Location
Initial 

operat
ing cost

(US $)

Option B Option C

122 cm ducting 107 cm ducting 122 cm ducting 107 cm ducting

Operat
ing cost

(US $)

Incre
mental 

cost 
(US $)

Operat
ing cost

(US $)

Incre
mental 

cost 
(US $)

Operat
ing cost

(US $)

Incre
mental 

cost 
(US $)

Operat- Incre- 
ing cost mental 

cost 
(US$) (US$)

9334 St 477 1154 677 2263 1 786 2249 1 772 4380 3 903

9334 Dr 477 1154 677 2263 1 786 2249 1 772 4380 3 903

9335 St 477 1154 677 2263 1 786 1845 1 368 3618 3 141

9333 St 477 1154 677 2263 1 786 1380 903 2707 2 230

9332 St 477 535 58 1050 573 1495 1 018 2933 2 456

9341 St 477 816 339 1600 1 123 1568 1 091 3076 2 599

9331 St 477 1226 749 1300 823 1845 1 368 3618 3 141

9342 St 477 1226 749 1300 823 1380 903 2707 2 330

Operations cost 4603 10 486 10 195 23 703

Capital cost 1 022 584 1 168

Total monthly cost 4603 11 508 10 779 24 871

TABLE II-VI. SUMMARY OF THE MONTHLY INCREMENTAL COST AND 
EXPOSURE SAVED BY THE THREE OPTIONS

Total Suboption 1 Suboption 2
exposure ______________________________

Option Exposure . . _  _  ,
saved Total cost Total cost

(mJ) (WL-h) (US$) (US$)

A

B

C

8.88
10.36

11.83

(377.9)

(436.3)

(503.5)

353 4 644

4 603 11 508

10 779 24 871
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Annex III

OPTIMIZATION OF SHIELDING 
AGAINST GAMMA DOSES IN A MILL

The area around the ore bin and crusher in a high grade uranium mill is a regu
lar work-place for three workers on each o f the two shifts daily. Dosimetry results 
indicate that without the installation o f shielding, the workers might receive an 
annual dose o f 50 mSv each. The expected lifetime o f  the mill is 15 years. The total 
dose without shielding would be 2x 3x50x15  = 4500 man-mSv.

Two shielding options are possible:

Option A: Installation o f a concrete shield 10 m long, 3 m high and 19 cm thick.
The cost o f installation would be US $7500. The annual dose to workers 
is estimated to be reduced to 5 mSv. The total dose therefore would be 
2 x 3 x 5 x 1 5  = 450 man-mSv.

Option B: Installation o f a steel shield 10 m long, 3 m high and 4 cm thick. The 
cost o f installation would be US $13 000. The annual dose to workers 
is estimated to be reduced to 10 mSv. The total dose therefore would be 
2 x 3 x 1 0 x 1 5  =  900 man-mSv.

Dose saved Cost Cost saved per man • mSv
Option (man • mSv) (US $) (US $ per man • mSv)

Option A 4050 7 500 1.85

Option B 3600 13 000 3.61

Assuming that the competent authority has set the a  value at US $3000 per 
man-Sv, or US $3 per man-mSv, it is obvious that Option A is justifiable from the 
optimization viewpoint and that it should be implemented to keep the system 
optimized.

The implementation o f Option B would not be justified on the basis of optimi
zation principles.
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Annex IV

OPTIMIZATION OF SHIELDING OF A LOADER CAB 
IN A HIGH GRADE OPEN PIT MINE

An ore loader is operated by four operators in a rotating shift pattern. They 
each receive a dose o f about 40 mSv-a-1 o f gamma radiation. Shielding o f the cab 
is considered to lower the dose to the operators. The expected lifetime o f the pit is 
7 years. The total dose without shielding would be 4x 4 0x 7  = 1120 man-mSv.

