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FOREWORD 

At the United Nations Conference on the Human Environment, which took 
place in Stockholm from 4 to 6 June 1972, national governments were asked to 
explore, with the International Atomic Energy Agency and other appropriate 
international organizations, international co-operation on radioactive waste 
matters including those of mining and tailings disposal. Since that time the IAEA 
has been active in the field of uranium and thorium mill tailings management. 

As part of this activity, the present report describes current practices and 
options for confinement of uranium mill tailings. It is addressed to technical and 
administrative personnel who are involved in planning and implementing national 
and industrial programmes on the management of such tailings. 

In 1974 and 1975 the IAEA convened meetings of experts to review matters 
of interest and importance in the management of uranium and thorium mine and 
mill tailings. These activities led to the publication in 1976 of Management of 
Wastes from the Mining and Milling of Uranium and Thorium Ores, a Code of 
Practice and Guide to the Code, IAEA Safety Series No. 44. As a continuation of 
this activity, the IAEA is here dealing more specifically with the design and siting 
considerations for the management of uranium mill tailings. 

The report was initiated by the preparation of a working paper by an IAEA 
group of consultants in January 1978. The work of drafting, reviewing and 
revising continued throughout 1978 and 1979, undertaken at various Consultants' 
Meetings and Advisory Group Meetings; the final manuscript was consolidated by 
the IAEA Secretariat in 1980. The names of those who contributed to this work, 
and to whom the Agency wishes to express its gratitude, are given in the List of 
Participants at the end of the book. 

The IAEA also gratefully acknowledges that the preparation of this publica-
tion was partially funded by the United Nations Environmental Programme 
(UNEP) under its Project No. 0102-74-002 with the IAEA. 
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1. I N T R O D U C T I O N 

Uranium mill tailings are the solid residues and the associated liquids remain-
ing after uranium has been extracted from an ore. The solids consist primarily 
of the finely ground bulk material of the original ore, and also contain a variety 
of chemical substances that are precipitated from the tailings liquids. The tailings 
solids and liquids contain both radioactive and non-radioactive materials which, 
if released and dispersed in the environment in unacceptably large amounts, may 
have some detrimental impact on man and his environment. Although the radio-
activity of the tailings is of natural origin, the mining and milling process results 
in (1) bringing the radioactivity to the surface, and (2) changing its chemical and 
physical form in a manner that increases its mobility and consequently enhances 
the possibility for dispersion in man's environment and the potential radiological 
impact in man. 

Mill tailings from uranium ores have been generated within the nuclear power 
industry for more than 20 years. Improvements in the management of wastes 
and effluents from other nuclear fuel cycle activities have resulted, in recent 
years, in increasing the relative importance of the potential radiological impact 
from mill tailings. Thus, during the recent past, significant efforts have been made 
to improve the techniques for managing mill tailings in order to reduce their 
potentially deleterious impacts. Design practice in this field is currently under-
going a technical evolution that has been brought about by increasing awareness 
of mill tailings in our environment. 

The specific radioactivity of uranium mill tailings is low. About 15% of the 
total radioactivity, which was originally contained in the ore, is recovered in the 
'uranium' product from the mill. Decay of some of the shorter-lived radioactive 
nuclides leaves some 70% of the radioactivity, which was originally present in the 
ore, to be discharged with the tailings. Because of the long half-lives of thorium 
(2 3 0Th, 8.0 X 104 years) and radium (2 2 6Ra, 0.16 X 104 years) this radioactivity 
will remain in the tailings for hundreds of thousands of years. Because of the 
presence also of residual uranium in the tailings and the very long half-lives of 
uranium isotopes (hundreds of millions of years), the tailings will remain radio-
active, at a level determined by the residual uranium content, for practically an 
indefinite period. 

Permanent isolation of the tailings from man's environment cannot be 
assured but the disposal practices should attempt to ensure that basic radiation 
protection principles be applied and that release rates to man's environment now 
and in the future will comply with appropriate current authorized limits. 

Persistence of the radioactivity present in the tailings requires that the 
future period of concern is defined in many thousands of years. On such a time 
span significant sociological, climatological, geomorphological and technological 
changes are expected to occur. The nature and trend of these changes cannot be 
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reliably predicted today. Responsibility to future generations suggests that 
stabilization of mill tailings be assured for these long periods to the best current 
technical and economic ability. 

Engineering designs for tailings impoundments that are discussed in this 
report involve solutions used or available for tailings retention. Depending on 
their design bases, many of these impoundment concepts can be expected to 
provide for secure retention of the tailings materials and to maintain releases of 
radionuclides to man's environment within design limits for a period of the order 
of one hundred years. Throughout this report this is referred to as the 'design-life'. 
It should be noted, however, that engineered systems may well, and of ten do, last 
considerably longer than their design life. 

It is recognized that engineering solutions for tailings impoundments should 
provide for more permanent retention of tailings material, bearing in mind the 
longevity of the radioactivity contained within them. The most advanced engineer-
ing design practice can, and often does, incorporate qualitative consideration of 
the effect of predictable geomorphological and climatological processes on the 
integrity of the impoundment system, during which time the impoundment 
remains substantially unaffected by these processes. Typically, this may cover 
periods up to about 10 000 years. Throughout this report this period is referred 
to as the 'long-term' period. Owing largely to geomorphological processes within 
such periods, even the most soundly engineered impoundment system cannot be 
expected to ensure complete retention of the tailings material. It should be noted, 
however, that in certain circumstances natural changes may produce an increase 
in the confinement of the wastes rather than a decrease. 

Beyond the time scale of up to about ten thousand years, the difficulty of 
predicting the nature and extent of environmental processes provides little 
confidence that the release of radionuclides will not exceed contemporary 
authorized limits. 

However, because of the low specific radioactivity of the tailings, the conse-
quences of breaching the confinement system and the resultant dispersal of 
tailings would not lead to catastrophic or necessarily to significant radiological 
impact, since long and sustained exposure to radioactivity in tailings would be 
required to produce significant adverse results. Even though the potential 
consequences of breaching a tailings confinement sysem over the long term are 
expected to be small, our responsibility to future generations suggests that the 
aim of mill tailings management should be to stabilize and confine the tailings 
for an indefinite period, using the best practical means available. 

2. SCOPE 

This report presents an overview of the current practices for impoundment 
of mill tailings and appropriate site selection which can be considered with the 
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objective of minimizing the potential radiological risks of such an operation now 
and in the future. Although non-radiological hazards are not considered in any 
detail, it is felt that good control of the radioactive materials will generally contri-
bute to good control of non-radiological hazards. 

The report: 

(a) Identifies the nature and source of radioactive pollutants in uranium 
mill tailings 

(b) Describes briefly the pathways by which the pollutants may reach man 
and his environment 

(c) Identifies the important mechanisms by which pollutants can be 
released from the tailings impoundment 

(d) Identifies the important parameters that control the release mechanisms 
(e) Describes some of the site-specific selection and design options that 

may be implemented to limit the extent of any release, primarily during 
mill plant operations 

(f) Provides a brief review of options and considerations for final stabiliza-
tion and rehabilitation of tailings impoundments. 

The report describes the basic principles and techniques for implementing 
impoundment and confinement of uranium mill tailings. 

Because of the complexity of the pollutant release mechanisms and the 
site-specific nature of the design and management controls that can be implemented, 
it is not practical for a report of this nature to be either exhaustive or applicable 
in detail to all cases. The methods by which confinement controls are employed 
for any particular tailings impoundment will depend on the country and its site-
specific performance criteria which must be defined by the relevant regulatory 
authorities. 

Both operating and post-operating conditions are considered. After shut-
down of the mill plant and stabilization of the tailings, continuing surveillance 
and maintenance cannot be assured over the long term, and the future stability 
of the confinement elements are therefore given considerable emphasis. 

The report does not discuss scenarios which in the long-term period may 
result in partial or even substantial damage to the impoundment system, nor 
does it discuss the radiological consequences resulting from tailings dispersal 
through such events. Methodologies for further examination of these questions 
are undergoing development elsewhere. 

The report does not deal with management of those tailings resulting from 
the removal of overburden on other excavations, and which are not treated in 
the mill process. Although the basic principles will also apply to thorium 
tailings, the sources, pathways and processes related to these tailings are not 
discussed. 
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3. B A S I C W A S T E M A N A G E M E N T P R I N C I P L E S 

The basic radiological protection principles underlying waste management 
practices derive from the comprehensive system of dose limitation recommended 
by the International Commission on Radiological Protection (ICRP) [ 1 ]. The 
main features of this ICRP system of dose limitation are: 

(1) No practice involving exposure to ionizing radiation shall be adopted 
unless its introduction produces a positive net benefit 

(2) All exposures shall be kept as low as reasonably achievable, economic 
and social factors being taken into account 

(3) The dose equivalent to individuals shall not exceed the limits recom-
mended for the appropriate circumstances by the ICRP. 

Regarding tailings management from uranium ore milling, the positive net 
benefit is derived from, and can only be considered in combination with, the use 
of the uranium, in this case, the production of electrical energy. Although 
application of the latter two principles must take into account the total fuel cycle 
as well, these two principles can and should also be applied within the manage-
ment of mill tailings alone. Applications of these principles requires some form 
of cost-benefit analysis to ensure that they are achieved. 

It is appropriate for the regulatory authorities in a country to ensure that 
these principles are adapted in the derivation of release limits. Examples of such 
limits are the 2 2 2Rn emanation rate from a tailings dump or the 226Ra concentra-
tion in water released to public streams. These are considered secondary 
standards, to be complied with by designers and operators. 

Consideration must also be given to goals and factors, other than those 
directly concerned with radiation protection, that are important in terms of the 
environmental impact of waste management. These include the following: 

(a) Protection of the natural environment; it is generally accepted that if 
radiation protection of individual human beings is adequate then 
radiation protection of other species is adequate, although not 
necessarily of individual members of such species 

(b) Interference with the exploitation of resources which could be useful 
to future generations should be kept acceptably low 

(c) Use of land surface, consistent with safety, in the storage and disposal 
of tailings should be kept acceptably low 

(d) Need for reliance on the active future control and surveillance by man 
should be acceptably low 

(e) Protection of the environment from non-radiological hazards. 
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Long-term management of uranium tailings under normal conditions is 
considered a chronic rather than an acute concern. Isolation of tailings from the 
environment cannot be assured for the long time span involved, but the disposal 
practice must attempt to ensure that release rates now and in the future will 
comply with appropriate authorized limits. 

The most essential characteristic of a tailings disposal system is that the 
facility be designed appropriately and located in a naturally stable environment 
such that the waste materials are adequately isolated from man for a long time 
period. The characteristics of the retention system site, its location, the design 
of the system and the characteristics of the mill tailings themselves all enter into 
determining the adequacy of the retention system. 

In a recent assessment of the environmental impact of uranium mill tailings 
[2] it is stated that "siting of tailings impoundments is perhaps the most important 
factor in assuming long-term isolation of tailings. In selection of a mill site, 
primary emphasis should be given to isolation of tailings for the long term, as 
opposed to consideration only of short-term convenience or benefits such as 
minimisation of transportation or land acquisition costs". 

This same assessment [2] calculated that an individual living for 20 years 
at a distance 2 km downwind from a typical mill operation with above-grade 
uncovered tailings experienced an approximately 40% increase in radiation dose 
commitment from airborne emissions above that resulting from natural background. 
With the application of good mill tailings management, this increase in potential 
radiation exposure could be reduced to below 10%. 

In applying waste management principles to the management of mill 
tailings, many considerations must be included in the planning and implementation. 
An abbreviated check-list of some of those considerations (many of which are 
beyond the scope of discussion in this report) is given in Appendix A. 

4 . P O T E N T I A L P O L L U T A N T S A N D G E N E R A L P A T H W A Y S T O M A N 

This section identifies and discusses the major environmental pollution 
constituents associated with uranium mill tailings, the general releases of these 
pollutants from tailings impoundment, and the more important environmental 
pathways through which they are able to reach man. 

4.1. POLLUTANTS IN MILL TAILINGS 

Pollutants that may be released from uranium mill tailings impoundments 
include or are derived from the uranium and thorium and the radionuclides 
associated with them, the non-radioactive elements or minerals in the ores, and 
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TABLE I. SOME POTENTIAL NON-RADIOACTIVE 
CONTAMINANTS IN MILL WASTE LIQUIDS [3] 

Non-radioactive Leach process 

contaminants A d d ] e a c h a 

H2SC>4 +b 

HCO3 + + 

c o 3 + + 

NH3 + 

CI + + 

s o 4 + + 

P 0 4 + 

F + + 

NO 3 + + 

Na + + 

Fe + 
Mn + 

Co + 
Ni + 

Zn + 
Cu + 

Pb + 
V + + 

Cr + 
As + 
Mo + + 
Ba + 
Ca + + 
Mg + + 
Kerosene 
alcohol 
amine-TBP 

+ 

Oil (lubrication 
or fuel) 

a Acid leach and alkaline leach are the processes most used for dissolving the 
uranium f rom the ore . 

