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The mining and milling of uranium ores produce wastes which contain conta-

I minants that may be damanging to the environment and harmful to man. These
wastes will require proper management during the operation of the mine to ensure
that their impacts on the environment and man are maintained within prescribed

I limits. At the end of mining and milling a number of waste materials will remain at

the mine and mill site which unless properly treated will provide a continuing source
of environmental pollution and radiation exposure. The wastes include waste rock,
rock containing below economic ore grades of uranium, mine and process wastes,

1 contaminated run-off from the site, the mill tailings, a variety of contaminated
• materials including equipment, scrap, soil from the mill and tailings dam area, and

sludges and precipitates from storage and evaporation ponds. Plans for the treat-

I ment and disposal of these wastes will need to be developed and incorporated into a
comprehensive waste management program for the decommissioning and long term
stabilisation and rehabilitation of the site.

The wastes are a concern and require some form of long term management
because they contain non-radioactive pollutants, in particular heavy or base metals
which can be damaging to the environment but which, with notable exceptions, (e.g.
As, rig, Cd, Se) are unlikely to be a hazard to man; and because they contain
radioactive nuclides which, while of little direct environmental consequence, pose a
potential radiological public health risk.

Public concern about the management of uranium mill tailings has increased
recently for various reasons. In the past few years there have been demands for

I improvement in waste management and environmental management practices

associated with all types of mining operations, not only uranium mining. At the same
time, anxiety about nuclear energy in general, and radioactive waste management in
particular, has not diminished. It is sometimes said, in an attempt to put the hazards

I of high level radioactive waste disposal in some soothing perspective, that after

glassification, encapsulation and deep geologic burial, and after a lapse of a few
hundred years, high level wastes are no more hazardous than urar-.ium mill tailings;

I in fact less hazardous, because high level wastes would be buried deep underground,
while it is unlikely that tailings would be buried much below the surface, if at all.
Far from ameliorating concerns about the hazards of high level wastes, such an
argument, though valid, is likely only to confirm the fears of those who believe
uranium mill tailings are a major hazard.



- 2 -

I Nor is public confidence increased by accounts of inadequate tailings
management practices in the past; examples are available from the United States,
Canada and elsewhere. In the U.S.A., public concern over unstabilised, unrehabili-

[ tated, inactive uranium mill tailings sites has led to a major Government initiated
assesment and works program to provide long term rehabilitation of some 2k of these
sites at an estimated cost (in 1981 dollars) of $540 million. There are also examples

I of the misuse of tailings material which has given rise to undesirable levels of

exposure of people to radon and radon daughters. Some 300,000 tonnes of tailings
material was used in 6000 building sites in Grand Junction, Colorado. Australia has a

I related experience, though on a very much smaller scale, where houses in Hunters

Hill, Sydney, were built on a site where tailings from an old radium processing works
were desposited earlier in the century.

I Finally the increase in the size and number of uranium mining operations

throughout the world, particularly in Australia, Canada and U.S.A., is giving rise to
public demands that the wastes from these operations by properly managed.I

I
I
I
I

This bias towards radiological risks gives rise to problems in formulating

comprehensive, co-ordinated codes of practice for the management of uranium
mining and milling wastes and in implementing appropriate licensing and regulatory
machinery. The major environmental impact of wastes from uranium mining and

1 milling, during both operational and post-operational phases is due to non-radioactive

contaminants and control of these is usually covered under some non-nuclear
legislation and the responsibility of a more conventional environmental cum mining
authority.

I

Public apprehension over uranium mining wastes appears to centre largely on
the radioactive components of the tailings. The licensing and regulatory response by
national regulatory agencies and international bodies reflects this. Thus criteria,
standards, regulations, guidelines and codes of practice relating to waste manage-
ment in uranium milling operations are being developed under atomic energy legisla-
tion and by nuclear energy oriented organisation: in the U.S.A., by the U.S. Nuclear
Regulatory Commission; in Canada, by the Atomic Energy Control Board; and inter-
nationally, by the Nuclear Energy Agency of OECD and the International Atomic
Energy Agency. In Australia a "Code of Practice on Waste Management in the
Mining and Milling of Radioactive Ores" has been developed under the Environment
Protection (Nuclear Codes) Act 1978.

Management practices to minimise environmental detriment due to non-

I
radioactive contaminants must be implemented alongside the measures taken to

protect people from the radioactive components of the wastes. It is not obvious that
the measures required to optimise protection against both components will always be
compatible. For example, the optimum pH of the tailings slurry for the precipitation
of heavy metals will not necessarily be best for the immobilisation of Ra 226.In this paper 1 do not propose to review technical aspects of the management
of mining and milling wastes. Waste management practices are very much site-
specific; they have been reviewed recently by Levins and Davy [1]. Rather I believe
it may be more useful, bearing in mind this afternoon's discussion groups, to raise

I
some points of a more generic nature dealing with basic goals for the disposal of
these kinds of wastes, and criteria for judgement of the acceptability of management
practices. I will confine my discussion to tailings, the major radiological disposal
problem, and objectives for their disposal in the long term. This is the area giving

I rise to the more interesting conceptual and engineering problems.

I
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^ " It will be necessary however to say something about the nature of tailings
and their radiological hazards to provide a technological basis for the philosophical
and ethicaJ concerns that their long term management gives rise to.I

I
I
I
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2. RADIOLOGICAL HAZARDS OF TAILINGS

2.1 The tailings

The tailings, for the most part, are what remains of the original ore body
after the uranium has been removed. The physical and chemical properties of the
tailings will obviously have a considerable effect on their structural behaviour and
their ability to retain contaminants, during operation and in the long term. These
properties in turn depend on the nature of the ore, its hardness, its acidity, the
disemination of the ore minerals in the gangue materials and the particular mineral
form in which the uranium occurs. These factors will influence, for example, the
fineness to which the ore needs to be ground before leaching and whether an acid
(sulphuric acid) or basic (sodium carbonate) leach is used.