Option A: Steel plate shielding o f 58 mm thick plate is considered. The estimated 
dose o f each operator will be 4 m S v -a 1. The cost o f installation o f the 
shielding is US $4000. The additional operating cost for the loader 
because o f increased weight will be US $2000 per year. The life 
expectancy o f the loader is 7 years. The total dose would be 4 x 4 x 7  = 
112 man • mSv (in 7 years). The total cost will be US $4000 + 7 x 2000 
= US $18 000.

Option B: Steel plate shielding o f  30 mm thick plate is considered. The estimated 
dose o f each operator will be 12 m S v -a 1. The cost o f installation o f the 
shielding is US $3200. The additional operating cost for the loader 
because o f increased weight will be US $1000 per year. The life expec
tancy o f the loader is 7 years. The total dose would be 4x 1 2x 7  = 
336 man-mSv (in 7 years). The total cost will be US $3200 + 7 x 1000 
= US $10 200.

Dose saved Cost Cost saved per man • mSv
Option (man • mSv) (US $) (US $ per man-mSv)

Option A 1008 18 000 17.86

Option B 784 10 200 13.01

Assuming that the competent authority has set the a  value at US $15 000 per 
man-Sv or US $15 per man-mSv, it is obvious that Option B is justifiable and should 
be implemented to optimize the radiation protection in this case.

The implementation o f Option A cannot be justified on the basis o f optimiza
tion principles.
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Annex V

OPTIMIZATION IN THE PRODUCT PACKING AREA 
OF A URANIUM MILL

ASSUMPTIONS

(1) The room volume is 2 x  103 m3.
(2) The operation involves two men for 20 hours per week;
(3) Without any o f the strategies outlined below, the average air contamination in 

the workers’ breathing zone would be 2 Bq -nr3.

Assuming a breathing rate o f 9.6 m3 in an 8-h shift, working 20/8=2.5 shifts 
a week, 50 weeks per year and an ALI o f 1700 B q-h -nr3, the exposure for the two 
workers will be:

Exposure per annum =  2 (2x9.6x2.5x50)  X =140 man-mSv-a_l

Thus, for example, if an a  value o f US $10 000 m an-S v1 is used, the 
greatest investment in protective strategies that could be justified would be about 
US $1.4x 104 over ten years.

STRATEGIES CONSIDERED 

Ventilation

Three levels o f ventilation are considered:

— V, Extraction from the packing room giving 2 air changes per hour;
— V2 Extraction from the packing room giving 20 air changes per hour;
— V3 Extraction from an enclosed packing station with a volume o f 200 m3

giving 20 air changes per hour and extraction from the general area giving
2 air changes per hour.

Respiratory protection

Although it is undesirable to use respiratory protection routinely, the use o f 
personal protective equipment being a poor substitute for other means o f controlling 
hazards, it is nevertheless considered here.
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A LPHA  = ALPHA = .
OPTIONS U S S X 1 0 4 USS X 5 X 1 0

FIG. V -I. Optimization o f  product packing.

TABLE V -I. COSTS AND PROTECTION FACTORS 
(Costs in units o f  1000 US $)

Capital cost Annual cost Total cost
Assumed
effective

protection

V, 0.5 0.1 1.5 0.5

V2 6 2 26 0.1

V 3 1 0.2 3 1 0 3

R. 0.2 0.4 4.2 0.2

r2 1 4.5 4.8 2xlO -3

4.5 2 24.5 1 x 10-3

A . 5 0.2 7 0.6

a2 20 1 30 0.2

A 3 100 —2a 80 1 x IQ’ 3

a It is assumed that the saving of one operator’s wages is greater than the operating and maintenance 
costs o f the equipment.
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— R, The use o f simple masks with a PF o f 10;
— R2 The use o f powered respirators with a PF o f 1000;
— R3 The use o f airline hoods with a PF o f 2000, and a reticulated compressed

air supply.