15 The sign + means that the contaminant may be present . 
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TABLE II. TYPICAL EFFLUENTS FROM TAILINGS POND, 
ELLIOT LAKE OPERATIONS IN CANADA [4] 

Radionuclide Concentrations3 

(pCi • l t r " 1 ) b 

Annual 
release rates3 

(Ci)b 

238 „ 1 0 - 2 0 0.08 - 0 . 2 
234 u 1 0 - 2 0 0.08 - 0 . 2 
230Th 1 - 2 0 0 . 0 0 8 - 0 . 2 
226 Ra 1 - 7 0 . 0 0 8 - 0 . 0 6 
210Pb < 4 < 0 . 0 3 
210 Po 5 - 3 0 0.04 - 0 . 2 

232 J h 1 - 5 0 . 0 0 8 - 0 . 0 4 

^ T h 1 - 3 0 . 0 0 8 - 0 . 0 2 
228 Ra < 2 < 0.02 

3 Dissolved radionuclides. 
b 1 Ci = 3.7 X 1010 Bq 

1 pCi = 3.7 X 10"2 Bq-

rate of 2000 tonnes per day containing 0.2% U 3 0 8 equivalent, about 
2.4 X 1016 Ba • a"1 (6.5 X 10s Ci • a"1) 2 2 2Rn would be generated in tailings. Only 
a small fraction of this radioactivity is released into the atmosphere, the value of 
which is determined essentially by the physical and mineralogical characteristics 
of the tailings particles and the moisture content and thickness of the tailings. 
The release fraction may vary by more than an order of magnitude. The 2 2 2Rn 
emission from this example tailings pile if uncovered and dry is expected to be in 
the range of 2.6 X 1014 to 1.1 X 1015 Bq a"1 (7 X 103 to 3 X 104 C i a " 1 ) . If, 
however, the pore spaces are saturated or nearly saturated with water the corres-
ponding annual release would be about 2.6 X 1013 Bq (700 Ci). Assuming that 
the area of the tailings impoundment system is 50 ha, annual releases in the range 
of 2.6 X 1014 to 1.1 X 101S B q ( 7 X 103 to 3 X 104 Ci) would correspond to 
emanation rates in the range of 1.5 to 74 Bq • m"2 • s"1 (40 to 2000 pCi • m"2 • s"1). 
The short half-life of 2 2 2Rn is an important factor, since diffusion times within the 
tailings are usually sufficient to permit a significant decay of the gaseous 2 2 2Rn 
to its solid decay products, which remain with the tailings. Radon-222 emanation 
rates can be reduced by the addition of cover material over the tailings. 
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TABLE III. CALCULATED RADIOACTIVE AIRBORNE RELEASES FROM 
THE TAILINGS PILE OF A UNITED STATES MODEL MILL [7] 

Release r a t e 3 (Ci • a"1) 

Radionuclide Tailings pile Ore storage 
pad 

Ore crushing 
and drying 

Uranium product 
drying and 
packaging 

« 8 U 0.014 0.001 0 .0003 0 .072 
2 3 4 U 0.014 0.001 0 .0003 0 .072 
230T h 0.19 0.001 0 .0003 0 .004 
2 2 6 Ra 0.20 0.001 0 .0003 0 .0001 
210pb 0.20 0.001 0 .0003 0 .0001 
2 1 0 Po 0.20 0.001 0 .0003 0 .0001 

2 2 2 Rn 7000 

a 1 Ci = 3.7 X 1010 Bq. 

A maximum limit for 2 2 2Rn emanation from stabilized tailings of 0.074 Bq • m"2 s"1 

(2 pCi • m"2 -s"1) has been proposed by the Nuclear Regulatory Commission of 
the United States of America [6], 

Dispersion of radionuclides in the atmosphere may also result from wind 
suspension of material from dry and uncovered tailings. A recent calculation 
relating to the radioactive airborne emissions from the tailings pile of a United 
States model mill [7] processing 1800 tonnes per day of 0.16% U3Og equivalent 
ore grade is provided in Table III. Releases arising from other parts of mill 
operation (ore storage pad, ore crushing and grinding, uranium product drying 
and packaging) are much smaller than those from tailings piles for all the radio-
nuclides considered with the exception of 238 U and 234 U, which are released 
from the uranium product drying and packaging process steps in amounts of 
about 2.7 X 109 Bq • a"1 (0.072 Ci • a - 1) , compared with about 5.2 X 108 Bq • a -1 

(0.014 Ci • a"1) for releases from tailings piles [7], 

4.3. GENERAL PATHWAYS TO MAN 

The generalized pathways occurring in the environment by which radio-
nuclides released from tailings impoundments can give rise to human exposures 
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FIG.2. General exposure pathways to man from mill tailings [§]. 

are shown in Fig.2 [8], These can be divided into those where the radionuclides 
are transported through the atmosphere and land or alternatively through the 
aquatic system. Exposures of humans to radiation may then follow from 
inhalation of contaminated air or ingestion of contaminated water, or less 
directly through ingestion of contaminated foodstuffs. External irradiation, 
either directly from the impoundment area or from deposited materials released 
from the impoundment, is also a consideration. Exposure pathways may be 
generalized as follows: 
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Atmospheric pathways 

Inhalation of radon and its daughters 
Inhalation of airborne radioactive particulates 
External irradiation 

Atmospheric and terrestrial pathways 

Ingestion of contaminated foodstuffs 

External irradiation 

Aquatic pathways 

Ingestion of contaminated water 
Ingestion of irrigated foodstuffs, fish and other aquatic biota 
External irradiation. 

The critical pathways (i.e. those that produce the highest dose to man) at 
any particular site are dependent on the local environment and habits, and 
have to be determined for the specific site after a thorough survey of local 
conditions. In general, three pathways are shown to be the most important; 
these are indicated by heavy lines in Fig. 2, The inhalation pathway is generally 
more important in dry climates, whereas the pathway through surface or 
groundwater will usually dominate in wet climates. The significance of the 
different pathways may, however, change with time. 

4.3.1. Atmospheric pathways 

With respect to health impacts, the radionuclides of most concern that can 
be released to the atmosphere from waste retention systems are gaseous 2 2 2Rn 
and its daughters, and airborne particulates of 230Th, 2 2 6Ra and 210Pb. Health 
impacts from 222 Rn result from inhalation of its products of radioactive decay 
and ingestion of its ground-deposited daughter 210Pb. Because 2 2 2Rn is a gas, 
it may be transported over considerable distances and subsequently expose large 
populations, albeit to extremely small radiation increases above background. 
The levels are normally not detectable at distances in excess of a few kilometres 
from the source owing to the variations in natural levels. 

Release of 222 Rn from uncovered dry tailings has been estimated 
(sub-section 4.2.2) to be in the range of 2.6 X 1014 to 1.1 X 1015 Bq a"1 

(7 X 103 to 3 X 104 Ci • a"1). At a distance of 2 km from the source and using a 
typical 'dilution factor' of 2 X 10"7 s • m"3 the atmospheric concentration of 
222Ra would be in the range of 1.5 to 74 Bq • m"3 ( 4 0 - 2 0 0 0 pCi • m"3). This is 
of the same order as the natural concentration of 2 2 2Rn (of approximately 
37 Bq • m"3 or 1000 pCi • m"3) resulting from an exhalation rate of 
0.015 Bq m"2 s"' (0.42 pCi • m"2 • s"1) [9] from the 2 2 6Ra concentration 
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(approximately 0.037 Bq -g"1 or 1 pCi -g"1) naturally present in the top soil layers 
of areas not containing uranium ore. 

Exposures due to the radionuclides 230Th, 226Ra and 210Po of the same 
order of magnitude as the ICRP dose limits have been reported as occurring in the 
immediate vicinity of an inactive tailings impoundment [10]. Douglas and Hans 
[11], Breslin and Glauberman [12], Snelling [13] and Schmel [14] report 
airborne concentrations of tailings materials significantly above background at 
distances of about 1 km or more. Appreciable exposures are, however, generally 
limited to within 0.5 km of the tailings impoundments. Because of depletion of 
particulates in the air by deposition, radiation dose rates decrease rapidly with 
distance from the source, and the resultant individual radiation exposures to 
regional populations resulting from inhalation and ingestion are relatively 
insignificant. 

4.3.2. Atmospheric and terrestrial pathways 

Deposition of released material from tailings may also lead to enhanced 
ambient radiation fields in the downwind environment. This contamination is 
normally related to wind transport of exposed dry tailings. The deposited 
material in the environment may also be resuspended and give rise to inhalation 
exposure. 

The gamma-radiation dose at 1 m above an uncovered impoundment con-
taining tailings from the milling of a 0.2% U 3 0 8 equivalent in ore would be in 
the order of 1 mrad/h according to the formula [15] 

Gamma dose rate (juR/h) = 0.093 C R a ( B q / g ) = 2.5 C R a ( p C i / g ) 

where C R a ( B q / g ) is the 2 2 6Ra concentration in tailings in units of becquerels 
per gram, and CRa(pci/g) is the concentration in picocuries per gram. Strict control 
of public access to, and prevention of the use of, the material for building or 
filling should therefore be exercised. 

4.3.3. Aquatic pathways 

Radiation exposures to the public due to 2 2 6Ra in surface waters are mainly 
through drinking water or ingestion of fish or other aquatic biota. The radium 
concentration in fish flesh can be about 4 times and in fish bones 100 times the 
respective concentrations in water [2], However, because of low uptake of these 
materials by humans, the contribution of radiation dose from this pathway is 
usually unimportant. Because of the retardation by soils of radium migration 
through groundwater, radiation exposure via this pathway is also usually 
unimportant. 
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5. RELEASE MECHANISMS AND SOME CONTROL CONCEPTS 

This section describes potentially important radionuclide release mechanisms 
and general concepts for control of the releases. Releases which may occur during 
operation of the mill and after the tailings impoundment is stabilized are considered. 

In the previous section, discharges of pollutants from the tailings impound-
ment were discussed briefly in terms of waterborne and airborne releases. In the 
present section, the specific release mechanisms for waterborne discharges of 
contaminants into the surface and sub-surface transporting media, and airborne 
discharges into the atmosphere are discussed in more detail. 

Engineering options that may be used to control the various release 
mechanisms are considered in detail in Section 7. 

5.1. SURFACE TRANSPORT OF WATERBORNE RADIONUCLIDES 

Water is used extensively during mill process plant operations and in general 
for tailings transport to the tailings impoundment areas. Slurried tailings usually 
contain 40 to 70% water and may be conveyed through many kilometres of 
pipelines. Where 'dry' tailings are produced, a truck or conveyor is required. 
Such 'dry' tailings may still contain 15 to 35% water. Releases may occur as a 
tailings spillage during conveyance from the mill to the planned impoundment, 
or by other mechanisms discussed below. 

Water may also serve as a direct release vehicle for tailings pollutants through 
the designed release of decant solution to surface waters such as lakes and streams. 
Structural failure of a tailings dam could result in the release of large quantities of 
tailings solution from the impoundment. Where tailings are saturated, large 
discharges of solids may occur after such a breach. 

Erosion of the cover and/or retaining walls of the tailings pile, especially 
after stabilization, is a release mechanism that can be potentially significant. 
Floods, even those with a moderate probability of occurrence (one chance in 100 
or 1000 years), are likely to occur during the period of concern for a tailings 
impoundment and could result in such erosion and, subsequently, dispersion of 
large quantities of tailings into the environment. 

5.1.1. Spillage during tailings conveyance to the impoundment 

This failure mode only exists during the operational phase of the mill plant. 
Through a well-designed surveillance programme, failure can be identified and 
mitigation measures taken quickly. The impact of such a failure can be limited by 
minimizing the route length and choosing the tailings conveyance path of least 
sensitivity, and through incorporating safety margins and redundancy in structural 
design and monitoring. Some examples are: 
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(a) Locate mill and impoundment as close together as possible and minimize 
pumping heads and pressures 

(b) Avoid tailings conveyance routes that cross water courses, unstable 
slopes and poor foundation conditions 

(c) Use concentric pipelines and/or specially designed pipeline corridors in 
sensitive locations, and construct interceptor channels to lead spills 
to catch pits 

(d) Use automatic shut-down surveillance. 

5.1.2. Controlled water releases 

For some mill sites, such as many of those in the western United States of 
America, Niger, southern Africa or Australia, where evaporation appreciably 
exceeds precipitation, mill circuits may be designed for zero surface water discharge, 
using only natural water evaporation into the atmosphere. 

In climates with low net evaporation, the natural water balance may be such 
that a controlled release to the environment or discharge to deep geological media 
and/or artificial evaporation of decant solution from the tailings impoundment 
must be practised. Discharge water can be treated, particularly for radium removal 
and pH adjustment, to reduce the releases of radium and other heavy metals into 
the environment. Current technology for such treatments is available to reduce 
concentrations in the effluent of 226Ra and other radionuclides of importance, such 
as 210Pb, to meet regulatory standards. The controlled water release volume can be 
minimized by recycling decant solution and other process water to the mine and 
mill, and site selection and engineering to control the inflow of fresh water to the 
impoundment area. 

5.1.3. Structural failure of tailings embankments 

The probability of embankment failure can be minimized by using appropriate 
design and construction, and materials that take into account the specific 
foundation conditions, seismicity and characteristics of the impounded materials. 
Improved stability can be obtained by limiting the dam height and through using 
gentle side slopes and underdrainage. 

The consequences of dam failure may be severe if the tailings being impounded 
are saturated and of low density. These characteristics increase the potential for the 
tailings to flow, as a liquid, which would result in large discharges that might travel 
a considerable distance. The liquefaction potential is eliminated if tailings are 
sufficiently dry or dense. 
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5.1.4. Uncontrolled water releases 

Overtopping of the tailings dam after excessive water inflow could result in 
erosion and breaching of the embankment. Such a breach could cause the release 
of a large amount of tailings and contaminated water. Since water is usually 
impounded only during the operating phase of the mill plant, this is only of primary 
concern during this period. Inflow volume from natural precipitation is directly 
related to the catchment area; thus, ideally this should be minimized by careful 
selection of the site and/or use of diversion channels to route the water from the 
catchment area away from the impoundment. Maximum probable floods or 
precipitation should be considered in determining adequate freeboard for the dam. 
The design should also meet the requirement that heavy rainfalls would not cause 
erosion around the tailings impoundment. The inclusion of emergency spillways 
from the tailings impoundment and/or stability of the impoundment can provide 
further protection against failure of the impoundment in the event of storm 
conditions exceeding the design basis storm. 