The grind may be as coarse a* 80% greater than 3 mm, with a porous sand-
stone, or, when there is considerable shale with the ore, as fine as 75% below 45
micrometres. Al l tailings contain a fine clay like material (less than 75
micrometres) called the slimes. A high proportion of very fine material in the slimes
can lead to tailings which take'a long time to dewater and to consolidate, and
therfore to decommmission, stabilise, and rehabilitate.

During the extraction process usually 90% or more of the uranium is re-
moved leaving, essentially, the other long-lived radionuclides (Th 230 and Ra 226) of
the uranium decay chain in the tailings slurry. Some of these nuc'.ides are in solution
in small quantities. The slurry also contains undissolved and dissolved heavy metals
in varying proportions plus certain amounts of the chemicals used in the extraction
process. In general, most oi the radionuclides are concentrated in the finer tailings
fraction; as much as 3/4 of the total activity can be found in the slimes. The
chemical composition of some typical tailings are indicated in Table 1 [11

With acid leach processes, neutralisation of the tailings with lime to a pH of
8 or more is often carried out to reduce the concentration of heavy metal contami-
nants in the tailings liquid. Radium concentrations are not, however, minimised at
such pHs. Any pyrite in the ore, even at low concentrations (1 to 3*) can produce
acid in the tailings impoundment area by chemical and bacterial oxidation. Acid
leaching, of course, destroys any naturally occurring basic material that might buffer
this acidity so that low pHs can return in tailings with resolubilisation of heavy
metals in spite of the neutralisation. The presence of pyrite in the ore, and in waste
rock, can thus have a significant effect on the long term behaviour of tailings and
waste rock piles as continuing sources of pollution.

2.2 The tailings pile

During operation, the tailings may be handled in a number of ways and stored
in either dry, semi-dry or saturated form in surface dams, specially dug pits, or in
the mined-out pit if available. The net result, radiologically, of the milling and
extraction process has been to transfer the original ore body, less the uranium, from
underground to the surface. The concentration of radioactivity in the tailings is
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Table 1. Compositions of Liquid Waste From Model U.S. Uranium Mills
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pH

Aluminium

Ammonia

Arsenic

Calcium

Cadmium

Copper

Iron

Lead

Manganese

Mercury

Molybdenum

Selenium

Sodium

Vanadium

Zinc

Fluoride

Sulphate

Chloride

Carbonate

TOTAL DISSOLVED SOLIDS

Uranium

Radium-226

Thorium-230

Lead-210

Polonium-210

Bismuth-210

Acid Leach

2.0

Concentration (mg L )

2000

500

0.2

500

0.2

50

J000

7

500

0.07

100

20

200

0.10

SO

5

30 000

300

-

35 000

Concentration (Bq L~*)

120

9

3300

9

9

9

Alkaline Leach

10.0

1000

-

0.2

NA

-

-

0.5

NA

-

NA

NA

NA

3000

0.10

NA

2

2000

1000

6000

12 000

370

it

1

3

1

1

NA - not available
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essentially the same as that in the ore body - roughly the same
distributed through the same mass of material - though following the grinding ana
extraction process the radionuc/ides (and non-radioactive contaminants) are no*
more mobile and more accessible to the environment and man.

It may help at this stage to have a notional tailings pile in mind. Suppose 10,000
tonnes of uranium is extracted from a 0.3% ore (typical of the Ranger/ Jabiluka
deposits) and the 3.3 x 10 tonnes of tailings are stored in a dam 35 ha in area.
Given that 1 tonne of uranium has associated with it 0.3 Ci of each daughter product,
and the rule of thumb that the exhalation rate of radon from a thick layer of Ra 226
containing dry material is about 1 pCi radon m sec" for each pCi of Ra 226 per
gram of material, the basic radiological characteristics of the pile are:

Mass
Area
Th 230, Ra 226 content
Radionuclide concentration
Rn 22P exhalation rate
Annual Rn 222 release

3.3 x 10° tonne
35 ha
3,000 Ci
900 pCi g"1

900 pCi m'£ sec
1

"1

10,000 Ci y
s

"1

Radiological protection problems arise in the long term because of the
presence of the two long-lived daughters of uranium, Th 230, an alpha emitter with
an 80,000 y half-life, and Ra 226, also an alpha emitter, half-life 1,600 y, which is in
equilibrium with its parent Th 230; plus, Rn 222 with its daughter products which
emit both alpha particles and gamma rays. Radon has a half-life of 3.8 days, but is
in equilibrium with the Th 230 - Ra 226 pair. (There will also be present in the
tailings a few percent of the original uranium having a half-life of 4.5 billion years).

The radioactivity in the tailings will thus remain indefinitely on any human
time scale. The Th 230 will ensure a continual supply of Ra 226, and therefore of
radon, the supply of which will decrease only with the half-life of Th 230.

This does not necessarily mean that the tailings pile will in reality remain a
source of radon to the atmosphere for hundreds of thousands of years. Given the
very long time scale involved, the amount of radon released to the atmosphere will
depend on what happens to the thorium in the pile- it may move deeper into the pile,
become fixed in the ground or enter the groundwater whence it may or may not find
surface expression - and since Th 230 is not the direct source of radon, on
differences in the behaviour between thorium and radium. Of course there is a good
chance that the pile would have been eroded away (and perhaps transferred to the
sea) over the hundreds of thousands of years during which its radioactivity would
remain significant. This illustrates the impossibility of knowing the manner in which
radon release (and the release of the other radionuclides) may vary with time over
these long time periods, and therefore the impossibility of calculating what the very
long term consequences of various tailings stabilisation options might be.