Automation

Automation o f the packing process is also considered at three levels:

— A, The use o f automatic conveyors, load cells, etc.
— A2 The use o f more elaborate systems, short o f full automation, still requir

ing some manual operations;
— A3 The use o f robotics almost eliminating manual intervention, and only

needing one operator.

The costs and protection provided for the various combinations o f protective 
strategy are shown in Fig.V-1 and Table V -I. The two curves represent the 
differential costs for a  values o f US S104 and US $ 5 x l0 4 per person or man- 
sievert. The most cost effective strategies are V ,R |; V3R,, A ,V 3, AjV,  and
a ,r ,v 3.

Thus, for the particular assumptions made in this example strategies V, and 
V3, R, and A, are all worth detailed study, but the other strategies would not be 
cost effective, alone or in combination.

Three levels of respiratory protection are considered:
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Annex VI

A NUMERICAL ILLUSTRATION 
OF THE OPTIMIZATION PROCEDURE 

IN A URANIUM MINE

INTRODUCTION

For the purpose o f illustrating the procedure o f optimization o f radiation pro
tection in a mine, a numerical application is given3. A small underground mine is 
considered, which could also be taken to be part o f a larger mine. It is assumed that 
this mine is already in operation. A reduction o f the exposures o f the workers to the 
alpha energy could be obtained through a set o f options using various prevention 
techniques.

The assumption that the mine is in operation implies that a change o f the min
ing methods is not considered. Consequently, parameters such as the geometry o f 
openings and stopes, manpower and its related occupation time, and production 
objectives are fixed. It also implies that the radon sources (exhalation from the walls 
o f openings and stopes, and different types o f localized sources) may be determined 
accurately by field experiments. The possibility o f  reducing the exposures lies either 
in techniques o f reduction o f the radon sources, or in improving the efficiency o f 
the ventilation.

OPTIONS

In this example one o f the options consists in suppressing the localized sources 
o f radon originating from old stopes. By means o f a pump, a negative pressure is 
applied in the volume situated behind the concrete wall and it is supposed to prevent 
the diffusion o f radon from these old stopes, usually inefficient in this respect. 
Various methods o f increasing the primary and/or the secondary ventilation are then 
considered. The possibility o f increasing the air mass transfer at the bottom o f  each 
stope by means o f a turbulator is also considered.

Finally, the filtration o f the secondary air o f  each stope through an electrostatic 
precipitator is considered.

These primary options, and the combination o f any o f them, lead in this case 
to a total number o f 240 options. The costs o f the primary options, expressed in 1981 
French francs, are indicated in Table VI-I.

3 Reference: OUDIZ, A ., LOMBARD, J., ZETTWOOG, P., Un exemple d’optimi- 
sation de la protection radiologique des mineurs d’uranium, Institute of Protection and Nuclear 
Safety (F), to be published in ‘Radioprotection’ .
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TABLE VI-I. TOTAL COSTS OF THE PRIMARY OPTIONS FOR 10 YEARS 
AND 10 STOPES

Costs (FF x 103)

Investment3 Running costs Total costs for
for 10 years per year 10 years

Sealed barricades 230 230

Main ventilation
20 m3 • s“1 56 460 516
30 m3-s_l 58 1134 1192
60 m3 - s '1 106 2453 2559

120 m3-s '1 212 4906 5118

Auxiliary ventilation
3 m3-s_l 120 179 299
5 m3 • s '1 252 383 635

11 m3 -s~' 576 1405 1981

Use of turbulators 78 51 129

Use of electrostatic precipitators:
1-4 modules 930 930
1 module Negligible

a No discounting for reasons o f  simplicity.

DESCRIPTION OF THE MODEL

To assess the collective dose corresponding to each o f the 240 options and to 
simplify the actual situation through a modelling procedure is always beneficial, 
taking into consideration the real situation increases the cost o f the calculation 
tremendously without significantly improving the adequacy o f the conclusion, i.e. 
in this case the classification o f the options. O f course this is true only if the model
ling procedure has retained all the essential features o f the mechanisms o f exposure. 
Keeping all the essential features in the model and neglecting the others is, in fact, 
the most difficult part o f the procedure, requiring sound mining engineering 
expertise.