5.1.5. Erosion 

Over the long term, given that there are concentrated water flows in adjacent 
water courses, in permanent diversion facilities or channels located over the 
stabilized tailings impoundments, the potential will exist for erosion and subsequent 
releases of contaminants to the environment. This erosion can be minimized by 
limiting the flow rate around the tailings area and the effective grade of any flow 
channels. 

To minimize the release of contaminants from sheet erosion by rainfall or 
melting snow during mill operation all (except well-covered) embankments should 
be constructed of uncontaminated materials, and all water flowing over tailings 
should be collected and managed. For stabilization, use of a course gravel covering 
material, vegetation or other erosion protection such as a protective layer of rock, 
and contouring to gentle slopes would minimize erosion. It should be pointed out, 
however, that although use of vegetation is an accepted method to minimize erosion, 
more research is needed to understand the possible remobilization by vegetation of 
certain contaminants such as radium. 

5.1.6. Use of tailings for building or filling 

In the past there have been cases where tailings were removed from the 
facility and used as material for land filling, and road and building construction. 
This practice has resulted in structures containing radon sources that exceed 
acceptable limits. Corrective actions have been taken in some cases to limit doses 
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to the public resulting from this practice. It is important that steps should be 
taken to prohibit such use of tailings. 

5.2. SUB-SURFACE TRANSPORT OF WATERBORNE RADIONUCLIDES 

Tailings liquid and water added by precipitation can infiltrate the sub-soil 
underlying the impoundment. This seepage may contain radionuclides present in 
the tailings, notably 226Ra, some of the chemicals introduced in the mill process, 
and dissolved materials originally contained in the ore. These radionuclides and 
other contaminants may migrate into the sub-soil and be transported by ground-
water until they eventually discharge to the surface. Seepage flow is determined 
by the hydrogeological properties of the sub-strata, including gradients, 
permeabilities, porosities, fracture densities, etc. After permanent stabilization of 
the tailings impoundment area, the amount of water that is likely to continue 
to percolate through the tailings depends on the structure and geographical 
location of the area and the contouring permeability, and the infiltration capacity 
of the cap or cover placed over the tailings. 

Many sub-soils are capable of sorption of the pollutants dissolved in seepage. 
The geochemical properties of the sub-soils, namely their neutralizing and ion-
exchange capabilities for the radionuclides as well as other pollutants, should be 
considered when selecting a site for the tailings impoundment area. 

5.2.1. Ion exchange 

The exchange capacity of a geological medium for a given ion is commonly 
described by the distribution coefficient, or Kd factor. It is the ratio of the 
number of ions per unit of weight of the solid sorption medium to the number of 
ions per unit of volume of the water. 

For certain anions such as bromide, there is no absorption on the solid phase; 
in such cases the transport of the anion relates only to the water movement and 
molecular diffusion through the water. 

Given a horizontal barrier of thickness H, with a vertical seepage velocity of 
the water U, two characteristic transport times T for ions having zero exchange 
should be considered 

T c = y convection time 

H2 

Trf ~ it diffusion time 
K-Z 

where Kz is the effective vertical diffusion coefficient of the ions through the 
liquid in the pores. The two times are equivalent if U = Kz/H; if U < Kz/H, 
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diffusion is the predominant process. This means that even with no seepage flow 
there will be transport by diffusion. If U > K z / H , convection is predominant. 

In the case of ions having a non-zero ion-exchange capacity with soil, ion 
transport A will be retarded. This retardation can be expressed as 

where a is the effective porosity, Kd is the distribution coefficient of the ion, and 
p is the specific gravity of the solid phase. The above characteristic times then 
become 

Tc = A x g 

H2 
T d = A x g - z 

The Kd for 226Ra may easily reach values of 0.1 to 103 m3 • kg - 1 in many soils 
(A being in the range of 100 to 1000), with retardation becoming highly efficient. 
Values for other nuclides, such as Th, U, Pb and Po, are even higher, The Kz 
for very low velocity may be taken as about 0.03 a - 1 , which is the ion diffusion 
coefficient D divided by the tortuosity factor where the diffusion path is not a 
straight line. 

It can be shown that the time taken for radium to be transported through 
a geological barrier of material having a high exchange property such as clays or 
bentonite could be several hundred times greater than that for water or ions that 
are not adsorbed. When transport by diffusion is faster than by convection, 
i.e. for H<iC (Kz/U)A, the time of penetration of an ion is proportional to the 
square of the thickness of the barrier, T = (AH)2/Kz- For water movement by 
convection (Darcy velocity, i.e. for H ^ > (Kz/U)A, T = AH/U), the time needed 
for the concentration to increase from 25 to 75% of the equilibrium value is in 
the order of (A/U) ( K z H/U)*. For a 100 

-cm thick barrier of sand mixed with 
2% bentonite ( K j = 10"1 m 3 kg"1) in wet conditions, and a seepage velocity of 
1 m • a - 1 , the penetration time is in the order of 700 years. 
5.2.2. Seepage control 

Two methods [ 16] may be adopted to limit the loss of liquid from a tailings 
impoundment by seepage. The first involves containment of the liquid in the 
impoundment by using a low-permeability barrier. To accomplish this, the value 
k/L (transmissivity) should be as low as practicable. A barrier with low 
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transmissivity may be provided by constructing liners of synthetic or natural 
materials, or by locating the impoundment on a natural stratum with low 
permeability and including a low-permeability core in the dam. Under these 
conditions, tailings may be impounded in a wet state with resulting low seepage 
rates. 

The options for seepage control using this approach are apparent from the 
general equation for flow rate q, along a seepage path given by 

where k is the effective permeability along the path, h is the hydraulic head 
dissipated along the path, L is the path length, and a is the effective cross sectional 
area of the path. 

Permeability varies in nature from greater than 1 cm/s for coarse gravels to 
less than 1 X 1CT10 cm/s for compact fine clays. In view of the direct relationship 
between seepage rate and permeability, this is a prime factor in control of 
seepage. The average path permeability may be controlled or modified by site 
selection and use of low-permeability liners. 

The zone of partially saturated flow encountered by seepage water as it 
percolates down to the water table has an appreciably lower permeability than is 
encountered in the saturated zone [17]. If the seepage release rate and volume are 
large enough to result in saturation of the normally partially saturated zone, its 
permeability may increase. With low seepage rates and volumes, the reduced 
permeability characteristic of the unsaturated zone may considerably increase the 
time period required for seepage to reach the water table and begin its lateral 
migration away from the site. If the material in the partly saturated zone is 
below its moisture-holding capacity then a finite volume of water will be retained. 
Hence, for at least some period of time, seepage may be absorbed within the pores 
of the soil. 

Hydraulic heads directly affect the seepage rates. Reduction of the water 
level height in the impoundment reduces the seepage loss rate. Hydraulic heads, 
resulting from both the regional flow pattern and flow from the impoundment, 
influence the lateral migration rates of the pollutants. Hydraulic heads may be 
limited by depositing dry tailings or keeping the water level associated with the 
tailings to a low value. 

Seepage rate is inversely proportional to seepage path length. The latter is 
the distance along the flow path from the impoundment to the point of discharge 
to the surface (e.g. via a spring, well, etc.). Seepage rates can therefore be 
reduced by increasing the seepage path length by suitable site selection and design. 

The seepage velocity U may be determined from the general equation 
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where a is the effective porosity and q and a are as defined for the flow-rate 
equation. Where seepage velocity is low and flow path lengths are large, the time 
taken to complete the flow path may be long (e.g. thousands of years). 

A second approach to be taken in reducing seepage is to limit the water volume 
that can seep from the impoundment by placing tailings in an essentially dry state. 
In the absence or near absence of seepage, the contaminants transport rate will 
be limited. Since the sub-soils through which the contaminants migrate will have 
a limited absorption and neutralizing capacity [18], the less the amount of 
contaminant discharged to them the more limited will be the zone of sub-soil 
affected by contamination. Lastly, if tailings are in an essentially dry state when 
the impoundment is stabilized, the need for long-term monitoring for liner 
performance or tailings-solution discharges may be decreased. 

Neither of the above concepts is absolutely effective in eliminating or delaying 
transport of radionuclides from the tailings impoundment. All liners possess a 
finite permeability and 'dry' tailings contain some moisture. Seepage is dependent 
on the attenuation characteristics of the materials through which seepage occurs 
[16, 17, 19], and the dilution and dispersion encountered along the flow path [18]. 
The amount of seepage losses that are acceptable are highly site-specific. The 
sensitivity of the downstream environment to releases of contaminants may 
influence permissible releases. 

5.2.3. Leaching control 

Leaching is the process of mobilizing contaminants by water associated with 
the tailings or fresh water contacting the tailings from natural sources. Leaching 
can be reduced by either limiting the water percolation through the impoundment 
or chemically fixing the contaminants. Inflow of fresh water can be minimized 
by locating the impoundment in a small catchment area and contouring the 
stabilized slopes to prevent ponds forming. Another method of minimizing 
percolation is to place a cap with low permeability over the tailings. Mobilization 
of some contaminants in the tailings may frequently be inhibited chemically by 
adjusting the pH to be alkaline. 

5.3. AIRBORNE TRANSPORT 

Airborne transport gives rise to pollution from radionuclides both in 
particulate and gaseous form, as in 222 Rn. 

As the surface of the tailings pile dries out solid tailings are subject to air-
borne movement, resulting in possible dispersal of particulate radioactive 
contamination beyond the site boundaries. Wind erosion and mechanical dusting 
are mechanisms by which particulate matter is lifted for wind dispersal. 
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Radon emanation from the tailings surface follows from the decay of 226Ra 
to gaseous 222 Rn, which can then migrate through the tailings and out into the 
atmosphere. Radon-222 decays to a series of daughter nuclides all of which are 
solids (i.e. particulates, after decay of radon), the most important from the 
radiological hazard standpoint being the short-lived daughters. Through airborne 
transport of radon these nuclides can become widely dispersed. 

5.3.1. Wind transport of particulates 

Suspension of tailings into the atmosphere is a function of the physical 
characteristics of the tailings (e.g. grain size, moisture content and surface texture 
of the tailings) and the meteorological conditions. Estimation of wind erosion 
and suspension of tailings into the atmosphere is similar to that of estimating 
re-suspension of other substances from soil. Thus, research and modelling, which 
have been carried out in the area of re-suspension of other materials, may be 
applicable to uranium tailings. An example of an air-dispersion, plume-depletion, 
and radon-daughter-ingrowth model that has been developed for use in determining 
radiological impacts from this source is given in Ref. [20]. 

Three major conditions contributing to wind erosion are: loose, finely divided, 
dry tailings or cover materials; a smooth, bare tailings or soil surface; and strong 
winds [21 ]. 

Wind erosion can be estimated by using a soil-loss equation as developed by 
a number of researchers [22, 23]. While these equations are generally applicable 
and serve to illustrate the relative importance of the various factors influencing 
wind erosion, the accuracy of the calculated values as applicable to a specific case 
for uranium mill tailings must be confirmed experimentally. 

There are various factors to consider in controlling wind dispersion of tailings 
during the operating and post-stabilization phases. Selection of the impoundment 
site is a major consideration to minimize the wind dispersion potential not only 
during the operating life of the mill but, more importantly, in the longer term. 
The principal features for consideration are predominant wind directions and 
velocities, and sheltering provided by topographical features. The frequency 
distribution of high wind velocity is more important than the average wind velocity. 
During the operating phase of the mill, on the other hand, a windy area is a 
favourable characteristic that improves water evaporation, which may be an 
important consideration in some impoundment systems. 

The grain size of tailings is an important factor in the potential for wind 
dispersion during operation of the mill. For example, a heap leach operation that 
results in tailings of a relatively large grain size will not have as great a tendency for 
wind dispersion as conventional mill tailings impounded at the same site. Methods 
to minimize wind dispersion during mill operation include keeping the tailings wet 
or covered, or adding a chemical crusting agent or earth to the tailings surface. 
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Consideration should be given in planning tailings disposal programmes to using 
methods which provide immediate covering of tailings impoundments, since these 
techniques will help in controlling airborne emissions during mill operation. 

After mill operations, wind dispersion can be prevented by adding a cap or 
cover to the impoundment area. A re-vegetation programme, or the addition of 
riprap in arid areas, provides protection for the cover material. Low effective slopes 
should be used when designing the final contours of the impoundment area. 

5.3.2. Radon releases 

Because 226Ra is associated with the solid phase of tailings, its decay product, 
radon, once formed, will escape from this environment into the pore spaces 
between the tailings particles where it is then free to diffuse to the surface and 
hence escape to the atmosphere. 

The radon half-life is sufficiently short (approximately 3.8 days) that many 
of the gaseous radon atoms may decay to solid 218Po before reaching the surface. 
The self-confinement factor of a tailings pile is a measure of efficiency for this 
decay during 222 Rn diffusion through the impoundment pore spaces. 

In the diffusion process the solid phase of the medium may give rise to 
adsorption properties for radon and thus influence the relaxation length with a 
resultant decrease in the rate of release. 

Humidity is known to retard the diffusion process. Under totally saturated 
conditions no air remains in the pore spaces and 2 2 2Rn diffusion is through the 
water medium only. The molecular diffusion coefficient for 222 Rn atoms in water 
is approximately 4 orders of magnitude lower than that for air, thereby resulting 
in a marked decrease in radon emanation. 

