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CHAPTER 10. ICRP - HISTORY AND DEVELOPMENTS.

267

K. H. Lokan 

Australian Radiation Laboratory

ABSTRACT

A brief history is presented of the evolution of radiation protection 

concepts, largely through the activities of the International Commission on 

Radiological Protection (1CRP), and their adoption in Australia by the 

National Health and Medical Research Council (NH and MRC).

Changes which have taken place since the preparation of the Code of 

Practice for Radiation Protection in the Mining and Milling of Radioactive 

Ores (1980) are described, and likely future directions in radiation 

protection are suggested.

INTRODUCTION

The history of radiation protection since the discovery of ionising 

radiation late in the nineteenth century provides an interesting example of 

the way in which an area of science involving several disciplines has advanced 

from very rudimentary beginnings into a sophisticated and mature field, 

particularly over the past thirty odd years. While it is still prone to quite 

significant uncertainties, radiation protection has progressed in its concepts 

and understanding from offering a set of entirely empirical operating rules to 

a soundly based doctrine, which is underpinned by a great deal of supportive 

radiobiological and epidemiological research.

Almost from the beginning, perceptible effects of ionising radiation, in 

the form of skin reddening or burning which was slow to heal were observed, 

and most early advice on radiation protection practices was directed towards 

the prevention of such effects. Initially, advice was developed within the 

fraternity of radiologists, and ad hoc precautions recommended by the 

professional societies began to appear by the 1920's.

In 1928 the International Congress of Radiology created an International 

X-Ray and Radium Protection Committee, which shortly afterwards became a 

Commission, and which ultimately (1950) was renamed the International

Commission on Radiological Protection (ICRP). In its early years, scientitic



input came primarily from the U.K., Europe and the United States, and most of 

its advice was concerned with the deployment of X-rays in diagnostic radiology 

and of radiation from radium, used in radiation therapy. During the war 

years, its activities were suspended, but work continued in the United States 

within a body, which later became the National Committee on Radiation 

Protection. Much of this work, particularly on maximum permitted doses, 

ultimately found its way into post-war international recommendations.

The formation of the ICRP in 1950 reflected the broader scope of work 

brought about by the rapid development of the nuclear sciences. Since that 

time, the Commission has evolved as a body of high scientific repute, with a 

permanent secretariat and a membership of notable scientists with expertise in 

the fields of radiology, radiation protection, physics, biology, genetics, 

biochemistry and biophysics. It is supported by four specialist committees 

covering the following fields-

Committee 1. Radiation Effects.

Risk and severity of stochastic effects and the induction

rates of non-stochastic effects of irradiation.

Committee 2. Secondary Limits.

Develops values of secondary limits for internal radiation, 

based on the Commission's recommended dose equivalent 

limits.

Committee 3. Protection in Medicine.

Protection of the patient in radiodiagnosis and radiation

therapy.

Committee 4. Application of Commission's Recommendations.

Provides advice on the Commission's system of dose

limitation, a n d  o n protection of the worker and the public.

In addition, the Commission forms task groups from time to time, to

examine and report on particular topics relating to radiation protection of 

workers or members of the public.
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The Commission's Recr mendations, which are published as Annals of the 

1CRP, are prepared in such a way that the basic scientific principles are 

spelled out, and it is left to national radiation protection bodies to adopt 

them in a way, which is best suited to their own regulatory environment. In 

Australia, formal radiation protection standards are based on the ICRP

recommendations and are recommended and promulgated by the NH and MRC. They

thjs become available for adoption within particular States and Territories as

mandatory requirements under the relevant State or Territory legislation.

DEVELOPMENT OF EXPOSURE LIMITS

The first set of international recommendations for radiation protection 

appeared following the 1928 Congress of Radiology, and offered a set of 

operational rules covering working hours, minimum facilities for X-ray

installations, shielding requirements, electrical precautions and specific 

additional requirements for the handling of radium. No quantitative exposure 

limits were proposed at this time. As indicated earlier, however, the obvious 

effect of excessive irradiation was reddening of the skin (erythema), and the 

initial approach to setting occupational exposure limits was related to the 

threshold for this effect.At the next meeting of the Commission in 1J34 it was 

stated -

"The evidence at present available appears to suggest that under 

satisfactory working conditions a person in normal health can 

tolerate exposure to X-rays to an extent of about 0.2 international 

roentgens per day. No similar tolerance dose is at present available 

in the case of radium gamma rays."

In present day units, this is equivalent to about 400 millisievert per working 

year.

Because of the rapid development of the nuclear sciences, and the greater 

use of radiation sources of all types after the second World War, the scope of 

the Commission's work was bro .dened beyond the field of medical radiology to 

cover all circumstances where radiation protection was warranted. Revised 

Recommendations were published following a meeting in I9b0, which still sought 

to identify a threshold below which adverse effects would be avoided, but a 

note of caution was sounded that standards would have to be kept under 

continual review because of the still limited experience of radiation effects.
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It was considered that the most significant effects were probably those on 

the blood-forming organs, leading to anaemia or leukaemia, but other effects 

were now identified, including the induction of malignant tumours and adverse 

genetic changes. The previous figure of 1 R per week as a limit was reduced 

to 0.3 R per week at a critical tissue (corresponding to 15 R per year, and 

about equivalent to 120 millisievert for whole body irradiation by penetrating 

gamma rays.) and already the Commission was recommending that

"in view of the unsatisfactory nature of much of the evidence coupled 

with the knowledge that certain radiation effects are irreversible 

and cumulative, it is strongly recommended that every effort be made 

to reduce exposures to all types of ionising radiations to the lowest 

possible level."

Throughout the next decade the pace quickened as a great deal of new 

scientific knowledge and a more systematic understanding of radiation effects 

was developing, improved metabolic and dosimetric models emerged, which made 

it possible to handle internal exposure from inhaled or ingested 

radioactivity, the genetic effects of exposure of large populations was better 

understood, leukaemia was identified as a probable long term effect of whole 

body irradiation, and differing radiosensitivities for particular organs or 

tissues were acknowledged.

1959 saw the publication of revised Recommendations adopted by the 

Commission in 1958, which now placed more emphasis on the consequences of 

chronic exposure and expressed maximum permitted doses in terms of quarterly, 

annual and lifetime doses rather than weekly limits. For occupational 

exposure, the Commission identified two exposure conditions -

(a) when whole body exposure occurs, the maximum permissible doses are 

given for the gonads, blood-forming organs and lenses of the eye

(b) when exposure is essentially restricted to portions or single organs 

of the body, then different maximum permissible doses apply for the 

portions or organs irradiated.

The doses included consisted of the contribution from externa! sources during 

working hours together with the dose contributed from internal sources taken 

into the body during working hours.
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For the organs defined in (a), the maximum permitted total dose 

accumulated by a worker, whose age should exceed 18 years, was governed by the 

relation -

D = 5 (N - 18), where 0 is the tissue dose in rem and N is 

the age in years.

For exposures restricted to portions or single organs of the body, except 

those in (a) a higher dose was permitted than that given by the above 

formula. For internal exposure, Committee 2 produced tables listing maximum

permitted concentrations of specific radionuclides in air and water, which 

would lead to doses to the organs in (a) at a rate of 0.1 rem per week, and 

0,3 rem per week for other organs. These tabulations, published as "ICRP-2", 

with subsequent amendment and updating over the years, provided the basis for 

regulating internal exposure until the advent of "ICRP-30" with supplements in 

the period 19/9 -1982, which made use of the concept of Annual Limits of 

Intake.

Ihree categories of exposed individual were now identified. Annual 

exposures of non radiation workers, who might nevertheless enter "controlled

areas" were limited to 1.5 rem (15 mSv), and members of the general public

were limited to one tenth of the new occupational limit of 5 rem (50 mSv) for 

whole body exposure, or exposure of the critical organs (a). Medical 

exposures and contributions from natural background were not to be included.

Pregnant women were also recognised as a category requiring special 

consideration, because of the enhanced sensitivity of the foetus to 

radiation. With the introduction of these lower limits to occupational 

exposure, it was no longer considered that radiation workers required special

treatment with respect to working hours or length of vacation.

A new and comprehensive statement of the Commission's Basic Principles was 

published in 1966 as "ICRP 9". While this did not change the basic radiation 

protection limits, the philosophy was articulated that doses should be kept 

"as low as reasonably achievable", and at a level established "to prevent

acute radiation effects and to limit the risk of late effects to an acceptable

level." The risk was deemed to be directly proportional to accumulated dose 

(the linearity hypothesis), and it was strongly hinted that risk/benefit 

considerations might be applied to setting limits, when the risk factors and 

benefits became better quantified. Australian radiation protection standards

271



at the time when the 1980 Code of Practice for Radiation Protection in the 

Mining and Milling of Radioactive Ores was adopted were based on these and 

related ICRP Recommendations.

In 1977 the ICRP published a new set of Recommendations (ICRP-26), which 

introduced several very important new concepts. Firstly, the dose limits - 

which were not in fact changed - were acknowledged not as the boundary of 

acceptable practice, but rather as the point at which practices became 

distinctly unacceptable. Radiation effects were categorised as 

"non-stochastic" where the severity of the effect increased with dose - for 

example skin erythema and "stochastic" where the probability of the effect 

- generally the induction of later cancer or genetic damage - was taken to be

directly proportional to dose without threshold. By now it was clear that if

this linearity hypothesis were valid, so that risk factors derived from the 

study of Japanese atomic bomb survivors and other acutely exposed groups were 

applied, then the formal limits implied occupational fatality rates which were 

not small and therefore not comparable with other safe industries.

ICRP-26 set the aim of radiation protection "to prevent detrimental 

non-stochastic effects, and to limit the probability of stochastic effects to 

levels deemed to be acceptable." The important ingredients, which were 

included in the new system of dose limitation were the requirement that 

practices involving radiation exposure be justified in terms of positive net 

benefit to society, and a stronger emphasis on the obligation to reduce 

exposures to "as low as reasonably achievable, economic and social factors 

being taken into account (The alara principle).

The previous annual dose equivalent limit of 50 mSv was retained, as the

Commission considered that the setting of limits and the concious application 

of the alara principle would lead to a mean annual dose equivalent for 

radiation workers of about a tenth of the limit, or about 5 mSv per year. 

Moreover, for low LET radiation at least, it was recognised that the linearity 

hypothesis was likely to be quite conservative, as there was considerable 

biological evidence that the dose-effect relationship is quadratic, or a sum 

of linear and quadratic terms. The old quarterly limit was discarded.

1 he concept of doses to critical organs was abandoned, and replaced by a 

procedure in which the risks associated with the irradiation of individual 

organs or tissues wre added together, by defining an "Effective Dose 

Equivalent", which corresponded to the same risk if the whole body were
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irradiated uniformly. Weighting factors for the most important organs were 

provided, which represented their relative radiosensitivities (for mortality), 

and the Effective Dose Equivalent was defined as the weighted sum of the dose 

equivalents for each organ.

The stochastic limit for dose equivalent for individual organs implied by 

this process is then 50 mSv divided by the weighting factor, and for organs of 

low sensitivity (the thyroid for example) would lead to a dose equivalent 

limit in excess of the general limit proposed for non-stochastic effects of 

500 mSv (150 mSv for the lens of the eye). The recommended limit for 

individual organs was therefore taken to be the lesser of the two.

Because the doses to organs from incorporated radionuclides (acquired by 

ingestion or inhalation) is delivered into the future, the Commission defined 

the Committed Dose Equivalent, which is the integrated dose equivalent to a 

particular tissue, which will be delivered to the organ over 50 years 

following the intake. Annual dose equivalent limits for workers were intended 

to apply to the sum of the dose equivalents resulting from external exposures 

during a year and the committed dose equivalent from that year's intake of 

radionuclides. Thus all exposures to radiation, whether they were external or 

arose from the inhalation or ingestion of radioduc 1 ides, were to be combined 

into into a single final estimate of effective dose equivalent. In succeeding 

years ICRP assisted greatly in the implementation of this system, by providing 

conversion factors in ICRP-30 and its Supplements.which give annual limits of 

intake (All) corresponding to the dose equivalent limits.

For exposures of members of the public, the previous annual limit of 5 mSv

was also retained, but with the caution that in cases where doses are received

over a long period, it would be prudent to take measures to restrict the

lifetime dose to an average annual effective dose equivalent of 1 mSv per

year. In 1985 the Commission issued a statement, which shifted the emphasis 

of this recommendation, and stated that "the Commission's present view is that 

the principal limit is 1 mSv per year. However it is permissible to use a 

subsidiary limit of 5 mSv per year for some years, provided that the average 

annual effective dose equivalent over a lifetime does not exceed the principal 

limit of 1 mSv per year."

273



Che essential elements ot lCRP-2b, as adopted by the National Health and 

Medical Research Council in .June, 1980, are (NHMRC 1981)

• Ihe ICRP's system ot dose limitation is formulated as

"no practice should be adopted unless its introduction produces a 

positive net benefit;

all exposures shall be kept as low as reasonably achievable,

economic and ,ocial factors being taken into account;

the dose equivalent to individuals shall not exceed the limits 

recommended for appropriate circumstances oy the Commission."

The implementation of the system of dose limitation then requires -

a justification, in terms of the benefit to society in carrying

out the practice.

an optimisation, in terms of uome torm of cost/benefit analysis

to ensure that the practice is conducted at a sufficiently low 

level ot harm, so that any further reduction (in collective

effective dose equivalent) would not justify the additional cost.

compliance with dose limits.

• "detriment" is measured in terms of total mortality in the exposed

population, and is proportional to the collective effective dose

equivalent.

• risks in the "radiation industry" would not be comparable with other

safe industries, if all workers received the dose limit. It requires 

the concientious application of alara and optimisation of protection 

to achieve average exposures around one tenth of the recommended

limits and injury rates comparable with other safe industries.
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• dose limits for members of the public, together with alara, should 

ensure that risks are comparable with other risks of living, but in 

any case, doses should not on average exceed 1 mSv per year.

• the use of AI.I's, as developed in ICRP-30 and Supplements, allow for 

the ready inclusion of internal exposures in an assessment of 

effective dose equivalent. (Radon daughter exposures are also to be 

included in this way - see 1CRP-32)

• in some cases non-stochastic effects set limits on exposure to 

particular organs of low radiosenstitivity for fatal effects.

-2
• for stochastic effects, the recommended risk factor is 1.65 x 10 

per Sievert, and includes a contribution of 0.4 x 10  ̂ for hereditary 

effects expressed in the first two generations.

FUTURE CHANGES

Since the publication of ICRP-26, there have been a further two dozen or

more publications relating to aspects of radiation health. A number of these

are relevant to radiation protection in the mining industries, and where this 

is so, the material has been taken into account in the new Code of Practice. 

No doubt there will be many more - for example, an ICRP Task Group will in the 

next year publish a report on a new and more sophisticated lung model, which 

takes into account age and race dependence, lung parameters scaled to body 

dimensions, empirical data on nose/mouth breathing ratios, lung clearance 

parameters and aerosol size distributions and this clearly will have an impact 

on dose assessments for the inhalation pathway. Ihe new Code allows for this 

in a general way, Dy providing conservative default values for dose assessment 

but allowing for more refined assessment, where the data and models exist.

One of the most important sources of data on stochastic effects has come 

from the systematic long term medical study of Japanese atomic bomb survivors, 

exposed to levels in excess of 1 Sievert and risk factors derived from these 

studies depend on a knowledge of the radiation fields to which the survivors 

were exposed. Estimates of the dose as a function of distance from the

epicentre have come from extensive experimental and theoretical studies of 

weapon yield and neutron and gamma ray outputs, household shielding factors,
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and field measurements of neutron induced activities and thermoluminescence in 

bricks and tiles. Estimates of dose were published in 1965, and were known as 

T65D (Tentative 1965 Dosimetry) values.

During the past few years, this dosimetry has been re-worked in greater

detail, and revised values have recently been published (RERF 1987) as DS86

(Dosimetry System 1986). The effect of this new dosimetry has been bring into 

closer consistency the epidemiological conclusions for the two cities of 

Hiroshima and Nagasaki as a consequence of a substantial reduction in the

estimates of neutron doses, and (assuming linearity) implies an increase in 

the stochastic risk factor of roughly a factor of two (Preston and Pierce,

198/).

The future impact of such an increase on radiation protection standards is 

yet to be determined. It is unlikely that the dose limit for members of the 

public will change, as it is already set at a level comparable with variations 

in natural background, and in any case was revised downwards in practice by a 

factor of five in the 1985 Statement. For occupational exposure, the present 

system of dose limitation, with its emphasis on minimising exposures contains 

the necessary mechanisms to deal satisfactorily with an increase in stochastic 

risk factor as it simply moves the optimum upwards in cost in an optimisation 

calculation. Perhaps the most likely outcome will be a firmer commitment by 

the regulators to embrace the alara concept.

The present system of dose limitation contains features, which we might 

not wish to discard lightly. First of all, the alara approach is directed 

towards reducing the occupational exposure of all radiation workers, rather 

than the few who are likely to be exposed close to the limit. Secondly, it is 

flexible enough to take into account the occasional circumstances, where 

individual workers may have to be exposed to 50 mSv in a year without

breaching regulations. Thirdly, it offers a quite powerful philosophy to

employees, to insist that employers and regulators are doing all that is 

reasonable to limit the exposures of all workers.

It is conceded that it will be operationally more difficult to manage,

because alara involves matters of qualitative social judgment, and the

processes have not yet been tested directly in our courts. The problems will 

come in the grey area between what is reasonable and what is unreasonable and 

is perhaps well illustrated by a quotation from a senior court judgment in the
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United Kingdom, related to an occupational health case not connected to 

radiation.

"a computation must be made by the owner, in which the quantum of 

risk is placed on one scale and the sacrifice involved in the 

measures necessary for averting the risk (whether in money, time or 

trouble) is placed in the other; and then if it be shown that there 

is a gross disproportion between them - the risk being insignificant 

in relation to the sacrifice - the defendants discharge the onus on 

them. Moreover, this computation falls to be made by the owner at a 

point of time anterior to the accident."

277

This defines the clear ground and hints that the middle ground is always 

going to be difficult.
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CHAPTER 11. THE CODE OF PRACTICE ON RADIATION PROTECTION 

IN THE MILLING AND MINING OF RADIOAC11VE ORES

T.N. Swindon 

Australian Radiation Laboratory

ABSTRACT

The changes to international and national recommendations and advice which 

led to the revision of the 1980 Code of Practice are summarized. The 1987 

Code is discussed in detail, with emphasis on the changes from the 1980 Code.

INTERNATIONAL RADIAI ION PRO I EC I ION RECOMMENDATIONS

Of all the hazards occurring in the workplace and the environment, it is 

safe to say that those arising from exposure to ionizing radiation have been 

studied more intensely than those arising from other sources. Consequently, 

over the past four or five decades, more and more controls and recommendations 

have been introduced to minimize those hazards. This has resulted in the risk 

of hazards arising when working with radiation sources being comparable with 

those in industries which are considered as "safe". However, like those 

industries, hazards rr\y arise through accidents or if prescribed procedures 

are not followed.

This degree of safety has been brought about through the work of 

international radiation protection bodies - notably the International 

Commission on Radiological Protection (ICRP), and a growing awareness and 

concern of the effects of radiation exposure by the general public. The ICRP, 

which was established in 1928 (although it operated under a different name at 

that time), is the forerunner of a number of international bodies and has 

primarily been involved in formulating radiation protection philosophy and 

standards. Other bodies such as the International Atomic Energy Agency 

(IAEA), International Labour Organization (1LO), International Standards 

Organization (ISO) and the Committee on Radiation Protection and Public Health 

(CRPPH) of the Nuclear Energy Agency of the OECD have taken active interests 

in the more technical and administrative aspects of radiation protection and 

in the interpretation of some of the ICRP philosophy, in addition, bodies 

such as the United Nations Scientific Committee on the Effects of Atomic 

Radiation (UNSCEAR) have provided a broader overview of the levels and effects

of radiation exposure and the US Committee on the Biological Effects of
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Ionizing Radiation (BEIR) has looked very closely at the risks associated with 

radiation exposure.

The recommendations of international bodies such as those referred to 

above, have no legal binding on national authorities, except in those 

circumstances where countries are parties to international agreements. 

However, recommendations of such bodies are usually accepted by most countries 

as a matter of course - for example, in the case of international trade, 

non-acceptance of standards may be prejudicial to that trade; another example 

is the universal acceptance of IAEA transport regulations - non-acceptance 

simply means that a country would not be able to export any items containing 

radioactive material.

AUSTRALIAN RADIATION PROTECTION RECOMMENDS'I IONS

In Australia, recommendations of the 1CRP and other bodies are often 

framed as recommendations or codes of practice following Commonwealth/State 

discussions and these are offered to the National Health and Medical Research 

Council (NHMRC) for endorsement. Council, in turn, recommends to the States 

and Territories that such recommendations and codes be used in their 

regulatory control of radiation sources. In the particular case of mining and 

milling of minerals containing uranium and/or thorium, the Commonwealth 

Government, in 1978, passed its Environment Protection (Nuclear Codes) Act. 

This Act was introduced with the express purpose of promoting the development 

and implementation of codes of practice relating to the control of radiation 

hazards in the mining and milling of radioactive ores. It was intended that 

the codes of practice should provide a basis for the regulatory implementation 

of standards and of procedures. However, the Act cannot enforce the use of 

the codes in the States and Northern Territory. The States have recognized a 

need for the intent of the Commonwealth Act to be incorporated within their 

own legislation and have introduced complementary Acts to allow for the 

implementation of codes that are in line with Commonwealth codes.

DEVELOPMENT OF CODES OF PRACTICE

In order to obtain a uniform approach throughout Australia to the control 

of hazards in the mining and milling industry, the Commonwealth set up a 

mechanism whereby the Commonwealth, States and the Northern Territory could 

collaborate in the development of codes. It was recognized that the 

Commonwealth codes may need to be modified in parts to fit into State 

legislation, so as to avoid any incompatability with existing health and 

mining legislation. Nevertheless, any modifications would not be expected to

affect the overall requirements of the codes to any extent.
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Three codes have been prepared through the Commonwealth/State consultative 

mechanism. These cover radiation protection in the mining and milling of 

radioactive ores, the management of radioactive wastes arising in the mining 

and milling of radioactive ores and the transport of radioactive substances. 

As these codes are of a regulatory nature, a series of guidelines has been 

prepared to supplement them. These guidelines are intended for the guidance 

of mining and milling companies and cover some of the basic details related to 

radiation protection requirements. In a number of instances, they cover 

site-specific situations - matters that cannot be addressed in codes. They 

should be utilized by companies in planning facilities and procedures for 

radiation protection purposes and should be helpful when seeking approvals or 

authorization for various proposals.

Our main concern is with the Radiation Protection Code. This first became 

an approved code under thj Act in 1980 but, during the past two or three 

years, it has been undergoing revision and the revision was approved as a new 

code in 198/. As both codes have the same title, they are referred to here as 

the "1980 Code" and "198/ Code" respectively. The 1980 Code was based on 

earlier ICRP recommendations, i.e., those in publication nos. 2, 6, 9 and 10. 

At the time of its preparation, it was recognized that these recommendations 

were out of date and a revision would be needed in the not-too-distant 

future. New ICRP recommendations became available in 1977 and several others 

of direct relevance to revision of the Code were in preparation in the 

following years. It was not until 1985 that the last of those necessary for 

the revision became available.

In these lectures, it is proposed to go through the 1987 Code and 

highlight some of the important features in it. At the same time, because 

many people have been using the 1980 Code for some years, it is proposed to 

indicate some of the significant changes between the two Codes. It will be 

noted that both Codes have similar structures and this facilitates any 

comparisons - they both include definitions, cover the activities to which 

they apply, refer to approvals, give responsibilities of the operator/manager 

and of employees, set out radiation protection standards and requirements for 

compliance, give procedures relating to abnormal situations and cover 

management of radioactive wastes and medical surveillance.

if
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RECENT RELEVANT lCRP CHANGES

Major changes in ICRP recommendations and advice occurring in the period 

1977-1985 of relevance to the Code were

a reformulation of the radiation protection standards from an annual 

whole body dose limit to an annual effective dose equivalent limit;

a complete change in the annual dose limits recommended for 

individual organs, when single organ irradiation occurs - this change 

taking into account equivalent risk from organ exposure compared to 

whole body exposure;

deletion of quarterly dose limits for organs and the whole body;

the introduction of annual limits for intake, these limits 

corresponding to the annual limits prescribed for organs or for the 

effective dose for a particular intake route and form of the material 

containing the radionuclide;

a reduction in the emphasis on "critical organs" and elimination of 

maximum permissible concentrations of radionuclides in air and water 

for 40 and 168 hour exposure per week;

data for the conversion of radon-222 and radon-220 daughters into 

committed dose equivalents, with the consequent ability to apply the 

additive dose requirement to doses arising from exposure to all 

radionuclides;

extra emphasis being given to the annual effective dose equivalent

limit of 1 mSv for members of the public, with the limit of 5 mSv

being a subsidiary limit for short periods of time only.

These changes are reflected in the radiation protection standards in the

1987 Code. The new annual dose limits for occupational exposure are aimed at

ensuring that the risk of stochastic effects from radiation exposure is
- 2  -1

acceptably low. For this, they use a risk of 1.65 x 10 Sv for fatal 

cancers and hereditary effects in the first two generations. They are also 

set at values such that non-stochastic effects are prevented. For this, the

dose equivalent limit is 500 mSv for all organs, except for the lens of the 

eye, for which it is 150 mSv.
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THE ALARA CONCEPT

The 198/ Code makes reference in some places to the 1CRP ALARA concept, 

i.e., ensuring that doses are as low as reasonably achievable, with economic 

and social factors being taken into account. In contrast, the 1980 Code only 

refers to doses being reduced to the lowest practical level. The ALARA 

concept recognizes that there must be some balance between the effort and cost 

of reducing doses and the resultant decrease in what is already a very small 

risk of radiation-induced effects arising. Where certain tasks are to be 

undertaken and these involve a very small number of individuals, it is 

difficult to reduce the doses below a certain value without increasing the 

number of individuals undertaking those tasks. This, in itself, may be 

counterproductive as far as the collective dose to that group is concerned and 

these considerations must be borne in mind.

ALARA is more applicable when the exposed population is relatively large. 

Here, it is important to keep the collective effective dose as low as 

reasonably achievable as the risk of effects arising in that exposed group 

needs to be taken into account. Unfortunate ly, limits cannot be placed on the 

collective effective dose and il is, therefore, a matter of judgement as to 

whether the dose, and hence the risk, can be reduced at a reasonable cost.

DEFINITIONS

As with the 1980 Code, the 1987 Code includes a number of definitions in 

the Interpretation Clause. Some important changes, not covered elsewhere, are

(i) definitions of quantities such as, collective effective dose 

equivalent, committed effective dose equivalent, component of dose 

equivalent and of effective dose equivalent, are new;

(ii) deletion of quantities such as Working Level (WL) and Working Level

Month (WLM). It is expected that radon daughter concentration and
-3

radon daughter exposure would be expressed in terms of J m and
-3 .

J s m instead;

(iii) the terms "radon" and "radon daughters" are all inclusive and include 

"thoron" and "thoron daughters" unless specifically indicated 

otherwi s e ;

If
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(iv) deletion of "radiation hazards" and modification of the definitions 

of "controlled area", "supervised area" and "designated employee". 

This was necessary as the 1987 Code makes no reference to derived 

limits and these quantities were defined either directly or 

indirectly in terms of derived limits in the 1980 Code;

(v) the inclusion of a definition of a critical group, which refers to 

"an existing or predicted small group ...". This choice of words was 

deliberate to make it fairly clear that the critical group was not to 

be considered as a "hypothetical" group which may or may not 

eventuate at some time in the distant future. It was intended that 

any assessments of doses to critical groups should be made as

realistically as possible; and

(vi) the definition of radioactive ore refers to exploitable ore,

containing uranium or thorium or daughter products. This change was 

made to help the "Application" Clause.

APPL1CAIION

One of the important changes in the 1987 Code relates to its application. 

The 1980 Code applies to mines and mills in which the ore concentration 

exceeded specified values. These values corresponded to the member of the 

public annual dose limit and apply when an employee is exposed to external 

gamma radiation in a 40 hour working week. They did not take into account 

doses arising from the intake of radioactive contaminants attached to dust or 

of radon and daughters. These values meant that, where in-situ leaching or

heap leaching was carried out, the Code may not have been applicable. Whilst

the 1980 Code did not make direct reference to exclusions, such activities 

would have been excluded because of the low ore concentration involved. In 

addition, certain requirements of the Code could have been excluded by virtue 

of the approvals mechanism.

The 1987 Code can cover all mines and mills in which radioactive ores of 

commercially exploitable quantities are present. It was considered that if 

lower quantities are present, then mining and/or milling would not take place, 

unless those activities are for other minerals. In these cases, if the doses 

received by employees are likely to be in excess of 5 mSv per year effective 

dose equivalent, then they would be covered by the Code. Ihe Code makes 

provision for exemption from all or part of the Code where certain annual 

doses are unlikely to be exceeded. Thus, the exemptions are based on doses

rather than ore concentrations.
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APPROVALS AND AUTHORIZATIONS

This section of the 198/ Code is very much more extensive than in the 1980 

Code, with definitions of the terms being given in Clause 3. It consolidates 

many of the approvals required in the 1980 Code into the one Secton instead of 

being scattered in the Clause covering the duties and responsibilities of the 

operator and manager. Whilst this Section may appear onerous, it is not 

prescriptive. It requires approval/authorization to be obtained by the 

operator/manager for proposals which he puts forward relating to radiation 

protection and which cover work activities, facilities, monitoring, records 

e t c .

Emphasis is placed on the requirement that the operator/manager should 

consult with the appropriate authority in the early stages of development of 

the mine or mill and before approvals or authorizations are sought and at 

subsequent stages of development. This consultation is necessary in the 

interests of ensuring that doses are below limits and are as low as reasonably 

achievable - for example, the location of stockpiles, storage ponds, exhaust 

stacks, administration areas, etc., within a complex may have a significant 

impact on the doses received by different individuals and on the most 

effective manner in which procedures are carried out.

Approval for many proposals is necessary. Separately, authorization to 

implement an approved proposal may be necessary as its implementation may have 

to be juxtepositioned with other proposals which have either been approved, 

authorized, or are still in the planning stage. Often approval and 

authorization may be effected in the one instrument, but this will be 

dependent on the actions seen to be necessary by the appropriate authority.