The principal potential modes of radiological impact of a tailings pile are:

airborne releases

water releases

giving rise to radioactive dust particles which may be
inhaled directly or deposited in the nearby environment;

arising from the leaching and seepage of Ra 226 and
Th 230 leading to the contamination of surface and ground
waters and thence food chains;
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radon emanation - leading to exposure of people in the vicinity of the pile,
but also, at very much reduced levels, those who may be.,
quite remote;

gamma irradiation - arising mainly from the short lived daughters of Ra 222
and a source of exposure only in the immediate vicinity of
the tailings.

Uranium tailings are thus a low specific activity, long half-life, large mass
waste material with a radioactive gas emission. As such they do not fit neatly into
the standard classification of high, intermediate and low level radioactive wastes;
they constitute rather a category of their own. In terms of specific activity (around
1 nCi g ) they would cetainly classify as low-level wastes. Though not strictly
comparable, transuranic wastes (mostly Pu 239 ) having a specific activity less than
10 nCi g may be disposed of by shallow land burial; Ra 226 at less than 1 00 nCi/g
may (under curtain conditions) by dumped at sea; and material having a specific
activity less than 2 nCi g is not even regarded as radioactive for the purposes of
the regulation of transport of radioactive materials.

2.3 Local hazards to individuals

The magnitude of the radiological hazards posed by tailings needs to be kept
in perspective. Because of their low specific activity, direct exposure to tailings
over a long period would be required to produce significant health risks in individuals.
Their management does, however, pose problems, primarily because of their large
volume and the emission of radon, but they constitute a nuisance rather than a major
radiological threat. This can be demonstrated by looking at the radiation exposures
estimated to be received by people living in the vicinity of unstabilised bare tailings
piles of which there are a number in the U.S.A.

One such pile is the Vitro pile in Salt Lake City, Utah. This has
characteristics similar to the notional pile considered above and is situated in a
suburb surrounded by 360,000 people living within 10 km. The pile is uncovered and
unstabilised and subject to continuing wind and water erosion. The site is unfenced,
readily accessible to the public, and has dwellings within J/2 mile. The spread of
radioactivity is detectable by its external gamma radiation over an area of some
200 ha surrounding the pile. It has been there for 20 years.

Estimates made by the U.S. Environment Protection Authority [2] in connec-
tion with the development of remedial programs for inactive tailings sites in the
U.S.A. give an indication of the level of hazard from radon exposure associated with
living near an uncovered tailings pile.

The average concentration of radon over the centre of a large pile emana-
ting 10,000 Ci y"1 (WO pCi m"2 sec"2 for an 80 ha pile) is 20 to 30 pCi/1 {J>0.15 WL).
This will drop to about a fifth of this (0.03 WL) at the edge of the pile and decrease
progressively as one gets further away [2a]. Rough estimates provided by the
EPA [2] indicate how radon daughter concentrations fall with distance from the edge
of a 10,000 Ci y"1 pile.
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Table 2. Radon Daughter Concentration with Distance
From a Large Tailings Pile

Distance from edge Radon daughter concentration
(miles) (WL)

0.2 0.013
0A 0.005
0.5 0.002
1.0 0.001
2.0 0.000<#

Average outdoor radon daughter levels over land (not containing uranium
mineralisation) are about 0.0005 WL and very variable, with indoor levels about eight
times this (0.00* WL). It is thus unlikely that the presence of a large tailings pile
will be measurable, through atmospheric radon levels, much beyond a mile from its
edge.

The enhanced risk of inducing lung cancer averaged over the local popluation
living within 10 km of an uncovered tailings pile, normalised to a radon release rate
of 10,000 Ci Rn 222 per year, is about 10 per year. This risk, of course, depends on
the distribution of population around the pile. The risk quoted is the mean of esti-
mates made by the EPA for five inactive tailings sites in the U.S.A.; the estimated
effect on the population within 10 km of the Vitro pile is about 2 x 1 0 per year [2].

The individual l i fe time risk of lung cancer associated with living
continuously 0.5 miles from a tailings pile emanating 10,000 Ci of radon per year is
estimated to be 2000 x 10 , i.e. about 30 x 10 per year. This is the same as the
risk of living in an average U.S.A. or European house arising from enhanced levels of
radon indoors*.

The EPA also estimated that the life time risk of lung cancer associated
with living contiguously within 100 metres of the Salt Lake City tailings pile (100
acres, 11,500 Ci/y) is 0.03. This is about half the risk of dying of lung cancer for a
smoking male in the Australian population.

The risk to those living near a pile associated with other sources of exposure,
such as gamma rays and ingestion of radionuclides, e.g. Ra 226, Pb 210 - Po 210,
would depend on the site but for the inactive U.S.A. piles it is estimated to be less
than 1/10 of that due to radon [2].

These assessments of risk associated with radon exposure to people living
further than a few hundred metres from an unstabilised inactive tailings pile indicate
small probabilities that harm has resulted.

Average concentrations of radon daughters in houses in U.S.A. and Europe are
around 0.004 WL which leads, assuming 75% of time is spent indoors, to an annual
exposure of about 0.15 WLM per year. This is a risk of 30 x 10"6 per year
assuming a population risk factor of 200 excess cases of lung cancer per 10
persons per WLM.
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2.3.1 Building an tailings

There is, however, a more extreme exposure situation to be assessed - Jiving
in houses built on the top of a tailings pile; or built with, or on, removed tailings.
Tailings make an attractive building material and have been removed from
abandoned piles and used in a number of ways, mostly as fill around foundations and
under concrete slabs but also in driveways and gardens. The situation in Grand
Junction, Colorado has been mentioned.