Changes in atmospheric pressure can cause temporary perturbations in radon 
release. Generally, if the pressure increases a temporary decrease in radon 
emanation will occur. Conversely, a drop in atmospheric pressure will cause a 
temporary rise in the radon flux. 

Most of the discussions about radon releases that follow in this section 
pertain to homogeneous tailings media. However, in practice, a layering effect 
occurs which in certain cases can affect the diffusion process so as to reduce 
the atmospheric radon releases below those expected from homogeneous tailings. 

Although vegetation can be effective in protecting the tailings or tailings 
cover surface from water and wind erosion, experience suggests that it might have 
a detrimental impact on radon emissions. 

The general relationships that apply to radon release from homogeneous 
tailings piles and which are described in the following sections, are reported in 
Ref. [24], An example in the use of some of the principles discussed below to 
estimate radon release rates is given in Appendix B. 
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5.3.2.1. Emanation factor 

The emanation factor r is defined as that fraction of the radon atoms 
produced that escapes from the solid phase to the pore spaces. Radioactive decay 
of gaseous radon to its solid daughter products accounts for the fraction that fails 
to enter the pore space. 

The number of 2 2 2Rn atoms produced per unit time in a volume V of 
medium is 

AR 3 V a t o m s / s 

where AR3 is the radium radioactivity level per unit volume of medium (Bq-nT3). 
Therefore, the number of 2 2 2Rn atoms per unit time entering the pore spaces 
adjacent to this volume V is 

r A R a V atoms/s, 

Given the effective porosity a of the medium, the solid phase in V then 
occupies a volume (1— a)V and the pore space a volume aV. From this, an estimate 
of the emanation factor can be made. For most uranium tailings, r is in the order 
of 0 . 0 3 to 0 . 3 . 

5.3.2.2. Self-confinement factor 

The self-confinement factor e is defined as that fraction of the radon atoms 
entering the pore spaces that eventually reaches the atomosphere without 
decaying within the tailings pile. With a tailings layer of height (thickness) H, and 
surface area S, the rate at which 222 Rn atoms enter the pore spaces is given as 

TAR3H.S. a t o m s / s (see sub-section 5 .3 .2 .1 ) 

If the thickness of the tailings layer is small compared with the diffusion relaxation 
length (defined later), then the rate of 222 Rn release from the surface will also be 

TAR3H.S. a t oms / s 

If the thickness of tailings is relatively large, many atoms will decay to solid 218Po 
and attach to the solid phase of tailings during diffusion. Increasing the thickness 
of the tailings therefore provides increasing self-confinement of the radon atoms, 
and the net release to the atmosphere will be 

erA R a H.S. atoms/s 
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H/Heff 

H = Height of the pile 

Heff = Relaxation length 

Note: In most cases H/Heff is large, and e is simply equal to He f f /H. 

FIG.3. Self-confinement factor of a tailings impoundment. 

The self-confinement factor e is a function of the tailings thickness H, 
and of the effective diffusion relaxation length Heff, for the porous medium. 
As derived in Ref. [24] one has 

e = e (H, Heff) = (Heff/H) X hyperbolic tangent (H/Heff) 

The dependence of e on H/Heff is shown in Fig. 3. 

With a dry solid phase and with no adsorption of radon, the effective diffusion 
relaxation length is given by the formula 

where DA is the molecular diffusion of the 222 Rn atoms in air in square metres per 
second (Da = 1.02 X 10~5 m2 • s"1); T is the tortuosity factor, accounting for the 
diffusion path not being a straight line but rather one which passes around the 
solid particles (thus increasing the effective length); and X is the decay constant 
of 2 2 2Rn (X = 2.1 X 10~6s_1). The tortuosity factor is usually in the order of 1.5 
for sand but may be much larger according to the grain-size distribution and 
shape factor. 
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Heff for a dry medium is typically in the order of 1.5 to 2 m. If the thickness 
of the pile is large compared with Heff, then the number of atoms released by the 
pile is given by 

rARaHeff S atoms/s 

5.3.2.3. Adso rp tio n 

The solid phase of the medium (i.e. tailings pile materials) may have naturally 
or artificially introduced adsorption properties for the radon. This implies that the 
atoms of radon will distribute themselves in the gaseous phase and in the 
solid medium. 

If NA and are the concentrations of radon atoms in the air and in the 
solid phase, respectively, then in the equilibrium situation 

where Ka(j is the adsorption coefficient. In this case the relaxation length becomes 

Therefore, adsorption can have the effect of reducing the relaxation length and 
hence reducing the ,222Rn release from the tailings pile. (For dry charcoal, for 
instance, Heff may be in the order of 0.1 m.) 

5.3.2.4. Moisture effects 

The existence of moisture in the form of a water film around the particles and 
bridges between them will have the following consequences: 

(a) The emanation factor r will be decreased, as the radon escaping the solid phase 
will have to be desorbed from the water before entering the air phase. This 
means an increased radon decay within the solid and liquid phases. 

(b) The tortuosity factor T will increase, especially if there exist, as is usual in 
the medium, layers of the fine particles which become locally more or less 
water saturated and thus less pervious. 

(c) Absorption and desorption processes of the radon atoms between the liquid 
phase and the gas phase will result in a reduction in the effective diffusion 
coefficient. If k is defined as the ratio of the radon concentration in the 
liquid phase to that in the air phase (k has a value of 3 at 17°C), and the 
saturation factor s by 

NS = Ka dNA 
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_ Volume of water 
Volume of pore space 

then the effective molecular diffusion coefficient for 222 Rn atoms in the 
medium is given by 

( l - s ) D A + ksD w 
U e f f 1 - s + ks 

where Da and D\y are the molecular diffusion coefficients for 222 Rn atoms 
in water and air, respectively. The effective relaxation length is then given by 

I ( l~ s ) PA + ksDw 
H e f f V T A ( l - s + ks) 

If saturation is complete (s = 1), no air is available in the pore spaces and one 
has to consider only the molecular diffusion in water as Heff reduces to 

Since D\y ^ Da X 10 4, Heff is reduced to the order of 1 cm. Values for 
k at various temperatures are given below 

T(°C) 0 5 10 15 20 25 30 35 40 

K 0.54 0.41 0.34 0.29 0.25 0.22 0.19 0.17 0.16 

Experimental results indicate that for a saturation coefficient s between 0.5 
and 1, the relaxation length is in the order of a few tenths of a metre. The thick-
ness of most tailings piles is greater than Heff; thus most of the radon atoms 
which escaped from the solid phase will decay before reaching the free atmosphere 
and thus be confined within the impoundment. Only the radon emanated by a 
layer of a few tenths of a metre is released to the atmosphere in situations where 
the moisture is maintained. 

5.3.2.5. A tmospheric pressure effects 

As stated in sub-section 5.3.2, changes in atmospheric pressure can result 
in temporary changes in radon exhalation rates. Usually the duration of the 
events of atmospheric pressure changes is much less than the half-life of radon 
(3.8 days). In this case, the effect of a cyclic change of atmospheric pressure of 
strength ± Ap is to release all the radon emanated in the surface layers of the 
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stockpile up to a depth of (Ap/p) X H. The release due to the pressure change 
is therefore 

5.3.2.6. Multilayering of tailings 

The above discussions are related to homogeneous tailings media. However, 
as the liquid and solid effluents are discharged at the surface of the pile, a 
segregation may occur in deposits according to the grain-size distribution, the 
coarser particles having the highest settling velocity. A multilayer structure is 
created, with a vertical variation of moisture and porosity. This could in certain 
cases reduce the relaxation length to the order of the thickness of each layer. 

5.3.2. 7. Surface vegetation effects 

Use of surface vegetation is an accepted practice to stabilize the surface cover 
of a tailings pile. However, the vegetative cover may have some disadvantages 
[25, 26] relating to radon release, namely: 

(1) Exhalation or transport of radon from the soil to the atmosphere by the 
vegetation 

(2) Reduction of soil moisture, with a resultant change in the radon diffusion 
rate, as a result of moisture transpiration by the vegetation 

(3) Increased permeability of the soil as a result of plant roots. 

Further research is required to understand and quantify these mcchanisms. 

.5.3.2.8. Surface cover effects 

A cover of clayey soil may be used above the tailings to reduce the exhalation 
of radon. The amount of reduction depends very much on the moisture within 
the cover, as discussed in sub-section 5.3.2.4. A water cover, for instance, may 
serve as an effective barrier. A reduction of several orders of magnitude due to 
snow and ice cover has been reported [21]. Where climates permit, leaving the 
tailings pile in a situation where permanent frost can form may be an effective way 
to suppress radon flux escaping to the atmosphere. 

The main governing parameter for the effectiveness of surface cover is the 
ratio of the thickness of the cover h2 to its own diffusion relaxation length H2 . 

rARaS.H. atoms/s P 

and the total release may be estimated using the formula 

atoms/s 
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TABLE IV. ATTENUATION FACTORS FOR COVER MATERIALS 

Hi 

h 2 

\ " 2 0.8 1 2 3 4 5 6 7 

0.5 0.56 0.47 0 .18 0.07 0 .025 0 .009 0.005 0.001 

1 0.45 0.37 0.13 0.05 0.02 0.007 0 .002 0.001 

2 0.32 0.26 0.09 0.03 0.01 0 .004 0 .002 0.001 

Other parameters are the thickness of the tailings pile h j and its relaxation 
length H,. 

If F0 is the flux of the pile without cover and F is the flux if the pile is 
covered, a confinement factor G is defined by 

If h; is large compared with Hi, G may be approximated by 

G = exp ( - h 2 / H 2 ) 

Values for the attenuation factor for cover materials derived by the method 
shown in sub-section 5.3.2.2 are shown in Table IV for various values of h 2 /H 2 , 
with H j / H j equal to 0.5, 1 and 2; and for a thickness of the pile h j large 
compared with H! (e = Heff/H]). If for instance the flux is to be reduced by a 
factor of 50 (G = 0.02) one needs h 2 /H 2 = 4. For a dry cover, this requires 6—8 m 
thickness. If the saturation coefficient is kept high enough, cover of only about 
1— 2 m is required. 

In the case of a cover made of successive layers of various materials (i) and 
thicknesses (h;), the total confinement factor is the product of the confinement 
factor of each layer 

G t 0 t = exp ( - £ ! " ) 

In the United States of America it is recommended to limit the radon flux 
to 0.74 Bq • m~2 • s_ 1 (20 pCi • m~2 • s - 1) . A confinement factor G in the order of 
0.01 is therefore required. For an example where the radon flux from uncovered 
tailings was 7.7 Bq-m"2- s"1 (208 pCi-m"2-s" ') , a cover consisting of 61 cm clay, 
181 cm overburden and 30 cm topsoil reduced the radon flux to 0.74 Bq-m" 2 -s _ 1 

(20 pCi-m~2 s - 1 ) . 
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6. ENVIRONMENTAL CONSIDERATIONS IN MILL PROCESS SELECTION 

The process used for recovery of uranium from the ore is dictated to a large 
extent by mineralogy (ore type), geology and economics. In the milling process 
large quantities of chemicals are required, and because many of these chemicals 
may have a marked impact upon surface or groundwater quality, selection of the 
overall mill process should not be made solely on hydrometallurgical grounds. 
Substitutions for the more toxic reagents should be made where possible. Also, 
some modification or addition to the mill process scheme may be feasible which 
would reduce either the immediate or long-term environmental impact of the 
tailings. 

6.1. PROCESS OPTIONS 

The two processes most used for dissolving uranium from the ore are acid 
or alkaline leaching. These are followed by a variety of concentration and 
purification techniques to produce a uranium concentrate product of desirable 
quality. Simplified flow sheets are given in the IAEA Safety Series No.44 [3] 
and also in books and papers on extractive metallurgy [28—30]. 

The acid leaching process, which uses sulphuric acid as a leachant, has the 
advantages of high uranium recovery, easy process control, generally modest 
reagent requirements, and low power consumption. Its major disadvantage is 
that it dissolves significant amounts of the undesired constituents in ore. This 
then requires sophisticated leach liquor treatment by ion exchange (IX), solvent 
extraction (SX), or both, to upgrade the purity of the uranium in solution and to 
allow precipitation of a uranium concentrate of acceptable quality. The 
sulphuric acid leach process also frequently has a high requirement for fresh water. 
In an arid climate this additional water is readily evaporated from the mill 
tailings impoundment. In a wet climate recycling of water from the tailings 
impoundment to the mill may be required to reduce the water consumption, but 
discharge of excess tailings water to a surface water course after appropriate 
treatment is generally necessary. 

Metals leached with the uranium may include vanadium, arsenic, selenium, 
nickel, iron, copper and a wide variety of others depending the mineralogy of the 
ore. The radioactive elements associated with uranium such as radium, thorium, 
lead and polonium are also solubilized to some degree. In the acid leaching process 
about 1% of the radium remains dissolved [31], and frequently about 50% of the 
thorium [32], Data on lead and polonium are sparse, but these are expected to be 
somewhat soluble. 

The major chemicals used in the acid leach process commonly include 
sulphuric acid and sodium chlorate or manganese dioxide in the leaching circuit; 
ammonium nitrate, ammonium sulphate or sodium chloride and amines, alcohols 
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and kerosene in the purification steps; and ammonia or magnesia for concentrate 
precipitation. The choice of chemicals used will have different effects on the 
environment. 