When approvals and/or authorizations are sought for proposals, the 

radiation doses arising from those proposals, together with mechanisms for 

controlling and monitoring those doses must be included. It would be useful 

to give alternatives for the proposals, together with the associated dose 

estimates so that demonstration is made that the prime proposal is best.

In general, proposals should cover the equipment, facilities and 

procedures to be used, estimates of doses likely to be received, instruction 

and training of employees, radiation monitoring programs, inspection programs, 

details of records to be kept, investigation levels considered necessary and 

the management methods for control of people in the various areas. If changes 

are intended to any proposals and these are likely to affert the doses

received by individuals, approval and/or authorizations should also be sought 

for these prior to implementation.
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UUI1ES AND RESPONSIBILITIES OF THE OPERATOR AND MANAGER

f^e 198/ Code sets down the duties and responsibilities of the operator

and manager. It is expected that in the early stages prior to operation of a

mine or mill, the duties and responsibilities will be mainly those of the 

operator, but as the operation comes "on stream" many of the duties and 

responsibilities will be of a day-to-day management role and these then belong 

to the manager. The Code makes no attempt to differentiate between the two 

situations as the operator always retains a continuing oversight over the 

whole project. The operator/manager duties, in the context of the Codes, are 

directed towards radiation protection. These duties are to ensure that doses 

received by their employees, or employees of contractors who are working on 

the site, and by members of the public, are below the relevant limits and are 

as Tow as reasonably achievable. Non-employees working on the site, e.g., 

researchers are also subject to control.

It is essential that an administrative mechanism be established covering

the access of employees and the public to different parts of the mine or mill,

the proper movement of people through decontamination/wash areas, the 

classification of people into appropriate groups for radiation monitoring and 

dose assessment purposes, the training of employees, the provision of adequate 

supervision, the regular inspection of equipment, facilities and procedures so 

that defects can be detected and rectified or their occurrence prevented, the 

cleaning of areas to minimize radioactive contamination, the provision of 

appropriate health surveillance and the maintenance of records. The 

implementation of the day-to-day operational procedures is facilitated by the 

appropriate classification of areas and people.

(a) Classification of areas

The 1987 Code recommends that two areas be classified - controlled areas 

and supervised areas. It does not specify in any detail how these areas are 

to be determined. For controlled areas, access to them is subject to control 

to limit the radiation exposure of employees. These are areas where the 

radiation levels or contamination levels are likely to be high, for example, 

in an underground mine, near the ore stockpile, in the calciner and 

product-packing section. It may be desirable to limit access to such areas to 

those employees whose work activities require them to be there. Where the 

‘•'adiation or contamination levels are high enough to give significant 

radiation doses, it is important that some form of control is exercised to 

prevent unauthorized access to such areas.
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On the other hand, for supervised areas, access to them is subject to 

control to limit the radiation exposure of members of the public. In its 

simplest form, this could be the boundary round the mine or mill, but it may 

be decided that areas such as the administrative offices, power generators, 

stores, etc., could conveniently be placed outside the supervised area. This, 

in turn, should ensure that employees working in such areas would not exceed 

the limits for members of the public and should minimize problems arising with 

frequent visitors to those areas.

Consideration was given in the preparation of the 1987 Code to defining 

controlled and supervised areas in terms of Working Condition A and Working 

Condition B in line with ICRP recommendations. It was considered that this 

would be difficult due to the changing radiation levels that occur in a mine 

or mill and to the varying occupancies in the different areas.

(b) Classification of people

three categories of people are referred to in the 1987 Code. Two of them 

are employees and the third is members of the public. Employees are 

individuals who, because they work at a mine or mill, could be exposed to 

radiation and for whom an annual limit of 50 mSv effective dose equivalent 

could apply. However, many of these employees would not be directly 

associated with the actual mining and milling processes. These include office 

staff, canteen workers, power generation workers, some workshop staff,

cleaners, etc. and it was considered reasonable that they should be subject to 

a lower annual limit of 5 mSv. This group of employees - referred to as 

non-designated employees - would not be subject to the same monitoring and 

health surveillance requirements as are designated employees. Obviously, a

large fraction of employees classified as "non-designated" means a decreased 

effort and cost in monitoring and health surveillance programs. Nevertheless,

some monitoring is required to demonstrate that the 5 mSv limit is not

ex ceeded.

Members of the public are people whose activities are such that they have 

no need to work regularly on site, although they may need to enter the site 

occasionally for delivery of goods, maintenance, etc. In the main, however, 

they are people who live and work some distance from the site.

The Code also refers to "other persons" (see subclauses 9(16) and 9(26)). 

These persons are not employees or members of the public, but could be on the 

mine or mill site by invitation to carry out a research program for the
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operator or outside organization. They are still subject to the control of

the manager and monitoring and dose assessment may need to be carried out for

them, the extent of this would be determined by the appropriate authority.

UU1IES AND RESPONSIBILITIES OF EMPLOYEES

Like the 1980 Code, the 1987 Code sets out the duties and responsibilities 

of employees in respect of radiation protection matters. There are not many 

differences between the two Codes in this area.

It is important to note that whilst the operator/manager has certain 

duties and responsibilities in ensuring that doses received by employees and 

members of the public are below the relevant limits and are as low as 

reasonably achievable, the actual doses received are very dependent on 

employees being fully aware of radiation hazards and on their following 

prescribed work procedures. For this reason, it is essential that the duties

and responsibilities be spelt out clearly in the Code.

RAD1AI ION PRO!EC I ION STANDARDS

ihere are several differences in the Radiation Protection standards in the 

1980 and 198/ Codes. These have occurred as a result of the recent ICRP 

changes referred to earlier. In terms of the actual dose limits for 

occupational exposure, the following is a comparison between the Codes for 

designated employees.
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Organ or tissue 1980 Code limits (mSv) 1987 Code limits
quarterly annual annual

whole body or effective

dose 30 50 50

gonads 30 50 200*

breast 80 150 333*

red bone marrow 30 50 417*

lung 80 150** 417*

thyroid 150 300 500***

bone surfaces 150 300 500***
lens of the eye 80 150 150***
skin 150 300 500***

other single organs 80 150 500***
extremities 400 7 50 500***

* limit deduced from effective dose equivalent limit if this is
organ irradiated.

** an additional dose of 332 mSv for radon-222 daughters and 1120 mSv for 
radon-220 daughters should be added to l50mSv to correspond to the 

limits of 4 and 40 WLM respectively, and which were not additive.

corresponds to the non-stochastic limit.



Although the annual limits for some organs are significantly higher in the

198/ Code than in the 1980 Code, the lung is the single o r g a n  likely to

receive the highest d o s e  in the mining and milling industry due to the 

inhalation of radon daughters and contaminated dust. Kor this o rg a n ,  the 1987 

Code limits are e ffe ctively lower than the limits in the 1980 C o d e  due to the 

additivity principle b e i n g  applied to doses received from the i n t a k e  of radon 

daughters. Because m o s t  doses received up to the present time h a v e  been low, 

it is anticipated that the present facilities and work procedures would still 

result in doses being well below the limits in the 1987 Code. However, there 

are some situations w h e r e  the new limits may create some p r o b l e m s  but these 

arise mainly from ne w knowledge on the relationship between i n t a k e  and dose. 

It is a particular problem in the mineral sand mining i n d u s t r y  where this 

relationship for thorium-232 is very different to that used in th e 1980 Code.

For non-designated employees, the annual limits for w ho le  bod y dose or 

effective dose equiv al en t are the same in both Codes and t h i s  limit is 

sufficient to ensure t h a t  the dose equivalents to the various o r g a n s  are well 

below 500 mSv. However, a limit of 50 mSv has been imposed f or  the skin and

lens of the eye in the 198/ Code. For members of the public, t h e  annual dose

limits in the 198/ Code are I mSv for effective dose equivalent, with a 

subsidiary limit of 5 mSv, and 50 mSv dos e equivalent for the sk i n  and lens of 

the eye. The limit of 1 mSv will ensure that the doses for internal organs 

are sufficiently low.

Major differences in the standards between the two Codes o t h e r  than the 

numerical values of the  limits centre round

(i) the incorporation of doses received from the i n t a k e  of radon

daughters w i t h i n  the effective dose equivalent limits, instead of 

being excluded and having separate limits, as in the 19 8 0  Code;

(ii) the dose limits for non-designated employees apply "as a consequence

of employment" in the 198/ Code in contrast to "as a consequence of 

the operation" in the 1980 Code. (his means that, in t h e  198/ Code, 

the limits apply to external exposure and intakes during working 

hours instead of over 168 hours per week as in the 1980 Code;
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EXCLUSIONS FROM RADIATION PROTECTION STANDARDS

Dose limits are not maxima in the sense that a person will inevitably 

incur serious injury if they are exceeded. As indicated earlier, they 

correspond to a risk of stochastic effects occurring and to a dose below which 

non-stochastic effects do not occur. They are used as a basis for planning 

work procedures, designing protective facilities, assessing the efficacy of 

protective measures and practices and determining the extent and nature of 

health surveillance. Accordingly, doses and hence risks arising from an 

operation must be gauged against the dose limits and it is not reasonable to 

include doses arising from other sources. Hence, certain doses are not 

included in determining if dose limits have been exceeded. These are -

(a) Natural background radiation

Where the subtraction of doses due to natural background radiation is 

necessary, a knowledge of background levels is required. Such information 

should be obtained from the pre-operationaI monitoring results, including 

analysis of locally grown food and local water supplies if likely to be 

consumed by persons for whom dose assessments will be made. High levels 

of natural background radiation are not acceptable at occupied sites it 

they can be reasonably avoided by suitable site selection. Because there 

is a possibility that natural background radiation levels in the vicinity 

of a mine or mill may be higher than those which are common in other parts 

of the country, selection of sites for camps, townships, administrative

offices, etc, should be made after careful evaluation of the 

pre-operational monitoring results. The background levels at the sites

chosen would then determine the values of natural background radiation 

doses that are to be subtracted from individual total doses. Since the 

effective dose equivalent limit for members of the public is of the same 

order as possible local variations in doses received from natural 

background radiation, great care must be exercised in establishing the 

pre-operational background values. If too high an estimate is made,

people may receive unacceptable doses which are not recorded as such. If 

too low an estimate is made, some individuals could be wrongly assessed as 

having received doses in excess of the limits. Consequently, the

background values to be adopted should be confirmed with the appropriate 

authority at an early stage. Background values will need to be 

established for all three effective dose equivalent components defined in 

the Code. For the radon daughter component, this may require estimation 

of indoor radon daughter concentrations prior to commencement of 

operations at the mine or mi I I site.
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(b) Radiological procedures

When an individual undergoes radiological procedures, there may well be a 

risk, albeit small, to that individual from the radiation received. 

However, in general, the possible benefits to the health of the individual 

in undergoing a procedure far outweigh the associated radiation risks. As 

well, the ongoing treatment of the individual may be jeopardised if the 

procedures were curtailed due to the application of limits. For these 

reasons, limits are not set for radiological procedures and any doses 

received from them should not be included in checking compliance with the 

Radiation Protection Standards.

SECONDARY STANDARDS. DERIVED LIMITS AND REFERENCE LEVELS

From a knowledge of the transfer of radionuclides in the body to different 

organs and of the associated dosimetry, it is possible to derive a 

relationship between the intake of a radionuclide and the dose equivalents to 

organs and the effective dose equivalent. These intakes are based on known 

parameters for "reference man", a model adopted by the ICRP for the purpose. 

When related to the annual dose limits, these intakes become secondary 

standards and are referred to as Annual Limits on Intake (ALI). They are 

epxressed in terms of activity (Bq), but corresponding dose conversion factors 

in terms of sievert per becquereT (Sv/Bq) are available and are utilized for 

dose assessment purposes. The ICRP has not yet recommended ALI values for 

non-occupational purposes.

In the particular case of radon daughters, the secondary standard set by 

ICRP is set in terms of joules rather than becquerels. For radon-222 

daughters, the annual limit on intake is 0.02J and for radon-220 daughters

0.06J. These are equivalent to an annual effective dose equivalent of 50 

mSv. In terms of the older unit WLM, 0.02J is equivalent to 4.8 WLM and 0.06J 

is equivalent to 14 WLM (rounded). These lead to conversion factors of 10 

mSv/WLM for radon-222 daughters and 3.4 mSv/WLM for radon-220 daughters, which 

are applicable to "typical" mine air conditions.

Although the 1CRP does not define "typical" in terms of unattached 

fractions of daughter products and AMAD values, it appears that the conversion 

factors would overestimate the effective dose equivalent for AMAD values about

0.2-0.3 pm and for unattached fractions up to about 10 per cent. For other 

conditions, different conversion factors may be appropriate.
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By using the ICRP air or water intake rate of reference man, it is 

possible to determine derived limits for concentrations of radionuclides in 

air and water. For occupational exposure, these derived limits are averaged 

over 40 hour per week periods, but for non-occupationaI exposure over 168 hour 

per week periods.

Derived concentration limits of radionuclides in air and water are given 

in Schedules 5 - 7 of the 1980 Code, together with derived limits for surface 

contamination in Schedule 8 and for absorbed dose in Schedule 9. The limits 

in Schedules 5 - 7  were obtained from ICRP publications 2, 6 and 10 and were 

based on the dose limits in publications 1 and 9 and on the knowledge 

available at the time on uptake and transfer mechanisms within the body. 

Derived limits could be derived from the ICRP All values given in publication 

30, but these would be very different in a number of cases to those given in 

the 1980 Code. lhe differences arise from new knowledge on uptake and

transfer mechanisms, different dose limits for the organs, a change in the 

quality factor for a particles from 10 to 20 and a change in the

reclassification of some substances from a solubility description to a 

description of transportability through body tissues. lhe resulting derived 

limits would be somewhat higher for some radionuclides and for others 

considerably lower.

Derived limits have not been included in the 1987 Code. This is because 

of difficulties arising in their use in the 1980 Code. Although that Code

indicated that they were based on a 40 hour week for occupational exposure and 

a 168 hour week for non-occupational exposure, they were often used in 

practice as instantaneous values for checking compliance. In addition, some 

requirements were defined in terms of derived limits - e.g., radiation 

hazards, controlled and supervised areas, and from there, other requirements 

flowed - e.g., location of facilities for eating, recreation, etc.,

classification of employees as designated or non-designated; monitoring, dose 

assessment and health surveillance requirements; implementation of corrective 

reasons; record keeping and transfer requirements. These derived-1imit

requirements were difficult to meet because of the frequently changing 

radiation levels in the mine or mill.

Derived limits are seen to be useful for the every-day radiation control 

activities, but their inclusion in a regulatory-type document is not 

satisfactory. it may be that, if presented in other forms, such as 

time-integrated limits, they would be useful. A fundamental requirement of

293



the Code is to demonstrate that the dose limits, not derived limits, are not 

exceeded. Dose conversion factors derived from secondary standards are useful 

for this purpose and these have been included in Schedule 4 for a variety of 

radionuclides and of commonly occurring mixtures.

Although the 1987 Code does not include derived limits, reference levels, 

which are not regulatory parameters, prove to be very useful tools to control 

radiation exposures. They can be related to the dose limits, but are not 

limits in themselves. A reference level can be set for each dose component, 

and, in turn, should be in the same proportion as the components likely to 

make up the total dose. Reference levels are framed in terms of environmental 

values, i.e. in terms of absorbed dose rate in air, concentrations of 

radionuclides (other than radon daughters) in air and concentrations of radon 

daughters in air and should be based on average values over appropriate 

periods of time. Provided these reference levels are not exceeded, then the 

dose limits will not be exceeded. From an operational point of view, it could 

be useful to set reference levels lower than the values corresponding to the 

dose limits so as to ensure that the doses actually received are well below 

those limits.

Different reference levels might be utilized to cover what is referred to 

by ICRP as Working Condition A and Working Condition B. The former refers to 

those conditions in which a designated employee might receive more than 

three-tenths of the annual dose limits and the latter refers to those

conditions in which a designated employee is unlikely to receive more than 

three-tenths of the annual dose limits. Note that these Working Conditions 

take into account the likely occupancies as well as the radiation or 

contamination levels in an area. Although the 1987 Code does not make any 

direct reference to reference levels, this should not be taken to mean that 

they are not to be used.

DOSE ASSESSMENT

The 1980 Code requires that measurements and assessments be made to

determine quarterly, annual and cumulative dose equivalents, committed dose

equivalents and radon daughter exposures. This implied the ability to assess 

compliance in terms of the limits in Schedules 1 - 4 for each organ referred 

to. Because doses have been shown to be low, the actual organ doses were 

rarely assessed. The 1987 Code, on the other hand, requires the determination 

of effective dose equivalents of each designated employee and of the most 

highly exposed group of non-designated employees and of the critical group of

members of the public and, where required by the appropriate authority, of
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other persons working on the mine or mill site. It also requires the 

determination of organ doses when required by the appropriate authority, but 

those organs likely to be involved would be those for which the non-stochastic 

limit of 500 mSv might be exceeded when the effective dose equivalent is still 

below 50 mSv. It is considered that the determination of an organ dose would 

be rare. Such situations include the doses to bone arising from the 

inhalation of thorium-232.

The 1987 Code also indicates that, where possible, personal monitoring 

should be used for designated employees likely to receive more than

three-tenths of the annual effective dose-equivalent limit, but other

monitoring, such as environmental combined with occupancy, would suffice for 

other designated employees. The method of dose assessment will be dependent 

on the monitoring method used. Clause 13 sets out the dose assessment 

procedure. it will be noted that assessments can be made using simplified 

assumptions outlined in the Clause and the conversion factors given in 

Schedule 4. However, if the assessed dose exceeds three-tenths of the annual 

effective dose equivalent limit, then re-assessment must be made, using more 

appropriate data, as approved by the appropriate authority. This more

appropriate data may take into account parameters such as breathing rates, 

AMADs, unattached fractions, radioactive equilibrium conditions, 

classification of inhaled/injected material (in terms of days, weeks, years), 

etc. - parameters that need to be investigated by the RSO.

The dose equivalents to organs or effective dose equivalents are made up 

of three components - that due to external radiation, that due to the intake 

of radionuclides other than radon daughters and that due to the intake of 

radon daughters. tach component is determined using different monitoring 

techniques and assessment procedures. The Code requires that each component 

be evaluated and recorded before being combined into the total doses. Note 

that the different components may be assessed for different periods of time 

and it may be necessary to pro-rata some of these to common time periods 

before combining into total doses.

RADIATION MONITORING PROGRAMS

As indicated earlier, radiation monitoring programs are subject to the 

approval of the authorities. The Code requires the use of appropriate 

monitoring techniques and the classification of designated employees into 

their likelihood of exceeding or not exceeding three-tenths of the annual dose 

limits. The monitoring requirements are based to an extent on this
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classification. On the other hand, the Code avoids any specific details in 

relation to monitoring and simply requires that approval of the proposed 

monitoring program be obtained from the authority.

It is very obvious that the monitoring program required in a mine or mill 

will depend on the situation peculiar to that mine or mill and may need

modification from time to time. The programs should therefore be assessed 

frequently to determine their relevance in each situation and approval sought 

for any proposed modifications. Ihe aims of programs are to ensure that safe 

working conditions are maintained at all times and to assess the radiation 

exposure of each individual as well as possible, and thereby show that these 

exposures are below prescribed limits. Both Codes require that the exposure 

of employees and of the critical group arising specifically from mining and 

milling activities be determined. As part of the radiation monitoring 

program, it is important to determine base-line data on natural background 

radiation to determine any enhancement of doses in the public domain from the 

activities. These data include gamma background levels and concentrations of 

radioactive contaminants in air and drinking water, and in foods that are

produced locally. Base-line data must be obtained before the first 

constructional activities commence on a site as any obtained after that stage 

may be influenced by the preceding activities.

Ihe radiation monitoring program must be designed so as to determine

(i) that environmental radiation levels are satisfactory from the 

operational point of view,

(ii) the effective dose equivalents and dose equivalent of various body 

organs from external radiation and from the intake of internal 

contaminants, including radon daughter products; ana

(iii) the sources of exposure, so that exposures can be reduced wherever 

practicable.

l-or monitoring of external radiation, the continuous wearing of personal 

radiation monitoring devices during the work-shifts gives by far the best 

estimate. Such devices may be specially designed TLD badges, or pocket

dosemeters where environmental conditions are satisfactory. They should

always be worn in areas where the gamma ray levels are likely to be high or to 

vary throughout work-shifts. The Code requires that personal monitors be worn 

by designated employees likely to receive more than three tenths of the annual 

dose limits but other monitoring may be adequate for other designated

employees. This does not preclude those other designated employees from using
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personal monitors. Personal monitors may be worn for single days, which would 

be common for electronic type dosemeters or for four weeks or three months for 

1LD badges.

Area monitoring, coupled with occupancy times can also be used to

determine the doses received by various groups of employees. However, the 

effective dose equivalent and dose equivalents to various organs can only be 

determined by applying appropriate conversion factors to monitor readings, 

whether these be determined by personal monitors or area monitors.

Supplementary monitoring for external radiation is also necessary in many 

situations. In any new activities in a mine or mill or when new procedures or 

equipment are introduced, sufficient area monitoring at occupied sites is

necessary to establish the resultant gamma ray levels. This may indicate the 

need for more extensive monitoring and measuring. In mining operations where 

the ore grades are high and may change rapidly, frequent area monitoring is 

necessary so that operations can be planned to reduce exposure of persons to a 

minimum. In other areas, such as offices, where the gamma ray levels are 

shown to be low, gamma area monitoring on a quarterly basis is probably

adequate provided that changes likely to lead to increased gamma ray levels do

not occur in the area.

f-or water-borne radioactive contaminants, the water management system must

be such that any contaminants arising in the various processes are kept within

contained systems. Consequently the only water that needs monitoring from the 

occupational health point of view is potable water supplied for drinking and 

washing purposes. From an analysis of the various contaminants in this water, 

intakes of water and uptake by organs of the contaminants, the doses to organs 

can be calculated. Because the concentrations of contaminants in water are 

unlikely to change suddenly, a detailed analysis of the contaminants every six 

months may be satisfactory, but gross alpha counts in water should be carried 

out more frequently, perhaps monthly. The WHO recommendations on drinking

water standards are basically that if a gross alpha count less than 0.1 Bq/1 

is obtained, no further analysis is required. Above this level, an analysis 

is necessary to determine radium-226 levels and such other radionuclides as 

determined by the authorities. Thus, if a gross count remains low, there 

would not be a need for further analysis to be carried out frequently.

Radioactive contaminants may also be inhaled into the body, these being

attached to dust particles, or as radon and daughters. Not all contaminants

in the air will be inhaled, the quantity depending on particle size.
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Nevertheless, total quantities of contaminants in air are measured, lhe 

effective dose equivalent from airborne contaminants, including radon

daughters, and the dose equivalent to various organs can be assessed in the

same manner as for water-borne contaminants, i.e., from a knowledge of the 

concentrations of the various contaminants in air, breathing rates and uptake 

of the contaminants. The actual doses will depend on the variations of

concentrations in the air at any particular time and it is neccessary to 

establish mean concentrations over work shifts and apply these to the 

occupancy of the relevant sites.

The mean concentration over work shifts is ideally determined by

continuous or very frequent monitoring over each shift, but these methods are

not practicable. However, a sufficient number of measurements should be madeo
so that the mean concentrations are known to within the 95 /o confidence 

level for any particular situation. As the concentrations will vary with the 

particular work activities being undertaken and with atmospheric conditions, 

monitoring programs should be aimed to determine in the first place those 

conditions and places where the concentrations are likely to be high and

variable and how those concentrations change with time. Such monitoring will 

give more confidence in estimating the exposure of persons and may make it

possible to set trigger levels above which more frequent monitoring is 

required. However, to ensure that the doses ultimately assessed are 

realistic, it is important that measurements be made close to the breathing

zones of employees. Where practicable and in areas where designated employees 

are likely to receive more than three-tenths of the annual limits, personal

dust and radon daughter samples could be worn.

From information obtained from the area monitoring referred to above, the 

frequency of future monitoring can be determined so as to give the best 

estimates of exposure of persons, and in many cases the monitoring 

requirements could be reduced. In addition, work activities might also be 

modified to give lower exposure of employees which, in turn, could possibly 

lead to reduction of monitoring. A few examples are given to illustrate the 

a b o v e .

(1) Miners in an open pit mine. Here it may be found that radon daughter 

concentrations are high in the early hours of the morning and then 

decrease rapidly to extremely low values. By determining such 

patterns, monitoring may be required each day at the beginning of a 

shift and then perhaps once a week at other times during that shift,
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the times being chosen on a random sampling basis. On this basis,

the shift would be thought of comprising two periods for purposes of

calculating occupational exposure, with a mean concentration for the 

early part of the shift being used for a period of one or two hours

and a different mean concentration being used over the remainder of

the period. At night time, when the concentrations vary to a much

greater extent, and there is no simple division of concentrations

into different periods of a shift, sampling on a random basis and 

applying the mean over the entire shift could suffice, once the

initial monitoring program had been completed to assess mean

concentrations in this shift. Random sampling on a weekly basis for 

each occupied position might even suffice provided the levels are low 

compared to the derived limits.

(2) Airborne contaminants will be released after blasting and it is 

necessary for a period of time to be allowed for the dust levels to 

reduce to acceptable levels. Measurements of dust samples may show

that the concentrations of airborne radioactive contaminants at that 

time are also extremely low. As it is common practice to carry out 

blasting operations at the end of a shift or before a meal break, the

initial monitoring program may show that monitoring at resumption of

work is not always necessary after blasting and airborne contaminant 

concentrations can then be assessed on a random sampling basis.

(3) In underground mines, radon daughter concentrations may increase

after blasting or mucking out or if the ventilation system is turned 

off in an area at any time. By establishing the times required for

concentrations to return to "normal", or near normal, work procedures 

can be modified to reduce exposure of persons and this may lead to a 

reduction in monitoring. Monitoring in underground mines may then be 

undertaken on a random sampling basis at the various occupied sites. 

It may be found that monitoring need only be carried out at weekly 

intervals, once the mean concentrations have been established and 

been shown to be low.

from the above, it can be seen that considerable initial monitoring is 

required in order to establish patterns. This monitoring can often 

subsequently be reduced and undertaken on a random sampling basis. However, 

in addition to monitoring being undertaken on random sampling basis, it is 

important to carry out sufficient additional monitoring to show that an area

is "safe" for work activities. If random sampling is used as the basis for 

monitoring, the additional monitoring results should not be included in the
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assessed mean concentrations over a shift in assessing exposure of employees, 

as they will prejudice the results. Extra monitoring is also required to 

highlight sources of radiation exposure so that action can be taken as part of 

the radiation control program to reduce exposures to the lowest practical 

level.

Practical problems may arise in making measurements near occupied spaces 

and it may be determined that it would be more convenient to make measurements 

before a work shift or during breaks, or at positions not too far from 

occupied positions. This may lead to erroneous assessments due to the

different environmental conditions at those times or places. Should 

assessment of doses received be overestimated in this way, undue concern by 

management and by employees may result.

ABNORMAL SITUATIONS

An accidental exposure is defined as an involuntary exposure to radiation 

resulting from an occurrence which is not under control. 1CRP and NHMRC 

recommend that doses received as a result of an accidental exposure should be 

recorded together with, but clearly separated from doses received from normal 

operations. This is because the dose limits apply to situations where the 

source of exposure is under control. The NHMRC notes, however, that

accidental exposures may arise, for example, from the negligence of the

employee who is accidently exposed, through the negligence of another

individual or through the failure of protective shielding, equipment or 

working procedures. If these are the causes of an accidental exposure, then

this reflects on the capacity of supervisors and/or the adequacy and 

effectiveness of the inspection and maintenance programs - matters which are 

under the control of the operator/manager.

The Committee was concerned that any doses received which were higher than 

normal could be deliberately attributed to an accidental exposure and would 

not, in the normal course of events be included as part of the annual doses 

when these are compared with the limits if the 1CRP and NHMRC recommendations 

were accepted. It decided that doses arising from accidental exposures should 

be included in the annual dose assessments. If such doses are not reported to

the appropriate authority as a result of accidental exposures, as required in

Clause 14, then there would still be a need for the operator/manager to

explain to the authority why the annual doses received by some individuals are 

higher than expected.
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In the 1980 Code, reference is made to emergency exposures and planned 

special exposures, lhese were deleted from the 1987 Code as situations could

not be envisaged where doses received as a result of such exposures would be

large. Accordingly there would be no need for special procedures to cover 

these abnormal situations.

MANAGEMENT OF RADIOACTIVE WASTES

As in the 1980 Code, this Clause in the 1987 Code refers to other relevant 

codes on this matter. It is not appropriate for the Radiation Protection Code 

to cover this in any detail.

HEALTH SURVEILLANCE

Ihere is a basic requirement that designated employees should undergo a 

medical examination to determine their fitness or otherwise for the tasks to 

be undertaken, and for other examinations to be undertaken if considered 

necessary. The general examination should look ut conditions which might be

aggravated by mining and milling activities.

GUIDELINES 10 THE CODE

Because the Code is a regulatory type document and cannot be site specific 

and go into much technical detail, a series of guidelines was prepared for the 

1980 Code and these are being brought into line with the 1987 Code. These 

guidelines are-

Background to the radiation protection criteria embodied in the Code

Training of employees and supervisors

Corrective measures and actions in response to defects

Safety signs/notices for controlled and supervised areas

Meal/smoking areas and personal hygiene facilities

Personal respiratory protection

Radiation monitoring programs

Radiation protection aspects of ventilation practices 

Storage and packaging of uranium concentrates 

Record requirements

Qualifications and duties of radiation safety officers

Appointment, qualifications and responsibilities of ventilation

officers

Planned special, emergency and accidental exposures 

Health surveillance.
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The revised versions should be available in the near future. In 

additions, guidelines are being prepared on

Assessment of doses and control of exposure to meet the radiation

protection standards

ALARA - A practical guideline

Implementation of dust control strategies in the mineral sands 

industry

Approvals and authorisations

ROLL OF the: a u t h o r i t i e s

Throughout both Codes, reference is made to appropriate authorities and 

the need for approval to be obtained from them for certain activities. The 

authorities have a very necessary role in ensuring that the health of all 

persons is safeguarded, and this can only be ensured if appropriate facilities 

are provided, work procedures followed and radiation monitoring carried out. 

lo this end, it is necessary that the mining and milling activities be planned 

in considerable detail before they are started and that the proposals be 

submitted to the authorities for approval. The details must demonstrate that 

realistic assessments of the likely exposures and the causes of exposure of 

persons have been made. Naturally, assessments should be made on a number of

methods of undertaking the various procedures so that it can be demonstrated

that, not only are procedures realistic, but that they are likely to lead to 

minimal exposures. Such assessments must take into account occupancy at the 

various sites, ore grades, atmospheric conditions, topographical features of 

the area, relationship of those sites to other areas of the mine and mill, the 

activities taking place at those sites, water management and waste management 

schemes etc.