It is now weJI estblished that radon daughter levels inside houses depend
primarily on (but other factors are also involved) the radon exhalation rate from the
soil on which they are built, and ventilation. Extremely high radon daughter levels
are being reported in surveys being carried out in a number of countries of radon in

I "normal" dwellings. Some of the highest come from Scandinavia where, in winter, to

conserve energy, houses are sealed to make them as air-tight as possible and
ventilation rates are reduced to very low levels - one airchange every two to three
hours or more in new appartments and houses. Radon levels in houses have been
comprehensively reviewed in the latest 1982 UNSCEAR report [3]; a few results will
provide a basis for placing the hazards associated with mill tailings in perspective.

In general, radon daughter levels (equilibrium equivalent concentration) in
normal buildings in temperate climates are less than about 50 Bq m (1.3 pCi/1;
0.013 WL) with some houses at the extreme of the range, ten times this. In Sweden,
however, the average yearly equilibrium equivalent concentration for dwellings is 60
Bq m"' and 30% of buildings have leveis over twice this. Houses have been found in
Sweden and Finland with radon concentrations of more than 10,000 Bqm . This is
equivalent to about 1.3 WL which, if it were maintained, would lead to cumulative
exposures of the order of 50 WLM y , which is ten times the exposure limit of ?
WL.M y recommended by the ICRP for uranium miners.

The Swedish national average equilibrium equivalent concentration of 60
Bqm"3 (1.6 pCi/1; 0.016 WL) leads to an annual cumulative radon daughter exposure
(assuming 75% of time spent indoors) of 0.6 WLM and, according to UNSCEAR,
corresponds to an annual effective dose equivalent of 3.7 mSv (370 mrem) or a dose
to the lung of 30 mSv (3 rem).

The U.S.A. Nuclear Regulatory Commission in its Generic Environmental
Impact Statement (GEIS) on uranium milling [4] has attempted to calculate radon
daughter exposure inside a house built directly on an uncovered tailings pile.

The following numbers may be derived from that report (Sec. 12.3.4.3).

Table 3. Estimated Radon Daughter Levels, and Exposures, in Houses Built

Ra 226 con-
centration

pCi g"1

1000
100
20
10
4

2.2

on Tailings as a

Radon Exhalation

pCi m"2 sec"1

1000
100
20
10
4

2.2

Function of Exhalation

Radon daughter
concentration

WL

1.8
0.18
0.036
0.018
0.007
0.004

Rate

Effective

rem/y

26
2.6
0.5
0.26
0.1
0.022

Dose Equivalent

mSv/y

260
26

5
2.6
1
0.2
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The pile considered was 80 ha in area; it is assumed that the only source of
radon is through the floor and there is one air change per hour in the structure.
Doses are estimated by assuming that living in a house with a radon daughter concen-
tration of 1 WL leads to a cumulative exposure of 25 WLM y and that an exposure
of 1 WLM delivers a dose to the lung of 5 rem, or an effective dose equivalent of
0.6 rem.

Some measurements in Sweden [3] showed equilibrium equivalent radon con-
centrations of 500 Bq m"3 (0.13 WL) in low ventilation houses built on alum tailings
containing radium at 2 900 Bq kg (80 p Ci g ). Using the radon exhalation rule of
thumb mentioned above, one might expect an exhalation rate of about 80 pCi m
sec , which interpolating the GE1S results would lead to a radon daughter concen-
tration of 0.1* WL. This agreement is fortuitous.

From Table 3, exposures resulting from building on tailings emanating
200 pCi m sec" would equal 5 rem y , the dose limit for radiation workers, whilst
the "prudent" dose for continuous exposure of members of the public (1 mSv y ~h
would be reached in houses built on soil with an exhalatin rate of about ^ pCi m
sec . Thus a criterion in the management of tailings must be to ensure that houses
are not built on them. Even so, it should be noted that people are living in houses -
UNSCEAR [3] assesses perhaps 0.09* of houses in the temperate zone - where the
radon daughter concentrations are approaching those estimated to occur in houses
built on tailings containing 1000 pCi g of radium.

Assuming a risk coefficient for lung cancer induction of 200 x 10"^ per WLM,
the annual risk of lung cancer for people living in such houses is about 1 in 100 which,
on some estimates, is the lung cancer risk associated with smoking about 30
cigarettes a day. The risks therefore, though high and considered unacceptable in
radiation protection, are not unprecedented in contemporary living.

Houses and buildings in the U.S.A. and in Canada which have used tailings in
their construction have been surveyed and remedial action is being taken. Criteria
for action in the U.S.A., based on radon levels above background, are:

0.05 WL - remedial action must be taken
0.01 - 0.05 WL - need for remedial action must be assessed

<0.01 WL - no action required.

Against these criteria 7^0 structures in Grand Junction will require remedial
action. In these houses average radon daughter levels ranged up to about 1 WL with
a mean of some 0.08 WL. There are possibly up to 600 similarly contaminated
buildings in communities in the U.S.A. other than Grand function.

Plans for the long term management of tailings will need to include
measures for the control of exposures of this kind.

2.4 Remote hazards to populations

If protection of individuals living now and in the vicinity of tailings piles
were the only waste disposal objective, the management of tailing? would pose few
difficulties. All that would be required would be a surface covering to prevent
dusting and leaching of the tailings by rain, some strengthening of the dam, perhaps,
to ensure no bulk release of tailings, and a fence, or some other kind of institutional
control, to prevent people removing the tailings or building houses on them. One
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could even cap the tailings with sufficient thickness of material to reduce radon
emanation to such low levels that houses could in fact be built on the cover. The
basic radiological protection standards to bo adhered to would be the keeping of local
individual exposures as low as reasonably achievable and less than the 1 mSv y .