The alkaline leach process uses a mixture of sodium carbonate (or ammonium 
carbonate for in situ leaching) and sodium bicarbonate solution with an oxidizing 
agent to dissolve uranium. Selectivity for uranium is high, and further purification, 
as is required after sulphuric acid leaching, is sometimes unnecessary. The 
uranium concentrate is either precipitated directly using sodium hydroxide 
or after purification by an ion exchange or solvent extraction process. Radium 
dissolution (commonly 3 to 5% of the total present) is generally higher than 
in the acid leach process, but the solubility of other radioactive elements is much 
lower at the high pH of the leachant. The alkaline leach process is usually more 
expensive to operate and achieves a lower recovery of available uranium than the 
acid leach process. Therefore, it is seldom selected unless the acid consumption 
by the ore makes reagent consumption for the acid leach process excessive. 

Both the acid and alkaline leach processes generally require that the ore is 
crushed and finely ground. In the acid leach process a particle size of minus 
0.5 mm is generally required, and quite often finer. For the alkaline leach the ore 
is generally ground to about minus 0.2 mm (50% less than 0.075 mm). This 
grinding largely determines the physical characteristics of tailings. 

One procedure that is becoming of increasing importance as lower grade ore 
bodies are developed is the heap leaching technique. With this technique the ore 
is crushed to less than about 2 cm in size and piled in a heap or bed on a drain pad. 
Uranium is solubilized by spraying and draining a solution containing sulphuric 
acid through the heap or bed. The resultant uranium-containing solution is 
collected from the pad and concentrated and purified in a similar fashion to that 
used in a conventional sulphuric acid leach process. This heap leach results in 
much coarser tailings with an appreciably lower water content than in a conventional 
mill, with attendant advantages for tailings disposal. As for the other leaching 
processes, the leached ore remaining will contain many of the radioisotopes 
originally present in the ore. The 2 2 6Ra content, for example, will be largely 
unchanged. Tailings can be managed in a manner generally similar to those from 
conventional leaching processes, but perhaps with somewhat simpler techniques 
that are possible because of the lower dispersibility of the tailings due to their larger 
particle size. 

6.2. REDUCING ENVIRONMENTAL IMPACTS 

The selection of an acid or alkaline leach mill process makes relatively little 
difference in terms of long-term radiological impact to the environment. Tailings 
from either process contain similar amounts of 226 Ra and thus emanate similar 
quantities of 222 Rn. In contrast to the alkaline process, the liquid phase associated 
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with the acid leach tailings contains more uranium, thorium, lead and polonium, 
which are available for possible transport outside the tailings impoundment by 
either seepage or through discharge to surface watercourses. Neutralization of the 
acid tailings with lime or some similar suitable substances before discharge will 
significantly decrease the amounts of these materials in the liquid phase. The 
mobility of most undesirable metal ions in acid leach tailings that have been 
neutralized at a pH of greater than 8.5 is not significantly different from that of 
those same ions in tailings from alkaline leaching, although the presence of carbonate 
in tailings from alkaline leaching tends to solubilize some metals. 

Increased uranium recovery in the milling process will decrease the residual 
content of uranium isotopes with long half-lives, and the amount of ore to 
be processed for a given amount of uranium product. 

The practice of heap leaching has the advantage that the resulting tailings are 
less susceptible to dusting than conventional tailings. Also, less water is associated 
with the pile, and because further water entry could be minimized as operation 
proceeds, the potential contamination of ground and surface waters is significantly 
reduced. 

6.2.1. Radioisotopes 

Tailings solution from an acid leach process contains soluble uranium, radium, 
thorium, lead and polonium. In an area where precipitation exceeds evaporation, 
the liquid phase of tailings can sometimes be released to surface watercourses 
after appropriate treatment. Where such a release is possible, current practice is to 
adjust the pH of the tailings solution to a range of 6.5—8.5 to precipitate many of 
the solubilized metals. This pH adjustment is best done in the mill plant to allow 
for good process control to maximize precipitation and retention of radioisotopes . 
within the tailings impoundment. The major constituents in water discharges after 
such treatment are non-radioactive process chemicals. 

In cases where evaporation and/or seepage losses account for removal of 
excess tailings water (i.e. overflow of tailings water is not practised), pH adjustment 
is generally not practised. To reduce the environmental effects of seepage, the 
tailings impoundment can be placed on clays or soils with high adsorptive capacity 
to retard the movement of radionuclides to groundwater (see Section 5). 

Limited studies have been carried out to determine the effectiveness of radium 
and thorium extraction from the ore during the uranium recovery process [33, 34]. 
However, the radium and thorium content in the residues from such extraction is 
too high to permit their unrestricted release. Thus, there is currently little benefit 
from the application of these processes. Development of such processes would 
have to take into account the possible creation of environmental problems. 

Radium tends to concentrate in the fines or slime (minus 10 jum) portions of 
tailings solids. A sand/slime separation would present an opportunity to give 

32 



special treatment to the slime fraction which is normally less than one-third of the 
total weight of tailings. Mixing the thickened slimes with dry silicate materials 
or cement could result in a stabilized waste with low tendency for dusting or 
leaching of radium. This technique, however, is largely untested and still leaves the 
bulk of the tailings for separate disposal. In addition, the separation of radio-
nuclides into the slime fraction is not effective enough to eliminate the waste 
controls needed for the sand fraction. 

6.2.2. Non-radioactive constituents 

The potential impact attributed to non-radioactive constituents is highly 
dependent on mineralogy, climate and the process chemicals used. 

An important source of environmental concern from tailings is the oxidation 
of pyrite in some ores, resulting in the release of sulphuric acid and metals to the 
environment. At some mills in South Africa pyrite is recovered first by flotation 
and then the concentrate is used for production of sulphuric acid as a product. 
In view of the unexpectedly severe problems that are occurring as a direct result 
of the presence of pyrite, its removal requires careful consideration on a site-
specific basis. 

In some ores there may be small quantities of manganese, copper, selenium, 
molybdenum, vanadium, arsenic and zinc minerals, iron oxides, monazite and rare 
earth minerals. Only in rare cases do metals such as these exist in uranium ores in 
economically attractive concentrations, even though their concentrations can be 
significant with regard to toxicity. Thus, they are usually not recoverd and end 
up within the tailings. However, when present, some of these elements tend to 
remain dissolved under conditions used to precipitate other undesirable materials. 
Some mills in the United States of America recover vanadium from their ores by 
solvent extraction. 

Certain metals (e.g. iron, chromium, nickel) do not dissolve readily in the 
alkaline leachant but are generally partly soluble in the acid leachant. Where they 
are dissolved they are selectively rejected by the subsequent ion exchange or 
solvent extraction step and end up in the tailings solution after uranium recovery. 
As with the radium and thorium content discussed in sub-section 6.2.1, the metal 
content of the tailings liquid can be greatly reduced by neutralizing with an alkali; 
limestone, lime, or a combination of the two, are frequently used for this purpose. 

Where excess tailings water is discharged to surface waters, treatment of the 
tailings water will result in the separation of the major part of metals and radio-
nuclides. In these cases, the major constituents in the discharge from the tailings 
impoundment may be the chemicals required for dissolution and subsequent 
treatment of the uranium product in the mill. It is often preferable to change the 
mainline process chemicals rather than institute costly post-treatment systems. 
A recent example of process chemical changes solely for environmental protection 
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is the substitution of sulphuric acid for nitric acid elution and magnesia for 
ammonia precipitation in a reactivated mill at Elliot Lake, Ontario, Canada [35]. 

7. IMPOUNDMENT SITING AND DESIGN OPTIONS 

Tailings produced in the milling of uranium ores differ from those of most 
other metal milling practices in that they have a significant content of radioactive 
components. Uranium mill tailings management therefore presents some additional 
and particular considerations for environmental protection due to their radio-
activity. The basic design and operating objectives for the impoundment of the 
uranium mill tailings in all cases is: 

(1) To provide an impoundment which is both physically and chemically 
stable 

(2) To control the loss of radioactive elements to the environment to 
acceptable levels. 

The important considerations that influence the effectiveness of tailings 
impoundment relate to both site selection and choice of the impoundment 
system to be used. Each potential tailings impoundment site has inherent site-
specific advantages and disadvantages. Site selection should make use of the site-
specific advantages. The design and engineering should then account for the 
site-specific disadvantages. 

Site selection, and design and engineering of the tailings impoundment 
should be considered in conjunction with the overall mining and milling 
operations. Processes and methods used in both the mine and mill will have 
a direct influence on the requirements, performance and cost of the impoundment. 

The concepts of storage and disposal should be considered when evaluating 
tailings management systems. Technology is available t o ensure that any properly 
sited and designed tailings impoundment can meet the requirements of storage, 
that is, confinement of wastes over a limited period of time with the possibility 
for retrieval and eventual disposal of tailings. However, tailings disposal is the 
desired management objective. In this case there is no intent to retrieve and, 
more importantly, no reliance on continued surveillance and maintenance to 
ensure integrity of the impoundment system. The time at which surveillance 
can be discontinued after decommissioning of the mill and rehabilitation of 
the tailings impoundment could vary considerably with design and, in particular, 
with certain site-specific parameters. National differences exist regarding the 
objectives of disposal as it relates to tailings; however, the primary basic 
difference relates only to the acceptance, within the objectives of disposal, of 
long-term restriction of access to, or use of, the rehabilitated tailings area. 
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Since tailings will contain radionuclides with long radioactive half-lives, 
there can be no guarantees that in the corresponding time frame tailings 
deposited on or near the land surface, regardless of the method used or the site 
selected, will not be dispersed into the environment. However, the design goal 
for the impoundment system should be to dispose of tailings using the currently 
available best practicable technology so as to minimize the possible future rates 
of release of these radionuclides into man's environment. 

This section identifies and discusses the options that are in use and/or 
available for tailings impoundment. Certain proposed options and practices 
considered to have some merit with respect to tailings stabilization are also 
considered. 

7.1. SITE SELECTION AND INFORMATION COLLECTION 

One of the most important aspects to be addressed in tailings management 
is the selection of a site that is both geologically and geomorphologically stable. 
The site-selection process consists of collecting appropriate information regarding 
the natural conditions, geology and geomorphology of the region concerned, 
and then choosing a site which has a favourable combination of conditions with 
respect to those factors which govern the long-term integrity of the impoundment. 

7.1.1. Information collection 

In undertaking an evaluation of potential impoundment sites, the following 
technical information is normally required: 

Mining operation 

Characteristics of the ore body, including mineralogy and grade; methods, 
plans and sequences of mining; rates of production of barren wastes, 
contaminated wastes and ore; proximity of the impoundment site to 
mill site. 

Milling process 

Processes to be used; reagents required; water requirements and balance; 
chemical, physical and radioactive properties of wastes. 
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Site data1 

Topography and land use; hydrology and water use; geology and surficial 
soils; regional geomorphology; seismology; meteorology; demography; 
cultural and recreational resources; ecology. 

Evaluation of information on these topics should lead to the selection of 
a limited number of the most feasible sites which can then be evaluated in more 
detail to select the final site. More detailed evaluations would require compilation 
of additional information for each site including: 

Geology2 

(1) Geological strata and surficial soils in the impoundment area, and their 
engineering properties 

(2) Foundation conditions at embankment and structure locations 
(3) Lateral and vertical distribution and permeability of the layers which 

underlie the impoundment 
(4) Existence of faults, fractures and joint patterns that may provide 

preferential seepage channels 
(5) Geochemical properties of soil and underlying strata, including their 

chemical exchange capabilities. 

Hydrogeology 

(a) Depth to water table, including perched water tables, if present 
(b) Magnitude and trends of annual water table fluctuations 
(c) Distance to nearest points of groundwater, spring water, or surface-

water usage (includes well and spring inventories) 
(d) Relation to recharge area of groundwater 
(e) Groundwater quality 
(f) Possible chemical effects of pollutants in seepage water along potential 

flow paths. 

1 These parameters are considered in detail in the US Nuclear Regulatory Commission 
Regulatory Guide 3.8 [36]. 

2 These subjects are considered in detail in the Canada Centre for Mineral and Energy 
Technology (CANMET) Pit Slope Manual (Chap. 9) [37] and the US Nuclear Regulatory 
Commission Regulatory Guide 3.11 [27], 
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Environmental baseline data3 

(i) Concentration of important radioactive and non-radioactive nuclides 
in soil, water and air 

(ii) External radiation exposure levels. 

The above geological and hydrogeological parameters are obtained by exploration 
drilling and testing, geophysical exploration, etc. 

7.1.2. Site selection 

Desirable site characteristics f rom the standpoint of both operational and 
post-operational performance are that the site 

(1) is geologically stable and free from deficiencies, such as caverns, or 
geological formations having properties that may chemically react 
unfavourably with tailings liquid 

(2) has a minimum catchment area 
(3) has strata with low permeability 
(4) has foundation properties sufficient to support tailings impoundment 

without undue settlements 
(5) is not subject to flooding. 

The site selection process cannot be carried through to a final decision 
without considering, at least conceptually, the impoundment design. Decisions 
relating to final site selection are frequently arrived at concurrently with those 
pertaining to impoundment design. 

Where a number of suitable sites are available, final site selection can use 
various simple or more refined methods to select the most favourable site. A 
simplified example of a weighting exercise that may be undertaken to assess the 
available sites and applicable management and design options (using the collection 
of information listed in sub-section 7.2.1 and the various management and 
design options discussed in the remainder of this section) is shown in Appendix C. 

3 These subjects are considered in detail in the US Nuclear Regulatory Commission 
Regulatory Guide 3.8 [36], and the US Nuclear Regulatory Commission Technical Position 
Paper, Pre-operational Environmental Monitoring for Uranium Mills [38]. 
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7.2. TAILINGS IMPOUNDMENTS 

The tailings impoundment system can be divided into six major sub-systems 
or elements, each of which has a number of associated support systems: 

(1) Physical confinement 

Including natural and excavated basins, constructed embankments, water-
diversion channels, flood-diversion dams and channels, spillways, access 
and haul roads. 