Once the authorities are satisfied that the proposals are suitable for the

purpose and approval is given for the various activities to commence and for

the proposed radiation monitoring programs, they have a continuing role in 

ensuring that the various requirements are met. Ihis is achieved through 

inspectorial arrangements. It is, of course, impossible for authorities to 

check every single item in a mine or mill and every single radiation 

measurement made. It is therefore more appropriate for the authorities to 

have access to records relating to radiation protection in the mine or mill so 

as to assure themselves that all things are carried out properly. They will 

also make sufficient supplementary measurements to confirm the information 

kept in the records.
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It is possible that the authorities may require some changes to be made in 

the various facilities, work procedures and monitoring programs in the light 

of experience gained as a mine or mill develops. Such changes could arise

from the assessments made of radiation exposures or contamination, from

malfunctioning of certain types of equipment from the development of new 

techniques or equipment so that the best practical technology is phased into 

the mine or mill, or from procedures which are not readily complied with by 

the workforce.

lhe authorities need to take into consideration the doses received by 

persons who may transfer employment from one mine or mill to another, such 

transfer could even be from another State. Transfer of records is therefore 

important in this context and some liaison is therefore desirable between 

authorities. As a further safeguard, authorities may also require that weekly 

or monthly exposure limits be met so that under no circumstances would the 

annual limits be exceeded. Regular reports of radiation exposure must 

therefore be made available to the authorities to ensure that the exposure is 

being maintained below any prescribed levels. The integrated radiation 

exposure records of individual employees could be used in the long term,

together with medical records, in epidemiological studies to determine if

there is any excess incidence of cancer (in particular lung cancer) arising in 

the mining population from exposure to radiation. Such studies may lead to a 

changes in the radiation protection standards.

To limit the exposure of members of the public, the authorities may 

prescribe limits for discharge of radioactive contaminants in air and water. 

These limits would be based on the likely intake into the body of contaminants 

in air and water and in food which is locally produced. The limits prescribed 

would therefore be based, not only on the likely exposures of critical groups 

from a single mine or mill, but on the contributions to these exposures which 

may be made from all mines and mills in the neighbourhood of the groups. 

Where there are several mines or mills likely to contribute to these 

exposures, the discharge limits for each mine or mill may need to be 

restricted accordingly. In addition, the authorities would need to take into 

account future land use and the possibility of it being occupied at some 

distant time in the future.
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REQUIREMENTS FOR RADIATION SAFETY OFFICERS AND VENTILATION OFFICERS

304

Both Codes of Practice require the appointment of a radiation safety 

officer and, when appropriate, a ventilation officer. In some situations, the 

radiation safety officer may also act as the ventilation officer. In order 

that the duties of these officers are effectively carried out sufficient 

support staff and equipment must be made available. The support staff and 

equipment will depend to a very large extent on the size of the operations.

Prior to operation of a mine or mill, it is important to ensure that -

(i) assessments be made of the likely exposures of critical groups from 

the mine and mill operations, and

(ii) proposals for ventilation and air extraction in mines or mills be 

submitted to the appropriate authorities for approval.

Ihese requirements are to be met, often before the appointment of RSOs and 

VOs to the staff of the mine or mi I I. It is therefore appropriate that 

consultants with appropriate qualifications be appointed by the management for 

these purposes. In addition, in the absence of RSOs and VOs, it is necessary

to obtain the services of consultants to assess the likely radiation exposure

of employees when formulating the various mining or milling operations. The 

advice obtained at this stage should lead to the most appropriate modes of 

operation for optimizing radiation exposure. If it is shown that the

exposures be extremely low, say less than member of the public Tevels, it may

be acceptable to appoint consultants as RSO's and VO's subsequently to cover 

those operations.

DUTIES OF RADIATION SAFETY OFFICERS

The RSO's duties can be divided into three main categories -

(a) design and implementation of a radiation monitoring program for 

determination of the doses of employees and of the critical group of 

members of the public,

(b) the investigation of sources of radiation exposure so that radiation 

control procedures can be instituted, thereby reducing exposure of 

persons, and

(c) advice on all matters relating to radiation protection.



(a) Design and implementation of radiation monitoring programs

Ihis is of overall importance in ensuring that the radiation protection 

standards of the Code are met. A large proportion of the RSO's duties will be 

involved in the design, modification and implementation of programs for 

determining the doses received by employees and critical groups. Reference 

has already been made to the need for determining base-line data, use of 

personal and area monitoring, etc., and the subsequent calculation of doses 

received by persons to ensure that the prescribed limits are not exceeded,

lhe monitoring carried out must be of sufficient frequency and accuracy to 

ensure that the assessments of doses and exposures are realistic.

Allied to the monitoring program is the calibration and maintenance of

monitoring equipment, as without this, there is no way of knowing that the 

measurements and assessments relating to individuals are correct. The RSO 

must therefore have available sufficient standardized radiation sources, 

reference calibration instruments, electrical test appliances and other 

equipment needed for calibration. In addition, an adequate area in which to 

carry out calibrations is necessary so that the RSO does not receive large 

doses and so that there are no extraneous factors arising, such as scatter 

from benches, walls and equipment which will affect the calibrations.

Inspection and monitoring must also be carried out to test radiation

protection equipment, such as respirators, filters, etc., in order to ensure

that the efficiencies of such equipment remain satisfactory.

Not only must the doses received by persons be determined, but 

contamination monitoring must be carried out in offices, eating, wash/change, 

recreation areas, etc., sufficiently often to prevent contamination being 

transferred into the body. In some areas, skin and clothing monitoring is 

also necessary. Other contamination monitoring will also be required, for 

example, when equipment is moved to a "clean" area such as workshops or RSO's 

office for maintenance purposes or when vehicles are moved from a mine to a 

marshalling area. The RSO will need to institute procedures such that he can 

ensure this type of monitoring is carried out.

(b) Investigation of sources of radiation exposure

It is not sufficient to monitor the exposure of individuals and ensure 

that the radiation protection standards are met as the Code also requires that 

exposures be kept as low as reasonably achievable. Ihis means not only the 

institution of appropriate protective facilities and work procedures, but
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also that sources of unnecessary radiation exposure should be reduced, 

wherever possible, lo this end, the RSO should undertake radiation monitoring 

to determine levels of y rays, airborne contaminants and radon and radon 

daughter concentrations arising from ore stockpiles, tailings dams, broken 

ore, improperly sealed-off mined-out areas and various parts of processing 

plants. Monitoring of many of these areas only need be carried out every

three or six months, depending on location and the provision of adequate 

engineering control. Broken ore, on the other hand creates variable 

situations and should be monitored wherever it occurs to determine if it is 

likely to contribute significantly to radiation exposure. Apart from that, 

such sources of radon and daughters may also have an effect on the ventilation 

requirements in underground rnnes and removal of that source of exposure could 

avoid the need for increased ventilation.

(c) Advice on matters relating to radiation protection

ihe management of a mine or mill will be very dependent on the RSO for 

advice on the radiation hazards likely to arise and on methods of reducing 

these, lhe RSO therefore needs to be familiar with the various processes and 

work activities in a mine or mill and to determine the levels of radioactive

components in each of the processes so that he can offer the most appropriate

advice, l-or this purpose, the concentrations of the different radioactive

components must be determined and checked from time to time to ensure that

significant changes do not occur. He may need to recommend changes in design

or protective facilities in order to reduce radiation hazards in the light of 

the various measurements he makes. One other purpose in being familiar with 

the various processes is to allow him to plan for emergency and accidental 

situations that might arise, and thereby make sure that there is available, in 

sufficient numbers, the types of equipment tht might be needed for radiation 

protection and measurement purposes when the need arises and to give

appropriate advice to others at those times.

Another area in which the RSO will spend considerable time is in giving

advice to employees. They must be fully instructed in the radiation hazards 

associated with mining and milling and this is achieved through induction

courses, and by more specific instruction in those hazards in the particular

activities they will be undertaking and on how they can be reduced by proper

work procedures. Periodic re-training will be necessary, particularly when 

employees change their duties and when new equipment is obtained. Perhaps one 

of the most important aspects of giving advice is in the informal on-the-job 

discussions with employees - P.R. work here is probably as valuable as the

more formal induction and training courses.
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DUTIES OF V ENI RA TI ON  OFFICERS

Reference was made earlier to the appointment of a ventilation officer as 

well as of a radiation safety officer. The ventilation officer will be 

responsible for ensuring that the ventilation and air extraction systems 

provided in a mine or mill operate satisfactorily at all times and, because of 

the high cost of installing and operating such systems in underground mines, 

will need to ensure that they operate at maximum efficiency. Accordingly, he 

may need to modify the design and operation of a system from time to time to 

cope with the changing situations in a mine. The systems will need to cope 

with large releases of radon and radon daughters, particularly after blasting 

and mucking out in an underground mine and they must be able to remove these

from the working areas as quickly as possible. The RSO and VO will need to

work as a team in a number of cases to detect sources of radon and daughters

and to determine the most expeditious method of removing these from working

areas.

RECORU KEEPING

Reference has already been made to the role of the authorities and the

requirement that they have access to records. In addition, the Code requires

that certain records be forwarded to the authorities periodically for

retention. Record keeping therefore requires a considerable input by various 

employees in mining companies. Many of the records relating to radiation

matters will be compiled by the RSO. Because of their importance, they must

be retained for very long periods of time and need to be complete in

themselves, with all relevant data used in making assessments and decisions 

being obvious. They could be used for such things as -

(i) demonstration that the radiation doses of individuals remain below

limits,

(ii) tracing or determining changes in radiation levels,

(iii) worker's compensation cases, etc.

For convenience the records can be divided into several groups and these 

are listed below.

(a) General

(1) Areas that are designated as supervised and controlled areas.

(2) I he individual processes in a mine or mill that will expose the 

employees and members of the public to radiation.

(3) Ihe equipment and procedures used to limit radiation exposure.
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(4) Instruction programs for employees.

(5) Action taken or recommended to comply with the radiation protection 

standards and to conform with the ALARA principle.

(6) Medical records - these are not necessarily to be retained by the 

company, although the company manager is required to ensure that they 

are maintained, perhaps even by the medical practitioner carrying out 

the examinations.

(b) Radiation monitoring

Approved programs for radiation monitoring must be recorded for ready 

reference. Such records would cover measurements of absorbed dose rate in 

air, radioactive contaminants in air and water, radon daughter and thoron 

daughter concentrations in air and surface contamination. The frequency and 

place of each type of measurement and, where appropriate, the time of day (or 

night) when they are to be made should be included. The recorded information 

should provide for measurements and assessments for employees and for the 

critical group.

Measurements will also be made at times and places, other than those given 

in the monitoring programs and these will depend on particular situations. 

Nevertheless, it is important that the times, dates and places of all these 

measurements be recorded.

for all measurements, the following should be recorded -

(1) exact position, date and time of measurement or sampling

(2) parameter measured (i.e., y exposure rate, radon daughter

concentration, unattached fraction, AMAD etc.)

(3) equipment used for measurement, including ~tock numbers

(4) radiation energy, or radionuclides (where identifiable)

(b) instrumental readings

(6) applicable formula and corrections for use with measurements to

determine quantity of parameter measured

(/) sampling volume, for measurements of contaminants in air and water

(8) air-flow rates in underground mines

(9) quantity determined for the parameter measured

(10) reason for measurement, if not part of a prescribed program

(11) any conditions that would account for a high radiation level, or a 

change from the "norm"

(12) any action taken or recommended to reduce radiation levels.
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(c ) Assessment of doses of employees

The information to be recorded for the assessment of doses of employees 

will depend on the particular monitoring technique used. For example, if 

y-ray exposures are monitored by an external TLD service, the wearing periods, 

reported doses, radiation energies and position of wearing the monitor should 

be recorded for each employee. However, if indirect monitoring is used, the 

information to be used is included in (b) above, together with the time spent 

by each employee at each position. From a knowledge of the dose rate and 

occupancy at each position, the dose received by an employee can be calculated 

using appropriate conversion factors. Whichever monitoring method is used, 

records should show the factors used to calculate doses from the monitoring 

resu Its.

for assessment of dose from internal contaminants, including radon 

daughters, use is again made of the measurements made under (b) above, 

together with information recorded on the occupancy of the various areas by 

the employees. The doses can be determined from a knowledge of the 

concentrations of radioactive contaminants in the air and water, the 

quantities of air inhaled and water ingested into the body in these areas and 

the uptake by the organs of those contaminants.

Thus, apart from the use of personal monitoring equipment such as TLO 

badges, records must be kept of the occupancy of each area by each employee, 

lhis is seemingly a time-consuming exercise, but is probably not so difficult 

if the radiation levels are low and do not vary enormously within a limited 

area and if the employees spend the bulk of their work shift in the same 

area. For employees who move round a controlled or supervised area, the 

problem can be very difficult and much greater recording of their movements 

may be necessary.

Having determined doses for various periods, these need to be accumulated, 

and the annual dose-equivalents from internal and external sources of 

radiation recorded.

From time-to-time, persons may be subject to accidental exposures. In 

these cases, assessments of the doses and components thereof must be made. 

All measurements, considerations and assessments made in these situations must 

be recorded, together with dates and times of the exposures and of the report 

to the authorities. In addition the causes of the exposures must be recorded 

together with action taken or recommendations made following the exposures.
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(d) Assessment of exposure of members of the public

Measurements, as described in (b) above will have been made and these 

recorded. In addition, records of the pre-mining/mi I ling phase background 

radiation will be required. Information relating to intake by the critical 

group of food, particularly if locally grown, to levels of contaminants in 

such food, and to occupancy of the area by the critical group must also be 

recorded. From the measurements and other recorded information, the doses 

received by the critical group can be determined and recorded.

(e) Examinations and modifications to facilities, plant, equipment and 

working procedures

Periodically the facilities, plant, equipment and work procedures must be 

examined to ensure that they are suitable, as far as radiation protection is 

concerned. The examination may lead to modifications which would result in 

even lower radiation exposure of individuals. A program for such examinations 

must be prepared and records kept of the examinations carried out under this 

program. Records should show the item examined, results of examinations, 

modifications or repairs carried out and results following any modifications 

or repairs and date and time of examinations.

(f) Instrumentation

All measuring equipment must be calibrated with suitable radioactive 

sources, electrical systems or other means and such calibration facilities 

should be traceable to a standardizing laboratory. Records should be

available relating to these calibration facilities, on procedures used for

calibrating equipment and on details of the results of such calibrations

(giving results, time and date). Many of the corrections in (b) (6) above

must be referenced back to these calibrations.

Not only should details of calibrations be recorded, but operating

instructions and trade literature on the various pieces of equipments must be 

available. These will often indicate limits within which equipments can be 

used and it is important that they be not used outside those limits.

AVAILABILITY OF RECORDS

The Code requires that certain records be forwarded to the appropriate

authority either periodically or on request. These records include the 

results of all measurements, examinations of equipment and procedures and

assessments performed in accordance with Code requirements, as well as
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individual employee records of exposure to radiation and other relevant and 

medical information. Other records may, of course, be inspected by the 

authorities from time to time.

Provision is made in the Code for measurements and assessments relating to 

an employee to be made available to him or her upon request. As such records 

are of a personal nature, they are not made available to any other 

individual. However, because the life-time dose of an individual is 

important, the Code also provides for transfer of records when he/she leaves 

the employment of one company and commences employment with another. This

transfer of records (or copies of records) would be carried out through the 

appropriate authorities. This method of transfer is the most appropriate as 

employmsnt by the second company may be a considerable period of time after 

termination of employment with the first company or may be in a different

State or Territory. When an employee commences work with a company, 

information is sought on previous employment and on previous exposure to

radiation. If he/she has worked in a mine or mill previously, then the latter

information would also be available from the authorities.

Record keeping serves the very important task of ensuring that the 

requirements of the Code have been strictly adhered to and that the radiation 

exposure of persons is below prescribed levels and is as low as reasonably 

achievable. It also highlights any difficulties arising in interpretation or 

implementation of the Code and provides useful background information in the 

preparation of guidelines or other recommendations.
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CHAPTER 12.  AN INTRODUCTION TO ALARA

J. F. Boas 

Australian Radiation Laboratory

ABSTRACT

The system of dose limitation recommended by the ICRP is described and a 

number of definitions introduced. The mathematical formulation of the ALARA 

principle is described. Two examples of an ALARA calculation are given as 

Appendices.

INTRODUCTION

Radiation protection is concerned with the protection of individuals, 

their progeny and mankind as a whole, while still allowing necessary 

activities from which radiation exposure might result, ihe aim is to prevent 

detrimental non-stochastic effects, to limit the probability of stochastic 

effects to levels deemed to be acceptable and to ensure that practices 

involving radiation exposure are justified. These considerations lead to the 

system of dose limitation recommended by 1CRP, which is expressed as follows:-

(1 ) No practice shall be adopted unless its introduction produces a

positive net benefit. This statement is usually referred to as 

"Justification" of the practice.

(2) All exposures shall be kept as low as reasonably achievable, economic 

and social factors being taken into account. This statement is 

usually referred to as "Optimisation" of radiation protection, and 

gives rise to the acronym ALARA.

(3) The dose equivalent to individuals shall not exceed the limits

recommended for the appropriate circumstances by the Commission.

This statement refers to the limits of individual dose equivalent.

Whilst the third recommendation is individual related, the first two are 

source related, and apply even if the individuals are so protected from 

radiation that individual dose limits are not exceeded and their risk from the 

radiation exposure is small.



I he application of these three statements is discussed by the IAEA 

(IAEA 82, 198/), and their practical implementation is described in the

Guideline "Alara - A Practical Guideline" (DASETT, 1989), which is being 

produced as an adjunct to the 1987 Code of Practice for the Mining and Milling 

of Radioactive Ores (DASETT, 1987). Much of this Chapter is based on material 

contained in the three documents mentioned below, namely

(a) IC R P 3 7, entitled "Cost-Benefit Analysis in the Optimization of 

Radiation Protection" (ICRP37, 1983).

(b) IAEA Safety Series No. 82, entitled "Application of the Dose 

Limitation System to the Mining and Milling of Radioactive Ores" 

(IAEA82, 1987). This contains a number of practical examples of the 

application of Cost-Benefit Analysis in this field.

and (c) ALARA - A Practical Guideline (DASEIT, 1989).

The concept of justification implies a consideration of costs and 

benefits, so that there is an overall net advantage from the introduction of a 

particular practice or option. This point is perhaps best expressed by the 

version of the first statement which is given by the IAEA (IAEA82, 1987) and 

in the Guideline (DASETT, 1989).

"No practice resulting in human exposure to radiation should be authorized 

unless its introduction produces a positive net benefit, taking into account 

also the resulting radiation detriment."

In many cases, the justification of a practice requires political and 

sociological considerations. As such, value judgements are involved, and 

these are obviously subjective. There are intangible aesthetic, human and 

environmental factors which are either not quantifiable or are difficult to 

quantify, but which must be given weight in the justification analysis.

The "Optimization" statement, which commences with the words "All 

exposures...", leads to the introduction of the concept of "collective 

effective dose equivalent", since it covers the exposures of all persons who 

are (or will be) irradiated as a consequence of the particular practice. If 

the exposures are extended in time, a collective effective dose equivalent 

commitment may be defined.
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The requirement of optimization consists of increasing the level of 

protection, thereby reducing the radiation detriment, to a value such that a 

further reduction in detriment is less significant than the additional effort 

required to achieve such reduction, i.e. until the further reduction is not 

worth the cost of achieving it. It needs to be borne in mind that several

factors may be involved in optimising the ievel of protection and that 

improvement in some of them may conflict with the effects of improving other 

factors. The decisions very often can be formalised by mathematical means, 

ihese may be classified into multicriteria methods, which compare by pairs the 

various options and aggregative methods, which combine the values of the 

various factors in each option into a single value and then rank the results 

to select the test option.

Some of these decision aiding techniques have been reviewed by Webb and

Lombard (1988). The method suggested by ICRP for this analysis is the use of 

one of the aggregative methods, Differential Cost-Benefit Analysis (ICRP, 

1983). This chapter covers some of the background to the use of Cost-Benefit 

Analysis in radiation protection. As will be seen, there are many aspects 

which are controversial and the subject of considerable debate both inside and 

outside the radiation protection community.

SOME BASIC TERMS AND DEFINITIONS

(a) Effective dose equivalent

For an individual, the effective dose equivalent is given by

He = z W1Hy (1)

T

where is the dose equivalent to a particular organ or tissue and W^ is the 

weighting factor which represents the proportion of the stochastic risk

resulting from the irradiation of that organ or tissue relative to the total

risk. The risk factors and the corresponding weighting factors are given in 

Table 1 .
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Table 1

Risk and Weighting Factors for Organs and Tissues

Tissue or Organ Effect Risk Factor Weighting Factor
6

(cases/10 /mSv)

Gonads Hereditary effects 

(first 2 generations)

4.0 0.25

Breast Fatal cancer 2.5 0.15

Red bone marrow II II 2.0 0.12

Lung <1 If 2.0 0.12

Thyroid II II 0.5 0.03

Bone surfaces it tl 0.5 0.03

Remainder II II 1.0 (each) 0.30 (total)

(5 tissues or organs most exposed)

This gives a total risk factor of 16.5 per million per mSv, including harm
6

to the first two generations. An additional risk factor of 4.0 per 10 per 

mSv has been proposed to account for harm to generations beyond the first 

two. There is, however, debate as to whether this additional risk should be 

discounted by the probability of there being improved treatments for the 

effects of radiation exposure or of new technologies.

If we neglect hereditary effects, then the risk factor becomes 12.5

fatalities per million persons exposed to 1 mSv. At the occupational limit,

this becomes 625 per 10fc of persons exposed to 50 mSv. However, it should be

noted that the average occupational exposure of a radiation worker in

Australia is estimated as being around 1% of the occupational limit, i.e. 0.5

mSv, corresponding to a risk of fatality of about 6 per million, lo put this

in some sort of perspective, the number of traffic fatalities in Victoria in
6

1986 was around 1/0 per 10 . This figure may also be compared with other 

risks eg:-

lung cancer from cigarette smoking (average male smokers) 100 per 106 

per year
6

coal miners (USA - 1973 figures) 100 per 10 per year 

(see also Chapter 1)



(b) Collective effective dose equivalent

The collective effective dose equivalent, Ŝ . is given by
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Sr = Z H.P. (2)
E l i

where H. is the per capita dose equivalent to the whole body or a specified 

organ or tissue in the number of persons P in the i th subgroup of the

exposed population.

(c) Dose equivalent commitment

Hc = r H(t)dt (3)

This is the infinite time integral of the per caput dose equivalent in a 

given organ or tissue for a specified population as the result of a particular 

decision or practice. This is not the same as

(d) Committed dose equivalent

50 .
H50 - J H(t)dt (4)

t=o

where H(t) is the relevant dose-equivalent rate at a time t from a given 

intake at time t^O. This allows for the dose to organs which will occur in 

future years (up to 50) after the intake of radioactivity with long retention 

t i m e s .

(e) The radiation detriment

For a group of N exposed persons, the radiation detriment may be written as

G = N E p 1 g. (5)

i

where p.. is the risk or probability of suffering the effect i and g.. is a 

factor which measures the severity of the effect. There may be deleterious 

effects not associated with health. A useful approach (and one that is 

followed by the U.K. NRPB) is to divide the radiation detriment into two 

components, the first of which involves the direct consequences of the 

radiation induced health effects while the second takes into account other



detrimental effects, e.g. risk aversion. If we then assign a monetary cost to 

the radiation detriment, we write this cost, Y, as
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Y = aS + 8 E N, f . (H.) (6)
J J J

j

where a is the monetary cost per unit of collective dose equivalent, S, H. is

the dose equivalent in the individuals of the group j, N. is the number of

these individuals, f. is the function which expresses the attitude of personsJ
and organizations to the risks involved with , and 6 is the monetary cost 

assigned by the decision maker to a unit of these components of detriment. To 

date, most attention has been focussed on the first term, possibly (at least 

in part) because of the feeling that a is easier to quantify than 13. This is 

only partly true, as both a and B involve subjective judgements to some extent.

If we concentrate only on the first term, and write

Y = a S (7)

then we imply that the cost is directly proportional to the collective dose 

equivalent and a is the cost associated with a particular effect, i.e. the 

induction of a fatal cancer. Furthermore, this expression implies the use of 

the linear hypothesis - no threshold model for stochastic effects. A direct 

consequence of the expression Y - a S is that the detriment is expressed as a

dollar per sievert value and since there is a mortality risk factor (1.2b x
~2 -1

10 Sv ) for individuals for radiation induced cancers, this implies a value 

for a human life.

(f) rhe value of a human life

There are two approaches which have been suggested for determining a 

monetary value for a human life, namely

(i) an absolute approach, which views individuals as if they were a

type of capital equipment (with a potential output lost through

premature death) or

(ii) an incremental or risk approach, where the monetary resources

which society may be prepared to spend to change the risk of

d ea th .



These co nsiderations lead to the concept that it may not be appropriate to

base the analysis on a single figure for the value of a human life, but rather

to use values wh ic h ref lect both direct and perceived detrime nt s, along the 

lines suggested by eq ua t i o n  ('/). The ICRP ( ICRP3 /, 1983) has com e up with a 

costing scheme w h e r e b y  proportionately more resources are allocated to the 

protection of i n d i v i d u a l s  at higher risk. The U.K. NRP8 has developed this

argument (and has b e e n  involved in the application of A L A R A  concepts very

considerably). S i nc e it apoears that the Australian thinking in this area is 

following the British model, we will use figures derived by the NRPB.

The NRPB (ASP9, 1986) now recommends that the value of the health 

detriment for o p t i m i n z a t i o n  purposes should have a baseline value of "3000 

pounds per man Sv in UK prices appropriate to the years 1985-1989." (On 

today's exchange r a t e  this is equivalent to ca $A7,000). This value 

represents the p e c u n i a r y  costs of health care, of lost o ut p u t  and of other 

effects associated w i t h  stochastic effects in irradiated populations, which 

are assessed from c o l l e c t i v e  dose considerations.

Furthermore, t h e  NRPB recommends that this baseline cost of unit 

collective dose be multiplied by an additional factor (> 1) related to the

individual dose dis tr ibu ti on  in particular circumstances. This factor is

intended to take a c c o u n t  of individual risk aversion towards increasing levels 

of individual dose.

The valuations in it ia lly  (in 1980) recommended by NRPB (in 1980 UK prices) 

for optimization ca lc ulations for members of the public and radiation workers 

for normal operations ar e given in Table 2.

In A S P 9 , the N RP B  (1986) state that

"The majority of doses to the public from controlled sources have a 

distribution such that there will only be a small multiplier, close to 

unity, to ap pl y t o  the base-line value of 3000 pounds p e r  man Sv. A 

general figure of 5,000 pounds per man Sv would accomodate most 

ci rcumstances.

Doses to workers involved with radiation tend to fall w i t h i n  a range that 

would give rise to a multiplier from a few to as much as ten, but in 

general a figure of about five would seem reasonable and provide a value 

of 15,000 pounds p e r  man Sv for collective dose to workers. Figures from 

10,000 pounds to 20,000 pounds per man Sv might be appropriate in

particular ci r c u m s t a n c e s , but it is hard to justify t hat degree of
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T a b l e  2

Percentage of individual Individual Cost

dose equivalent limit dose (pounds per

(mSv) man Sv)

Member of the Public

< 1% < 0.05 2,000

1 - 10% 0.05 - 0.5 10,000

10 - 100% 0.5 - 5 50,000

Radiation Worker

< 10% < 5 4,000

10 - 30% 5 - 1 5  20,000

30 - 100% 15 - 50 100,000

o  
!— 
(J  
<

O
z
>-
CL

1000
(msv)

ANNUAL INDIVIDUAL DOSE
l-igure 1. Multiplier to be applied to base-line detriment costs as a 

function of annual individual dose from the source. Doses 

greater than 0.05 Sv (to the right of the indicated line) 

are above the occupational limit and are not permitted.



In ASP9, the NRPB (1986) recommend that the multiplication factor increase 

continuously with increasing individual dose, and that for ttie years 

1985-1989, the base-line value be 3,000 pounds per man Sv. The variation of 

multiplying factor as a function of annual individual dose is shown in 

Figure I. When these multiplying factors are used, the approximate allocation 

to avert a fatal cancer varies between 150,000 pounds for very low individual 

doses up to 1,500,000 pounds for the highest doses received by radiation 

workers in normal conditions.

(g) De minimis dose

This is concerned with situations where members of a large population may 

each receive a small individual dose, but w h e r e  the collective dose may be 

quite high. Thus, whilst there is some small fatal risk to the individual,

this is so low that the collective risk which results, irrespective of how

many persons are involved, is "below regulatory concern" or below the

"exemption limit." The question to be asked is what resources should be

expended in reducing a collective dose made up of individual exposures which

both the individual and society itself would consider to be trivial?

The magnitude of the de minimis dose has been suggested as ranging, for an 

individual, from 0.001 to 1 mSv/a. (Cohen and Smith, 1988). However, since

the potential total consequences should be considered when determining an

individual de minimis dose limit, the size of the population at risk should be

considered. Cohen and Smith (1988) suggest individual de minimis dose limits 

of 0.3 mSv/a for a population of up to 1000, a limit of 0.03 mSv/a for

populations between 1000 and 1000000 and an individual limit of 0.003 mSv/a 

for populations greater than 1,000,000. In the Australian context, levels of 

dose and collective dose below regulatory concern have been suggested to be

0.01 to 0.1 mSv/a (for an individual) and 1 man Sv/a (for a large population) 

respectively. (Carter, 1989, private communication).