In the present example the mine is supposed to be correctly represented by an 
idealized mine, consisting o f only one drift giving access to ten productive stopes, 
as indicated in Fig. V I -1. Each stope is contaminated by radon released from the 
previous stope. This unfortunate situation was part o f the mining method and 
improvement could not be considered. A point source o f radon, with an apparent age 
o f 25 minutes, represents the contamination due to old stopes.
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Fresh air entrance Exhaust air

Total length of main drift: 2700 m

Distance from  the entrance:
Stope No.1 2500 m
Old stope 2140 m

Distance between the entrance
of 2 adjacent stopes: 20 m

FIG. VI-1. Characteristics o f  the main drift.

Mineralized bottom

Stope 

6 m 6 m

Electrostatic
precipitator

Square shape 4  X 4 m
Primary air

FIG. VI-2. Schematic description o f  a stope.
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Only two values o f the radon emanation fluxes from the walls have been 
considered, one for the barren surfaces, and one for the mineralized surfaces. 
Mineralized surfaces exist only on the floor and on the bottom o f the stopes (see 
Fig. VI-2). The figure indicates that the bottom o f the stope is not being swept 
directly by the secondary air, as the distance between the front of the mineralized 
zone and the ducting is too great. The ventilation o f this volume, characterized by 
its air exchange time, is to be deduced from data collected through the mine, for 
instance by experimental surveys using tracer gas. Use o f a turbulator, which 
reduces the air exchange time, may lead to the elimination o f the poor ventilation 
o f this zone.

NUMERICAL VALUES OF THE PARAMETERS USED IN THE MODEL

All numerical values o f parameters that are introduced in the model are
representative o f most o f the situations encountered in France, i.e. almost vertical
vein ore bodies, in granite with the ore grade o f 1 to 2%.

— Geometrical parameters are shown in Figs V I -1 and VI-2;
— Radon fluxes:

— Barren surface: 5 .29x10s atoms• m 2-s '1
— Mineralized surface: (1.32-2.64)x  107 atoms-nr2-s_1

— Old stope: 104 Bq-s-1
— Manpower: 17 workers
— Occupancy: see Table VI-II.

TABLE VI-II. OCCUPANCY DATA

Occupancy time (%) — 2000 h of work

Group Number
Drift Stopes

Air return Working face

1 4 - 100
2 4 50 50
3 9 50 25 25
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CALCULATION OF THE COLLECTIVE DOSE

A set o f differential equations is used to describe the buildup o f the radon and 
radon daughters along the drift, and in the two compartments o f each stope. The col
lective dose is easy to calculate from the occupancy chart, once the alpha energy con
centration in each working place has been determined.

OPTIMIZATION

Principle

The model gives the health detriment (S,, expressed in man-sievert, that is in 
terms o f collective dose equivalent) and the financial detriment (F,, expressed in 
FF) for the initial situation and the 240 options.

The optimization procedure implies a comparison between these two types o f 
detriment. This means that the two detriments need to be expressed in the same unit, 
for instance in US $. It is therefore assumed that in the national regulations the min
ing company has to respect the monetary value o f the collective dose equivalent, the 
a  value, which has been specified. The total detriment o f an option in that case is 
given by D( =  Sj +  Fj, where D; is the total detriment, Sj is the health detriment
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92 ANNEX VI

i SB T

Option

F PA PS

Detriment

Financial Health11 
Fj S, 

(FFxlO3) (man-Sv)b

O N N N 20 3 815 4.43

1 Y N N 20 3 1 045 2.86

2 Y N N 30 3 1 721 1.60

3 Y Y N 30 3 1 850 1.44

4 Y Y N 60 3 3 217 0.56

5 Y Y N 120 5 3 553 0.44

6 Y Y N 120 5 6 112 0.19

7 Y Y N 120 11 7 458 0.09

8 Y Y Y 120 11 11 178 0.09

a The values indicated S correspond to the collective dose for ten years of operation, 
k It is assumed that 10 Sv = 1 WLM = 4.25 mJ.