(2) Seepage control 

Natural and artificial liners, diversion trenches, foundation groutings, under-
drainage, seepage collection systems, seepage return pumps and pipelines. 

(3) Tailings management (or auxiliaries) 

Tailings delivery and distribution facilities, such as pipelines, conduits, drop 
boxes, spigots, cyclones, remote flow sensors and controls; water control 
and return facilities, such as decant systems, spillways, syphons, pumping 
barges and pipelines. 

(4) Stabilization and rehabilitation 

Capping or cover, embankment and surface contouring, permanent diversion 
facilities, erosion protection and re-vegetation. 

(5) Effluent treatment 

Mixing basins, settling ponds, discharge structures and treatment plant and 
structures; ponds for evaporation of excess contaminated water. 

(6) Monitoring 

Monitoring systems for air, surface water and groundwater, and migration 
of tailings solids, solutions and dissolved contaminants; surveillance to 
identify degradation of protection measures. 

These elements are interrelated, and therefore the design details of one element 
influence the design requirements and costs of the others. Seepage characteristics 
of the impoundment system, for example, determine the seepage control 
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mechanism required. The long-term stability of the cap over the tailings is 
critically dependent on the location, geometry and drainage conditions applicable 
to the impoundment site. 

The remaining sub-sections deal with physical confinement, seepage control 
and tailings management, with identification and discussion of the more common 
design and management options within each. The influence that site selection 
may have on these options is factored into the discussions. Effluent treatment 
and monitoring, and stabilization and rehabilitation are discussed in Sections 8 
and 9, respectively. 

7.2.1. Physical confinement 

This section describes the various options that have been used, or are 
proposed, for physical confinement or impoundment of uranium mill tailings. 
Tailings impoundments generally consist of a combination of both natural and 
man-made features. As was pointed out in sub-sections 7.1 and 7.2, the choice 
of the impoundment location and system are the most important decisions to 
be made. The types of impoundment systems discussed here are not exhaustive, 
and innovative proposals for new facilities are encouraged. The following basic 
types of impoundment facilities are discussed: valley dam impoundment, ring 
dyke impoundment, mine-pit impoundment, specially dug pit impoundment, 
underground mine impoundment, and deep lake impoundment. 

Tailings embankments should be built for water as well as solids retention. 
They may be built using a portion of the tailings, but because of the radioactivity 

t 

in uranium mill tailings, it is considered undesirable to use tailings for above-
ground embankment construction. Rather, they should be constructed using 
non-radioactive-borrowed soils and rock, mine-derived waste, or man-made 
structural materials such as concrete. Conventional dam or embankment 
building techniques should be used [27]. 

7.2.1.1. Valley dam impoundments 

The cross-section of a typical valley dam is illustrated in Fig. 4 [ 16]. The 
confinement basin is formed by constructing an embankment across the valley 
at the downstream end. 

Because it is of primary importance that the size of the catchment should 
be minimized to restrict inflow of water into the impoundment, the impound-
ment should ideally be located at the head end of a natural drainage area. 

Both the embankment and the basin side should provide containment by 
being either constructed of low permeability material or incorporating a low 
permeability core or liner. 

Tailings are normally discharged into the basin at a single point (usually 
varied with time), along a line, over a ring-shaped area, or from a barge to 

39 



Tailing Water 
from Diversion 
tailings channel 

Cut-off 
Other soil strata trench 
or bedrock 

Alluvial deposits 
k h > k „ 

Impervious 
blanket 

FIG. 4. Typical cross-section of a valley dam impoundment. 

distribute the tailings below water level. Most commonly, a line discharge is 
maintained at the dam wall forming a beach of sand which slopes away from 
the embankment. Excess water is removed from the pond by natural evaporation 
or is decanted, using either pumps mounted on a floating barge or buried decant 
pipes with fixed overflow risers, to storage ponds for re-use or release to natural 
waterways. Treatment of the water is normally required to reduce contaminant 
levels before any discharge to man's environment. A cover of water may be 
maintained over the tailings to limit radon exhalation from the tailings surface. 

The following factors or characteristics should be considered in assessing 
the location and use of a valley dam impoundment: 

(1) Valley impoundments are chosen to maximize the use of natural topographic 
features in the area. The shape and locations of the impoundment basin are 
therefore determined by the availability of suitable sites within a reasonable 
distance from the mine. Because the characteristics of the site are fixed by 
nature there is usually little scope for varying the site location to avoid 
unfavourable features. 

(2) Since site locations are dictated by the available natural features, distances 
from the ore bodies and mines to the mill plant may be substantial. Short 
distances reduce the surface area that is affected by the overall mining and 
milling operations, with attendant reduced risk of contaminating the 
environment by spillage. 

(3) Material borrowed from the vicinity of the dam wall further increases the 
area of excavation and thus the environmental impact, unless the borrow 
area can be located within the tailings storage area. 

(4) Since valley dams are in topographically low areas, the visual impact is low. 
(5) Surface water run-off from the valley catchment is automatically collected 

in the impoundment area. Long-term seepage and erosion control require 
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that such flow be diverted around the impoundment area. Where the catch-
ment area is large in comparison with the impoundment area the failure 
potential associated with concentrated water flows can be relatively high. 
Additional maintenance and surveillance may therefore be necessary after 
shut-down of the mill. 

(6) As these impoundments are located in water courses, the capability exists 
for comparatively rapid transport of any spillage or seepage into the river 
system. The transport rate will depend on the catchment area flow 
conditions, the distance to the nearest river and the gradients applicable. 

(7) Since the valley forms three sides of the impoundment and only a relatively 
short dam wall is required to complete the impoundment, the impoundment 
basin is therefore cost-effective. 

(8) In most areas, for a given volume of tailings, a valley dam embankment will 
have to be relatively high, with subsequent high hydraulic gradients. 

(9) Because of the shape of the valley, tailings depths are shallow along the three 
natural sides and become progressively deeper towards the middle. The 
average tailings depth is therefore generally fairly low and the final surface 
area relatively high. This tends to increase the area of environmental impact, 
the surface area for seepage and wind erosion, and the volume of the cover 
required for stabilization. 

(10) The shape of the valley floor is often irregular and installation of any liner 
may be difficult and require considerable reshaping. Complex shapes also 
may render installation of a well-managed tailings facility more difficult 
and costly to operate. Where line discharges are used along the dam 
embankment, soft slimes zones usually form along the outer basin edges, 
creating placement difficulties and differential settlement problems for 
the cap. 

(11) The form of the valley normally restricts seepage and surface flow to a 
known path or channel generally directed down and towards the centre 
line of the valley. Monitoring and measures to minimize or return seepage 
flows are therefore relatively simple. 

(12) Owing to the shape of the valley floor the dam height varies over its length, 
resulting in differential loadings on the foundation and in the dams them-
selves. Care is required in dam design and construction to minimize 
differential settlement and possible resultant dam weakening. 

(13) Deep alluvium deposits are often associated with valley floors. The horizontal 
permeability of such deposits is often high. This permits the rapid lateral 
migration of seepage water and makes water diversion channels and/or 
liners necessary. 

(14) Valleys often occur as a result of some underlying weak geological feature, 
such as a fault or shear zone, which may also be a zone of higher 
permeability. 
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FIG.5. Typical ring dyke impoundment. 

(15) Groundwater is usually shallowest in the valley floor area, and thus seepage 
from the impoundment has only a relatively short distance to travel before 
it joins the groundwater. 

(16) For an open-pit mine the distance between the impoundment and the mine 
has a considerable effect on the cost of transporting overburden waste for 
either dyke building or covering and capping. 

(17) The volume and cost of earthworks associated with covering a tailings 
impoundment usually exceed that required for embankment or dyke 
construction. 

7.2.1.2. Ring dyke impoundments 

Ring dyke impoundments are formed by constructing a single self-closing 
embankment; they are usually constructed on relatively flat terrain. Where 
the terrain is more undular they may be formed by a succession of valley 
embankments linked by low saddle embankments. They may be constructed 
in single or multiple stages. 

A variety of shapes may be used with perimeters ranging from square or 
rectangular to curved or irregular. Internal embankments may be used to sub-
divide the impoundments into two or more compartments. An example of a 
ring dyke impoundment is shown schematically in Fig. 5 [16]. 
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Embankments are usually designed using conventional dam design principles 
involving internal zoning (e.g. zones with low permeability, zones with filter 
materials, zones with permeable rockfill and riprap), and constructed from 
selected borrow materials or mine waste rock. The dams may also be 
constructed from the coarser tailings fraction, although this fraction usually 
contains sufficient amounts of radioactive elements to make their use 
undesirable. 

Confinement is achieved by the selection of appropriate low-permeability 
earthen materials for the core of the embankments, although when this is not 
available artificial liners may be used during the mill operation phase. Appropriate 
confinement over the base of the impoundment may be achieved by the selection 
of a site with a low-permeability basin. When the base is relatively permeable 
(compared with the embankment), or is rendered permeable by the presence 
of joints, faults or other weaknesses, a blanket of material with low permeability 
may be used to achieve suitable confinement. Earthen materials used in various 
zones in an embankment must be selected so that substantial transport of 
material from a low-permeability zone to one of higher permeability will not 
occur. Appropriate filter rules must be satisfied for the grading of materials 
in contiguous zones, including between the foundation and foundation contact 
zones. Grouting may be used to control near-surface seepage losses. 

The following factors and characteristics should be considered in assessing 
the location and use of a ring dyke impoundment: 

(1) Ring dykes require generally flatter areas than valley dams and thus may 
have a greater flexibility in location. 

(2) In flatter areas, ring dykes have a lower maximum embankment height for 
a given volume of tailings (particularly when compared with valley dams 
near the head of catchments), thereby reducing the risks of dam instability 
and the consequences of larger hydraulic gradients. 

(3) For a given volume of tailings, the maximum embankment height may be 
reduced by constructing it in a single stage, using construction materials 
borrowed from within the storage area. The use of internal borrow areas 
minimizes environmental impact. 

(4) Increased embankment lengths may result in an increased probability of 
embankment failure and/or seepage losses through the wall and the 
foundation. 

(5) The relatively low maximum embankment height reduces problems 
associated with the re-establishment of drainage when tailings are covered 
during rehabilitation. 

(6) Ring dykes can commonly be located close to the mine, thereby allowing 
for easy use of mine waste materials to be programmed into construction 
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and used for tailings rehabilitation. The ratio of catchment area to storage 
area in a ring dyke can be minimized and the risk of overtopping due to 
flooding can be essentially eliminated. 

(7) When located close to the mine, impoundments may be used for the 
disposal of waste rock as well as for evaporation ponds should they be 
required. 

(8) Ring dykes may be located away from streams, thereby reducing the risk 
of erosion or damage due to flooding. 

(9) Seepage from the impoundment is commonly not released directly into 
active streams. The pathways to potential contamination of surface waters 
is therefore generally longer than for valley dams, and a greater time 
period may be available to implement remedial measures if needed. 

(10) The regular shape and minimization of the catchment area allows control 
over water depth, tailings solids build-up, liner installation, and, by 
maintaining a water cover over the tailings, control of radon exhalation. 

(11) By excavating a deep internal borrow area a large proportion of the tailings 
can be held below the level of the natural ground surface, thereby reducing 
the risk of erosion after shut-down of the mill. 

(12) Ring dykes are commonly located near the crest of ridges where the depth 
to the water table is greatest. This tends to increase the time required for 
released contaminants to enter the environment. 

(13) The construction of ring dykes requires considerable quantities of earthfill 
and / or rockfill. 

(14) Additional tailings storage capacity can be readily achieved by constructing 
additional stages or additional dykes. 

(15) In regions of high rainfall, the location of impoundments on the crest of 
ridges exposes tailings to more favourable conditions for evaporation of 
tailings water; however such conditions are generally unfavourable for 
reducing tailings transport by air. 

7.2.1.3. Mine-pit impoundments 

Worked-out mine pits may be used for tailings impoundment. The procedure 
for backfilling the pit with tailings varies considerably depending on the climate, 
the depth to and variability of groundwater, the proximity to streams, the 
susceptibility of the pit to flooding, the permeability of the wall rocks in the 
pit, the mining programme adopted, whether wet or dry tailings management 
is practised, and the characteristics of the tailings. 

In arid regions, such as in the western parts of the United States of America 
where evaporation considerably exceeds precipitation and the depth to ground-
water is usually great, it is considered feasible to backfill the worked-out mine 
pit to at least 7 m above the water table using general backfill, then to install a 
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(b) Disposal in a pit in which mining continues 

FIG.6. Sections through possible alternative mine-pit impoundments [14]. 

liner, and finally to place tailings in the pit. The effects on the liner integrity 
of settlement of the fill and hence the liner's effectiveness in preventing 
contaminated seepage from entering the active groundwater system are not as 
yet fully determined. Similarly, the risk of liner damage due to its placement 
against the fractured rock of the mine pit must be considered before adapting 
this technique. A possible system of backfilling in arid areas is shown in Fig. 6(a). 

In high rainfall areas such as northern Australia, where the water table 
reaches the ground surface during the annual wet season, it is not possible to 
store tailings above the water table and it is considered appropriate for tailings 
to be stored at a minimum of 7 m below the active groundwater system. 
Consideration is given to using shotcrete (i.e. pneumatically applied concrete), 
grouting or filter layers to restrict the migration of seepage from the impoundment. 

The procedures that would be used for backfilling the mine pit with 
tailings is clearly site-specific and must be engineered in accordance with the 
prevailing conditions. 