(h) Discounting

A conceptual difficulty arises when the health effects occur at some time

in the future, e.g. when a long-lived radionuclide is released to the

environment. The question arises in deciding how much should be spent now in 

order to avoid a health effect in the (possibly quite distant) future. If

discounting is introduced, then we can write
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where Y q is the present value of future detriment, is the predicted 

detriment at time t and i is the assumed fractional discount rate per unit of 

time.

Ihis procedure has led to two different views. Ihe first is that it is 

unethical to devalue the cost assigned to future doses relative to those at 

present, lhe second view is that a decision not tj discount results in the 

unique treatment of investment in radiological protection and thus to a 

distortion of resource allocation. The U.K. NRPB has accepted that 

discounting is a formally correct procedure, but recommended that the discount 

rate be low, ranging from zero (i.e. doses have the same weight whenever 

received) up to a value of 3% per year (NRPB, 1981, 198b). The question of 

discounting, and the methods of doing so are discussed at some length in ASP4 

(NRPB, 1981). There is also the suggestion that a time cut-off be introduced 

for collective exposures which occur after a particular time, thus excluding 

from consideration doses which occur in the distant future.

THE MATHEMATICS OF ALARA

(a) Optimization

The process of o p t i m i z a t i o n  should occur before the justification 

calculation is performed. Optimization has occurred when the function

where X is the cost of protection and Y is the cost of the radiation 

detriment, both being for a protection measure represented by w. w may 

represent such things as shielding thickness, ventilation rate, alternative 

options for protective equipment etc.

w, X(w) and Y(w) may either take on discrete values or be continuous. As 

discussed above, the cost of the radiation detriment may in general be 

expressed as

X (w) + Y (w) = minimum, (9)

Y = aS + 13 E N f (H ) 
j j j j

(10)

as defined for equation (7) previously.

If individual doses are small, (7) may be approximated by

Y = aS ( 1 1 )



The end result of the optimization procedure may be expressed as the 

objective function, U, where we write

U = X + Y

where X = X(w) and Y = Y(w), so that both are functions of the protection 

parameter, w.

In the ideal case, where there is only one exposed population group and 

one radiation protection parameter (or a simple set of radiation protection 

options) and we assume that a quantitative relationship exists between the 

collective dose commitment, S, and the maximum individual annual effective 

dose equivalent, H*

i.e. H* = F(S) (12)

and also using the simplest form of the detriment, i.e.

Y = a  S (w) (13)

we have for the minimum of the objective function

dX dS
--I = - a --| (14)
dw w dw wo o

where w is the optimized protection parameter.

The value of the collective dose, S , corresponding to w must comply with 

the limit equation

F < V  S  H L

where is the relevant dose limit. Note that for an individual

H (w) < H l

i.e. the individual effective dose equivalent incurred by the individual i at

a radiation protection level w must not exceed the relevant dose limit for

that individual.

From (11), we may write
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dX
— = - a for the optimum level of protection.
dS



If there are two possible options, A and B, it'becomes appropriate to use 

the more costly option, B, rather than A, if
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X - X 
B A-----------------  < a

S - S “
B A

(b) Optimization in complex systems

When exposures from a given source or practice can be regarded as composed 

of contributions from various subsystems, each requiring appropriate 

protection measures, then optimization implies that

I (X. + aS.) = minimum
3 3

3

where X. is the cost of protection for subsystem j, and S. is the collective 

effective dose equivalent resulting from subsystem j when its detrimental cost 

is a S j . When the subsystems are independent, the analysis becomes 

straightforward and each of the subsystems is optimized independently i.e. we 

have

dX

dS
j

When the subsystems are not independent, the protection to be optimized 

can be divided into subsystems I (l,2....n) whilst the exposed group can be 

divided into subgroups j ( 1 ----k).

The collective dose equivalent commitment caused by a given sub-system for

a given subgroup is S, . and the maximum annual effective dose equivalent in a‘ » J
given subgroup caused by a particular sub-system is denoted H* .. The

1»3
subsystems and subgroups are selected in such a way that there is a defined

relationship between S , . and H* .
' J • t 3

i.e. H* . = F, .(S,.)
1,3 13 13

(In the extreme case each subgroup may correspond to a single individual)

Then we have (using the simplest form of the objective function)

(i) Objective function (primary design equation) 

z (X.j + a I S (j) = minimum



These are relationships between the variables of the objective function, 

and are sometimes called "equality constraints" or "subsidiary design 

e q u at io ns ."

(iii) Limit equations

I f U  <S U > 5 L
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( i i )  C o n s t r a i n i n g  f u n c t i o n s  ( a u x i l i a r y  e q u a t i o n s )

If the number of subsystems and subgroups is small, the solution can be 

obtained analytically. If the number of variables is too large for the 

equations to be solved analytically, computational techniques must be used.

(c) A note on the use of Lagrangian multipliers

Ihe solution of equations (i) and (ii) may be straightforward in the 

simplest cases. Iheir solution for complex systems may be somewhat more 

difficult, and require tha use of a large computer. However, readers familiar 

with the calculus of variations and its application to problems such as those 

which occur in generalized classical dynamics will recognize that the solution 

of sets of equations of the form of (i) and (ii) lends itself to the use of 

Lagrangian multipliers. Whilst the use of Lagrangian multipliers may appear 

roundabout, as it results in an increase in the number of unknowns, the 

equations may be easier to solve analytically and their form may make a 

solution by numerical means rather more tractable.

A simple example of the use of Lagrangian multipliers is the following:- 

Suppose we wish to find the minimum value of a function of two variables, 

f(x,y), along the line given by the auxiliary equation y = y'(x). In the 

present context, f(x,y) is the objective function ar.d y = y ' (x ), which can be 

written as y'(x)-y = 0 or g(x,y) = 0 is the constraining function. The 

minimum value of f(x,y) along g(x,y) occurs at the point ( x q , yQ ). We 

introduce a third unknown, which is the Lagrangian multiplier, and minimize 

the new function

f + X g

subject to the condition that g = 0.



The values of x q , yQ and x are determined by solving simultaneously the 

equations
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af ag
-  + x ( - )  = 0 
ax ax

af ag
-  + x ( - )  = o 
ay ay

g = 0

We note that this procedure is equivalent to finding the solution of

d
-  f(x, y ' ( x ) ) = 0 
dx

since, substituting g by y'(x) - y (=0) in the above equations gives

af dy'
— +• X —■— — 0
ax dx

af
— - X = 0
ay

af dy' af
i.e. — + —  . — = 0

ax dx ay

or
af af
---+ --------
ax ay

-- (y ' (x)) - o 
dx

and the result follows.

We have specifically discussed the use of Lagrangian multipliers since 

their use is mentioned in 1CRP37 (ICRP37, 1983). Further discussion of the 

use of Lagrangian multipliers may be found in such classic textbooks as 

Courant and Hilbert (R. Courant and D. Hilbert, Methods of Mathematical 

Physics, Vol. I, Wiley ( 1953) Ch. 4), Synge and Griffith (J. L. Synge and 

B. A. Griffith, Principles of Mechanics, McGraw-Hill (1959), Ch. 15 ) or Brand 

(L. Brand, Advanced Calculus, Wiley (1955) Ch. 4). Mathematical elegance 

sometimes gives more insight than brute force numerical solutions!



(d) Justification

The justification process is not a purely numerical decision, even though 

a mathematical structure can be established. In the genera/ form, one 

examines the difference between the new or changed practice and the reference 

condition.
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(B -B ) = (V -V ) - (P -P ) - (X -X ) - a. (S -S ) 
' n r  n r' ' n r '  ' n r 7 j n r'

or B = V - P - X - a.S
J

where we have

B = net benefit

V = worth of the practice, i.e. the gross benefit

P = production costs of introducing the practice, i.e. the basic 

production cost less the cost of radiation protection which is taken 

as a separate term in the equation but to which is added the costs of 

a I I detriments other than radiation detriment.

X = cost of radiation control, i.e. of achieving a selected level of 

radiation protection

S = radiation detriment associated with that level of protection 

cij = value of the man-sievert for justification - so that o^S is the cost 

of the radiation detriment associated with that level of protection.

The formula may also be written as

AB = (AV - AP) - AX - ASj

The justification formula thus consists of two parts

(a) the worth and costs of the practice itself and

(b) the implementation of radiation protection practices and a judgement

of the societal costs of the remaining detriment.

We also note that the total detriment itself consists of two parts, namely

(a) the detriment removed by optimization, at cost AX and

(b) the remaining detriment, not removed by optimization, but

attributable to the practice.
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Thus we have

AS = ASQ + ASj

where, during optimization, an amount AX has been spent to remove the

detriment AS .
o

Thus the remaining change in detriment, resulting from the change in 

practice, A S ^ , is the parameter of concern for justification.

Similarly, we have two types of values of a, aQ and a ^ , where a Q , the a

for optimization may differ from that for justification.

However, a .  must always be greater than or equal to a  i.e. a .  >  a  ,
J o j ~ o

because a Q may be limited by resources.

When all radiation protection and other hazard reduction needs are

considered, and the value of prevention of a stochastic fatality or illness is 

considered 'across the board', only a limited amount of resources may be 

available. When resources are limited, selection of such that < a o , 

then means that radiation protection has a disprportionately lower influence 

in justification decisions, thus reflecting an uneven allocation of resources.

a may be higher for justification, because it reflects what society ought

to do, not just what it can do in terms of limited resources.

The value of a , and the whole justification procedure then becomes a 

non-mathematical decision.

CONCLUSIONS

The above material represents a view of a number of current issues in 

radiation protection, examined from what might be described as an "academic" 

perspective. There are also issues which have either been mentioned only in 

passiny, e.g. the question of "de minimis" doses. It is certain that there 

will be debate about many of these matters, as they impinge on social issues 

and values and are not based totally on readily quantifiable factors.
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APPENDIX 1

(This example is taken from the Addendum by J.F. Boas and T.N. Swindon to 

Chapter 8, ICRP - Radiation Protection Principles and Practice, by 

R.M. fry, in "Radiation Protection in the Mining and Milling of 

Radioactive Ores," ARL TR043, 1982)*:

Ihe ALARA criterion can be applied to a situation involving a decision as 

to whether an open pit operation shall be conducted as one or two shifts. The 

source of risk is the enhanced radon levels in the pit during the second 

shift. Ihe data and assumptions which may be used are as follows:

1. Ihere is an increase of I WL in the radon exposure rate for the second

shift. Note that 1 WLM is the exposure to 1 WL for 1/0 hours.

2. Ihere are n men working each shift of 10 hours duration for 6 days per 

week and 30 weeks per year

3. The value of a human life can be calculated. For the purposes of this

example we choose a value of $3,000,000. An alternative figure of $U.S. 6 

x 10& is referred to by Fry (Chapter 8, ARL TR043, 1982) and is derived 

from the U.S. Nuclear Regulatory Commission's proposed figure of $1000 per 

man rem when used in a particular situation

4. A value of the risk factor for enhanced lung cancers per man WLM may be

estimated from available data. (Chapter 3, this volume). Excess
-b -b 

mortality rates vary from 2.2 x 10 cases per year per WLM to b x 10

cases per year per WLM. Over a 30 year period, this amounts to a range of
-6

between 6b and 180 x 10 cases per WLM. Other studies give a figure of

up to 3/0 x 10 cases per WLM exposure. For the purposes of this example
-6

let us use a figure of 200 x 10 lung cancers per man WLM. It should be 

noted that this risk factor only applies to lung cancers induced by 

radon/radon daughter exposures and does not include the risk factors due 

to other radiation effects, e.g. to external ■y-radiation to various organs 

e t c .

Thus, the increase in population dose in changing from one to two shifts 

is (in man WLM)

AS - nxlx10x6x30 man-WLM
170

10. 6 n man-WLM p e r  ye a r



The increase in social cost associated with this change in population dose 

is then

AY = (3.0xl06 ) x (200x10 b ) x (TO.b n) (dollars A)

= $A 63b0n per year or operation under the conditions specified 

above.

Ihus, since there is $63b0n worth of detriment per year, there needs to be 

greater than $b3b0n worth of benefit per year to make the change from a one 

shift to a two shift operation cost-effective. In other words, a two-shift 

system cannot be justified unless it saves (i.e. reduces costs or increases 

profits by) more than $6360n per year. It should be noted that this considers 

only the effect of the increased working level leading to one particular 

hazard, and this type of calculation cannot be considered in isolation but 

must form part of a calculation of the total risks involved and the total 

costs incurred.

As examples of the type of factors which may need to be taken into account 

one might consider

a. the cost of doubling the size of the workforce during the mining

period in terms of the extra accommodation and facilities required

b. the cost of depreciation and/or hire of mining equipment tor the

doubled mining period as against the doubled useage

c. whether it is intended to mill all the uranium ore simultaneously

with the mining or to stockpile it and mill at a later date (either

who I ly or partially)

d. in the case of the former, what are the extra costs of a larger mill 

as against its possible increased hazards

e. for the latter, the cost of using the mine as a tailings dam as

against the cost of a separate tailings dam.

It will be evident that quite apart from these considerations which must 

be taken into account, the values used for the risk factor and the value of a 

life may critically affect the calculations.

Reference:

AKL (1982): Radiation protection in the mining and milling of radioactive

ores, J.F. Boas (Editor), ARL IR043 1982.
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APPENDIX 2

txample: Optimisation of the design of a product packing area of a

uranium mil 1

(Ihis is based on the example given in Annex V cf IAEA, Safety Series 

No. 82. (IAEA, 1987) and in the draft Guideline).

Assumptions

1. The operation involves two men for 20 hours per week.

2. No other w o r k e r s  or members of the public receive doses as a result

of the packing operation.

3. Without any of the strategies outlined below, the average gross alpha
3

air contamination in the workers' breathing zone would be 2 Bq/m .

3 3
4. Ihe room volume is 2 x 10 m .

5. The operation is assumed to continue for ten years.

Thus the col lective dose without any effort to reduce it would be:

3
2 (workers) x 1.2 (m breathed per hr) x 20 x 50 (hours per year) x 2 

(Bq/m3 ) / 1500 (ALI for U-238 + U-234) x 50 (mSv for 1 A L I )

= 160 person-mi 11 i si evert per year. (Note that this is the committed 

dose due to a year's exposure rather than the actual annual dose, and 

that a simplified procedure is used in the calculation. This 

simplified procedure would not be adequate for calculating individual 

doses close to the limit - see Guideline: Assessment of Doses and

Control of Exposure to meet the Radiation Protection standards.)

4
Thus if an alpha of $10 per person sievert is used, an investment in

4
protective strategies up to about $1.6 x 10 over ten years could be 

justified if as a result the collective dose were reduced to 

near-zero.



S t r a t e g i e s  Considered
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(a) Ventilation

Ihree levels of ventilation are considered:

, extraction from the packing room giving two air changes per hour;

, extraction from the packing room giving 20 air changes per hour;

V , extraction from an enclosed packing station with a volume of0
3

200 m giving 20 air changes per hour and extraction from the

general area giving two air changes per hour.

(b) Respiratory Protection

Although it is undesirable to use respiratory protection routinely, the

use of personal protective equipment being a poor substitute for other means 

of controlling hazards, it is nevertheless widely used and is considered here.

lhree levels of respiratory protection are considered:

, the use of simple masks with a PF of 10;

R ^ , the use of powered respirators with a PF of 1000;

R g , the use of airline hoods with a PF of 2000, and a reticulated 

compressed air supply.

(c) Automation

Automation of the packing process is also considered at three levels:

A.j, the use of automatic conveyors, load cells etc.;

A2> the use of more elaborate systems, short of full automation, still 

requiring some manual operations;

A^, the use of robotics almost eliminating manual intervention, and only 

needing one operator.



Table 1 gives the costs and protection factors assumed for the components 

of the various strategies, and Table 2 gives the result of combining these 

components.
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Table 1
3

Costs and Protection Factors (Costs in units of $10 )

Capital Cost Annual Cost Total Cost 

(over lOy)

Assumed

Effective

Protection

Factor

V1

V2

0.5 0.1 1.5 0.5

6 2 26 0.1

-3

V3
1 0.2 3 10

R1
0.2 0.4 4.2 0.2

-3

R2
1 4.5 46 2 x 10

-3

R3
4.5 2 24.5 1 x 10

A1

A2

5 0.2 7 0.6

20 1 30 0.2

-3

A3
100 -2* 80 1 x 10

* It is assumed that the saving of one operator's wages is greater than the 

operating and maintenance costs of the equipment.

Discussion

The costs and protection provided for the various combinations of

protective strategy are plotted in Figure 2. The continuous line represents
4

the differential costs for an 'alpha' of $10 per person-sievert. Note that
1 5  1 4  1

as plotted this line has a slope of - /10 and not - /10 (i.e. - /a). This

is because the x-axis represents the cost of the protective measures taken

over 10 years, whilst the Y-axis represents the annual detriment. It can be

regarded as a 'cursor' which when moved progressively to pass through the

existing option Indicates those further options which would be cost

effective. Figure 2 is a linear plot and illustrates the difficulty of

assessing on such a plot the data in this example. It is easier to assess the

relative merits of all the options on a log-log plot, but less easy to

r e c o g n is e  the  optimum.
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Table 2

Costs and Detriments of Various Options

Option Cost

($1000)

Detriment

Person-Sievert

Option Cost

($1000)

Detriment

Person-Sievert

ZERO 0 0.16 A2R2 76 0.000064

Al 7 0.096 A2R3 54.5 0.000032

A2 30 0.032 A3R1 84.2 0.000032

A3 80 0.00016 A3R2 126 0.00000032

VI 1.5 0.08 A3R3 104.5 0.00000016

V2 26 0.016 A1V1R1 12.7 0.0096

V 3 3 0.00016 A1V2R1 37.2 0.00192

R1 4.2 0.032 A1V3R1 14.2 0.0000192

R2 46 0.00032 A2V1RI 35.7 0.0032

R3 24.5 0.00016 A2V2R1 60.2 0.00064

Al VI 8.5 0.048 A2V3R1 37.2 0.0000064

Al V2 33 0.0096 A3V1R1 85.7 0.000016

A l V3 10 0.000096 A3V2R1 110.2 0.0000032

A2VI 31 .5 0.016 A3V3R1 87.2 0.000000032

A2V2 56 0.0032 A1V1R2 54.5 0.000096

A2V3 33 0.000032 A1V2R2 79 0.0000192

A3V1 81 .5 0.00008 A1V3R2 56 0.000000192

A3V2 106 0.000016 A2V1R2 77.5 0.000032

A3V3 83 0.00000016 A2V2R2 102 0.0000064

VlRl 5.7 0.016 A2V3R2 79 0.000000064

V1R2 47.5 0.00016 A3V1R2 127.5 0.00000016

VI R3 26 0.00008 A3V2R2 152 0.000000032

V2R1 30.2 0.0032 A3V3R2 129 3.2 E - 10

V2R2 72 0.000032 A1V1R3 33 0.000048

V2R3 50.5 0.000016 A1V2R3 57.5 0.0000096

V3R I 7.2 0.000032 A1V3R3 34.5 0.000000096

V3R2 49 0.00000032 A2V1R3 56 0.000016

V3R3 27.5 0.00000016 A2V2R3 80.5 0.0000032

AIRl 11.2 0.0192 A2V3R3 57.5 0.000000032

A1R2 53 0.000192 A3V1R3 106 0.00000008

A1R3 31 .5 0.000096 A3V2R3 130.5 0.000000016

A2RI 34.2 0.0064 A3V3R3 107. 5 1.6E - 10
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COST OF PROTECTIVE MEASURES 
($1000 OVER 10 YEARS)

Figure 2. Optimisation of Product Packing



It can be seen from Figure 2 that V3 is the optimum option of all those 

considered since a line with a slope of -1/a drawn through this point would be 

to the left of all other options.

The continuous line 'zero' is drawn through the zero option with a slope 

of - /10a. From this it can be seen that the options, V I ,AlV I , R 1 , AIR'I, 

V1R1, A1V3, A1V1R1, V 3 , V 3 R 1 , and A1V3R1 are all to the left of this line. 

These options are thus all cost effective as their cost per person-sievert 

reduction is less than a. Note that options which give detriments less than
-5

about 10 person-sievert per year may be regarded as giving doses which are 

"de minimis".

For the particular assumptions made in this example, strategies VI, V3, Al 

and R1 and some of the combinations of these options are worth further study 

with V3 being the most effective single option. The other strategies would 

not be cost effective, alone or in combination. (ii should be noted that the 

respiratory protection factors assumed for this exorule can only be achieved 

as a result of a comprehensive respirator maintenance and training program, 

hence the relatively high annual costs of the respiratory protection options. 

Because of this, and the reservations many authorities have about depending on 

the use of respirators to provide adequate protection, the 'R 1 options could 

be omitted. The automation option Al and the ventilation options VI and V3

would then become the only options to be studied in detail and since V3 

achieves the greatest reduction in dose it is the preferred ventilation option 

if detailed studies confirm the costings).
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CHAPTER 13. PRACTICAL ASPECTS OF REDUCTION AND CONTROL OF RADIATION 

EXPOSURE IN THE MINING OF URANIUM Al OLYMPIC DAM
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N. Brabham, Mine R.S.O.,

Olympic Dam Project, Roxby Management Services Pty. Ltd.

ABSTRACT

Occupational exposure to ionizing radiation in the mining or uranium ores 

is a potential long term health hazard. As a result, a suitable radiation 

monitoring programme is required to ensure radiation doses to all workers 

remain below approved radiation limits. In addition, dose rates in work areas 

need to be regularly monitored to assess the adequacy of mine design and 

ventilation parameters in the reduction and control of radiation exposure 

pathways. This paper will look at the radiation monitoring programme for the 

exploration stage of mine development at Olympic Dam. Practical 

considerations and problems related to this monitoring will be discussed, 

together with typical solutions and suggestions for the future.

INTRODUCTION

Radiation exposure in uranium mining is only one of a number of potential 

hazards that can be encountered. These hazards can be classified into two 

groups. The first, called acute hazards, are those which can have an 

immediate effect, either injury or death, on the persons involved. The second 

group of hazards are those termed chronic. lhese have the potential for 

injury or death only after prolonged exposure, usually over years. Below are 

listed some of the hazards in both groups:

ACUTE CHRONIC

Vehicle accidents 
Rock falls
Manual handling accidents
Entanglement in machinery
Noxious Gases
Heat stress
Explosions
ChemicaIs

High pressure fluids 
Fires
Electric shock 
Slips and falls

Noise
Airborne dust (Silica)
Chemicals
Radiation
Vibration
Repetitive strain



Obviously, acute exposure hazards must be dealt with before chronic hazards 

although both need to be considered. Radiation exposure belongs to the

chronic hazard category, and in the mining environment, should be put into 

perspective when identifying hazards. Radiation is much less significant than 

most other hazards in terms of the likelihood of exposure causing health

effects.

There are four pathways by which a person working with a radioactive 

substance such as uranium ore can receive radiation exposure:

1. Gamma Irradiation

2. Inhalation of radon progeny

3. Inhalation of airborne ore dust containing long lived alpha emitters

4. Ingestion of ore dust

Gamma irradiation (or external radiation) is delivered to the whole body from 

some external source (e.g. an ore body) whereas the other three pathways 

result in internal radiation since the dose received is to specific internal 

organs.

The Olympic Dam mine is an underground development accessed by a decline 

from the surface to the underground workings, using large scale mechanised

mining equipment. Ore will be extracted from vertical ore bodies via the 

method called open stoping (see figure 1). This is a minimal entry mining 

method in contrast to methods for mining thinner, flatter ore bodies, such as 

room and pillar (see figure 2). In a situation where the latter method is 

utilised, employees necessarily enter the ore zone to remove the ore.

REDUCTION AND CONTROL

1. Gamma Irradiation

Reduction of exposure to gamma radiation can be achieved by three methods, 

namely shielding, distance and time.

(a) Shielding is the placement of some obstacle between the person and

the source of radiation. In an underground situation such as that at 

Olympic Dam, it is difficult to effectively apply this method since

the ore is distributed in every direction in a three dimensional

geometry. Mining machinery supplies some shielding during general 

operations but is inadequate on its own in high grade ore.
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(b) Increasing the distance between the employee and the radiation source 

is a more effective method of radiation exposure reduction in an 

underground situation. An inverse square relationship exists between 

gamma exposure rate and distance i.e. doubling the distance from the 

source reduces the exposure rate by a factor of 4. Open stoping 

itself provides both shielding (country rock) and greater distance 

between workers and the orebody in general.

(c) Decreasing the amount of time spent in ore zones is the other

effective method of reducing gamma exposure. This can involve 

organizing work routines so that workers spend only part of their

time in high grade areas. This again is related to the mining method

- open stoping requires less time spent in ore zones than other

mining methods.
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Figure 2. Room-And-PiIlar Mining

2. Radon Daughters

The major factor determining the effectiveness of radon daughter control 

is the ventilation design. Short lived products such as these will not build 

up to unacceptable levels if the ventilation rate limits the age of air to a 

short enough time. Ventilation itself also serves other fundamental purposes 

such as adequate cooling of workplaces, removal of dust, diesel fumes, 

blasting fumes and any other airborne contaminants. A typical ventilation
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Figure 3. Typical ventilation system. Primary circuit provides

the means of entry and exits for the air, while the 

secondary circuit ventilates dead ends.

NOTE: Ventilation fan before raise bore so as to minimize

recirculation of air.

Full line - Primary Circuit

Broken line - Secondary Circuit

system consists of primary and secondary circuits (see figure 3). A primary 

circuit is one where air enters the mine via a ventilation raise from the 

surface, travels along a section of the mine, then leaves via another 

ventilation raise having an extraction fan on the surface. A secondary

circuit is one which takes air from the primary circuit via a fan to force 

ventilate a dead end heading. The concentration of radon daughters in a drive 

is approximately related to the square of the transit time of the air, similar 

to the relationship between gamma radiation exposure rate and distance, and 

can be estimated according to the "tunnel model". Thus, doubling the airflow 

reduces the concentration by a factor of four. Radon daughter monitoring

provides a method whereby the effectiveness of the whole ventilation system 

can be observed. An efficient ventilation system should explicitly ventilate 

every underground opening. It should utilise a 'once-through1 system, 

preventing any recirculation so that the age of air is kept as low as

possible, and be maintained on a regular basis so that 1t continues to provide

adequate ventilation to all areas.



3. Airborne Ore Dust

Control of airborne ore dust levels is accomplished by similar methods to 

that for control of radon daughters. A good ventilation system will prevent 

significant buildup of airborne dust at the source and along return airways. 

Reduction can also be achieved by suppression, confinement and dilution of 

dust sources. Water is the primary and most effective method used for dust 

suppression. Haulageways and general access roads need to be watered on a 

regular basis and fresh muckpiles and nearby walls need liberal wetting down 

to prevent dust release during the bogging stage. Design of nearby exhaust 

points will confine the dust to smaller areas and adequate supplies of fresh 

air will dilute dust concentrations in these areas before exhausting. 

Education of mining personnel in correct work methods, and supervision of 

these methods to ensure compliance will aid in the control of dust levels.

4. Surface Contamination

Exposure due to ingestion of settled ore dust on surfaces can be minimised 

by proper hygiene practices. Facilities should be provided for washing hands 

and face before crib or smoko breaks and are necessary for showering and 

changing into clean clothes at the end of shift.

UNDERGROUND EXPLORATION RADIATION MONITORING PROGRAMME

The current monitoring program applicable to the exploration phase of mine 

development was structured so that all actively advancing headings and areas 

of regular occupation are monitored on a routine basis. The purpose of this 

is twofold - firstly, all radiation exposure pathways need to be checked for 

compliance with regulatory limits. Further to this, these measurements need 

to be examined and compared with previous measurements to see that they remain 

consistent and if not what the cause and extent of the variation is. 

Secondly, sufficient information needs to be collected for all radiation 

categories in all workplaces so that a good estimate of each individual's 

radiation exposure can be made. This is done on the basis of information from 

each workers' daily time card for hours spent in different locations together 

with the exposure rate or contamination level measured for each radiation 

category in each of these areas. The current programme is:

1. Gamma Radiation

(a) 2 spot measurements with a portable gamma meter per week in each

active heading.
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(b) 1 spot measurement in each completed stockpile or drill cuddy.



(c) Continuous recording of each individual's dose via a personal TLD 

badge - wearing period is 4 weeks before changeover for full time 

underground workers and 12 weeks for part time workers.

2. Radon Daughters

(a) 2 static grab samples with portable pump and counter per week in each 

active heading.

(b) 2 static grab samples per week in active work sites other than active 

headings.

(c) I static grab sample per 4 week period in the service area.

3. Airborne Dust

(a) 2 personal samples placed on mining personnel per week in each active 

heading.

(b) 1 static sample per week in active work sites other than active

headings.

(c) 4 static samples per 4 week period on the perimeter fence of the

surface ore stockpile.

4. Surface Contamination

A survey of all cribrooms, changerooms, offices, workshops, both 

underground and surface facilities, each 4 week period.

DISCUSSION

I. Gamma Radiation

The purpose of spot measurements is to get an early indication of the

exposure rates to which workers are likely to be subjected. They are taken as 

near as possible to the face of advancing headings. They have no bearing on 

the dose calculations for individual employees - this is done solely by the

TLD badge worn by all personnel. Other workplaces usually need monitoring by 

gamma meter only once, since gamma exposure rates will not change after 

development has extended past these areas.
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2. Radon Daughters

Each separate active heading needs to be monitored since ventilation 

conditions are specific to each drive and as the face advances, parameters

such as ventilation rates, air residence time, etc., will vary. The presence 

of earthmoving equipment nearby can also influence normal levels due to the

disturbance of muckpiles and roadways. This may expose further ore grade

material and allow additional radon emanation into the airstream. Static 

workplaces can be affected by activities in other areas upstream and need to 

be monitored regularly to confirm the stability of all ventilation 

conditions. More than the required number of measurements are usually taken 

so that all work areas are adequately monitored. Working level methods 

utilizing count times several minutes after the sample was taken are preferred 

to those with longer delay times, since any problem areas are discovered while 

sti 11 in the vicinity.

3. Airborne Dust

As with radon daughters, more than the required number of measurements are 

done so that sufficient information is recorded for accurate dose assessment. 