The precence of radon and other radionuclides (in particular, Ra 226) that
can travel long distances and give rise to the irradiation of people far away from the
source, and the long effective half-lives of these nuclides, which means that any
effects they produce will persist into the remote future, gives, however, another
dimension to the problem. Rn 222 has a half-life of only 3.8 days but it takes only a
fortnight or so (3 to ^ half-lives) for weather patterns to travel round the globe.
Thus, radon released to the atmosphere from a pile can give rise to calculable,
though immeasurably small, increases in exposure anywhere on earth. Though the
doses to individuals remote from such a source may be miniscule, the number of
people potentially exposed (the world's population) is so large that sizeable collective
doses arise; and because the source of the radon persists with the half-life of
Th 230, the collective dose commitment associated with a tailings pile may appear
very large. A debate has arisen in radiological protection philosophy as to what
significance should be attached to collective dose commitments that have been
obtained by integrating mostly very small individual doses over many thousands of
years.

2.4.1 Collective detriment

The size of the individual doses that comprise these collective doses can be
seen from some notional assessments made by workers in Australia, Canada and the
U.S.A. in a study carried out under the auspices of the Nuclear Energy Agency of
OECD to explore the usefulness of cost-benefit analysis in optimising protection
(according to the ICRP's ALARA principle) in the long term management of uranium
mill tailings. The exercise involved postulating a number of increasingly effective
and costly engineering alternatives for the long term containment of tailings (and
contaminants released from them) costing each alternative, and looking at the
improvement in radiological protection achieved by the increased expenditure. The
radiological detriment associated with each management alternative was obtained by
calculating the dose received by all exposed individuals as a function of their
distance from the tailings, and as a function of time, to obtain the collective dose
commitment. The tailings management systems, the sites (geology, climate,
demography etc.) and the pathways leading to exposure, though notional, were chosen
to be reasonably representative of sites in the three countries. Though the relative
contributions of radon and the aquatic pathways (leading to Th 230 and Ra 226 and

I its long-lived daughters in freshwater and marine food items) differed in the three
examples, the individual dose rates for all but the critical groups are very much less
than 1 HSv y for the three sites. In the Canadian case, over 75% of all collective
doses arise from individual exposures of less than 0.01 pSvy"' (1 Prem y"'). This

f b
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than 1 HSv y for the three sites. In the Canadian case, over 75% of all collective

I doses arise from individual exposures of less than 0.01 pSvy"' (1 Prem y"'). This

yearly dose of 0.01 uSv, is the exposure each of us receives from background about
every three minutes. It would not seem to be uncaring of future generations to

I question whether today's decisions on tailings management need be influenced by

annual individual doses which are 1/200,000 of what they too will be receiving from
background.I

I
I

For a release of radon in the Northern Hemisphere the Canadians and the
U.S.A. used global collective dose per unit release of 9 x 10 man Sv per Ci
released. Thus a 10,000 Ci y"' release rate would lead io a global collective dose
rate of 9 man Sv y and an incomplete collective dose commitment over 10,000 y of
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9000 man Sv. (The total collective dose commitment, assuming nothing changed
except the source strength which decreased with the half-life of Th 230, would be
about 10 man Sv).

2.4.2 Comparisons of risks

What meaning can be given to these dose commitments? In ICRP protection
philosophy the size of a collective dose has no significance on its own; it is merely
the quantity that has to be reduced to a level which is as low as can reasonably be
achieved - "optimised" in ICRP parlance - and so it is only the differences between
collective doses that may have some meaning.

The size of a collective dose rate associated with a source may, however,
help put the radiological significance of the source in some perspective by comparing
it with the coilective dose rate due to background. With a world average individual
effective dose equivalent rate due to background of about 2 mSy y , the annual
global collective dose rate is about (4.5 x 109 x 0.002) = 9 x 106 man Sv y . A
tailings pile emanating 10,000 Ci y increases the world collective dose rate due to
background by about 1 in 10°.

Another way of putting the global, long-term radiological signficance of a
tailings pile into perspective is to compare its radon emission rate with that
occurring naturally from the earth's surface. Given a land area of about 10° km in
the Northern Hemisphere, and a radon exhalation rate of 1 pCi m"z sec , the
natural rate of injection of radon into the atmosphere is about 3 x 10 Ci y . Again,
the injection of radon from a point source of 10* Ci y will contribute about I0~° to
natural radon levels in the atmosphere.

It is interesting to look at the amount of radon that could be released to the
atmoshpere from a sizeable nuclear power program. The notional pile considered
above is the result of producing 10,000 tonne of uranium and gives rise to 10,000 Ci
radon per year. That is, a radon source strength of 1 Ci y is created for each tonne
of uranium produced assuming of course, the tailings are stored, uncovered, in a pile
roughly of the assumed configuration.*

It requires about 4,000 tonne of uranium to fuel a 1000 MW(e) light water
reactor for its full life (30 years). Projections of the world's nuclear generating
capacity are notoriously fallible but INFCE recently suggested a possible 1000 GW(e)
(i.e. one thousand, one thousand MW(e) reactors) by the year 2000. The uranium
required for this program will therefore be about * x 10° tonnes, the tailings
associated with the production of which, if all stored in uncovered dams on the
surface, would constitute a long lasting radon source of about 4 x 106 Ci y . This is
about 0.1% of the natural rate of injection of radon to the atmosphere and therefore