In some locations mine-pit impoundment may be carried out in conjunction 
with mining although the protection required against radon exhalation and the 
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safety of the operation must be considered in detail. Figure 6(b) illustrates a 
possible technique for this type of operation. For this system a liner and a 
compacted dyke are required. The feasibility of such an operation is clearly 
site-specific because in many applications it will not be possible to place 
compacted clay liners on pit slopes that are steeper than 3 horizontal to 1 vertical. 

The following factors and characteristics should be considered in assessing 
the use and construction of mine-pit impoundments: 

(1) Operation depends to a high degree on the mining programme adopted. It 
may be used where the orebody can be mined completely before milling 
operations commence or where there is an existing worked-out mine pit, 
otherwise there would be the need to construct a temporary holding pond 
for tailings until the mine pit becomes available. 

(2) Where a low overburden-to-ore ratio exists, tailings in a saturated condition 
may be too voluminous to be contained in the pit. 

(3) Effective rehabilitation of the impoundment may not be practicable if 
saturated tailings have been deposited in the pit. In such cases it may only 
be possible to place a soil cover on top of the tailings and this may not 
provide adequate stabilization. 

(4) Where tailings are placed deep below the water table and a great depth of 
water is left in the pit, the mobility of this water may represent an 
environmental hazard depending on the chemical properties of the water. 
This could be a particular problem if sulphide minerals are present in the 
pit water. 

(5) The greater depth of burial available can provide greater assurance of post-
operation confinement depending on the potential for erosion of the pit 
cover. 

(6) Visual and air pollution impacts are low. 
(7) Increasing the pit depth usually minimizes the surface area of tailings and 

hence the amount of covering material required. 
(8) Dykes are not usually required and hence risk of failure from this source 

is minimized. Instability of the pit wall may affect the integrity of any 
liner. 

(9) Where lining of the pit is necessary, flatter excavation of the pit slopes may 
be required to facilitate liner installation. The resultant requirement for 
a wider pit could have increased economic and environmental consequences. 

(10) Where a liner is used or required to retard seepage from the pit ;t would also 
retard water drainage into the pit through the walls, leading to possible 
instability and/or breach of the pit walls. This problem is overcome where 
tailings can be placed above the water table. 

(11) A thorough knowledge of the climate, groundwater fluctuations, rock mass 
structure and permeability, and transmissivity is necessary before considering 
a mine-pit impoundment. 
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(12) Liners may be subject to deformation and rupture due to differential 
settlement of the backfill. 

(13) Uranium-enriched ore zones may be unevenly scattered through the generally 
mineralized region. Since the planned pit boundaries are frequently defined 
by mining economics and not .necessarily by ore reserves, the tailings may 
cover future ore reserves. Re-mining of the area may be rendered difficult, 
particularly if saturated or wet disposal techniques are used along with a 
containment liner. Impoundments of dry or semi-dry tailings would be 
more readily re-mined. 

(14) The use of mined-out pits may complicate future mining operations near the 
pit, particularly for underground mining methods. 

7.2.1.4. Specially dug pit impoundments 

Excavation may be undertaken specifically for the purpose of providing 
in-pit impoundment. The technique is related to the ring dyke impoundment 
system in that the materials excavated to form the pit may be used to form the 
surrounding retaining embankments. The principal difference between the 
two techniques is that in the specially dug pit impoundment the entirety of 
the tailings may be placed below the original ground surface, whereas for the 
ring dyke impoundment the only portions of the tailings stored below the 
surface are those contained within the internal borrow area. With increasing 
excavation depth the procedure becomes essentially similar to the mine-pit 
impoundment discussed in sub-section 7.2.1.3. 

A possible form of specially dug pit impoundment suitable for use in an 
arid region is shown diagramatically in Fig. 7 [39]. Regarding ring dyke and 
mine-pit impoundments, the technique is site-specific and its use depends on 
the geology, climate and nature of the mining operation. 

The procedure in siting and constructing such an impoundment consists 
essentially of: 

(1) Selecting a geologically stable site, with favourable soil and strength 
conditions to permit deep excavation 

(2) Making an excavation of sufficient volume to contain the anticipated 
quantities of tailings 

(3) Forming the surrounding embankments with material excavated from the 
pit 

(4) Depositing the tailings and free-tailings water sufficiently below the natural 
grade to ensure that seepage from the pit does not occur through near-
surface permeable soil horizons, and that a minimum depth of about 3 m 
is available for tailings coverage with a stable inert material at the completion 
of operations. 
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FIG. 7. Specially dug pit disposal system [38] (1 ft = 3.048 X 10 1 m). 

(5) After completion of the mill plant operation, covering the tailings with 
surrounding embankment materials and contouring the surface to ensure 
that rainfall is shed from the surface and does not infiltrate the deposit. 
(Gradients for run-off and erosion protection should be in accordance with 
appropriate engineering practice.) 

(6) Constructing other impoundments, which may proceed at the same time as, 
or subsequent to, the initial special-pit excavation. Progressive rehabilitation 
will minimize the effects of radon exhalation from tailings. 

The following factors and characteristics should be considered in assessing 
the location and use of specially dug pit impoundments: 
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(a) It may be desired to have the pit in a location that is convenient to a mill 
(b) It may be required that the location be selected such that favourable 

topography, hence favourable drainage, exists and the geological and 
hydrogeological conditions are of a kind to ensure that the impoundment 
is positioned both above the groundwater table and the relatively 
impermeable horizons, and at locations free from erosion or flooding 

(c) The system is applicable principally to arid areas because of the high erosion 
potential of the excavated material for the pit while the pit is being filled 
with tailings 

(d) After rehabilitation the wind and air pollution impacts are minimized 
(e) The system involves considerable excavation when 'saturated or wet' 

tailings management is practised 
(f) Excavation costs in areas of shallow bedrock are usually excessive in 

comparison with other impoundment systems 
(g) Providing the site is carefully selected, impoundment is relatively free from 

the risk of erosion, flooding or failure 
(h) If 'saturated or wet' management is practised, tailings may be difficult to 

rehabilitate because post-operation tailings settlements may lead to failure 
of the cover. 

7.2.1.5. Underground mine impoundment 

Underground mine impoundment normally involves separation of the 
coarse tailings fraction from the slimes fraction, and using the former as back-
fill within the mine. In current practice, tailings used as backfill are placed in 
underground mine areas to serve as floors for mining equipment as part of the 
mining operation, as well as for pillar support. The proportion of tailings that 
may be returned to the mine is a function of the ore mineralogy and milling 
operation which determine the proportion of coarse tailings to slimes. It is 
possible for 50 to 60% of the tailings to be returned to the mine in this manner. 
The remainder of the tailings must be disposed of in other ways or in other 
mines. 

The following factors and characteristics should be considered when 
assessing the use of underground mine impoundment of tailings: 

(1) Stabilization of the placed tailings requires that they have a high permeability 
to permit rapid drainage of excess water during placement. 

(2) Excess water should be confined within the overall mine-mill water manage-
ment system and not be released to the environment without treatment, to 
reduce the radioactivity to acceptable levels. 
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(3) A significant fraction of the radium, thorium and other contaminants are 
contained within the slimes fraction (approximately 75% of the radium 
stays in the slimes); thus, underground disposal of the coarse tailings fraction 
does not appreciably reduce radioactivity in the remaining waste. 

(4) Surface management of the slimes by themselves is made complex because 
they remain essentially as dense liquids and do not consolidate to any 
appreciable degree. 

(5) Suitable techniques for stabilization of the slimes fraction in the surface 
impoundment have not yet been demonstrated; surface slimes impound-
ment thus remains vulnerable to erosion and instability. 

(6) Tailings placed underground will contribute to radon and radon daughter 
levels in the mine. For active mines, this may require additional ventilation 
and special precautions for handling excess water seeping from the tailings. 
Conversely, backfilled tailings reduce the mine volume, which may have 
a beneficial influence on ventilation requirements. 

(7) Possible re-mining at a later date, to recover lower grade ore, may be 
complicated by the presence of backfilled tailings. 

7.2.1.6. Deep lake impoundment 

Use of deep lakes for the disposal of uranium tailings has been considered 
for mining operations in Canada although there are no uranium mining 
operations currently using this method. The concept is to place tailings 
sufficiently deep in a lake so that free oxygen will not be available to react 
chemically with the tailings and hence keep the solubility of the radionuclides 
at a low value; thus it is intended that tailings will remain dormant on the 
lake bottom. With time a natural sediment layer is expected to form on the 
tailings surface (or alternatively, a sediment layer may be formed artificially), 
thus providing further protection against dissolution or resuspension of the 
tailings by lake water. This method is very site-specific, and considerable 
investigation must be carried out before the method could be shown to be 
acceptable. 

7.2.2. Seepage control 

Seepage control is effected primarily by ensuring that water barriers of low 
permeability or, more correctly, low transmissivity are in place in all directions 
over which a hydraulic head or driving force is in action, to drive water away 
from the impoundment. The term i iner ' is used in this report in the generic 
sense and refers to a wide range of natural or synthetic barriers with low or 
relatively low transmissivities. 
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Other forms of seepage control include using materials, largely natural, 
having geochemical properties such that migration rates of the radionuclide 
or chemical contaminants in the seepage are sufficiently retarded to ensure 
that natural dilution and dispersion have sufficient time to reduce the concentra-
tions to acceptable levels before they are discharged to man's environment. 
A similar effect is accomplished where the path lengths to the point of discharge 
into man's environment are long. 

Hydraulic barriers are sometimes used to control seepage, the concept being 
to reverse the hydraulic driving force such that seepage flow is into the impound-
ment area. Seepage may also be kept low by reducing the hydraulic head set-up 
in the tailings impoundment. In other cases, a significant amount of seepage may 
be permitted to occur over short distances, provided the seepage is collected 
before it impacts man's environment, and subsequently managed as required. 

Site selection is fundamental to control and management of seepage, and 
it can have a very significant influence on the reliabilities and costs of seepage 
control methods. 

Specific attention is given in the following sections to the use of liners for 
seepage control; other methods are briefly discussed in general terms. 

7.2.2.1. Liners 

Liners are discussed in some detail by Kays [40,41]; only a few design 
concepts and alternative solutions are considered here. While a number of 
different liner options exist there are generally three basic groups that are 
applicable: 

(a) Geological liners (formed by natural geological formations) 
(b) Clay and other compacted soil liners 
(c) Synthetic liners, which include 

(i) synthetic membranes 
(ii) pneumatically applied mortar and concrete 
(iii) asphaltic concrete, or sprays. 

A more detailed listing of lining types is given in Table V. 
Where natural geological formations, such as low-permeability soil or rock 

strata, exist on the tailings impoundment site they are usually effective in 
providing an economical seal. Because of their usual thickness and stability 
under site conditions, their long-term effectiveness is generally reliable. In their 
natural form they usually seal only part of the impoundment basin, such as the 
floor and portions of the containment walls, and are therefore frequently used 
in combination with other liner types. Their integrity, i.e. the absence of 
substantial permeable faults or joint systems, must be established or such 
features accounted for in the engineering design. 
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TABLE V. LINING CLASSIFICATIONS (After Kays [40] p. 3) 

Flexible Rigid Miscellaneous 

Plastics Gunite Bentonite clays 

Elastomers Concrete Chemical treatments 

Asphalt panels Steel Waterborne treatments 

Compacted soils Asphalt concrete Combinations 

Soil cement 

Low permeability High permeability 

Plastics Compacted soils 

Elastomers Gunite 

Asphalt panels Concrete 

Steel Asphalt concrete 

Soil cement 

Bentonite clays 

Chemical treatments 

Waterborne treatments 

Continuous Non-continuous 

Plastics Compacted soils 

Elastomers Gunite 

Asphalt panels Concrete 

Steel Asphalt concrete 

Soil cement 

Bentonite clays 

Chemical treatments 

Waterborne treatments 
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As a result of their cation exchange and neutralizing capacities, geological 
liners also serve to retard migration of the radionuclides, as well as some of the 
non-radioactive contaminants. Clay liners either from site-derived clays or 
imported materials (e.g. bentonite) have long been used to construct effective 
liners. Permeabilities of 10~8 to 1CT9 m/s [19] and lower are attainable with 
these materials. However, these low permeabilities may be adversely affected 
by seepages of high cation content or low pH, which can induce an exchange of 
the sodium ions on the clay mineral. Sodium tripolyphosphate dispersing agent 
is helpful in retarding this change [40]. A number of proprietary bentonite-based 
products have been developed which are described as contamination-resistant 
bentonites [19]. The cation exchange capacity of clay liners enables them to 
retain or at least retard some contaminants. Long-term retention of the very low 
permeability characteristics of these natural materials is a point of concern, but 
it is still recognized that the natural liner will not disintegrate entirely. 

The common effective thickness of a clay liner is 0.5 to 1.0 m. For clayey 
soil liners, the typical equivalent effective thickness is in the order of 5 to 10 m. 
Material with a high proportion of clay is difficult to place and compact for 
liner use, particularly on slopes. Soils with a substantial fraction of material 
coarser than the clay fraction can, when adequately compacted at the optimum 
moisture content, form effective liners with permeabilities between 10~7 and 
10~8 m/s. Lower permeabilities may still be obtained by adding bentonite. 