In most cases, sampling pumps are placed beside the operators of the various 

mining machinery, since actually wearing the pump is awkward and increases the 

risk of air hose restriction. Personnel are asked to wear pumps on a routine 

basis if this does not pose any problem. Static pumps are placed in work

areas where personnel do not move to different parts of the mine during the 

shift i.e. diamond drill rigs and workshops. Both respirable and inhalable 

(total) dust samplers are used for dust monitoring in all areas since both 

types supply data of interest. Respirable dust samples can be analysed for 

free silica content to obtain the respirable free silica concentration average 

for that shift in that work category. When run beside an inhalable sampler,

the respirable fraction can also be obtained. The measured activity of

inhalable dust samples is the basis of the dust exposure assigned to each work

category since, due to the difficulty in Interpretation of respirable samples, 

1CRP consider Inhalable samples only.

4. Surface Contamination

These measurements are carried out purely to fulfill monitoring

requirements and most measurements are below detectable levels. For this 

reason, ingestion of radioactive particulates from surfaces 1s Ignored 1n dose 

calculations.
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ROUTINE PROBLEMS WITH F U L F ILLING MONITORING PROGRAMS

It would be optimistic to expect all radiation monitoring to be carried 

out trouble-free every time measurements were taken and this is borne out in 

practice. A M  monitoring equipment has some degree of electronic 

sophistication, purely by the nature of what is being measured. Added to 

this, these instruments are required to operate in a particularly harsh

environment where heat, humidity, dust, soot, mud, noise, oil mist, water 

mist, salt and vibration are commonplace. The other major consideration is

worker ignorance and lack of care or interference with the instruments placed

on or near them. Not all personnel involved understand or agree with the 

nature of or the reason for the radiation monitoring being undertaken. The

problems for each category are summarized below.

1. Gamma Radiation

(a) TLO badges

(i) Badge loss.

(ii) Use of helmet or caplamp other than the one the badge is placed on.

(iii) Badge contamination.

(iv) High control badge reading.

(v) Badge interference.

(b) Spot Measurements

(i) Mining equipment or unsealed ground preventing close approach to 

development faces.

(ii) Gamma meter malfunction.

(iii) Gamma meter response fluctuation.

2. Radon Daughters

(i) Holes in secondary ventilation ducting influencing nearby

measurements.

(ii) Sensitivity of alpha counters to movement.

(iii) Area to be monitored has ventilation turned off.

(iv) Workers not aware of consequence of interfering with ventilation

setup.

(v) Pump or counter breakdown.

3. Airborne Dust

(i) Machine cn which pump(s) placed breaks down during shift or is put in 

for service.
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(ii) Difficult for personnel to wear pumps (and reluctance to do so)

without air hose entanglement/restriction.

(iii) Personnel interference/tampering with pumps.

(iv) Pump failure or filter damage.

4. Surface Contamination

(i) Personnel interference with instrument.

(ii) Reluctance of personnel to use instrument and/or use properly.

(iii) Instrument malfunction or damage via careless use.

(iv) Instrument probe surface contamination.

b . General

(i) Mining environment too harsh for proper operation of normally

functioning instruments.

DISCUSSION

1. Gamma Radiation

(a) 1LD badges

(i) Badges are usually worn on each workers' helmet via a clip or on the

cable of their caplamp. These are exchanged on a 4 weekly basis but,

during this time, some badges are always lost. In our case, the loss

ratio is about 10%. The reason for badge loss is usually that the

normal wear and tear of working conditions pulls it off or dislodges 

it in some manner. Workers are encouraged to inform either their

shiftboss or a member of the radiation department to arrar p a

replacement when their original badge is lost. If this does not

occur, then an estimate of the workers' dose is made on basis of the

dose received by another worker in a similar work category or who was

working in the same area during the same 4 week period.

(ii) Since overalls are washed daily after the end of shift, the most

permanent apparatus appropriate to attach a workers' I LD badge to is 

the hardhats or the caplamp. However these may not be used all the 

time, for various reasons. Caplamps do fail every so often, and a 

replacement is issued until the original one is repaired. Helmets

are less frequently swapped although it remains a possibility.
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(iii) The badges are sealed in plastic bags when placed on the particular

piece of equipment but over 4 weeks, contact with the mining 

environment can, and has, resulted in the bag being split which can 

lead to either badge loss or contamination of the internal discs with 

water, mud, dust, chemicals, etc. This usually results in the badge 

being unreadable.

(iv) Since badges are only worn for eight hours a day in most cases, there 

is always a low, but over 4 weeks, contributing background exposure 

due to the environment. This needs to be subtracted from the total 

dose to provide a net exposure for the period. In several cases over 

the life of the project, the control badge used for this background 

subtraction has received a dose much larger than the usual, up to an 

order of magnitude higher. The possible reasons for this could be 

accidental exposure to a gamma source used for instrument calibration 

or to some high grade ore samples left nearby for some time. This 

makes dose determination somewhat more inaccurate and all efforts are 

made to prevent any re-occurrence.

(v) In some instances, badges from some personnel are lost, then found 

later on in the period. Since the length of time actually lost or 

the location of the badge during its absence it not always known, the 

validity of the reading is in question. There has also been the 

occasion where the doses returned have been much higher than

reasonably possible purely from exposure to uranium ore of any

grade. This leaves the possibility of worker interference by 

placement of a badge near a source (e.g. bin level gauge). In these 

cases, the dose is ignored and another one assigned on the basis of 

doses received by nearby workers during the exposure period.

(b) Spot Measurements

(i) Of the active development faces visited during monitoring days, some 

are naturally going to be occupied by mining equipment e.g. front end 

loaders, charge up trucks, jumbos. Because of the nature of the

activities, it is not safe practice to attempt a measurement at the 

face. In these instances, measurements are made 10 metres or so back 

from the face. This would give a general area measurement rather

than a new face value. At other times, mining equipment may not be 

present but the heading may not have had the backs and walls scaled 

of loose material and be unsafe for occupation. In these cases, a 

measurement 1s made as close as practical from a sfaety point of view.
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(ii) As with most instruments, there is some degree of intolerance to the 

mining environment, although where possible, instruments are used 

that are as rugged as possible.

(iii) Meter response time varies from one instrument to another, with an

adjustment not always available. In these cases, the steadiest value

must be selected or a range of values used.

2. Radon Daughters

(i) For all secondary ventilation requirements, ventilation ducting made 

of a canvas material is utilised. Use of more rigid material would 

be unwieldy and too difficult to move around and to repair. But as 

time goes on, having air moving down the tubing at high velocity, 

eventually wears holes in the bag or creates splits which continue to 

grow, especially in bends or kinks. These sections are repaired or 

replaced on a routine basis but holes can still exist for some time 

and these can influence any measurements made in their vicinity.

(ii) More efficient use can be made during underground monitoring times if

samples can be counted on the move, either by vehicle or on foot.

Some alpha counters are sensitive to this kind of movement, 

especially in rough conditions, causing them to either reset or give 

spurious counts. Since either of these consequences would render the 

count useless and require a repeat measurement, such counts would 

have to be carried out at the sample site for the duration of the 

count.

(iii) Active headings not being developed at a particular time occasionally 

have the secondary ventilation switched off. This may be so that 

other development upstream (e.g. blasting and backreaming) will not 

unnecessarily contaminate the air in this heading. In either case, 

the disadvantages are as many as the advantages and this practice is 

not encouraged, mainly because a certain amount of time is required 

after the ventilation fan is turned back on before work should 

proceed. This is to allow adequate cooling and clearance of blasting 

fumes, dust and any radiation buildup during the off time. Any 

reading taken with the ventilation off should be repeated an adequate 

time (anything from 20 minutes to 2 hours) after it has been turned 

back on so that a value under normal ventilation conditions can be 

obtained.
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(iv) In certain areas of the mine, ventilation control barricades or doors

have been erected across drives to direct airflow to appropriate 

areas. Typically, these occur immediately before breakthrough to 

raise bore upcases in headings no longer active. They also occur 

across previous access ways that no longer require ventilation to the 

same extent. There have been instances where personnel in these 

locations have modified or opened the restriction for their own 

benefit, but by doing so, they influence other areas of the

ventilation network. In some instances, these reactions can be 

significant and require immediate correction for normal work 

practices to continue. This also applies to a lesser extent with

secondary ventilation ducting. Personnel working in return air from 

a dead end heading have made deliberate holes in the bag to get the 

benefit of direct fresh air. Unfortunately, this decreases the 

volume of air to the face and down grades everyone's work environment.

(v) As mentioned previously, continuous use of electronic equipment and

air sampling apparatus in a mining environment will result in 

eventual breakdown. Routine maintenance is the only aid to minimize 

down time. An adequate supply of spares, both when underground and 

on the surface will reduce the inconvenience of equpment failure.

Airborne Dust

(i) An additional reason why many full-shift dust sampling pumps are

placed on mining equipment beside the operators of bogging equipment 

is that two pumps are placed side by side - one with head sampling

total dust and another with a head sampling respirable dust. This is

not general practice at mines other than Olympic Dam however. Other 

dust monitoring programmes in industry do not necessarily do this 

side by side comparison of respirable and total dust concentration in 

workplaces. For other operators, one or the other type of sampler is 

placed on different days. This is done on the basis of information 

from mechanical engineers at the minesite, who coordinate servicing 

of all underground equipment, as to which machines will be used that 

day. Last minute changes are not uncommon and together with those 

machines that have mechanical difficulties during the shift, a number 

of samplers are run on machines that spend some or all of their time 

in the underground workshop.



(ii) The ideal monitoring device that an underground worker could be asked 

to wear would be one that is not even noticed during the shift. Any

inconvenience that a device causes will result in a lack of

cooperation in any future monitoring requests to that person. For 

th'+ reason, dust pumps are, in most cases, placed beside the 

operator of mining equipment rather than on the person.

(iii) Relating to the above problem, there is a greater likelihood of

tampering with a monitoring device if it is a nuisance to wear or is 

easily noticed. The thinking may be that if a result is lost or made 

redundant by interference, then future devices will not be issued to 

them.

(iv) Added to this, there is the usual equipment failure to deal with,

more prevalent for dust monitoring compared to other radiation 

categories due to the length of the sample time i.e. up to 8 hours.

A i , filters sampling air continuously are vulnerable to exposure to

contaminants such as grease, water, oil, etc. which may be in use in 

their vicinity for some of the time. These generally alter the dust 

deposit previously collected and complicate the mass and activity

interpretation.

Surface Contamination

(i) Large area surface contamination probes are appropriately placed in 

cribrooms and changerooms so that workers can check their hands for 

contamination after washing or showering. Since visibly clean hands 

(or even dirty hands in soim cases) give negligible or nil meter 

reading, the temptation is there for some interference with the

monitor to see it is is actually working. This can be harmless in 

most cases but damage can occur depending on the extent of the

intervention. In addition, some workers occasionally try to test the 

radioactivity of a rock sample they have taken by holding it against 

the probe, scratching the fragile mylar surface. This has led to the 

placement of a wire screen over the probe face to prevent damage, 

accidental or otherwise, even though the overall probe efficiency is 

reduced significantly.

(ii) Ihis leads on to future contact with the instrument causing Incorrect 

use or total non-use, neither of which is desired.



(iii) All of this can lead to instrument failure, necessitating repair,

which leaves that monitoring station vacant for the duration of the

repair.

(iv) Contact of the instrument probe with dirty surfaces can create a 

background problem for future measurements with a count rate being 

registered before contact is made with the surface (or hand) to be 

checked. Regular cleaning can prevent this problem occurring.

5. General

Despite all this, experience gained with the above problems enables 

positive action to be taken for future cases. Sturdier equipment can be 

purchased, monitoring schedules modified to adapt to particular situations,

communication with management and supervisors can prevent some problems 

arising in the first place and finally, education of the workforce, either

individually as enquiries are made, or on a group basis, can be done to inform 

the workers of what you are doing and why and the necessity that it continue, 

with their cooperation.

DQSL CALCULATION

It is a requirement of the Joint Venturers under the Indenture Agreement 

and the Code of Practice that they determine every designated employees' 

individual radiation dose for the duration of their time employed as a worker 

in a radioactive environment. A designated employee is defined as one who 

spends some or all of their employment in a supervised area. A supervised 

area is an area where the radiation dose received is likely to be greater than 

the allowable limit for members of the public. Designated employees must have 

yearly medicals and have their radiation dose calculated and recorded in some 

permanent register (e.g. computer). The relevant standard for comparing a 

radiation dose to the regulatory limit is the Commonwealth of Australia's Code 

of Practice on Radiation Protection in the Mining and Milling of Uranium Ores 

1980.

Three mechanisms of exposure have been considered in relation to uranium 

mining: external exposure to gamma radiation, inhalation and retention of

radon decay products (radon daughters), and inhalation or ingestion of 

radioactive particulates. Doses are calculated on a weekly basis, with the 

week beginning on a Wednesday and finishing on a Tuesday, 4 consecutive weeks 

constituting a period. lo this end, underground monitoring to fulfill
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regulatory requirements and for dose calculations is carried out on Tuesdays 

and Thursdays. Once the necessary measurements are taken for the exposure 

period chosen, doses can be calculated and are done so as discussed below.

1. Gamma Radiation

All personnel gamma doses are determined entirely on the basis of the TLO 

badge results, analysed by the Australian Radiation Laboratory in Melbourne. 

These give a single dose value applicable for the wearing period under 

consideration. Where a person's badge is lost, an estimate is made on the 

basis of hours worked and doses received by workers nearby during the exposure 

period.

2. Radon Daughter Inhalation

Determination of dose due to radon daughter inhalation requires input from 

several areas. Since radon daughter concentrations vary for different areas 

of the mine, and can also vary in the same locations on different occasions, 

the exposure period needs to be divided into suitably short intervals over 

which measured concentrations should be fairly constant, i.e. one week for our 

situation. The readings taken in each area for any particular week are then 

averaged to give a single value. Then the time each worker spent in this 

location for that week is multiplied 'jy that average value to give a dose. 

The sum of all doses from the different areas for each worker gives the 

individual dose for that week. The hours spent in different locations are

obtained from each workers' daily time card. Ideally, all locations occupied 

for more than 30 minutes are listed along with enough detail of the location 

to identify it positively. This proves to be very difficult for several 

reasons. From the point of view of the workers, the major reason for filling 

out the time cards is to record the number of hours worked, what they achieved 

and get paid accordingly. The accuracy of individual hours spent 1n 

well-defined headings is not critical to them, so frequently, this information 

is unclear. Their immediate supervisor is in the best position to fill in 

missing or incorrect details when he signs the time card, but it has been 

difficult to make this system work. As a result, the information available on 

the time card needs to be interpreted most of the time, requiring a person

familiar with underground procedures, layout and day by day operational

areas. Where a location is given but no hours are recorded, an estimate has 

to be made on the basis of the description of work. As a result, all data

collection and time card interpretation is done by radiation department staff

involving large amounts of manhours every week. The sheer volume of data
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being collected is large: 250 underground workers' cards per day, with each

card giving (say) 4 locations (designated by a 6-alphanumeric code and

descriptor) and times in those locations, and type of work performed.

3. Airborne Dust Inhalation

The dependance on time card information for accurate dose calculation is 

not nearly as critical for airborne dust inhalation. Airborne dust

measurements are full shift samples on or beside personnel. Doses are not

assigned on a personal basis, rather all samples are divided into the

different work categories and all measurements done are averaged over the 

week. All that is required from the time card in the number of hours spent in 

different work categories - more often than not, this will be the same for a 

particular worker over one week. The average activity of samples for a 

particular category multiplied by the hours worked in this category is the 

dose for that week. The sum of doses in different work categories will give

the total dose due to airborne dust inhalation.

4. Surface Contamination

Ihe last exposure pathway to consider is ingestion of radioactive

particulates via contact with surfaces on which dust has settled. The

applicable areas where this might happen are changerooms, cribrooms and 

workplaces where dust surfaces are commonplace. In all experience to date, 

even dirty areas give very low surface contamination levels, due to the low 

specific activity of uranium ore. For this reason, doses via this pathway are 

negligible and are ignored for worker dose calculation.

DISCUSSION

From the above descriptions, it is immediately apparent that if a

device(s) existed that also measured personal exposure to inhaled radon 

daughters and airborne dust on a continuous basis, large amounts of time and 

money would be saved. Gamma radiation is readily monitored 1n this way but

this 1s due to the nature the exposure. External radiation is simpler to

monitor, whereas airborne radiation needs to be sampled continuously with some 

pumping arrangement. A proven dosimeter to do this accurately does not yet 

exist although several types are under development and have been looked at,

albeit briefly. The advantages of such a dosimeter being used are obvious - 

the need for plod card information and all associated difficulties would be 

eliminated and spot measurements could be reduced significantly. Run ot mine 

measurements would still be necessary to monitor any fluctuations and to
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observe the typical exposure rates expected. Where exposure rates vary 

significantly from those found normally, some feedback for the mining 

engineers would be required so that intervention and fulfillment of ALARA 

obligations can be accomplished.

CONCLUSION

This paper has been put together on the basis of five years' experience 

with radiation monitoring, data recording and dose calculation at Olympic 

Dam. Ihe findings and suggestions for the future will need to be constantly 

reviewed to update the situation to present requirements. A properly 

structured monitoring programme ensures that day to day mining operations are 

conducted in an environment of low radiation doserates and allows a good 

estimate of all workers' radiation dose to be determined.
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CHAPTER 14. OPERATIONAL HEALTH PHYSICS ASPECTS OF AIRBORNE 

AND SURFACE CONTAMINATION

M.W. Carter 

Office of the Supervising Scientist for the 

Alligator Rivers Region

ABSTRACT

Part I describes the derivation and use of control standards for airborne 

and surface contamination. The concept of derived limits is developed and 

sample calculations are presented. Derived limits for uranium and thorium are 

derived.

Part 2 presents a range of methods of measuring contamination with some 

discussion of their relative merits.

INTRODUCTION

When considering air or surface contamination in an operational health 

physics context it is important to emphasise the primary objective of all

operational health physics - to control the radiation exposure of the worker 

to an acceptably low level while facilitating the particular operation. In

current jargon this is ALARA (as low as reasonably achievable), although the

same philosophy has been applied informally for years by operational health

physicists.

Measurement of air and surface contamination is p?'t of the optimisation 

and limitation procedures of ALARA. Ihe measurements are only one part, 

albeit a major part, of a decision process that seeks to control worker 

exposure while, if possible, not preventing the operation. As part of the 

decision process the accuracy of the measurement is often relatively 

unimportant. Speed, simplicity and reliability may all be more important than 

a high degree of accuracy. After measurements have been made, there is a need 

to decide what to do - and this can be optimised. For example, sometimes



decontamination has been carried out because contamination has been detected 

and removing it is considered to be 'a good thing’ (cleanliness is next to 

godliness). One should always ask why the decontamination is being carried 

out. If it produces a small reduction of exposure of one group of workers at 

the cost of greater exposure to the workers carrying out the decontamination 

then it would not be optimised. Even if there were an overall reduction of 

exposure, the size of this reduction should be balanced against the resources 

expended to effect the reduction and the opportunity cost of those resources.

While this lecture is part of a course for the uranium and thorium 

industries, the approach taken is to cover the subject in a generalised manner 

first and then highlight special aspects of these industries. Part 1 of this 

lecture discusses the basis of contamination control standards, and Part 2 

discusses the measurement of contamination.

PART 1 - CONTAMINATION CONTROL STANDARDS

Derived Limits

Ihere are many circumstances in which measurements made in a radiation

protection program cannot be related directly to the primary dose-equivalent 

limits (UELs) recommended by the International Commission on Radiological 

Protection (1CRP). It is then useful to define a simple, artificial model of 

the situation. This model can be used to derive a standard which is directly 

comparable with the measurements to be made. This standard is the derived

limit (DL). The derived a -,, concentrations (DACs) published by ICRP are such 

DLs. Derived limits have in the past been called derived working levels 

(DWLs) and the draft guideline on dose assessment to the 1987 Code (DASETT 

1987) uses the terms 'authorised limit' and 'reference level'.

Derived limits relate to a model and not to real life: the usefulness of

the derived limit and, more particularly, the limitations which must be 

imposed on its use, then depend on how closely the model represents the 

particular situation. In practice, most models seem to fall into one of two 

broad classes. In one of these, the model is a representation of the real 

world, but only 1n certain specialised circumstances which have to be

carefully defined. In these circumstances, the derived limit corresponds 

quite closely with the dose-equiva lent limit, 1n other circumstances, this 

derived limit is inapplicable. At the other extreme, the model may be very 

generalised so that the resultant working limit can be applied over a wide

range of circumstances. In this case, however, the quantitative relationship
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to the ICRP recommendations will be very much less precise and it will 

probably be true to say only that operating at the DL will result in doses 

below the 1CRP recommended limit, but by an amount which cannot be forecast. 

The second class of model is the more common, and most ICRP and other 

recommended derived limits fall into this class. The 1987 revision of the 

Code of Practice (DASETT 1987) has avoided the use of derived limits, but they 

do appear in Guidelines to the Code.

Examples of derived limits of great specificity (i.e. of the first class 

above) can be found in the public health field. When a radioactive material 

is released to the environment, there is usually one principal pathway by 

which the radioactivity reaches man, giving rise to higher radiation doses to 

a particular group than to the population at large. This pathway and the 

exposed group are usually called the Critical Pathway and Critical Group. 

1CRP recommends dose limits that should be applied in these circumstances to 

the critical group (1CRP 1984), and it is often convenient to define a point 

in the critical pathway where measurements will be made and to derive a OL for 

these measurements. A calculation can also be made of the corresponding 

discharge rate and a DL of discharge rate calculated. Both these DLs could 

correspond quite closely with the ICRP dose equivalent limit for the critical 

group.

Perhaps the most generally used and least clearly defined derived limit is 

that for surface contamination. Surface contamination can give rise to 

resuspended activity, which may be inhaled, it may be transferred to skin and 

subsequently ingested, and it may be a source of external radiation while 

remaining on the skin. The level of surface contamination can also be thought 

of as a retrospective measure of the degree of success of contamination 

control in an area. Any choice of a stanoard must thus be somewhat 

arbitrary. The figures in common use (see Table 1) have been obtained from a 

deliberately over-simplified model so that they can be applied to a wide range 

of circumstances (i.e. they are of the second class above). In any particular 

situation, their link with the 1CRP recommended d e l s 1s tenuous. All that can 

be said is that working below these derived limits is unlikely to give rise to 

airborne activity or skin radiation dose rates sufficient to cause ICRP 

recommendations to be infringed. Nevertheless, it 1s possible to envisage 

circumstances where this statement would be untrue and the DL for surface 

contamination has consequently to be applied with judgement. Ihe values that 

have been 1n general use until recently were based on 1CRP2 (ICRP 1959) and 

the impact of ICRP30 (ICRP 1979) is only now being felt.
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lable 1

1 Commonlv used values based on I C R P 2 ^
~  .  (?)

Alpha emitters of high toxicity 

All other alpha emitters 

Beta emitters, of maximum energy greater 

than 0.2 MeV

Beta emitters, of maximum energy less 

than 0.2 MeV

(3)
2 Recommended values based on ICRP30

Class 1 (4) 

class 11 

Class 111 

Class IV 

C lass V

(1) (Adapted from CEGB Safety Rules)

(2) Pb-210, Po-210, Ra-223, Ra-226, Ac-227, Th-227, Th-228, Th-230,

Pa-231, U-230, U-232, U-233, U-234, Np-237, Pu-238, Pu-239, Pu-240, 

Pu-241, Pu-242, Am-241, Am-243, Cm-242, Cm-243, Cm-244, Cm-245,

Cm-246, Cf-249, Cf-250, Cf-252.

(3) From Wrixon et al. 1979

(4) Radionuclides by class:

Class I AC-227, Th-228, th-230, lh-232, Ih-nat, Pa-231, U-232, U-233, U-234, 

U-236, alpha Emitters with Z>92

Class II Sm-147, Pb-210, Th-22 7, U-235, U-238, U-dep'l, U-nat, U-enr, Pu-241

Class III Other nuclides except those in Classes IV and V

Class IV C-14, S-35, Mn-54, Co-57, Zn-65, Ga-67, Se-75, Br-77, Sr-85, Tc-99m, 

Cd-109, 1-123, 1-125, Cs-129, Hg-197

Maximum Levels of Surface Contamination in 'Active' areas:

3.7 Bq/cm
2

37 Bq/cm
2

37 Bq/cm 

370 Bq/cm2

2

2
0.3 Bq/cm 

2
3 Bq/cm 

30 Bq/cm2 

300 Bq/cm2 

3000 Bq/cm2

Class V FI-3, Cr-51 , Fe-55, Ni-63, Cs-131



The Use of DLs

Because derived limits are ‘working1 limits and are related to the primary 

limits strictly only in circumstances that closely correspond to the model on 

which they have been calculated, it is important to distinguish them clearly 

from the primary dose equivalent limits (DELS).

A significant difference is in the implications of exceeding one of these 

figures. Exceeding a DEL represents a failure to achieve the standards set by 

international recommendations and implies an unacceptable risk to the 

individual. Exceeding a derived limit, on the other hand, will have a 

significance depending on the local circumstances. It may be entirely 

legitimate and, in any case, will only imply the possibility of exceeding a 

DEL. It may, however, represent the infringement of a management instruction 

and thus call for improved supervision or discipline. In general, derived 

limits should be thought of as tools helping the health physicist to achieve a 

consistent protection policy, but they must not be allowed to achieve the 

status of rigid rules. The professional health physicist must be allowed to 

use his judgement in deciding how to make the best use of these tools in the 

achievement of his ultimate aim, the achievement of both safe and economic 

operation.

Contamination Control

Control of radioactive contamination has the same objective as control of 

external radiation, that is, limitation of the dose received by the worker, 

lhe concern is the limitation of the dose equivalent to specific organs, or 

the limitation of the committed effective dose equivalent.

The results of poor contamination control are less predictable than the 

results of poor externaT radiation control. We can calculate accurately the 

dose that results from working in a known external radiation dose rate for a 

known time. Working in a contaminated area for a known time, however, does 

not permit calculation of the resultant organ doses without making a number of 

assumptions about breathing rate, transportability (solubility), metabolism, 

resuspension factors, transfer of radioactive material from surfaces to hands, 

from hands to mouth, through the skin, through cuts, etc. Only if the 

contamination control has been so poor that direct measurement of radioactive 

content of the body is possible is one able to calculate a reliable value for 

the organ dose.
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1. Remove the hazard: remove or reduce the cause of loose radioactive

material. This can usually only be done at the design or planning stage.

2. Contain the hazard: work that is likely to produce radioactive

contamination should be done in enclosed and ventilated areas. Loose

radioactive material should be regularly cleaned up. Remember however

that it is the total dose to all workers that is used in the optimisation 

process and thus for example doses received during any cleaning operation 

need to be less than the doses that would result if the cleaning were not 

carried out.

3. Protect the worker: where radioactive contamination is expected and

unavoidable and other means of protection are unsuitable, the worker

should be protected with protective clothing and respiratory protection as 

appropriate. Above all the worker should be protected by being given

adequate and appropriate training.

Surface Contamination DLs

Any operational health physics measurement must provide a basis for

decisions on control measures or it must contribute to the interpretation of 

other data so as to provide a basis for such decisions. In some cases, for 

example in personnel monitoring for external radiation, the decision may not 

be an immediate one and may be based on the accumulation of information from

repeated measurements. It follows that operational measurements, either

singly or in combination, must have a quantitative relationship to action and 

as the basis of radiological protection is the concept of dose equivalent 

limits, it is obviously desirable that, wherever practicable, health physics 

measurements should be related to the radiation dose to man.

Ihe measurement of surface contamination is a widespread operational 

health physics technique. It is used as a basis for decisions concerning 

decontamination, release of material from controlled areas and the level of 

precautions to be adopted within controlled areas. Clearly it is desirable in 

principle to set limits of surface contamination that are derived from the 

OELs recommended by the ICRP. Unfortunately, however, experience has shown 

that there is not necessarily a good correlation between surface contamination 

in a workplace and the exposure of workers. Nevertheless, the systematic 

absence of surface contamination above some defined level usually indicates a
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high standard of primary containment or working techniques and, if the level 

is suitably chosen, provides strong evidence that there is no routine internal 

cortamination of workers and thus no need for routine individual monitoring 

for internal contamination.

Since surface contamination is not necessarily the only cause of internal 

or external exposure of workers, the setting of an appropriate limit for 

surface contamination must depend to some extent on experience rather than on 

attempts to assess a direct relationship between surface contamination and the 

radiation dose to workers. The figures in general use have developed over a 

long period of time. The earliest surface contamination limits were based on 

what was considered achievable and at the same time measurable with the 

instruments then available. In the early 1950's attempts were made to 

establish a quantitative relationship between surface contamination levels and 

the resulting dose to workers. As it happened these calculations in general 

indicated that the existing surface contamination limits were acceptable. 

Similar calculations have been done from time to time since then, using new 

data as they became available. If the recalculated limit is higher than the 

limit in use, there is usually no change made, however if the recalculated 

limit is lower than the limit in use, the new lower limit should be used. 

Examples of the type of model arid calculation used are given below. Table 1 

shows the figures in their most general form for 'contaminated' areas and 

Table 2 shows some recommended 'clearance' values for natural uranium and 

thorium.

[he Choice of a DL of Surface Contamination in Controlled and Supervised Areas

Although the choice of a DL is largely based on experience it is necessary 

to confirm t^at the value chosen will not result in unacceptable exposure of 

workers directly from involving the surface contamination. In controlled 

areas, the mechanisms by which workers may be exposed to radiation as a result 

of surface contamination are direct external radiation from the contaminated 

surfaces, irradiation of contaminated skin, ingestion of radioactivity from 

contaminated skin, direct intake through cuts, and inhalation of radioactivity 

resuspended from the contaminated surfaces. The normal standards of hygiene 

in active areas should eliminate any significant risk of ingestion.

Experience has also shown that minor wounds, such as cuts and scratches, do 

not result in significant intakes of radioactive material unless the 

instrument causing the wound was a device such as a tool used directly in 

operations with radioactive material. Thus the mechanisms usually considered 

are irradiation of the skin, ingestion and inhalation.
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Comparison of levels of contamination for inactive areas or 'clearance' 

recommended by various authorities.

fable 2

„ , 2 Bq/cm

CEGB

1968

1980

Code

u k (2>

1979

u k (3)

1982

Based on
(4) (5) 

1CRP30 1987 Code

1983 Guideline

U-nat 3. / 3./(,) 0.3 1 1 1

Th-nat 3.7 3./(,) 0.3 0.1 0.1 0.5

(I) The 1980 Code does not specify a 'c learance' level. This is the limit for

'offices', the limit for skin is one tenth of this.