* This is a reasonably realistic pile though the assumed radon release rate per tonne
of uranium produced is likely to be a considerable overestimate. For the
completed Ranger pile - 100 ha in area, 50,000 tonne of ore mined - exhalation
rate would be of the order of 25,000 Ci y , again assuming that a tailings
concentration of 1 pCi Ra 226 per gram leads to an exhalation rate of 1 pCi Rn
220 m"^ sec . This figure is also conservative and would be significantly reduced
if the tailings were damp.
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would constitute about one thousandth of whatever health hazard is associated with
naturally occurring radon in the atmosphere. Actually the relative risk would be
much less than this since any sort of covering of the tailings, and rain would reduce
radon releases; and the exposure of modern man to radon - at least those living in
temperate zones - is enhanced by a factor of about S due to his preference for living
in houses. Living in houses constitutes a radon exposure risk 8000 times that which
would arise from a sizeable world nuclear power program in which no attempt
whatsoever was made to mitigate radon releases from tailings.

There are other sources of radon arising from activities of man which are
not normally thought of as radon producing. Some of tnese are comparable with the
radon release rates associated with a large nuclear energy program. For example,
agricultural ploughing in the U.S.A. alone constitutes a radon source of about 3x10
Ci y ; use of phosphate fertilizer (which contains Ra 226) in the U.S.A. releases 10
Ci y ; and pumping groundwater to the surface adds about 3 x 1 0 Ci y from the
U.S.A. (Travis et al [5] )

2.5 Acceptability of a waste management practice

It must be emphasised that these comparisons are not made in an attempt to
establish the acceptability of the exposures arising from uranium mining. They
provide only a basis for judging the relative significance of the hazards involved.
Exposures associated with a justified practice are only acceptable, according to
current ICRP philosophy, if they have been optimised; that is, reduced to levels
which are as low as can reasonably be achieved. ICRP has favoured in its
Publications No. 26 [6] and 37 [7] a cost-benefit approach to optimisation but does
allow that other formalised (not necessarily monetised) approaches to decision
making, for example multi-attribute analysis, might be applicable.

A cost-benefit (more accurately, a cost-effectiveness) approach to the long
term management of uranium mill tailings was, as mentioned above, attempted by
the Nuclear Energy Agency of OECD. Something has been published on this study
(Osborne [8]; Oliver et al [9] ) and a full report is being prepared, but in my view it
has demonstrated only that a monetised balancing of costs and benefits is not helpful
in arriving at decisions on criteria for the long term management of uranium tailings,
or indeed, any long-lived radioactive waste. The difficulties, which are both
conceptual and practical, arise because of the need to assess collective dose
commitments over very long periods of time, and, according to ICRP, to include all
individual doses no matter how small, in this sum. The ICRP will not countenance
the concept of trivial or de minimis individual doses, i.e. doses which are so small
they can be neglected in assessing either collective dose or collective dose commit-
ments, even for pragmatic regulatory purposes. Further difficulties arise in putting
a dollar value on the radiological detriment, particularly when effects arise at times
in the distant future. How much money does one spend today to avoid a health
effect which may arise 1000 or 10,000 years or more hence?

It is difficulties of this kind that are leading at least one international
forum, OECD/NEA, (Olivier et al [10] ) to examine the implications of using
individual risk as the primary criterion against which to judge the acceptability of a
long term waste management practice, with the collective dose and its optimisation,
if practicable, being regarded only as one of the many relevant pieces of information
that a decision maker or regulator must take into account in approving a waste
management program. Used in this way, the collective dose (commitment^ may be
truncated in time, or at an individual dose level, which society (through its
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regulators) judges to be appropriate. The individual risk limit being proposed is some
fraction of the risk corresponding to the ICRP "prudent" dose rate for individual
members of the public; that is, some fraction of a fatal risk limit of 2 x 10"5 y ,
which corresponds to an effective dose equivalent rate of 1 mSv y .

3. THE ENGINEERING APPROACH TO REASONABLENESS

Though there may be problems in carrying out a formal optimisation of
radiological protection, the essence of the basic ICRP, ALARA principle is to do
what is reasonable to reduce exposures below dose limits. A monetised, quantified,
optimisation assessment may be one approach to reasonableness, but there are
others. One, which is being followed in the U.S.A. and Australia, is to develop
criteria for the management of mill tailings based on engineering judgement and
"best practicable technology".

3.1 Basic protection goals

Following comprehensive assessments of the potential long term environ-
mental and radiological impacts of tailings, such as the U.S. NRC's Generic
Environmental Impact Statement [4], and other measurements and assessments, of
the kind outlined earlier in this paper, of their risks (e.g. the U.S. EPA's work on
inactive tailings sites [2a]); and taking into account contemporary western society's
demands for high standards of protection for the environment and public health, the
radiological hazards of tailing are considered such as to warrant the isolation of the
tailings, and any associated radionuclides, from people and the environment. The
degree of isolation should be sufficient to reduce potential exposures to levels which
are as low as is reasonably achievable; and because the hazard will persist, criteria
for tailings management will need to be explicit about how long the isolation will be
expected to last. Contemporary environmental ethics would also require that
responsibility for ensuring the longevity of the isolation of the tailings should rest
primarily with those producing them; that is with contemporary society, and not
with future generations. An ideal disposal method would therefore be one requiring
no active maintenance to preserve the efficacy of the containment; i.e. one from
which, having completed the stabilisation and rehabilitation program, the operator
and this generation could "walk-away".