SB Sealed barricades. 20 barricades will be constructed in 10 years. Costs include investment,
maintenance and power consumption.

T: Turbulator in use — 12 will be purchased in 10 years.

F: Filtration in use — 60 units will be purchased in 10 years.

PA. PS: Main and auxiliary ventilation mass flow rate expressed in m3 -s-1; 12 auxiliary fans are
necessary in 10 years but only one fan for the main ventilation..

N: No

Y: Yes

and Fj is the financial detriment. The optimization procedure consists in selecting 
option i, which minimizes the total detriment. This is very easy if the value o f a  is 
known. The use o f a figure helps to visualize what is actually done in such a proce
dure. In Fig. VI-3 each option Opj is represented by a point, the co-ordinates o f 
which are S, and Fj. It is obvious that options o f equal total detriment 
(Sj +  Fj =  Sj + Fj) are situated on a straight line at an angle equal to Arctg alpha 
with the y axis o f  co-ordinates. A set of such lines with D =  constant is drawn on 
the graph for a given value o f a.
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All the points, including 0po (no option), form a cloud. The points situated at 
the border o f the cloud may be joined by a polygonal convex line which contains all 
the others. The position o f  the point representative o f the best option is easy to deter
mine in the figure, as the point from the polygonal line at the bottom left, for which 
the total detriment S, 4- F; is minimal.

Results obtained in the given example

The numerical values o f the health and financial detriment o f  the options cor
responding to the polygonal line are given in Table VI—III.

The polygonal line o f the given example is represented in Fig. VI-4. In this 
figure the collective dose due to external radiation, which does not depend on the

M an-sievert

Option Fi
(Xj)

Si
(Vi)

A F j/A S j

(tgtfj)

0 0.815 4.43
1 1.045 2.86 0.15
2 1.721 1.60 0.54
3 1.850 1.44 0.81
4 3.2 17 0.56 1.55
5 3.553 0.44 2.80
6 6.112 0.19 10.20
7 7.458 0.12 19.20
8 11.178 0.09 124

tg<? « A F jM S j

0 1 5 10

FIG. Vl-4. Collective dose equivalent fo r  F. after 10 years o f  operation (man ■ Sv).
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nature o f the option used to reduce the radon daughter risk, has not been taken into 
account. French managerial practice in the field o f  radiation protection in the nuclear 
industry appears to correspond to an alpha value o f 106 FF man-Sv-1. This indi
cates that option 3 would probably have been selected, with a value o f AF/AS| of
0.81 X106 FF man-Sv-'.

COMMENTS

(1) It is emphasized that the classification o f the options derived in this numerical 
academic example is essentially for illustrating the optimization procedure, and 
is only valid for the model mine considered. Mining being a very site specific 
operation, completely different recommendations can be expected in other 
situations.

(2) The use o f electrostatic precipitators (option 8) appears in this example to be 
too expensive to be considered even though it would be the most efficient 
method o f reducing the doses. It should be pointed out that this bad score for 
electrostatic precipitators is probably due to the fact that high investment costs 
and short life expectancy have been conservatively assumed for this technique, 
as it is still in the earliest stage o f development. In other words, this method 
could look more favourable in a few years; if the costs were decreased by a 
factor o f three or more, this would become the optimal one.

(3) In spite o f the fact that an option is not the optimized one, it may sometimes 
become compulsory in an underground mine, in order to respect the principle 
o f limitation o f the individual dose equivalent. This means, in fact, that in the 
expression o f  the health detriment the existence of the beta term, related to the 
dose distribution, should be taken into account.
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