(2) Wri xon et a 1. 1979.

(3) U.K. Health and Safety Executive.

(4) Carter 1983a,b; Ching 1985.

(5) Assessment of Doses and Control of Exposure to Meet the Radiation

Protection Standards. A draft guideline to the 1987 Code.



The simplest method of considering these problems is to use a simplified 

and standardised model relating the surface contamination to the possible dose 

to workers. The model is chosen so that it is unlikely to underestimate the 

dose and it is then used to calculate a derived limit for surface

contamination. If this limit is more than the corresponding derived limit

currently in use, then the current figure can be regarded as satisfactory. If

the calculated figure is less than the current figure, the current figure has

to be applied with reservations, particularly if the workers are also exposed 

to external radiation and airborne contamination. Examples of the 

calculations are given and some of the current DL values are examined below.

External Radiation from Surface Contamination

This problem applies only to contamination by beta emitters since the skin

dose from X and gamma radiation and alpha emitters is small at the levels of

surface contamination encountered. The draft Guidelines to the 1987 Code
2

(DASETT 1987) recommend a DL of 10 Bq/cm for uranium alpha contamination in 

controlled areas (i.e. contamination levels in controlled areas may routinely 

reach this level but should not be allowed to exceed it for more than short 

periods). Most uranium dusts will have equal alpha and beta activity. The 

corresponding radiation dose rate depends on the beta energy but over a wide

range of energies will be 1 or 2 pGy/h for a beta contamination level of 1
2 2 

Bq/cm at a depth of S mg/cm of tissue in contact with the contaminated

surface. [Note that this is less than the 7 mg/crn^ skin depth frequently

used for such calculations and corresponds to the skin thickness of the face

and arms (Whitton 1973)]. The dose rate from a surface contaminated at the DL

will thus be no more than about 20 nGy/h. With continuous contact for a

working year of 2000 hours, this would amount to 40 mGy in the year compared

with a maximum permissible dose to skin of S00 mSv in a year. (ICRP 19/8)

(Beta radiation has a QF of I. This is covered in another lecture). Since

neither contact with contaminated surfaces, nor contamination of the skin will

be continuous, the DL is satisfactory for controlling skin dose. (8ut it must

also be checked in the inhalation and ingestion mechanisms of the model).

Inhalation of Resuspended Dust

The general model for assessing this situation has to be grossly 

over-simplified. In the first place, each nuclide has its own inhalation DAC 

and they should in principle be considered individually; many nuclides have 

more than one DAC depending on transportability (solubility in body fluids).
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Secondly the relationship between surface contamination and the concentration

in air depends on the surface, the form of the contaminant, the way the

surface is disturbed and the amount and pattern of the ventilation of the

workplace. A common simplification is to select one highly toxic alpha

emitter and one highly toxic beta emitter as representative of the two classes
239 90

of radioactive materials. Pu and Sr are commonly used examples. The

second simplification is to relate the surface contamination to the resulting

airborne contamination by means of a resuspension factor having units of

length , so that multiplying the surface contamination by the resuspension

factor gives a direct indication of the air contamination. Resuspension

factors have been determined by experimental programs and by measuring the

surface and air contamination in practical situations. Not surprisingly, a

wide r a ng e of values has been reported. Data were reported in papers tc the

Gatlinburg Symposium on Surface Contamination (AACC, 1967) and some additional

largely confirmatory data were reported at the Bournemouth Symposium on the

Radiological Protection of the Worker by the Design and Control of his

Environment (SRP 1966). The majority of figures range from 10 6m 1 with a
-3 -1

few results up to 10 m . All the results relate to the average surface

contamination over substantial areas, several square metres at least, and

there was some evidence that when the contamination was restricted to small

areas resuspension factors were very much lower. In general, the higher

figures were associated with surfaces such as concrete, from which dust is

readily resuspended.

A representative figure, conservative in most cases but not necessarily

adequate to cope with regular widespread contamination, particularly if on

dusty surfaces, would be 10 1 (10 ?cm *)• For widespread
2

contamination by the most toxic alpha emitters of 0.3 Bq/cm , the
-2 3

corresponding air contamination would be 3x10 Bq/m . This is very close
2'<q -? 3 -2

to the DAC for Pu (8x10 Bq/m ) or that for Th-232 (2x10
3

Bq/m ). The general DL for surface contamination by the more toxic 

alpha-active materials given in part 2 of table 1 thus could be inadequate for 

widespread contamination by the more toxic alpha emitters on dusty surfaces. 

It remains satisfactory for the more usual situation where the contamination 

is sporadic and patchy and where surfaces have been chosen to avoid excessive 

dust raising.
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For most beta contamination, the DL from table 1 is 30 Bq/cm and the
3

corresponding concentration in air is 3 Bq/m . This is more than a factor
90 3

of 10 lower than the DAC for Sr (60 Bq.m ) and, from the point of view 

of inhalation, the DL is probably on the conservative side.

For the special case of uranium mine and mill dusts, using a resuspension 

factor of 5 x 10 &m 1 as recommended for this class of dust by Wrixon et

a l . (Wrixon et al. 1979) and the uranium dust alpha surface contamination DL
3 3

of 10 Bq/m the corresponding air contamination would be 0.5 Bq/m . This

is slightly greater than the recommended DAC in Table 10 of the guideline

(DASETT 1987), and so for the model used, the DL is only just adequate.

The Choice of a DL for Surface Contamination in Inactive Areas

Surface contamination may occur in inactive areas either as the result of 

the spread of contamination from active areas or because of the transfer of 

items of equipment from active areas to inactive areas. One of the principal 

reasons for setting a DL for inactive areas is to allow quantitative control 

to be kept over contamination on items being transferred from active areas. 

It is conventional to take the DL for inactive areas as 1 /10th the DL for 

active areas. Flistorically this reduction by a factor of 10 was based on the 

public DELs being a factor of 10 below the occupational DLLs. Now that that 

factor has been increased to 50 there could be a case for a reduction of 

clearance levels. The presence of surface contamination at any level in 

inactive areas however is much less common than it is in active areas hence 

the model used above would have to be modified. This plus the factor of 10 

should be enough to avoid any problems either from external radiation or 

inhalation caused by surface contamination. However, the standards of hygiene 

in inactive areas may be lower than those in active areas and this could mean 

that intake by ingestion now becomes significant. (Table 2 gives limits for 

inactive areas.)

Air Contamination DLs (DACs)

Air contamination DLs can be derived from the ICRP recommended DELs more 

directly than can the surface contamination OLs. Once again however the 

parameters of the chosen model may not be the same as the real life situation 

and so non-compliance with the DL will not necessarily result in 

non-compliance with the DEL.
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lhe derived limits of air contamination presented by the ICRP and in the

Code assume that occupational exposure is to a worker who corresponds exactly

with 'Reference Man' in ICRP 23 (ICRP 1975): a constant level of air

contamination for 40 hours a week, 50 weeks a year; that the worker in this
3

time breathes 0.02 m of air each minute; that the contaminant in the air 

has a particle size of I um AMAD and that there are no other sources of 

internal or external exposure. In the unlikely event of a person being 

exposed in exactly this manner they would have an intake of one Annual Limit 

on Intake (AL1) at the end of the year and would thus be committed to receive 

the primary dose equivalent limit. It must again be emphasised that the 

primary dose equivalent limit is the overriding concern and derived limits 

should be used with some circumspection.

When the intake of radioactive material is by inhalation or ingestion, but 

not by both routes together, and with no external radiation present, the

primary dose equivalent limits may be deemed to be complied with if the intake

of radioactive material is not in excess of an appropriate annual limit. 

'Appropriate' here means

(a) [-or a single radionuclide, the appropriate annual limit may be taken as 

the published Annual Limit of Intake (ALI) (ICRP 19/9).

(b) l-or a mixture of radionuclides of known composition, the appropriate 

annual limit may be taken to be that for which the summed relative 

fractions of intake with respect to published ALls does not exceed unity. 

(See below)

(c) For a mixture of radionuclides in which the concentration and toxicity of 

one predominates, the appropriate annual limit may be taken to be the 

published ALI for that radionuclide.

(d) For a mixture of radionuclides where the exact composition is not known,

but the radionuclides in it have been identified, the appropriate annual

limit may be taken to be the lowest published ALI from among those 

corresponding to the radionuclides known to be present.

(e) For a mixture of radionuclides whose composition is not known, but for 

which the presence of certain radionuclides can be positively excluded, 

the appropriate annual limit may be taken to be the lowest published ALI 

from among those radionuclides that may be present.

367



In general in uranium or thorium mining and milling the mixture

composition is well enough known to use (b) above, and appropriate data are

given in the draft Dose Assessment Guideline to the 1987 Code.

Calculation of Limits (DACs or ALIs) Where Two or More Radionuclides irradiate 

an Organ or Tissue

When two or more radionuclides irradiate a single organ or tissue, the 

derived limits for the individual radionuclides no longer apply, as for the 

model used, each radionuclide inhaled or ingested at the derived limit will 

lead to the exposed person receiving the dose equivalent limit to the relevant

organ or tissue. The limits given in the Code must be modified by the rule

for mixtures as follows:

If C , C , C , etc. are the actual intakes or concentrations of the
I C J

different radionuclides, and L , L , L , etc. are the corresponding
I t O

derived limits (ALIs or DACs), then the primary limits will not be exceeded if 

the sum

C /L + C„/L„ + C /L„ + C /L etc. is less than (or equal
I I  2 2 3 3 n n

to) unity
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In other words, the limit for the mixture L^ is given by:

C /L = I C./L., 
m m  i l

where C is the intake or concentration of the mixture, 
m

1/L = I (C./C )/L.
m u 1 m i

l/L = I F./L. 
m i i

where F is the activity fraction of each radionuclide present.

Special Features of Uranium and Thorium

Tables 3 and 4 give the uranium and thorium decay chains. Because these 

are families of radioactive materials with constant production of progeny we 

rarely deal with a single pure radionuclide. The data on derived limits 

published for example by the ICRP are calculated for a single radionuclide and 

for a particular exposure model. Thus the published values should not be used

unthinkingly when dealing with radionuclides in one of the natural decay 

series.



369

Table 3 U-238 Chain

Main Energies (in MeV) and intensities (in °/0)

Nuc 1 ide Half Life a 0 Y

U-238
9

4.5x10 y 4.15(25)

4.20(75)

lh-234 24. Id 0.10(20) 0.09(4)

0.19(79)

Pa-234m 1.14m 2.29(98)

U-234 2.67xlOby 4.72(26)

4.77(72)

1h—230 8x104y 4.62(24)

4.68(76)

Ra-226 1620y 4.60(6) 0.186(4)

4.78(95)

Rn-222 3.82d 5.49(100)

Po-218 3.05m 6.00(100)

Pb-214 26.8m 0.65(50)0.71(40) 0.0295(19)

0.98(6) 0.352(36)

Bi-214 19.7m 1.0(23)1.51(40) 0.509(47)

3.26(19) 1 .12(17)

1 .76(17)

Po-214 164yS 7.69(100)

Pb -21° 0.016(85) 0.047(4)

0.061(15)

Bi-210 1.16(100)

Po-210 5.30(100)

(Pb-206) (Stable)

Total activity

per Bq of U-238 8 5.76 1.5

Total activity 5 4 0.1

per Bq of U-238

with radon +

daughters missing

Note: Low energy beta from Pb-210 may not be detected by some instruments.
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Table 4 Th-232 Chain

Main Energies (in MeV) and intensities (in0/o)

Nuclide Half Life a B Y

Th-232 1 .39xlOIOy 4.01(76)

Ra-228 6.7y 0.055(100)

Ac-228 6. i3h 2.1(12) 0.34(15)

1.7(12) 0.91(25)

1 .2(35) 0.96(20)

Th-228 1.90y 5.42(71)

5.34(28)

Ra-224 3.64d 5.68(94) 0.24(4)

5.43(6)

Rn-220 55s 6.29(100)

Po-216 0.15s 6.78(100)

Pb-212 10.6h 0.346(81) 0.239(47)

0.586(14) 0.30(3)

Bi-212 60.6m 6.05(25) 1 .55(5) 0.72/(7)

6.09(10) 2.26(55)

PO-212 304ns 8.78(64)

1 1-208 3.1 Om 1.80(18) 1.28(9),1.52(8}

0.86(4),2.61(36)

(Pb-208) (Stable)

Total activity

per Bq of

lh-232 6 3. 5 2

Total activity 3 1. 5 0.6

per Bq of

Th-232 with

Thoron +

daughters missing

Note: Low energy beta from Ra-228 may not be detected by some instruments.



It is usually necessary to calculate a derived limit for the mixture using 

the 'method of mixtures'.

As an example, for thorium ore, assuming thoron and its daughters to be 

absent, and using 1CRP30 values then the mixture derived limit is given by:

1 I H  (Th-232) I (Ra-228) 0.6 (Ac-228) 1 (Th-228) 1 (Ra-224)|

I - 2  +  1 + 2 + -1 + I
DAC 4.6 I 2 x 10 2 x 10 6 X 10 2 x 10 3 x 10 -J

m *—

where 4.6 is the total activity in the chain Th-232 to Ra-224 for unit

activity of Th-232 and DAC is the DAC for the mixture.
m

-2 3 3
DAC = 8.4 x 10 Bq/m which should be rounded to 0.1 Bq/m . 

m

Note that this is total (alpha + beta) becquerels, note also that

inclusion of thoron and its daughters would result in a DAC of about 1.7 x
- 1 3  m

10 1 Bq/m .

Since some uranium is normally present in mineral sand, this DAC would
3 m

increase to 0.21 Bq/m for typical percentages of uranium. To avoid an
3

unwarranted suggestion of precision, this should be rounded to 0.2 Bq/m .

As this DAC is based on continuous exposure for 40 hours a week, 50 weeks

a year, it is just as correct, and frequently more useful to quote it as a
3

weekly exposure limit of 8 Bq.h/m or for a standard breathing rate a weekly

intake of 9.6 Bq.

The derived limit for the mixture this can be presented in a number of

ways. The example above is used to illustrate these:

3 3
(a) in terms of total activity (0.2 Bq/m or 8 Bq.h/m );

3 3
(b) in terms of alpha activity (0.1 Bq/m or 4 Bq.h/m );

-2 3 3
(c) in terms of beta activity (8 x 10 Bq/m or 3 Bq.h/m ); but

note that in this case that the low energy beta from Ra-228 may not 

be detected by m a n y  instruments;

(d) in terms of the activity of a single radionuclide present in the

mixture (2 x 10 2 Bq/m3 or 0.7 Bq.h/m^ of Th-232);
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Table 5 U-238 Chain ALIs and DACs

Stochastic ALIs (Bq)
3

OACs (Bq/m )

Nuclide Inhalation

D W Y Ingestion 0 W Y

U-238
4

8x10 3.104 2.103 8 xl05

IxlO7

2X101 IxlO1 7X101

l'h-234 - /xlO6 6x106 - 3xl03 2x103

Pa-234m IxlO5 lxlO5

U-234
4

7x10
4

3x10 lxlO3
5

7x10 2X101 IxlO1 6x10 1

Th-230 - bxlO2 7x102 4 xl05 - IxlO1 2xl0_1

Ra-226 - 2x104 - 2x10"* - 1 x 101

Rn-222 1.5x10 5

Po-218

3xl0/ 3xl08Pb-214 - lxl 04 _

Bi-214 3xl0? 3x10 ̂ - 8x108 lxlO4
4

1x10 -

Po-214

Pb-210

X 
X

o 
o
 

k 
-p

- - 4x104 4 - -

Bi-210 IxlO6 - 3xl07

lxlO5

4xl03

IxlO1

4x10 2 

lxlO1

-

Po-210 2x10 2x10 4 - -

(Pb-206)
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Table 6 Th-232 Chain ALIs and DACs

Nuclide Stochastic ALIs (Bq) OACs (Bq/m3)

Inhalation

W Y Ingestion

Th-232 - IxlO2 2x102 7xl04 - 2x-10 2 4xl0~2

Ra-228 2x101
r  c  c  7  p n p

Ac-228 6x10 2x10 2x10 9x10 1x10 6x10 7x10

Th-228 - 8x102 6xl02 5xl05 - 2xl0_1 3xlO_1

Ra-224 - 6x10^ - 6x10"* - 3x10^
5

Rn-220 2.5x10

Po-216
b 6 2 

Pb—2 12 1x10 - - 5x10 5x10
6 7 8 3 3

Bi-212 9x10 1x10 - 2x10 4x10 4x10

Po-212

T1-208

(Pb-208)
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Comparison of levels of airborne contamination 

recommended by various authorities

3
Bq/m (alpha activity)

Table 7

1980

Code

ICRP IAEA ICRP 30 1987 CODE 

G u i d e l i n e ^

U-ore - 1.3 (4) 

0.7 (5)

- 0.6 (2) 1.0

U.nat

(product)

3.7 (1) 0.7 (1) 0.6 (2) 1.7

Ih-ore - 0.16 (5) - 0.1 (6) 3.3

Th-nat 2.2 (3) 0.016 (5)(3) 0.02 (3) 0.02 (3) -

(1) Value for U -238

(2) Carter 1983b, Woods 1985

(3) Value for Th-232

(4) ICRP 24

(5) ICRP 47

(6) This lecture

(7) Draft Guideline on Dose Assessment



(e) in terms of the mass of a single radionuclide present in the mixture 

(4.5 pg/m3 of Th-232).

In general the most useful form of the derived limit is the one that 

relates to the method of measurement used, for example, where alpha detection 

is used the DAC should be expressed in terms of alpha activity rather than 

total activity.

DACs for Uranium and Thorium Dusts

DACs for uranium and thorium dusts that have been recommended by various 

authorities for occupational exposures are given in Table 7. As with surface 

contamination it has been conventional to reduce occupational DACs by a factor 

of 10 for public use, plus in this case a further reduction by a factor of 3 

to take account of the fact that in any week a member of the local population 

breathes about 3 times more air than a designated worker breathes at work.

The change in public DEL from 5 mSv per year to 1 mSv per year should be 

taken into account when deriving DACs for members of the public.

The IAEA has recommended that values of ALIs for members of the public 

should be one hundredth of the relevant occupational ALI (IAEA 1982). If this 

recommendation is accepted then public DACs should be one three hundredth of 

the occupational DACs.

Calculation of DACs for Aerosols with AMADs other than 1 urn

As stated earlier the 1CRP model used to calculate DACs assumes an aerosol 

with an AMAD of 1 ym. Where it can be shown that the actual AMAD is not 1 ym, 

corrections to the value of the DAC can be made.

The effect of particle size on the °/0 of dust deposited in the three 

regions of the lung, (nasal, tracheo-bronchial and pulmonary), is given in 

Figure 5.1 of ICRP 30 Part 1. The method of making particle size corrections 

is also given in ICRP30 and has been amplified by Woods (Woods 1985) and in a 

draft guideline to the Code.
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PART 2 MEASUREMENT OF CONTAMINATION

Sampling Regimes 

Ore dust

Provided that ore dust concentrations in air are confirmed to be low

(substantially less than DAC values) monitoring may be infrequent, either 

monthly or quarterly, depending on local conditions, the samples may be 

analysed for gross alpha activity and, on the assumption of equilibrium among 

the uranium decay products, the alpha concentration may be compared with the 

mixture OAC for the chain. In the event of high ore dust concentrations, 

frequent monitoring and regular analyses of separate radionuclides may be 

advi sable.

Airborne ore dust concentrations in mills may be high, depending on the 

quality of dust control equipment. In particular, exposures in sample

preparation and assay rooms may be sufficiently high to warrant assessing 

individual exposures. This may be done by personal samplers or by

calculations based on area monitoring.

Surface contamination measurements will not usually be required in mines, 

but may be necessary in sample preparation and assays rooms and should be 

carried out in meal rooms. Because of the low specific activity of ore,

normal 'good housekeeping' is usually sufficient to control surface

contamination.

Concentrate dust

Concentrate dust occurs at the product-end of mills and airborne 

concentrations may be high enough to require monitoring of individual 

exposures. Concentrates usually contain 80 to 90°/o or more of the product, 

uranium or thorium, and so exposures are essentially to the one radionuclide. 

Exposures again may be measured by personal samplers or by calculation from 

area monitoring.

The higher specific activity of product dust means that routine surface

contamination surveys are desirable. If plant and equipment are painted in a

colour that contrasts with the product dust then contamination levels above

the DL can be detected visually.
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Table 8

Levels of total surface contamination above which a controlled or supervised

area should be identified.

(as recommended by the UK Health and Safety executive in 1982 and based on

ICRP30).

Level of contamination

(Bq/cm ) for:

Radionuclide

Controlled

areas

Supervised

areas

231
Pa io~2 3 x IQ"3

227. 228.,.. 230 232T. . 
Ac, Ih, Ih, 1h , Ih-nat

232,, 233,, 234., 236,, .. . .
U, U, U, U, all alpha 10_1 3 x 10~2

emitters with Z> 92

147- 21 Or,. 227... 23b,. 238., 
Sm, Pb, T h , U, U,

241
U-depI, U-nat, U-enr, Pu 1 3 x 10_1

Other radionuclides except those given below 10 3

14 35, 54 57 65, 67,
C, S, Mn, Co, Zn, Ga,

75, 77 85, 99m_ 109rJ 
Se, Br, Sr, Tc, Cd, 100 30

123 1 25 t 129 197,, 
I, I. Cs, Hg

3 51_ 55 63 . 131- 
H, Cr, Fe, Ni, Cs 1000 300

Footnote

For the purposes of this table the level of contamination may be determined by 

averaging over an area not exceeding:

in the case of floors, walls and ceilings, 1000 square centimetres; 

in any other case, 300 square centimetres.



Methods of Measurement

lo measure either air or surface contamination it is necessary first to 

collect a sample of that contamination. The sample must be related as closely 

as possible to the circumstances which would result in human exposure; this is 

not easy.

In the case of air contamination, the material that should be sampled is 

not available, since that is the material actually inhaled. One approach is 

to take a sample from as close to a worker's face as possible, using a 

'personal air sampler' (PAS). While this collects the sample from air which 

should be very similar to that breathed, the quantity of sample collected is 

usually small which may limit sensitivity. In addition there is often worker 

resistance to wearing additional p a r a p h e r n a l i a .

The use of 'area' samplers is more widespread and their use eliminates the 

problems of sensitivity and worker resistance encountered with the PAS. it is 

important however that the area air sampler is positioned so that the air 

sampled is likely to be representative of the air breathed or, failing this, 

so that the air sampled is likely to be more contaminated than that breathed. 

Evidence has been presented (Langmead 1969, Butterworth and Donoghue 1970, 

Carter and Lumsden 19/9, Pringle 1971, Lay and Mahathy 1985) that PAS results 

may be significantly higher than simultaneous area results. This must be 

borne in mind when interpreting area results, and if no other information is 

available it is suggested that the contamination of the air breathed is 

assumed to be an order of magnitude greater than that collected by an area air 

sampler.

In the case of surface contamination, it is primarily the 'loose' 

contamination that should be measured as this can be transferred to hands or 

clothes. If direct measurement (with a probe, see below) is used this will 

respond to 'fixed' contamination as well as to 'loose' contamination. If 

indirect measurement is used (by smear etc., see below) then t h e r e  i s  t h e  

possibility that most of the loose contamination present is removed during the 

measurement process, thus overestimating the level of contamination remaining.
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Detection and measurement of radiations are covered in another lecture.



Surface Contamination

There are two general methods of measuring surface contamination, directly

by probe or indirectly by smear (also called swab or swipe).

In the direct method a suitable detector probe (usually a scintillation or 

geiger counter) is passed over the surface to be measured. The sensitive area 

of the p n b e  should be as large as practical in order to give good sensitivity

and in order to provide an averaging effect where there may be discrete spots

of contamination. It must be close enough to detect the radiation emitted but

not so close as to pick up contamination on itself. 'Close enough1 for alpha

radiation is about 5 mm and for beta radiation is about 20 mm (see figure 1). 

It is important to note from figure 1 that small changes in source-detector 

distance have a large effect on the alpha response of the detector, but only a 

small effect on the beta response. Thus for effective probe surveys with an 

alpha detector a steady hand and a smooth surface are required.

Ihe probe must be moved s'-owly enough to allow it to respond to isolated 

spots of contamination; this will be a function of the time constant of the 

electronic circuit.

Where alpha measurement is being used to assess surface contamination, 

consideration has to be given to self absorption. In the case of dense alpha 

emitting dusts (such as uranium chain dusts) valid measurements by probe may 

not be possible except at the lowest levels. Contamination levels above about 

50 8q/cm will not be reliably measured by the commonly used DP2R probe, and 

even below this level the measurement may not be easy (see figure 2).

Where beta measurement is being used, the probe used must be capable of

detecting the beta energies of interest (see footnotes to tables 3 and 5). 

Since beta detectors will respond to general background beta and gamma 

radiation as well as to beta radiation from the surface being surveyed for 

contamination, some effort must be made to subtract this background. This can 

usually be achieved by making a series of measurements with the probe well 

away from contaminated surfaces to assess the background signal and 

subtracting this value from measurements of the surface contamination. Where 

background levels are significant, a lead shield around the detector may be 

useful to ensure that the detector only responds to radiation from one 

direction. Alternatively in areas where interference by background radiation 

is a problem, indirect means of measuring contamination should be used.
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Figure 1. Variation of detector response with source-detector 

distance for alpha and beta particles.
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Figure 2. Variation of detector response with contamination level 

for "dense" alpha emitting dusts, showing the effect of 

self absorption.

In the case of indirect measurement of surface contamination, a filter

paper is rubbed on a known area of the surface, and the radioactivity picked

up on the filter paper is measured. The area over which the filter paper is

rubbed is usually 300 cm but may be 1000 cm. It is usually assumed that

l0°/o of the 'loose1 contamination is transferred to the filter paper (e.g. 

Wrixon et al. 1979). Evidence has however been presented (Auty and Evans

1986) that using wet filter paper up to 60°/o may be transferred. If the

contaminant is an alpha emitter and the filter paper is measured in a

windowless alpha counter then self absorption is much less important than when 

using a probe and contamination levels up to at least 500 Bq/cm can be

reliably measured (see figure 3).
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Variation of response of a windowless alpha counter with 

source mass.

Air contamination

There are a number of ways of collecting air samples, including drawing 

air through filters, grab sampling, electrostatic precipitation, adsorption 

and impingement. Most methods are 'active', that is they require some energy 

supply (electricity, compressed air) but a few are passive.

The special field of radon and thoron daughter sampling is covered in 

another lecture.

Before deciding on an air sampling program the desired sensitivity should 

be decided, as this will influence the choice of equipment and the details of 

the program. This is particularly so in the case of environmental surveys to 

assess exposure of members of the public. For example if the objective is to

be able to measure down to a tenth of the public DAC, and the radionuclide is
-2

Thorium (occupational DAC 2x10 Bq/m see Table 6) then the target
-5

sensitivity could be to be able to detect 2x10 Bq/m - not an easy

objective! In order to achieve adequate sensitivity in occupational

monitoring it is usually necessary to collect samples from at least half a



cubic meter of air. In work place monitoring, personal air samplers are 

preferred to area air samplers if the air contamination levels are greater 

than 0.1 x the DAC. Where personal air samplers are used, in order to collect 

a large enough sample, it is usually more important to use the highest flow 

rate that is available (and acceptable to the wearer) than to use a particle 

size selector. Where area samplers are used they should be positioned with 

regard for air flow and occupation patterns.

Mechanical sampling

Concentrations of ore dust or concentrate dust are measured by collecting 

air samples on high-efficiency filters and analysing the samples in the 

laboratory by alpha or beta counting, alpha or gamma spectrometry, chemical

methods or chemical separation followed by counting individual radionuclides.

Air may be drawn through the filters by means of electrically powered (battery 

or line power) pumps or compressed air ejectors. The sensitivity is mainly 

dependent on sample volume and can be adjusted to almost any desired value by 

choice of sampling time, and hence sample volume.

Air sampling equipment consists of a filter holder, an air pump and a flow 

meter. Filter holders in sizes of from about 2 to 10 cm diameter are commonly

used. Battery-powered pumps of convenient size are available with capacities

up to about 15L/min; air ejector and line-powered electric pumps have 

capacities up to 500L/min or more. Air samplers may be purchased from

commercial sources as integral units comprising filter holder, pump and flow 

meter grouped in a convenient package.

High-efficiency membrane or glass fibre filters are suitable for dust 

sampling. However, if sensitive analyses are to be made for specific

nuclides, the type of filter should be checked for the presence of the nuclide 

as a background constituent. Similarly if chemical processing and analysis of 

the sample is required the filter material will need to be chosen with this in 

mind. Envelopes or small containers are desirable for filter and forceps 

storage for handling. Since the sample will be on the front face of the 

filter some means of ensuring that this face is precented to the detector is 

required. This may be a marking provided by the filter manufacturer or a pen

or pencil mark may be used, or the filter may be used in, and retained in a

marked and numbered holder until after it has been counted.
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Air is drawn through a high-efficiency filter at a combination of flow 

rate and time chosen to give the desired sensitivity. For measurements of ore 

dust, sample volumes of up to several cubic metres of air may be required,

especially in uranium mines where the concentrations tend to be low.

in mines, ore dust is usually measured by means of general-air (area)

samples. The samplers should be positioned away from walls and 1 m or more

above the floor on a tripod or other means of support. Sampling location, 

time, duration and flow rate should be noted in each case.

In mills, area samples are collected in a similar fashion. Breathing-zone 

(BZ) samples are collected by positioning a personal air sampler within the 

breathing zone of the mill worker during the performance of specific, dusty 

tasks. A brief description of the operation being monitored as well as the 

aforementioned sampling data should be noted.

An example of an sampling record form is given in figure 4.