Long term isolation as a basic protection goal is translated in the recently
formulated Australian Code of Practice on the "Management of Radioactive Wastes
from the Mining and Milling of Radioactive Ores (1982)" into two fundamental
criteria:

. Releases of radioactive materials from the mine site during and after the
life of the mining operation are to be "minimised".

. The final disposition of radioactive wastes, and rehabilitation of sites shall
be such that the need for subsequent inspection, monitoring and
maintenance is "minimised", or preferably rendered unnecessary.

"Minimisation" in the Australian Code is to be interpreted in the sense of
ALARA. Releases of radioactive material must be minimised by the use of Best
Practicable Technology (BPT) which, as defined in tile Code, is closely related to the
ALARA concept. Similar requirements are incorporated in the criteria for tailings
management in Canada and the U.S.A.



3.2 Longevity of containment

Engineering judgement is required to convert these criteria into something
more concrete for engineers to work to in designing a tailings containment system,
the major question to be answered being how long these containment structures are
to last. There are two aspects to this question:

How long should the tailings remain isolated?

What longevity of a tailings containment structure can be achieved by use of
best practicable engineering technology?

The simple, but not very helpful answer to the first question is "indefinitely"
or "as long as possible". This, however, is not really a legitimate answer within the
conceptual framework of ALARA or BPT. Within this framework the only answer
can be, with perhaps a suggestion of circularity, "as long as can reasonably be
achieved by use of BPT". This is, in fact, the answer implicit in the Australian
Code. It is also the answer given in a recent review of engineering designs available
for tailings impoundment structures carried out by the IAEA M l ] . For the IAEA
experts, the period of confinement should be "indefinite", but they settle for as long
as can be achieved through use of "the best current technical and economic ability".

Such answers beg the ethical point at issue which is whether or nor the
isolation periods that can be achieved can be considered to discharge this
generation's responsibilities to posterity. I believe that they can but I am able only
to sketch the elements of a defence of this position.

Only where a high degree of containment, or a low level of controlled
release, could be assured for an indefinitely long period (of the order of several half-
lives of Th 230 or the time it would take for the original ore body to be eroded away
and transferred to the ocean) could it be claimed that no risk arising out of the
tailings had been transmitted to future generations. In general, current technology is
not able to provide this assurance though effective isolation may be achievable, with
the tailings buried sufficiently deeply to remove them from surface erosional effects
(i.e. truly "below grade") and insulated from ground water. Other options with the
potential for high-grade long-term containment include disposal into certain deep
lakes that have stagnant bottom layers and that are also depositional environments;
immediate disposal to the ocean (where the tailings are likely to end up anyway) so
avoiding the radiological detriment accumulated during the period between surface
storage and eventual dispersion and transfer to the sea; the removal of Th 230 and
Ra 226 from the tailings or more advanced management techniques for sealing or
immobilising the tailings such as covering with asphalt, fixation with bitumen or
cement, or sintering them. The long-term efficacy of the latter techniques wil l need
to be established and their cost significantly reduced before they could be considered
practicable technology.

Current technology does not, therefore, enable us to insulate future genera-
tions from all need to care. It would, however, seem a reasonable moral imperative
that each generation ought to deal with posterity with the same justice it demands
for itself, and ought not therefore, as far as it is able to prevent i t , pass on risks
which it is not itself prepared to accept. Self-interest would doubtless dictate that
individuals would be concerned to ensure that harm to themselves (and their environ-
ment) and to their children and probably their children's children was minimised. In
addition, the time span over which it is rational to assume some responsibility for
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one's decisions is limited and probably does not extend much beyond this. Thus by
providing assured isolation for one or two hundred years we would appear to be
behaving rationally and with justice to future generations. We will have ensured that
some generations are protected from the risk, whilst the worst favoured generation
(that Jiving when the containment fails) is no worse off than we are now.

A necessary condition for the acceptability of a defence of the ethics of
finite isolation times for hazardous wastes along these lines is the relative smallness
and manageability of the unattended risk inherited by the most unfavoured genera-
tion. This condition is certainly fulfi l led for tailings. An unstabilised, uncovered
tailings pile constitutes a low inherent radiological risk, and the rate of accumulation
of any radiological detriment associated with i t , is low; and, what needs to be done
to reduce the risk to itself (and to at least a few subsequent generations) is known,
and the technology for doing it is straightforward. (Some would argue that future
generations will be in a better position, technologically, to deal with this problem
than their forebears.) Current technology is able, at reasonable expenditure, to
provide assured isolation of tailings for the desired period of 100 - 200 years, which,
if done, should, therefore, go a long way towards discharging this generation's
responsibility to posterity.

Whether this line of thought was responsible for it or not, the isolation times
being considered by a number of bodies are of this order. Confinement should be "for
thousands of years" according to the U.S. Nuclear Regulatory Commission (Criterion
1 of Appendix A to 10CFR40); "designed to be effective for at least 200 years, and,
to the extent reasonably achievable, for up to 1,000 y" for the U.S. Environmental
Protection Agency [12]; "of the order of 100's or even 1000's of years" for Canada
(Criterion 3 of [13] ); whilst the New Mexico Radiation Protection Regulations
(1981) require that tailings shall be protected by a cover "against erosion for a period
of 200 years".

In formulating design standards i t is important to distinguish between the
"design l i fe" of a structure and the time during which it may continue to perform
usefully. Current good engineering practice will aim to provide complete and secure
retention of the tailings themselves, and an adequate level of containment of the
mobile contaminants, for the "design l i fe" of the retention structure. Engineers do
not claim to be able to guarantee the performance to design specification of man
made structures for more than a few hundred years at the most. This does not mean
that the structure will not last and continue to perform, albeit less effectively, for
periods much longer than this. The structure life of a well engineered tailings dam,
during which i t would continue to provide, without maintenance, some degree of
containment, could be some thousands of years. In the guidelines to the Australian
waste management Code a design life of 200 years for a waste management
structure is being considered as a design objective, with a structure l i fe of a
substantially longer period, of the order of 1,000 years.