Note that radon or thoron daughters will be collected on the filter and

assessment of the long-lived radioactivity on the filter paper will in general

need to take account of this. One technique, used on figure 4, is to count

the filter twice, with a 40 min decay period in between. During this 40

minute period any radon daughters present will have decayed to approximately

half their initial value. This technique will nox, of course, correct for the 

presence of thoron daughters; for these a decay period of 11 hours between 

counts is required. Where it is necessary to detect low levels of long-lived 

radionuclides and where radon or thoron daughters may be significantly 

present, a practical strategy is to re-count all filter papers 24 hours after 

the initial count.
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Sampling period

In contrast to conventional industrial hygiene, where the limits are 

normally concentrations of toxic substances in air, the radiological

protection limits are intakes of radionuclides. Hence the ideal air sample 

takes air from the workers' breathing zone at the same rate and for the same

period that he breathes, and retains the radioactive contamination from that

air with the same retention efficiency as his respiratory system. In 

radiological protection the instantaneous concentration of radionuclide is 

irrelevant, it is the total intake that needs to be assessed. In practice of 

course the ideal air sample cannot be achieved, but every effort must be made 

to ensure that the sample is taken over the full period when significant air 

contamination may be expected. If expediency dictates a shorter sampling 

period, care must be taken to ensure that the sample is representative of the 

working period. If the dust generating process is variable it is almost 

impossible to interpret v;he results of short term air samples in terms of

compliance with intake limits. (A Code guideline on assessment of compliance 

is planned.)

Environmental samples will usually need to be taken for the longest time 

that is consistent with filter loading in order to obtain adequate sensitivity.

Particle size selection

Since DACs recommended by the ICRP are based on an aerosol with a 1 ym 

AMAD, it may be worthwhile to calculate a site specified DAC if it can be 

shown that the actual aerosol AMAD is significantly different from 1 ym.

Several authors have presented recalculated DACs for uranium dusts (Thind 

198/, Woods 1985) particularly since the reduction in uranium DAC recommended 

in 1CRP30.

Ihus measurement of aerosol particle size has become a more common health 

physics procedure in recent years.

A number of particle size selection devices exist which enable the sample 

collected to be related to 'respirable' dust (Woods 1986). They range from 

simple devices which reject all dust above a certain size to more complex

devices that provide samples in up to eight or ten size ranges. The simple

ones should be used with caution, as they reject part of the total 'signal' 

and one must be sure that the rejected information is indeed irrelevant. The

complex devices are useful for special investigations to assess the particle
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sizes of the aerosols of interest. It should not usually be necessary to use 

them on a routine basis.

lmpingers and adsorbers

In cases where the contaminant to be measured is a gas or a vapour, 

ordinary filter papers will not collect it. For some contaminants loading the 

filter with a suitable chemical may allow standard mechanical air samplers to 

be used. Examples are filter papers loaded with charcoal or silver nitrate. 

The chemical may also be used apart from the filter, for example charcoal used 

to trap radon.

Passing the gas stream through a liquid (which may be water) is also used 

as a means of trapping samples of gas or vapour contaminants. ln this case 

the bubble size should be as small as practical (use a diffuser) and the

bubble path as long as practical (a deep rather than shallow container).

Non-mechanical or Passive Samplers

Where many air samples are required over long periods, conventional 

mechanical air sampling can prove to be too expensive. A number of

non-mechanical sampling techniques have been developed.

The sticky plate deposition collector is, as its name suggests a

horizontal or vertical plate covered with a sticky material that traps any 

'fall out' that falls into it. The ‘tacky cloth' sampler developed in the

U.K. consists of a cloth stretched over a wire frame, ln its original form

the cloth is resin impregnated and the wire frame is a truncated cone 

(lampshade). An alternative version uses dry cloth and a frame which is 

rectangular in elevation and vee-shaped in plan (Fry 1982, Thomas 1981). A 

plane rectangular frame has also been used for indoor measurements (Goldfinch 

1973).

Stack-sampling

A specialised form of air sampling is stack sampling. Dependant on the 

contaminant to be detected, filters, absorbers or impingers may be used to 

collect the sample. Care is needed to ensure that the sample is 

representative of what is going up the stack. The location, design of, and 

gas flow into the sample probe influence whether the sample is representative 

or not. Where the dust producing process is variable there is considerable 

advantage in continuous stack sampling. If continuous sampling is riot, used 

then it is necessary to carry out a comprehensive 'commissioning' sampling

campaign to ensure that the timing and duration of 'grab' samples give results 

that are representative of the stack discharge.
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Sample Counting

Standard counting equipment for total alpha or total beta determination

consisting of an appropriate detector coupled to a scaler, is generally 

suitable, provided attention is paid to the mass and particle size of the 

sample (alpha self absorption) and the window thickness of the detector. (A 

windowless detector is therefore recommended for alpha counting.)

Efficiencies greater than 10°/o (beta) and 20°/o (alpha) are readily

achievable.

Since all uranium mine and mill dusts are both alpha and beta emitters 

either type of counting may be used. If available, alpha or gamma 

spectrometry could also be used. Because of the low cost, simplicity and the 

low background achievable, total alpha counting is the most commonly used 

technique. Where total alpha counting is used it should be supplemented from

time to time by chemical or isotopic analysis to ensure that any assumptions 

on the mixture proportions made in setting limits for total alpha activity 

remain valid.

Sampling and counting time should be chosen in combination to achieve a

lower limit of detection (LLD) that is one tenth or less of the appropriate
3

derived limit. For example for a derived limit of 1 Bq/m and sample volume
3

of I m it is necessary to be able to detect 0.1 Bq of sample. Using the

definition, LLD = 4.7 Sb where Sb is the standard deviation of the background

(UStPA 1980) and assuming an alpha counter with 20°/o efficiency and a 

background of 1 count per minute.

0.1 Bq sample would give 0.02 cps = 1.2 cpm

To achieve this as a LLD it would be necessary to count sample and

background each for about 15 min.

(15 min background count = 15, Sb = /15 = 3.87,

LLD = 4.7 x 3.87 = 18.2 counts above background in 15 minutes, i.e. 1.2

cpm)

Note: this assumes that the background standard deviation is due only to

counting statistics.
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Errors due to self absorption in the filter paper

At least initially, filters should be checked for self absorption . If 

self absorption is found to be significant, each batch of filters should be 

tested, and the necessary correction factors applied to the alpha counts 

obtained.

Filter self absorption can be determined by first counting alpha activity 

on the filter front face (C^), then counting the reverse face (C2), and

finally covering the front face with an unused filter of the same type and

recounting the front side (Cg). Percentage self absorption is given by

100(C2 - C3)/(2C] + C? +C3).

Interpretation of Results

Calculation of individual exposures to airborne dusts

If personal samplers are used, and if they are worn for the full exposure 

period, calculation of intake is very simple. The activity on the filter

paper compared with the intake of activity will be in the ratio of the total

air sampled to the total air breathed (or for simplicity to the rates of

sampling and breathing). Many personal air samplers have flow rates of 2L/min 

and reference man is assumed to breathe at a rate of 20L/min, thus the intake 

in these conditions would be ten times the activity measured on the filter

paper.

Personal dust samplers allow the calculation of individual exposures

directly. For determining individual exposures from general area surveys the 

following data are needed:-

(a) Concentrations of airborne radionuclides (ore dust or concentrate dust, as 

applicable) in all occupied areas and

(b) Time spent by each worker in his respective working locations.

For a given worker over a reference period (week, month or quarter) the 

exposure is
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where D is the radionuclide exposure (in 8q.h/m ), W is the radionuclide 

concentration in a particular area or at a particular operation, and T is the 

exposure period corresponding to W.

Where the airborne dust consists of a single known radionuclide, it is
3

possible to calculate the intake in Bq from the exposure in Bq.h/m using
3

the ICRP reference man (ICRP 1975) breathing rate of 9.6 m in a working 

day. Where the composition is unknown, or is a mixture, then it is often

simpler to calculate the exposure in DAC-hours using a generalised or mixture 

OAC. In this case the calculated exposure is compared with the weekly limit 

of 40 DAC-hours.

Calculation of doses and dose equivalent from exposure

Where the intake in Bq is very much lower than the pro rata ALI for the 

period being assessed it is usually sufficient to calculate the effective dose 

equivalent on the basis that one ALI is equivalent to 50 mSv. (Or that 2,000 

DAC hours is equivalent to 50 mSv.) Under these circumstances the individual 

organ doses do not need to be calculated.

If however the intake is significant in relation to the pro rata ALI (more

than say 50°/o) then a more carefully considered calculation may be 

necessary. The ALI is the result of calculations for reference man and an 

assumed aerosol. In an actual case of significant exposure it would be 

advisable to reassess the organ dose and effective dose equivalent using the 

parameters appropriate to the case. The actual particle size distribution

(AMAD and GSD) and solubility in lung fluid of the aerosol should if possible 

be established. Any departure from reference man should also be assessed -

the most likely being breathing rate.
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CHAPTER 15. DEVELOPMENTS IN THE MANAGEMENT OF RAOIOACTIVE WASTE 

FROM THE MINING AND MILLING OF RADIOACTIVE ORES

H. Crawley

Environment Protection, A.C.T. Administration 

Department of the Arts, Sport, the Environment,

Tourism and Territories
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ABSTRACT

The philosophy of a waste management system is discussed. The origins of 

the various wastes from the mining and milling processes are outlined and the 

development of a waste management program described. The technical aspects of 

a waste management plan, namely water management systems, waste rock and ore 

stockpile management, tailings impoundment and decommissioning and 

rehabilitation are discussed in detail.

A PHILOSOPHY OF WASTE MANAGEMENT

In Australia the mining and milling of radioactive ores has occurred since 

the early 1950's to produce yellow cake consisting principally of U„0o .
O O

Mines were located in Northern Territory (eg Rum Jungle mill and associated 

mines, Moline mill and associated mines and Rockhole) and in South Australia 

at Radium Hill with the ore transported to Port Pirie for processi.y. The 

waste management practices carried out at these early facilities were not 

sensitive to their impact on the environment, although they may have been 

considered reasonable at the time. Practices have been improved markedly in 

recent years.

Significant in this improvement have been the increased awareness of 

environmental matters in general over the past two decades and a greater 

concern for the occupational health and safety of radiation workers. This is 

illustrated by the changing waste management practices adopted at the Rum 

Jungle Mine during its life. The debate was at its most public during the 

Ranger Uranium Environmental Inquiry (Fox Commission) in the late 1970's . 

Arising from the recommendations of the Inquiry were an integrated series of 

Environmental Reqirements for the Ranger and Nabarlek uranium mines and the

Commonwealth's Environment Protection (Nuclear Codes) Act (1978).



Three codes were developed under the Act namely:

Code of Practice on Radiation Protection in the Mining and Milling of 

Radioactive Ores. (1980) [the Health Code],

Code of Practice for the Safe transport of Radioactive Substances

(1982) [the Transport Code].

Code of Practice on the Management of Radioactive Wastes from the 

Mining and Milling of Radioactive Ores (1982) [the Waste Management 

Code].

These codes are mutually dependent, with the Waste Management Code indicating 

the measures for handling of the Radioactive wastes arising from the mining 

and milling operations.

Central to this code is the requirement for the control of airborne and 

liquid wastes by the formulation of discharge limits or by the use of best 

practicable technology. In all recently approved uranium mines the 

formulation of discharge limits has come to be considered as a component of 

best practicable technology.

Best Practicable Technology

This concept has been defined in the code as that technology, from time to 

time relevant to a specific project, which enables radioactive wastes to be 

managed so as to minimise radiological risks and detriment to people and the 

environment, having regard to:

(a) the achievable levels of effluent control and the extent to which

pollution and degradation of the environment is minimised or 

prevented in comparable mining and milling operations elsewhere;

(b) the cost of the application or adoption of that technology relative

to the degree of radiological and environmental protection expected

to be achieved by its application or adoption;

(c) the evidence of detriment or lack of detriment to the environment

after the commencement of mining or milling operations;
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(d) the location of the mine or mill;

(e) the age of the equipment and facilities in use for mining and milling

purposes and their relative effectiveness in achieving radiological 

and environmental protection; and

(f) the potential hazards from the wastes over the long term.

This definition is similar to, but not the same as, definitions contained 

in other documentation including the environmental requirements for the 

current mines. This is because of the constraints of the bodies preparing the 

documents. Ihe concept is open to considerable interpretation depending on 

the viewpoint adopted.

From an environment protection viewpoint, best practicable technology is 

concerned with outcomes. It is aimed at reducing the impact of the mining and 

milling process on the environment, the workmen and the general public for all

periods of time, from the immediate short term during operation of the mine to

the long-term when it is difficult to imagine what land use will be proposed, 

what population pressures there will be and what values civilisation will 

have. It is now seen as important to isolate all radioactive components from 

dispersive mechanisms of the environment for periods of thousands or hundreds 

of thousands of years and for the assimilation of environmentally hazardous 

components at a controlled rate which has no detriment. These are periods not 

generally considered in construction and so carry with them a requirement for 

measures which are conservative in their approach. In many ways, this 

conservative approach does not seem to sit well within the community's 

perception of improvement by the adoption of new technologies and the 

continued refinement of those technologies.

Best practical technology does imply the use of evolving technologies. 

However, these may be best used in defining the conservative measures to be 

used in management of wastes.

There cannot be a single best practical technology applicable to all 

situations. Each mine and mill will have different requirements, different 

site specific advantages and different site specific disadvantages. Best 

practical technology could then be considered as the planning and 

implementation process which is adopted to ensure the achievement of 

satisfactory outcomes.
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However, central to and complimentary to best practical technology are the 

following concepts:

397

appropriate authority responsible for enforcement of legislation;

exposure to radiation of employees and members of the public from 

radioactive wastes in or released to the environment is as low as

reasonably achievable; and

a restricted release zone being an approved zone about and below a 

mine or mill from which release of radioactive material shall be 

minimised in accordance with the requirements of the appropriate

authority.

long-term a concept which gives perspective to measures to be

adopted, ln considering half lives of radioactive materials and the 

remaining radiation in wastes the period of hazard is very long. In 

engineering terms long-term implies the period following the 

operational and transitional phases where structures operate beyond 

their design life and to the full extent of the structural life of

the engineered facilities.

There will be competing demands for limited resources (both economic and 

environmental) and in order to define measures to be adopted decisions will 

have to be made.

It is convenient to consider the decision making context in terms of 

belief about causes and the belief about outcomes. Decisions can then be 

classified into four areas with any combination of these areas constituting 

the process which leads to a complex decision.

These decisions contexts are:

Beliefs about Preferences

causation about possible 

outcomes

Rational (ie. computation) 

Bargaining (ie. compromise) 

Problem solving (ie. judgement)

Dictatorial (ie. inspiration)

Agreement Agreement

Agreement Disagreement

Disagreement Agreement

Disagreement Disagreement



Each of these contexts is equally valid. However, in order to demonstrate 

the worthiness of a particular decision, presentations such as Environmental 

Impact Statements try to demonstrate the decision to have occurred in the 

rational context by providing the results of engineering studies, scientific 

research, benefit cost analysis etc. The decisions to be made regarding the 

viability of a proposed project are influenced by many factors. Primary 

amongst these are:

location of the ore body and 

composition of the ore.

These are fixed and not variable. They determine other factors such as:

topography 

geology 

meteorology 

land use

proximity or setting and 

economic conditions

In developing a plan to mine and mill ore it is necessary to incorporate a 

sub-plan for the management of all wastes arising from the project so that all 

objectives are met. Those objectives must include:

(1) the ability, on completion of a 11 works, for the company mining and 

milling the ore to be relieved of all further responsibility;

(2) for the site to be returned to a condition where a minimum of land 

use constraints need be applied; and

(3) the need for ongoing monitoring and maintenance by authorities to be 

minimised.

The objectives should all be identified and considered as factors in 

determing the economic viability of a project during the planning stages so 

that all costs may be met by the project without passing an ongoing legacy to 

the community.
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CONTENTS OF THE WASTE STREAM

Wastes generated from the mining and milling of radioactive ores generally 

include:

(a) waste materials surrounding the ore which must be moved in order to 

expose the ore

(b) materials added to during and by-products of the milling processes

(c) residual components of the ore following extraction of the product and

(d) materials which come into contact with the wastes.

This means that wastes are managed under three categories, namely:

(a) tailings impoundment

(b) water management and

(c) waste rock (and ore stockpile).

At the end of these operations, along with the mine and mill, these 

facilities must be decommissioned and rehabilitated.

Wastes are a complex group of chemicals and include:

radioactive materials which may be in the solid, liquid or gas form

inert rock materials which may be eroded and provide sediments and 

turbidity in water

chemically reactive rock materials, such as the pyrite group of 

sulphide rich compounds, these can provide a source of reactive waste 

producing potential problems including acid mine drainage

chemicals added in the milling process, such as manganese and 

sulphate.
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Wastes produced during mining of radioactive ores are mainly site specific 

and included waste rock, ore dust, mine drainage and seepage as well as liquid 

and airborne effluents. There are two processes used in uranium milling at 

present; namely, the acid leach process coupled with either solvent extraction 

or ion exchange and the alkaline leach process coupled with caustic 

precipitation. The acid leach process is the most widely used technology. 

The wastes can be categorised as shown in Table 1.

Mining and milling processes remove ore from its confined location, grind

it to a fine sandy silt size to enable efficient extraction of uranium and

then place the tailings in impoundments for disposal. The uranium contained

in the ore contributes very little to the total radioactivity in the tailings

where it is more exposed to the environment. If secular equilibrium exists,

about 10 GBq of each isotope is associated with ore containing 1 tonne of
226

uranium. Significant isotopes remaining are long-lived alpha emitters Ra 
230 u 210 210 210 J 214n

and Th also Pb, Pb, Po and Po may appear in the

wastes or the product.

222
Rn is the gaseous short-lived isotope released during the breakup of

the ore during mining and crushing and grinding. This is associated with dust
222

containing uranium and its decay products. Rn will continue to be

released after the operation has ceased.
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MINE WAS IES 

Solid:

waste rock, below ore grade uranium material (bogum) 

miscellaneous waste

Liquid:

run-off from the RRZ 

mine drainage 

seepage

waste rock pile run-off 

miscellaneous waste

Airborne:

radon and radon daughters

ore dust

waste rock dust

MILL WASTES 

Solid:

tailings

precipitates, concentrates 

miscellaneous waste

Liquid:

run-off from the RRZ 

process liquids (solvents, etc.) 

tailings liquid 

tailings seepage

ore stockpile run-off and seepage 

miscellaneous waste

Airborne:

radon and radon daughters 

dusts (yellowcake, tailings, ore) 

other gaseous emissions
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WASTES GENERATED FROM MINING AND MILLING RADIOACTIVE ORES



Typical of the milling process is the following description of the acid 

leach process (Pidgeon 1985).

The main steps taken during the acid leach process are:

(1) Crushing and grinding - reducing the rock to fine sand and greatly

increasing the effective surface area available for reaction.

(2) Preconcentration - upgrading of ore concentrate using flotation

techniques for physical properties of minerals. Wile these are not 

widely used, they are sometimes effective eg. for ore where the

uranium is contained in heavy minerals.

(3) Leaching - uranium is taken into solution in sulphuric acid. It is

necessary in cases where a part of the uranium is present in ore

minerals in the i-4 state to add an oxidant to enhance dissolution in 

sulphuric acid. Main oxidants used are manganese dioxide and sodium 

chlorate, hydrogen peroxide and air. ferric ion is important in 

'catalysing' the oxidation reaction.

(4) Solid-liquid separation - requiring washing and separation using

filtration and/or settling and decantation techniques. Organic

flocculants are generally added at this stage to improve settling 

rates of solids.

(5) Uranium recovery from solution - either of two processes is generally 

employed at this stage; ion exchange or organic solvent extraction 

generally using a tertiary amine and long chain alcohol dissolved in 

kerosene as extractant. Two steps are involved in each technique.

(a) the 'pregnant' liquor is brought into contact with the organic

extractant phase and uranium is transferred to that reagent 

leaving other elements in the solution

(b) uranium is then removed from the extract phase using a stripping

reagent eg. a nitrate, sulphate or chloride solution.

(6) Precipitation of uranium - generally uranium is precipitated with 

ammonia, although environmental considerations have prompted a search 

for substitutes.
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[he US NRL tnvironmenta I impact Statement, (NRC 1980) described the

characteristics of operation of a model acid leach mill treating sandstone ore

of an average grade of 0.10% U.,0o . Ihe reagents added during the
o o

process are estimated in lable 2 below.

IABLL 2
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Additives for Acid -Leach Process

(from NRC 1980)

Additives Quantities. 
kg/t ore

Sulphuric acid 45.0

Sodium chlorate 1.4

Ammonia 1.1

f- locculant 0.06

Amine (long chain) 0.015

Alcohol 0.04

Kerosene 0.45

Iron (rods for grinding) 0.35

Note that except for the addition of sulphuric acid there is little else 

in the table that can be considered hazardous in the long-term as ammonia and 

organics will decompose or volatilise, sodium chlorate is reduced to sodium 

chloride and iron addition is not significant. However, where pyrolusite 

(MnO,,) is used as an oxidant, manganese is introduced as a potential 

'long-term' contaminant.

The waste stream from the uranium removal contain; the residual finely 

ground rock particles, the solvent (acid or alkali), the oxidant, ammonia, 

organic reagents, precipitates, and any chemicals added to condition the 

stream to a suitable chemical state for long term impoundment and disposal 

(such as precipitation of radium and neutralisation).

This stream of wastes, usually mixed with and transported in suspension in 

water, is termed the tailings.

Potential contaminants in the tailings are shown in lable 3.
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TABLE 4

SOME POTENTIAL CONTAMINANTS IN LIQUID HASTES

Contaminant

Mine Drainage Decant Solution and Decommissioned 
Tailings Seepage Mine Drainage

Acid Basic Acid Alkaline Acid Basic
Radioactive
226

Ra
222

Rn
2 10n,

Pb
230-232

Th
210

Po 
235-238

U

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Non-Radioactive

h 2s o 4 +

HC03

C°3
n h 3

Cl

S04 +

PO +■

F +■

no2 +

Na +

Fe +

Mn +■

Co +

Ni +

Zn +

Cu +

Pb

V +

Cr +

As +

Mo +

Se +

Ba

Ca +

Mg +

Kerosene )

alcohol )

amine - IBP )

Oil (lubrication or fuel) +

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

i-

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

4-
+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+



IHE WASTE MANAGEMENT PROGRAM

The wastes produced as a consequence of mining and milling of radioactive 

ores, unless properly managed and treated, will constitute a continuing source 

of environmental pollution and radiation exposure. As well as radioactive 

wastes, non-radioactive wastes, particularly heavy metals and salts, are 

damaging to the environment.

The life of a mining and milling operation can be considered as 

progressing through three time stages:

the operational phase;

a transition phase, where some institutional controls are retained; 

and

the long-term, where wastes are to be suitably contained without the 

need for intervention by man.

lo achieve the objectives of (a) radiation protection (b) minimisation of 

releases to the environment (c) final disposal with minimum need for human 

intervention (d) retention of maximum land use potential and (e) minimisation 

of the area of permanent disturbance, a w aste management plan must be 

developed during the feasibility and planning phases of the project. Some 

aspects of this plan will be considered during the preparation of an 

Environmental Impact Statement. An EIS would normally be required for any 

proposal to mine or mill uranium.

The plan must identify all wastes; characterise the wastes to enable 

assessment of the potential for release of contaminants, utilise appropriate 

and develop applicable technologies, obtain sufficient data on the surrounding 

environment for assessment of impact, identify critical group(s) of members of 

the public and take into account the expected and predictable long-term 

processes on the sites to ensure long-term integrity of wastes.

The final design of a waste management system arising from the plan should 

be expected to withstand predictable processes over the long-term and ideally 

utilise the environmental processes to enhance the integrity.

Central concepts to the waste management program are:

(a) the restricted release zone, in which the waste management processes 

take place
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(b) the use of best practicable technology, requiring a discussion of how 

the adopted waste management scheme satisfied criterion;

(c) storage and disposal, which indicates the intention or not for 

retrieval;

(d) decommissioning and rehabilitation. mutually dependent terms 

describing the measures to prepare for the long-term, these 

requirements are an integral part of a waste management program and

(e) the long-term, following full stabilisation and rehabilitation of the 

site when natural systems are relied upon to control the release 

rates of contaminants from the disposed wastes.

The development of a waste management plan will, because of the many areas 

of potential impact, be a product of a multi-discipline team. fcach

discipline, through competent representatives, will bring into the process its 

own values, attitudes and prejudices. This should give a richmess and variety 

to the considerations which are required for the development and adoption of 

the final plan. Such a multi-discipline team approach should ensure that the 

plan fulfils a multi-purpose function and satisfies all the real concerns.

The development of a waste management plan is an iterative procedure. It

involves a series of decisions by management following consideration of

options and assessment of suitability both economically (does the plan affect 

the economic suitability of the project?), and regulatory (is the 

appropriate authority satisfied with the plan?). An indication of the

procedure required to be followed is shown in figure 1.

The major steps are data collection and evaluation; development of an 

appropriate waste management system including operation and maintenance

procedures, and, approval by the appropriate authority including any public 

consultation.

Data Collection and [.valuation

(his phase commences at the time of first prospecting, exploration and

identification of an orebody. (he information gained to enable decisions to 

be made whether to progress to later stages is the initial input into the 

development of a waste management plan.
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Figure I. Development of an approved waste management program.

In order to develop a program it will be necessary to determine the 

natural conditions pertaining at the site, e.g., climate, topography, geology, 

hydrology, soils, biota and the existing radiation environment, lhis should 

be evaluated in conjunction with the proposed project information, e.g., type, 

size and location of ore body(s), mining methods, milling methods, waste 

generation, etc. From these evaluations an overall project plan will 

develop. This includes the waste management programme together with the 

monitoring programme, contingency programmes to deal with unplanned events and 

programmes for decommissioning and rehabilitation.



The four major interdependent factors that need to be considered in 

developing a waste management program are the environmental characteristics of 

the project area and its surrounds, wastes expected to be generated; the waste 

disposal sites available, and the pathways of exposure of human and other 

biota to contaminants.

Environmental characteristics considered should include: geography and

land use; climate; demography; biota; hydrology; geology; mineralogy; 

hydrogeology; soils; existing radiation environment; and archaeological, 

anthropoligical, historical and aesthetic aspects. This information should be 

presented in detailed reports, summary maps, catalogues, inventories etc. to 

enable a balanced appreciation of environmental factors affecting the site and 

setting. This information should be as complete as possible, using historical 

records where available, should show diversity of species, interrelationships, 

and should incorporate statistical analysis of the data to provide information 

about the possible errors in the data and variability within or of the system.

Wastes Generated by the Uranium Mining and Hilling Operation have been 

discussed previously. The volumes and characteristics of the wastes expected 

to be generated by the project must be delineated. These will include solid 

wastes, liquid waste and airborne waste.

Solid waste from mining may be used, depending on the mineralogy, 

radioactivity and chemical reactivity, for various construction projects on 

the site. Such uses include the construction of roads, embankments, diversion 

structures and other fill.

The below ore grade uranium material and waste rock are often a most
222

significant source of Rn gas on the project. Mill tailings and decant 

liquor precipitate, (BaRa)S04 , are a solid waste contained in liquid. 

Tailings are generally unsuitable for further use without conditioning when it 

may be utilised to fill mine workings or as an embankment construction 

material.

Liquid waste may a r i s e  f r om mine drainage which comes in contact with the 

ore body, seepage or run off from waste rock dumps and may contain dissolved 

ur an i um, radium, thorium, radon, thoron, heavy metals and be quite acidic (or 

basic).
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Airborne waste consists of oredust, containing radionuclides such as 
226 220

Ra, or Rn. Other airborne wastes consist of products of combustion, 

fugitive emissions from the milling process and dusts containing radioactive 

decay products in the packaging area.

(he information should identify al I types and sources of waste from the 

mine and mill. Ihe estimated quantities, concentrations, physical and 

chemical characteristics should be specified along with the anticipated 

average and maximum rates of production. This should contain the mine plan, 

the milling flow diagram, and details of any recycle systems.

The waste disposal sites available are usually close to the mine and the

mill because of the* large volumes of tailings and waste rock which are

generated. The engineered disposal facilities must cope with circumstances at 

the nearest suitable site. The environmental characteristics of the site 

together with the mineralogy of the ore and the mining/milling methods adopted 

will largely determine the type of waste disposal system employed. Detailed 

information, on the site investigations and engineering designs for the

disposal site options considered will be required.

The pathways of exposure of humans and other biota to contaminants must be 

identified and detailed. These pathways can include atmospheric and aquatic 

modes of release. The information should identify the major pathways and 

describe the likely impact on critical groups of humans and biota, including 

bio-accumulation processes. This should include assessments of background 

(pre project) levels and pathways.

The Waste Management Program

Following assessment of all the relevant information and the taking of the 

required decisions a waste management program detailing in full the procedures 

to be adopted to manage all materials of the project including those won on 

site, those imported onto site and those made on site from exploration to 

measures suited for long-term rehabilitation. This program comprises the 

waste management system, together with monitoring programs, contingency plans 

and decommissioning and rehabilitation plans. The program must contain 

procedures for regular review and update.
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The programme would contain statements of the objectives of the project, 

location and lease arrangements, the existing environment, proposed mining and 

milling operation (including resource aspects) and the anticipated 

environmental impacts of the project.

The waste management system would include statements of: the restricted

release zone(s); the water management plan and the management of mill wastes.

lhe monitoring programs include statements of the physical networks, 

procedures (including frequency) and resource allocation for assessing the

impacts of the wastes. The programs should identify interactions with other

agencies carrying out related monitoring and the procedures for exchange of 

information.

Contingency plans should involve risk analysis of unplanned events and

evaluation of the associated effects. The plan should allow for emergency 

resources and procedures and for contingency monitoring. It should provide 

for immediate ameliorative action and for a reporting procedure to the 

appropriate authority and other responsible persons.

The decommissioning and rehabilitation program should provide strategies 

and surety arrangement to provide for completion of the program. I'he plan 

should include measures: for progressive rehabilitation; for control of radon 

flux; to reduce the external gamma radiation exposure at the surface; to 

control wind and water erosion of the rehabilitated waste disposal site(s); to 

revegetate the waste disposal sites; for restricting access of humans and

fauna; and, for post operational monitoring and surveillance to establish the 

performance and success, or otherwise, of the rehabilitation programme prior 

to termination of responsibility.

The waste management programme must include a suitably detailed operations 

and maintenance manual to ensure that all aspects of the programme are 

understood and followed by the persons responsible for its operation.

The foregoing sections have discussed the institutional arrangements 

applying to the management of radioactive wastes from the mining and milling 

of radioactive ores. The technical aspects can be considered under the four 

facets contained in the waste management programme.
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1 he foregoing sections have discussed the institutional arrangements 

applying to the management of radioactive wastes from the mining and milling 

of radioactive ores. Ihe technical aspects can be considered under the four 

facets contained in the waste management plan, consisting of:

water management systems

waste rock and ore stockpile management

tailings impoundment

decommissioning and rehabilitation.

These are discussed in the following sections.

WATER MANAGEMENT SYSTEM

Water is one of the major factors in the design of a uranium mine and 

mill. In controlled quantities it is a resource as it is the medium in which 

the extraction and concentration of uranium takes place and it is also a

convenient medium for transporting large quantities of wastes. In

uncontrolled quantities water has the potential to increase the volumes of 

waste to unmanageable proportions.

Water quantity and quality are the factors which require constant

management to ensure the efficient operation of the mine and mill; and, the 

minimum impact on the environment through the aquatic pathway.

The availability of water at a project is the result of many influences 

but it sould be noted that in Australia variability and unpredictability are 

the factors which characterise the hydrologic cycle. This affects the

measures necessary for a water management system which is capable of dealing 

with all contingencies.

It is not possible to develop a generic water management system for 

Australia because not only is there temporal variability but also significant 

differences in climate associated with location. These differences are large 

over relatively small distances.

Restricted Release Zone

Central to the development of a water management system is the restricted 

release zone. This zone is a space in which materials are handled and the 

waste management processes take place.
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Wastes may not be discharged from a restricted release zone without 

appropriate controls and discharge limits approved by the appropriate 

authority.

The restricted release zone usually includes the minepit, haul roads to it 

and other areas, ore stockpiles and reactive waste rock heaps, crusher and ore 

storage areas mill site, tailings impoundment areas, seepage collector sump, 

tailings pipeline corridor and sumps and ponds to which the above areas drain.

Within the restricted release zone all waters are to be collected, stored 

and distributed or used in accordance with an approved water management system.

Water Management System

The water function of the management system is to provide water for the 

operation of the mine and the mill manage waters inside the project area to 

ensure that the risk of seepage and release of water containing waste is 

minimised using best practical technology and to ensure that surplus waters 

which come into contact with the operations are minimised and disposed of

without detriment to the environment outside the restricted release zone.

Sources of waste water include excess process water from the milling

operation which is retained within and accompanies the tailings as a transport 

medium, collected mine pit run off and seepage, collected underground mine 

seepage, run off from ore stockpile, chemical storage, waste dump, borrow 

area, undisturbed area, paved area and pipeline corridor, excess water within 

evaporation ponds and water from bores and dams.

These waters may vary in chemical composition, concentration of suspended

solids and degree of intermixing with each other.

Waste and make-up water can be used as a source of mill process water, 

water for dust control, cooling water for power supply, water to transport 

tailings materials to tailings impoundments and water to cover deposited 

tailings for minimisation of radon flux where required.

lhe volume of water within storages can be reduced by evaporation, 

evaportranspiration, discharges from restricted release zones, infiltration 

and seepage to deep aquifiers, and enhanced evaporation.
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1 here are various classifications of water management systems, based on 

the conditions under which releases may be made from the restricted release 

zone. These are:

Absolute no release, in which all waters are held for evaporation and there is 

no release of water to the environment including seepage

No release, with no intentional or inadvertent release outside the restricted 

release zone seepage, must be minimised by the use of best practical technology

Contingency no release, where waters are held for evaporation except under 

contingency conditions such as low probability rainfall events

Control led release, where waters are released under suitable conditions

Uncontrol led release, allowing free discharge with or without treatment.

Acceptable forms of w a t e r  management system usually include only the no 

release, contingency no release and controlled release systems. However, a 

project water management plan may include each type or combinations of them as 

components of the overall system.

The system should aim at segregation of waters as far as possible to 

ensure the minimisation of wa s t e  bearing waters.

Should a system be classified as contingency no release, controlled 

release or uncontrolled release the releases will need to meet discharge 

criteria and standards. These must be formulated to prevent adverse impact on 

the environment. The establishment of such criteria and standards depends on 

the use and potential uses of the receiving waters. Aquatic habitat requires 

more stringent limits on concentration and total load than does for example 

drinking water or drainage.

The design of the wa t e r  management system ^s constrained by many project 

specific factors including:

environmental and legislative 

project specific 

site specific 

system specific factors.
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the nature of the project

topography

geology

climate

hydrology

groundwater

water quality criteria and release standards.

I hi s data should be analysed to optimise the water management system.

This includes the analysis and synthesis of rainfall and evaporation data and 

modelling of catchment responses to design events. The analysis should

consider the probabilities of occurrence of various events and should also

consider the impact of extreme events.

Water Balance Design

The design of a water management system is a lengthy process affected by 

the values, judgements and concerns of the designers, mining companies and 

appropriate authorities.

It generally consists of:

the adoption of a type of water management system, making assumptions 

about the sizing of structures, pipes, pumps and impoundments

determining the relevant factors from the mining and milling plan

carrying out sensitivity analyses based on a range of simulated 

events. The calculations indicate areas for refinement and the 

process is repeated until an optimum system evolves. This process is 

shown in Figure 2.

For development of the system the calculations are carried out on a coarse 

scale for feasibility studies and the time scale for the steps is reduced as 

the progressive refinements are made.

Ihe water balance calculations depend on many independent variables, the 

number of which increase markedly with the complexity of the system. The 

variables can be linear or non-linear requiring complex modelling and
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Figure 2. Flow chart for establishment of water management system 

for uranium mining and milling operation.
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analysis. Data to be considered includes:

cljmate, i.e. rainfall, evaporation, lake to pan factors, rainfall 

intensity - duration curves, and extreme event determinations;

catchment, i.e. run-off coefficients, infiltration and storage 

parameters for soils, area slope and drainage characteristics of

catchments;

project, i.e. mining rate, stockpile programme, milling rate,

tailings production rate, project component duration, tailings 

characteristics to calculate entrapment, road watering capacity, 

pumping requirements, mill requirements for fresh water and 

recirculation, segregation and use of tailings;

pond, i.e. volume - reduced level - area curves, estimates of seepage 

loss, and freeboard; and

water quality. i.e. restrictions on the release of waters,

requirements for segregation of waters of various qualities, and

requirements with respect to contingency releases of water.

Documentation and Construction

On completion and approval of a water management plan the structures 

included in the scheme are to be documented and constructed to take into 

account the design requirements and the special features of the site. Often

the structures are not bui lt at the one time at the onset of the project but 

are progressively developed in accordance with planned staging dependent on 

the growth of the mine and waste disposal areas. These structures must take 

into account the soil characteristics and transmissivity of the underlying 

strata.

The water in the management scheme becomes a valuable asset both for its

value to the project and the potential impact of waters on the environment.

This requires design and construction of structures using best engineering

practice. Construction requires close attention to sources of materials, 

foundation conditions, quality control during construction, and monitoring. 

Construction activities, if uncontrolled, have the potential to change 

catchment characteristics within the restricted release zone and to change the 

sensitivity of the water management system.



Operation. Maintenance and Monitoring

If the water management system, when constructed, is not operated as 

designed it will be inefficient and could lead to failures. In order to 

minimise operator error the system should be designed to use passive controls 

where possible. The intervention of an operator should be required only to 

effect the necessary transfers to achieve water quality segregation and 

tailings storage and to correct significant departures from the desired level 

of freewater in the system.

To achieve efficient operation a detailed manual should set out objectives 

and procedures including monitoring and simulation to predict future 

performance. The manual should also contain details of reporting requirements 

for changes to the system, infringements of requirements and breaches of the 

restricted release zone.

Once a water management scheme is operational the performance should be 

monitored and the model calibrated. This should allow for refinements of the 

coefficients used for the calculations during design and so lead to

refinements to the operation of the system to enable objectives to be

achieved. In this regard it should be noted that in some aspects the total

volume of water accumulated in the system can be very sensitive to some of the 

coefficients adopted and measures must be taken to use early adjustments to 

the system.

During the operation all structures must be inspected and maintained to

ensure their continued satisfactory operation. With the potential for

uncontrolled inadvertent release from the restricted release zone should a 

structure fail it is important to ensure that inspection schedules are

incorporated into the daily operational requirements for shift workers at the 

plant.

Monitoring should include, in addition to the daily meteorological 

information, pond levels, ground water quality, level and piezometric 

pressure, and integrated daily pump transfer volumes for each pump.

following completion of the project the water management scheme must be

closed down progressively. The water required for mill operations must be 

disposed of without detriment to the environment and all structures 

decommissioned and rehabilitated to lines and levels which minimise erosion 

and sediments from the stabilised areas. This should be designed and

contained in a decommissioning and rehabilitation plan.
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TAILINGS IMPOUNDMENT

418

Site Specific Factors

In general the factors prevailing at an individual mine and mill site will 

not be the same as those which prevail at another site and the adoption of 

appropriate procedures will be determined by the assessment of all the 

factors, the proposal of a scheme which is then checked to ensure that best 

practicable technology is followed. This evaluation means that best

practicable technology is project specific and that the solutions adopted as 

best practicable technology for one project are not necessarily best 

practicable technology for another project. For tailings impoundment and 

rehabilitation each project offers specific advantages and has associated 

specific disadvantages. The best practicable technology for rehabilitation

could be the optimum solution where the specific advantages work in favour of 

the long term containment of the tailings and the engineering design accounts 

for the specific disadvantages during the operation (short term) life of the 

impoundment.

Factors Affecting Tailings Impoundments

The major factors affecting the design, construction, operation and 

subsequent rehabilitation of a tailings impoundment include selection of the 

impoundment site, the type of impoundment, the impoundment dam structure, the 

control of seepage, the control of radon exhalation, the control of gamma

ray emission, the tailings management system, the rehabilitation and 

revegetation options, and the consideration of geochemical options

incorporating site characteristics and geochemical engineering design.

Design for Rehabilitation of an Uranium Tailings Impoundment

Objectives. Criteria and Means

Ihe objectives for rehabilitation of uranium tailings impoundment are 

based on the following criteria:

Protection of man and the environment from the detrimental effects of 

the radiation contained in the tailings; this includes the chronic 

as well as the acute effects. The choice of plant process, the use 

of positive stable containment, adequate cover, minimisation of rates 

of seepage and the allowance for long term erosion and 

geomorphological influences is seen as the means by which this 

objective can be achieved.



Protection of man and the environment from the non radiological

detriments of the tailings such as the contained chemicals, the

products of weathering and leaching by bio-chemical means. The means 

of achieving this objective are similar to those of the previous 

objective but include deliberate measures to control the long term

bio-chemical regime, notably the minimisation of the exchange of 

water and oxygen.

Provision of an aesthetically acceptable decommissioned impoundment. 

This will usually involve the filling of pits, the design of slopes, 

drainage patterns, revegetation etc. so that the tailings disposal 

site "should be returned to conditions reasonably near those of the 

surrounding environment".

The basic tactor behind these objectives is the need to account for not 

only the short term effects but the long-term effects associated with the 

rehabilitated impoundment without active management.

Site Specific Design

I he rehabilitation of a tailings impoundment site does not commence at the 

completion of milling, when tailings are not longer being produced, but with

the selection of the impoundment site and the tailings management system. 

These must offer a maximum of site specific advantages and a minimum of 

disadvantages. The disadvantages must be designed for by providing features 

such as liners and cover caps.

The selection of the impoundment site should consider factors such as 

climate, (including annual rainfall patterns, storm intensities, 

evaporation patterns, wind, geology, topography, ground water regime, 

association with areas (and potential areas) of population and areas 

of environmental concern etc.).

The mill process can be designed in a manner which, as well as 

achieving economic recoveries of uranium from the ore, will ensure 

the waste products are conditioned to control the availability of 

contaminants and the location of the contaminants of greater concern.

The type of impoundment to be used is an important consideration 

which is often dependent on the site selection, geology, topography, 

climate, the type of mining process to be used (open cut, underground

mining, in-situ leaching) and the tailings management system.
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Impoundment Types

The types of impoundments which can be considered are valley dam, ring 

dyke, mine pit, specially dug pit and underground mine impoundments. The 

selection of the impoundment type has impacts on the ultimate cost of the 

projects in terms of money and impact on the environment.

Impoundments on the surface will generally use dams of earth or earth and 

rockfill construction which must satisfy all functional requirement, ensure 

integrity under any foreseeable conditions, last indefinitely with little or 

no maintenance, minimise seepage through the structure and its foundations and 

minimse the emission of radiation and exhalation of radon gas. The dam must 

be designed and constructed to conservative criteria. Such criteria do not 

permit the use of mill tailings as the downstream structural shells.

Control of Seepage

I he control of seepage from an impoundment is dependent on the selection 

of a site which has ideally low permeability strata below and surrounding the 

impoundment, long seepage paths to the environment, and low driving heads for 

moisture. As the purpose of controlling seepage is to minimise the rate of 

movement of radioactive and heavy metal contaminants so the effect on the 

environment is minimised it is desirable that the seepage be through strata 

with strong retarding capacities. If a site can only be selected which is 

surrounded by high permeability strata then liners, which effectively seal 

these strata, are indicated. Clay-soil liners compacted under controlled 

conditions usually meet these criteria in the long term.

Grouting of fractured rock and the use of seepage collection systems 

assist in the minimisation of total seepage.

Methods of Tailings Management

The method of tailings management is dependent on the many factors such as 

climate, water management and the means of controlling radon exhalation. The 

controlled management of the tailings is one of the major impacts on the 

capacity for rehabilitation and emphasis should be given to the distribution 

of the tailings to minimise segregation, to give uniform rates of filling, to 

maximise the tailings densities and shear strengths, to reduce the potential 

for long term and differential settlements and to reduce the hydraulic 

gradients available for seepage. A well designed and controlled tailings 

management system will improve the ability to successfully stabilise and 

rehabilitate the tailings.
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Saturated (transported, placed and maintained saturated).

Wet (transported and placed saturated where the tailings form a beach 

which leads to a pond).

Semi-Dry (tailings are thickened and transported with a high solids 

content, discharged sequentially onto drained beaches, where pore 

moisture is reduced by bleeding and evaporation).

Dry (moisture is reduced in the mill process by filtering or 

evaporation and tailings are transported and compacted in a similar 

manner to earthfill).

The amount of consolidation of tailings, and the consequent settlement 

which will affect rehabilitation measures is dependent on the initial density, 

degree of entrapped waters and drainage characteristics of the tailings. Wet 

management ensures segregation and a high degree of entrapment leading to 

lengthy periods of large consolidation. Saturated management ensures less 

segregation but entraps large volumes. Semi dry and dry management ensure 

that most consolidation occurs prior to placement of cover structures, these 

methods also promote greater shear strengths which enable more positive 

measures for placement of cover caps.

The provision of cover caps for the long-term minimises water percolation 

into rehabilitated impoundments and is the controlling measure on the 

hydraulic performance of the impoundment in the long-term. Measures which 

could be considered include impoundment structures which provide drainage for 

pore water and active management of seepage during the operational phase 

rather than the impervious zones presently employed.
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Methods of tailings management include:

Figures 3 to 7 show a range of options for tailings impoundment.
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WAS fE KOCK AND ORE STOCKPILE MANAGEMENT

At the Rum Jungle uranium mine the waste rock dumps were major 

contributors to the environmental degradation caused by the abandoned mine. 

Rehabilitative measures have already been shown to be successful, although the 

benefits have yet to be fully determined. The measures adopted included:

reshaping the heaps to reduce slopes, provide berms and improve 

drainage

covering with a low permeability zone covered by a growing medium and

drainage channels and structures.



The measures were costly and very late in preventing contamination of 

surface and groundwaters. However, shortly after completion of the works 

monitoring demonstrated that:

the rates of reaction within the piles were reduced;

the movements of gases within the piles were reduced;

the movements of water through the piles were reduced and

the effect was to dramatically reduce the production and leaching of

soluble contaminants into the environment.

Measures incorporated into pile management from the outset can serve to

reduce all such impacts including the dispersion of radioactive gases and 

particles.

The volumes of waste rock arising from a mine are site specific. As a

general principle there will be considerably more waste rock than tailings

(except from underground workings). In order to remove all the economic ore 

the dimensions of an open cut are determined by the geotechnical requirements 

to achieve safe pit slopes, the volume of the excavation increasing 

approximately in proportion to the depth of excavation cubed.

Out of the excavation comes:

(a) ore, the grade of mineralisation deemed to be economic to mill and 

concentrate uranium;

(b) below ore grade uranium mineralisation (bogum). the material below

ore grade but above the grade used to determine specified material;

and

(c) wasterock, all excavated material that is not specified material.

Distinction between the grades of rock is best achieved in the mine pit 

and won separately. This is confirmed by passing trucks under discriminators 

as they pass from the pit. Ihe rock can be further subdivided on 

mineralisation, rock type and chemical reactivity. 'Ihe classification and 

separation of rock is an important component of efficient management leading 

to appropriate long-term measures.
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Contaminants can be released to the environment from stockpiles generally 

by wind erosive action, rainwater action (run-off and infiltration which 

produce erosion and seepage) and exhalation of radon gas.

Wind erosive action is generally limited in its impact to the period 

during mining until a stable rocky surface is established.

Rainwater falling onto a pile is distributed in four ways namely 

evaporation and evapo-transpiration, run off, infiltration and surface and

subsurface storage. The proportions of these depend on the shaping of the 

surface, the porosity of the materials, and the intensity of the rainfall.

lhese provide mechanisms for erosion of piles, leaching of materials from 

piles and the build up of groundwater under piles producing springs.

Exhalation of radon gas (and the circulation of other gases, importantly 

oxygen) depends on the ability of the gas to move through the pile. Two 

mechanisms, advection and diffusion, are dominant and depend on the presence

of porous zones and driving gradients.

(he exhalation of radon is also dependent on the rate of production within 

the particles comprising the dump. This is reported to be proportional to the 

ore grade.

Construction Techniques

The categorisation of the rock to be excavated from the mine should 

generally be delineated, in terms of its mineralogy, radioactivity and

chemical reactivity, before excavation of the pit commences.

A waste rock and ore management plan should be developed, around the 

anticipated materials, which identifies the balance of materials and the peak 

and ultimate volumes to be stockpiled.

Ore stockpiles and bogum should be made on prepared pads which isolate the 

specified material from ground and surface waters. Should the stockpile

remain undisturbed it should be covered so as to

(a) reduce the water infiltrating and percolating through the heap

(b) reduce the movement of gas within the heap, and

(c) reduce the wind erosion of the surface of the heap.
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Unused bogum should be disposed of inside a pile, tailings impoundment or 

the open cut where it is suitably isolated from the pathways to the

envi ronment.

Ihe volume of waste should be minimised and radioactive and reactive 

materials treated in such a manner as to effectively isolate them from the

pathways to the environment. This can be assisted by using non reactive rock 

as a buffer in conjunction with engineered measures.

Depending on its mineralogy non reactive waste rock may be suitable for 

many purposes such as construction of roads, embankments, general filling, 

cover structures for rehabilitation, and minefill.

If the mine is to be used to dispose of wastes it should first receive the 

materials presenting the greatest hazard and then these should be covered by 

non-reactive materials.

lhe waste materials generated by mining will always present a much greater 

volume than the original, due to the creation of voids. The bulking would 

mean that even if the pit were filled to the maximum extent there would be

approximately 30% to 50% of the material remaining above the surface. 

This would be greater when borrow materials are incorporated for special 

purposes.

The pollution potential of waste rock increases if it has a high sulphide 

mineral content. These materials may be oxidised chemically, catalysed by

bacteria (e.g. Thiobacillus Ferrooxidans). which produces sulphuric acid. 

Sulphuric acid solubilises heavy metals present in the rock and the subsequent 

waters, known as acid mine drainage, present a chronic hazard. Separation of 

sulphidic material from an oxidising environment and minimisation of water 

available for leaching has been an effective means of reducing the impact.

During the operational phase, drainage from waste rock piles that are a 

potential source of pollution should be collected and directed to the 

restricted release zone as portion of the water management scheme.
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Waste rock dumps should be designed to provide:

stabilisation against wind and water erosion 

stable slopes

reduction of airborne dust

minimisation of acid drainage from the dump

shape and contour of the dump so it will blend aesthetically into the 

natural environment

revegetation to obtain a self-sustaining vegetation on the surfaces 

of the dump

restoration of the dump area to a specific productive use.

Small volumes of sulphidic material could be disposed of

(a) in the mine pit at a level well below water table and sealed by clay 

soil to prevent inflow of oxygenated water

(b) by disposal with the tailings

(c) by disposal in an above ground dump

(d) well sealed with a cover and

(e) by milling and processing the material to obtain a pyrite concentrate

for subsequent disposal.

Large volumes of sulphidic waste rock would probably require disposal in a 

well sealed above ground dump with a cover structure. Cover structures are 

discussed in the decommissioning and rehabilitation section.

Alternative management options exist if portion of the waste rock is 

reactive and portion is barren. In this case the reactive waste rock can be 

incorporated into the centre of the pile and surrounded by barren rock as a 

buffer to the environment. The reactive rock could still be isolated from 

circulation of oxygen and water by appropriate measures.

In all cases the movement of air within the stockpile can be minimised by 

changing previous pile building practices from end dumping down an advancing 

face from the top of the dump (giving high slopes of about 37u with the 

horizontal) to raising the dump in well controlled lifts minimising 

segregation. The early practice ensured that a highly porous zone at the base 

of the pile existed allowing a vent for advection into the heap. Ihis was
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demonstrated by monitoring gas composition and temperature at one of the piles 

at Rum Jungle before rehabilitation. A placement consisting of (say) lm 

controlled lifts in accordance with rockfill dam practice would

(a) minimise segregation

(b) allow placement into its final position without need for reshaping, 

and

(c) allow for progressive rehabilitation of the stockpile.

I he figures 7, 8 and 9 show some potential methods of waste rock

disposal. These methods include:

diversion of waters around the dump 

reshaping dump surfaces to final form 

carrying out surface drainage works

covering some or all areas of the dump with a cover seal to reduce

inflow of air and rainwater

covering some or all areas of the dump with soil materials suitable

for promoting vegetation growth and work required to establish such a 

vegetation.

DECOMMISSIONING AND REHABILITATION

Prior to cessation of operations a final decommissioning and 

rehabilitation plan must be produced. This plan is the logical outcome of the 

waste management programme and details the measures to be taken, in the light 

of experience gained during the operational phase, to implement the final 

objectives of t h e waste management plan. This plan continues the theme of 

site specific solutions to meet the objectives and must provide a

rehabilitation strategy which acknowledges that a truly passive system may not 

be achievable in practice but which, after a period of monitoring and 

maintenance, minimises the need for ongoing institutional controls.

At the completion of a successfully implemented decommissioning and 

rehabilitation programme the mining company should be released from all

further obligation by the appropriate authority. This requires that the 

decommissioning and rehabilitation programme be developed in conjunction with 

the appropriate authority.
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Progressive rehabilitation, where this is possible, is a necessary 

strategy to ensure that all measures are rehabilitated at the earliest 

opportunity. This not only allows for some research on alternative measures 

but ensures that measures are well established, consolidated and proven before 

divesting responsibility.

Decommissioning of a project site means that all materials, structures and 

facilities as well as wastes become wastes. Some of these may be 

decontaminated for transfer to another facility whilst the remainder are to be 

disposed of on site.

Ihe objective of decommissioning and rehabilitation is:
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(a) to make safe mine workings, mill sites and waste disposal sites

(b) to eliminate unacceptable health hazards and

(c) to restore the area, as far as practicable to a condition suitable

for its former use, or for other uses.

Decommissioning and rehabilitation programs should aim, in a cost 

effective way, to

(a) restrict - gamma radiation;

- concentrations of radioactive gases and airborne 

particles; and

- radionuclide contamination of surface soils in, and 

emanating from the mine project area, to levels such that 

public exposure is as low as reasonably achievable, and in 

any event within prescribed limits.



(b) restrict, over the long-term, the dispersal of mine products, 

radionuclides, heavy metals and acids to a rate which will not 

significantly disrupt ecosystems and which is, in any event, within 

prescribed limits

(c) remove from the mine project area risks to health and safety, or 

limit access to these, in accordance with intendsd future land use

(d) render the sites and wastes stable over the long-term

(e) maintain the diversity of biological species in the area where 

feasible

(f) remove structures and restore the land, as far as is practicable, to 

a condition suitable for its former use or for other uses, and

(g) re-establish, as far as is practicable (and consistent with the 

intended use), the visual character of the site.

lhe end result of any decommissioning and rehabilitation program should be 

a site compatible with its surroundings, taking into account the future land 

use of the area, with a minimum requirement for ongoing active maintenance of 

rehabi litation works.

The rehabilitation measures should take into account environmental effects 

such as acid drainage, groundwater contamination, soil contamination, erosion 

and sedimentation, gaseous emissions, airborne particulates, gamma ray 

emissions, visual impact and long-term stability of the sites.

Rehabilitation of Tailings Impoundments. Waste Rock Dumps and Water Management 

System

The waste management programme implementation ensures that these 

components are managed in a way which allows for ready rehabilitation. 

However, there are criteria which must be met for each area. In many cases it 

is sufficient to collect and concentrate the materials which fall outside 

these criteria and dispose of them in a way which meets the criteria. In 

general, criteria for rehabilitation measures are site specific but should 

take into account radon flux, gamma radiation and water quality. Measures 

should meet long-term objectives of design life and structural life.
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Progressive Rehabilitation

Where possible tailings should be progressively rehabilitated.

Cover Caps

hollowing the site selection and design for operational constraints the 

single most important aspect of rehabilitation of a disposal site is the 

"cover cap".

Irrespective of the type of impoundment a cap which will cover tailings, 

so providing the final encapsulation, is required. Such a cap will have very 

few inherent advantages and so will require specific design to overcome the 

disadvantages.

Cover caps, (on tailings and where required elsewhere), as well as

minimising emissions of radiation, radon exhalation, and preventing erosion 

and dispersion perform an important role in reducing the percolation rate of 

water through the impoundment. A well designed cover cap would become the 

controlling f a c t o r  o f the seepage hydraulics of the rehabilitated facilities.

the cover cap is to be thick and to contain erosion resistant upper 

layers. The upper layers in conjunction with a vegetation cover provide a 

storage for infiltration which is removed by evapo-transpiration. An upper

layer/vegetation layer correctly designed could thus prevent infiltration 

before the underlying impermeable clay layer of the cap came into effect.

Zoning of Cover Caps

Generally, cover caps are multi-purpose and should be designed in a zoned 

configuration which utilises conservative thicknesses because of the 

difficulties of control during construction, the variability of the materials 

to be used, and the need to maintain function under settlements and natural

forces over periods orders of magnitude longer than those envisaged for the

design of civil engineering structures.

The zoning of the cover cap will be influenced by the many site specific

factors but should contain zones similar to those shown below.

Ihe top zone will generally consist of a rocky topsoi1 only lightly

consolidated. Ihe function of this zone is to provide a growing

layer and moisture storage which would enable the initial and 

evolving vegetation to become established and sustained. Ihe rocky

nature of the topsoiI should provide protection against erosion by
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wind. In arid regions this layer may be more appropriately a rock 

material giving a final rehabilitated surface of a "gibber plain" 

similar to the surrounding area with no deliberate attempt to 

establish vegetation. Followed by:

A random soil or soil-rock zone compacted to reduce its permeability 

and increase its resistance to erosion but still able to provide soil 

moisture storage for evapo-transpiration needs. Followed by:

A filter zone of durable rock graded in accordance with conservative 

design rules, this layer serves to prevent loss of function of the 

layers above by migration of the finer particles under the influence 

of seepage. This layer will usually require manufacture and will 

carry a high unit cost. Followed by:

A pore breaking zone of durable rock containing sand to gravel sized 

particles with little, it any, silt to clay size particles.

This layer:

breaks the capillary forces between the upper zones and the tailings 

so preventing the migration of salts towards the surface under 

negative pore pressures;

provides a drainage medium and storage for pore water released from 

the tailings during consolidation; and

provides a zone of protection from root penetration into the lower 

tai lings and clay.

Ihe zoning shall include;

A well compacted clay soil zone of material selected for its low 

permeability property when compacted. This is the main protective 

zone of the cover and minimises the infiltration of rainwater from 

saturated zones above into the tailings. In addition the thickness 

required, the nature of the material and the need for control of 

moisture content during compaction (and the retention of this 

moisture by protected compacted soils) for a 1 m thick clay soil zone 

will provide effective reduction in radon exhalation and surface

gamma radiation.
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Figure 10. Zoning in cover structures

Figure 10 shows arrangements which could be applied to zoning in different 

climates.

Ihe drainage pattern and thickness of a cover cap have a marked effect on 

the amount of water available for percolation through the wastes. Figures 11 

to 15 demonstrate the effect drainage pattern and thickness have on radiation, 

radon flux, seepage and viability of vegetation.

Consequently, thick cover caps and drainage off the cap, in preference to 

the formation of a pond, are required.
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M g u r e  12. Effect of moisture content on diffusion coefficient.
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Long Term Integrity

In order to retain integrity over the long-term caps must be graded and 

designed to respond to the long-term differential settlements which will occur 

as excess pore pressures are dissipated from tailings and consolidations 

occur. At Dysons open cut (Rum Jungle) consolidation of tailings has caused 

extensive settlement of the cover which will require remedial work. A 

tailings disposal method which achieves high densities will reduce this need 

for follow up action.

Figure 7 shows an arrangement for disposal of wastes and rehabilitation 

which meets most of the principles discussed in this paper.

Design life is the period after completion of an engineered structure, 

during which the structure and all its components are expected to perform in 

accordance with their design objectives. Structures for use by man are 

usually expected by their designs to be continuously occupied or used, with 

accompanying maintenance and periodic renovation. In this context 100 years 

would be a conservative target for the design life of major structures.

Structural life is the period over which a structure is expected by the 

designer to continue to perform its basic functions, even if at a reduced 

level. Structural life is a measure of the useful life of a structure in 

terms of its performance and is obviously capble of being extended by 

renovation and maintenance activity. If this performance was measured as the 

period over which the release of contaminants to the environment was at a rate 

below the assimulative capacity of the regional environment, structural life 

could be expected to extend to thousands of years.
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