3.3 Engineering for the long term

Whether, in practice, containment structures will be built which will
continue to perform to specification throughout their design life without any form of
active surveillance, remains to be seen. This is the "walk-away" situation being
aimed at in the regulations in a number of countries. Though it may be a goal of
long-term containment design, it is considered prudent, in the regulations of some
countries, to implement some form of long-term site surveillance to confirm the
continuing integrity of the structure. Surveillance, however, is an active
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institutional control. It would be unacceptable to rely on active institutional
controls to provide an essential element in a long-term containment design. The U.S.
Environmental Protection Agency does not believe active institutional controls
(monitoring and maintenance) should be relied upon for periods longer than one or
two centuries (Sec. 8.1.1 of [2a] ).

The long design and structure lives being considered for waste management
in the uranium industry are a challenge to engineering. They will not be achieved
without taking into account in the design and siting of the structure, geomorphic
processes and climatic change that may become significant over the relevant time
periods. In the Alligator Rivers Region the Office of the Supervising Scientist is
embarking on a program of geornorphic studies to provide the engineering data
needed to design these long-lived structures. The program will include a survey of
the geomorphic history of the Region over the past few thousand years and its
possible evolution over similar times in the future; an investigation of the magnitude
and frequency of extreme rainfall events; the implications of climatic change and
changes in sea-level on local geomorphic processes; and the measurement of
denudation rates and the structural stability of slopes (such as the walls of a
rehabilitated tailings dam) and the effects of various stabilisation treatments.

If tailings are to remain on the surface at the completion of milling, the
containment structure is likely to be the original dam with the walls stabilised
(slopes reduced to less than 1 in 5; surface treated to minimise wind and water
erosion) and with a substantial capping over the dewatered tailings. The cap will
also, of course, have to be stabilised so that the whole structure has the specified
design and structure life, but it may be required to meet other performance criteria
as well. One will certainly be that it should be designed to maximise run-off and
minimise the infiltration of rain through the pile, thereby minimising the release via
seepage of dissolved contaminants to the environment. Another, in some countries,
will be a limitation on the amount of radon emanating from the top of the cap. In
Canada [13] and the U.S.A., for example, a radon emanation standard of 2 to 20 pCi
m sec" has been discussed, with the U.S. Environmental Protection Agency
recently plumping, in its Standards for Rededial Actions of Inactive Uranium
Processing Sites [12], for a calculated yearly average emanation rate above
background of 20 pCi m~̂  sec" .

3A Control of radon release

The need for a radon emanation standard arose in the U.S.A. out of a protec-
tion goal, assumed by the Nuclear Regulatory Commission, that tailings sites should
be returned to "conditions reasonably near those of the surrounding environment"
(reference [4] page 17). This, and not an ICRP type of optimisation, led to a
standard, proposed in 1980, of 2 pCi m"2 sec" . Taking into account the requirement
that rehabilitation measures were to be designed to minimise the degree of long term
site surveillance required, the NRC specified that this radon emanation control was
to be achieved by a cover of three metres minimum thickness.

It was acknowledged that a three metre cover would often be more than
sufficient to comply with the radon standard - one metre of moist clay would do it -
but the three metre cover was seen as desirable for a number of reasons. It would
provide physical protection of a clay layer, if used; help to keep a clay cap damp (so
enhancing its radon attenuation properties) and prevent cracking; reduce the effects
of root penetration and animal burrowing; reduce the chances of removal and misuse
of the tailings; and increase the range of potential land use of rehabilitated tailings
piles without institutional surveillance and control.
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One potential land use of a tailings pile is human occupation which, together
with their use in buildings, is the major hazard of tailings to be guarded against. A
three metre cover and an emanation rate of 2 pCi m sec" is unlikely to provide
adequate protection in the long term against permanent occupation without supple-
mentary engineering or institutional controls. Such a surface radon flux would, if
maintained, be adequate - resulting in house levels of about 0.004 WL (see Table 3) -
but gradual deterioration in the efficacy of the cover as a radon barrier would make
prohibition of permanent occupation of the site necessary long before the capping
faijed as a barrier to the release of the tailings. The latest EPA standard of 20 pCi
m sec" makes additional controls against intrusion by man necessary at the
outset, and calls into question the need for a radon emanation standard at all. The
single requirement that the tailings be confined by a structure lasting 1,000 y or so
should be sufficient.

A structure with this longevity will certainly provide a significant degree of
radon attenuation. Five or six feet of most earthen materials will reduce radon
release sites by a factor of ten. If the low emanation level needed to allow long-
term unrestricted access is not achieved it would be necessary to supplement the
containment with other controls. The simplest would be some form of monument
pointing to the hazard and advising people not to set up house there. It must be
possible to build such a monument with a l i fe at least as long as the containment;
alternatively the structure may serve as its own monument. The rehabilitated
Ranger tailings pile, if it were to remain on the surface, would be a sizeable and
unmistakeable structure - 200 ha in area, 30-40 m high - with possibly an armouring
of rocks to provide erosion protection. (Rocks with a fair sprinkling of boulders
larger than a couple of hundred kilograms transmit a discouraging message to anyone
looking for a home building site.) This earthwork, the burial ground of a dead ore-
body, should communicate its purpose to future generations at least as effectively as
the tumuli found in many parts of the world today, which, it is perhaps relevant to
note, are standing evidence that stable earth and rock structures can be built to last
thousands of years [141
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