Synthetic membranes and their application to uranium tailings is considered 
in some detail by Williams [19]. Permeabilities of 10~n to 10~12 m/s are reported 
as applicable to the various types. It has long been recognized that imperfections 
of manufacture, site seaming and installation result in at least some leakage [41]. 
It is believed that effective overall permeability values of 10~10 to 10~ n m/s 
could be assumed for comparison purposes. Such liners may be subject to 
chemical attack and other degradation from various sources. Hypalon is con-
sidered one of the most desirable synthetic membrane liners for uranium tailings 
[19]. Synthetic membranes are normally extremely thin (0.5 to 1.5 mm) and 
can provide good confinement for the short term. However, their long-term 
stability, over thousands of years, when subjected to the chemical and physical 
environment of the tailings impoundment must be questioned seriously. Since 
the membrane is of uniform thickness it may be anticipated that when failure 
occurs it could effectively fail in a large area of the membrane within a short 
time span. The pollution consequences may be significant if up to that stage 
the membrane had effectively contained a wet deposit. 

Although synthetic liners have the limitations noted above, their effectiveness 
in seepage control has been demonstrated in numerous instances. For seepage 
control during the operating life of a uranium mill plant, appropriate synthetic 
liners are an acceptable option. They can also be used, in addition to liners of 
natural materials, to further enhance control of seepage and to further improve 
longer term reliability. 
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Additional factors and characteristics that should be considered in assessing 
the use of the various liners include: 

(1) Synthetic membranes are subject to leakage through imperfect seams and 
small undetected ruptures made during installation. Kays [40] observes 
that, "Leak detection before filling is difficult unless the defect is quite 
large or obvious. It is made even more difficult by the fact that a leak 
which will pass as much as 4 litres per minute at 6 m head may be easily 
missed, even when the location of the leak is known in advance." 

(2) Where synthetic membranes have holes and are laid on loose soil or sand 
beds, the seepage pathway can follow the relatively pervious bedding in 
all directions. 

(3) Clay liners may be subject to shrinkage and cracking if allowed to dry out 
before filling. Such cracks should close on wetting, but any filling by more 
permeable soil while the liner is cracked may result in narrow but relatively 
high-permeability seepage paths. 

(4) Compacted soil liners having a low clay content exhibit less shrinkage and 
cracking than shown for liners with a high clay content. 

(5) Jointing or faulting may increase the permeability of natural geological 
liners. Not all joints and faults are more permeable than the rock in which 
they occur. Often highly jointed rock strata still display extremely low 
permeability (less than 10"9 m/s). Joints and faults with a high permeability 
may be injected with suitable materials, such as cement, bentonite, special 
chemicals, to reduce the permeabilities near the impoundment. Cut-off 
grouting under the core of a dam is often used. Permeabilities of 10~7 m/s 
can generally be obtained in grouted areas. 

(6) Large total stresses can exist under substantial depths of saturated tailings. 
Deformations of the strata supporting the liners will occur in proportion 
to their compressibility, and variations in material and loading may result 
in differential settlement. Liners must have sufficient flexibility to 
accommodate these deformations without rupturing. Rigid liners, such 
as pneumatically applied mortar, are only compatible with rigid support, 
such as sound open-pit walls in hard rock. Grout may be subject to 
shrinkage and cracking, and to attack by chemical agents. 

(7) Where step-type (or shear displacement) differential settlements occur, 
liners have a high tendency to shear. Any remaining effectiveness of the 
liner at the shear location will depend on the thickness and strength of the 
liner relative to the shear displacement. Liners cannot tolerate appreciable 
horizontal extension (or cracking) in the foundation strata, as may be 
associated with considerable differential settlements. Large differential 
settlements can be expected to be associated with substantial depths of 
unconsolidated backfill or impoundments constructed over substantial 
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alluvium depths in valleys. Where steep-walled open pits are used, this 
differential settlement is accentuated by pit geometry, and extremely large 
shear displacements can be anticipated in the vicinity of the walls. 

(8) Liners applied to steep-sided impoundment walls (*>30° from horizontal) 
may be subject to large shear stresses as the tailings settle within the 
impoundment. The danger exists that variations of the shear strength on 
the tailings-liner interface or liner-wall interface induce shear slippage in 
some areas on the one interface and in other areas on the other interface. 
Between these areas ruptures can occur in the liner. These concerns may 
limit lined slopes to about 3 horizontal to 1 vertical. 

7.2.2.2. Control of the hydraulic gradient 

Limiting the water content in the tailings impoundment will reduce the 
hydraulic driving forces from tending to push water out from the tailings. 
Selection of a site or impoundment characterized by a minimum fresh water 
inflow and the discharge of tailings in a dry or semi-dry condition can limit water 
influx to the impoundment, resulting in lower hydraulic gradients. Underdrainage 
(i.e. drainage of water from near the bot tom of the pile) above the liner is some-
times used to reduce hydraulic pressure heads and, thus, the seepage rate through 
the liner. Underdrainage placed below the liner may be used during the mill 
operating phase to collect seepage from the liner for further management as 
required. Drainage may also be employed to de-water the tailings and, hence, 
to reduce the total volume of water available for seepage and thereby the driving 
pressure. This will normally lead to further consolidation, and thus stabilization 
of the tailings. 

Underdrainage systems may be either continuous blankets or interconnected 
drainpipes. Such drains would normally comprise a slotted or open-jointed pipe 
laid in gravel and protected by a filter to prevent clogging by the inflow of fines. 
Filter fabrics may be used to advantage, but suitable design precautions are 
required to ensure that clogging does not occur and that the fabric is not chemi-
cally affected by seepage liquid. The long-life integrity of filter fabrics is of 
concern. Chemical precipitation and bacterial activity may also affect the 
efficiency of underdrainage. Special precautions may be required when the 
tailings contain pyrites. 

Artificial hydraulic barriers may be used to reverse the direction of the 
pressure head and, hence, to force the seepage back into the impoundment. 
This is normally done using pumping and/or natural water flow control, and 
therefore is considered a suitable approach only during operation of the mill. 
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7.2.3 Tailings moisture control and auxiliary systems 

This subject is commonly called 'tailings management'. The tailings 
management system concerns itself with the treatment and handling of tailings. 
As used in this report, it includes the total auxiliary system for tailings manage-
ment during mill operation, including the various pumps, pipelines and tailings 
distribution systems, and the manner in which these are operated to handle 
tailings from the time they leave the mill until the time they are emplaced 
in the impoundment area. 

Tailings management is closely related to water management for the mine 
and mill since the volume of excess water stored in the tailings impoundment 
influences decisions regarding the recirculation of tailings water back to the 
mill, which then in turn influences other aspects of the water management 
system. 

Selection of a tailings management system is very site-specific. In arid 
regions, for example, the tailings surface may be allowed to dry out, resulting 
in radon exhalation and wind erosion that can distribute contaminants beyond 
the limits of the impoundment and into man's environment; in regions with 
wetter climates sufficient excess water will usually be available to ensure that 
a water cover of required minimum depth is maintained at all times. Where 
the water management system permits, a water cover over the tailings is 
desirable to limit the radon and particulate emissions. 

Tailings management system design will normally include the following 
control features: 

(1) Distribution of tailings within the impoundment system. Where distribution 
is effected beneath the water surface by discharge from a barge, considerable 
control can be exercised on the location and distribution of both the coarse 
and fine fractions. Where distribution is from the sides of the embankment, 
control can be exercised over the location and geometry of the beach and 
the location and size of the pond. 

(2) Control of excess water volumes in the impoundment during the mill 
operating period. Where a water cover is maintained over the tailings 
this water adds significantly to the hydraulic gradient and hence to the 
potential seepage losses. After rehabilitation of tailings impoundments, 
ponded water will no longer exist and the hydraulic gradient will be reduced 
considerably, as will the rate of seepage loss from the system. 

(3) Control of freeboard in the impoundment. Provisions should be made in 
the water management system to provide for recirculation of water to the 
mill should the freeboard on the embankment be reduced to a level critical 
to the safety of the embankment. 
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(4) Control of density, compressibility, permeability and shear strength of the 
tailings within various impoundment zones. Where tailings are discharged 
below the water surface from a pipeline attached to a barge, it is possible 
to ensure that the fine and coarse fraction are intermixed, thereby developing 
a deposit which is of uniform permeability and compressibility. Where 
tailings are discharged from a point source on the beach, segregation of the 
fine and coarse fractions occurs and results in relatively dense permeable 
deposits in the discharge area and a highly compressible deposit of low 
permeability in the slimes area. This segregation may render the task of 
stabilization and tailings rehabilitation more difficult. 

Important variations in tailings management systems depend on the moisture 
content and the physical state of the tailings emplaced, and the method of 
tailings placement. The variations are related to: saturated management, wet 
management, semi-dry management and dry management. These variations are 
discussed in detail in the following sub-sections. 

7.2.3.1. Saturated managemen t 

'Saturated management' is used here to indicate placement methods by 
which the tailings are transported, distributed and maintained at all times in a 
saturated state. 

In this system the tailings are transported to the impoundment area in a 
slurry, commonly thickened to about 40% solids by weight, and are discharged 
beneath the water surface from a pipeline attached to a barge. The barge is 
manoeuvred by winch ropes attached to the shore; this allows for build-up of 
the tailings deposit in essentially horizontal layers. The discharge is not permitted 
to build up a beach and thereby expose the tailings to wind erosion. This method 
of management results in an even distribution of the coarse and fine fraction 
throughout the deposit and develops a low-permeability deposit that can signifi-
cantly restrict seepage. Hence the potential remobilization of contaminants is 
reduced, as will be the possible release of contaminants to man's environment. 

Such a system is now being designed for an Australian operation. Upon 
stabilization of the facility, it is expected that the tailings deposit will be 
consolidated and completely saturated. It is also anticipated that initial 
difficulties will arise in moving equipment over the pile but that stabilization 
will be facilitated by dragging a dry sand cover on to the surface of the deposit. 
The uniform distribution of the various fractions of the deposit will allow a 
uniform settlement to occur, thus minimizing the risk of differential settlement 
and subsequent rupture of the sand and other overlying covers. 

With this system and its inherent water pressure head, seepage losses of 
tailings liquid can be expected to occur through the embankment and the floor 
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of the impoundment. Seepage through the embankment and the near-surface 
zones of the floor region may be collected by seepage collector systems at the 
downstream end of the embankment. 

7.2.3.2. Wet management 

'Wet management', as used here, indicates placement methods resulting in 
tailings that have substantial saturated zones, but a total tailings impoundment 
that is not saturated. 

In this system, the tailings slurry is pumped to the impoundment, after being 
thickened to about 40% solids by weight, and discharged by either a point or 
line discharge (see Fig. 4) at the periphery of the impoundment area, frequently 
along the upstream face of the dam. A beach is formed which slopes away from 
the discharge point. Coarse solids settle close to the discharge point, and fines 
(slimes) and water run into a pond formed by the beach. The slimes then settle, 
and the partially clarified surface water evaporates or is available for decanting 
either by gravity flow or by a barge and pump system. Using a single point or 
line discharge allows some control over the size and location of the pond and 
beach. If the tailings dam is designed for water storage, the pond may be large. 

The area below the pond surface elevation remains wet and saturated and 
has low shear strength. For this reason, discharge in the vicinity of the dam 
wall is common. If large beach areas are maintained to limit the pond size and 
water pressure heads to reduce seepage, the beaches may dry out and be subject 
to wind erosion. Only a limited capability exists for keeping beaches wet by 
additional discharges from the discharge points. The pond and soft slurries are 
located adjacent to the natural basin sides remote from the dam. Large areas of 
soft, permanently wet slimes result, and these may be difficult to effectively 
cover using mechanical equipment at the time of tailings pile stabilization. As 
the pond elevation rises and water is distributed over new areas, seepage losses 
can increase. Little underdrainage is used with this system. With the compara-
tively large size of the pond, which is typical for this system, large areas of the 
dam are wet and saturated for long time periods. 

When it is ready for stabilization, the tailings deposit is substantially saturated. 
The deposit consists of incompletely consolidated tailings with a high water table, 
and it has large zones of under-consolidated slimes with very low strength. The 
slimes may have void volumes greater than the volumes of the solids. The high 
water table provides high pressure heads that tend to induce seepage through the 
liner. Mittal and Morgenstern [26] have clearly demonstrated that significant 
excess pore pressures exist in the slimes, which further increase pressure heads 
and seepage. 

The excess pressure head is dependent on the permeability (which is 
dependent on the grain size of the material in which it occurs). The time required 
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for dissipation of this excess pressure head after shut-down of the mill will range 
from nearly zero for the very coarse beach area to hundreds of years for the very 
fine slime zones. In time, the excess pore pressure will dissipate, resulting in an 
effective stress increase within the tailings deposit. Similarly, as the water table 
in the impoundment slowly reduces to the base of the dam, the effective stresses 
in all the tailings increase. These stress increases can be large [ 16] and result in 
large subsidence. Lesser subsidence occurs in the zone with coarser-grained 
tailings. The large differences in settling rates and amounts in the various areas 
of the tailings piles can be anticipated to damage the integrity of the cap and 
the contoured drainage pattern on the impoundment. 

The main characteristics of a wet disposal system that distinguish it from 
other systems are: 

(1) High water table and pressure heads, hence high seepage heads at the liner 
(2) Large volumes of contaminated water available for seepage loss 
(3) Appreciable areas of soft slimes with low sheer strength that are difficult 

to cover 
(4) High tailings compressibility combined with high effective stress changes 

due to drainage, resulting in high surface settling and differential settling 
(5) High water content and low tailings density ensures liquefaction potential 

for the tailings mass, increasing risk and consequent dam failure 
(6) Lower operation costs and the need for only a single tailings and solution 

impoundment. 

7.2.3.3. Semi-dry management 

Use of a controlled ring discharge allows beaches to be developed from the 
periphery inwards. The pond is then located at the centre of the impoundment 
as illustrated in Fig. 5. The size of this pond can be minimized by decanting 
the maximum amount of water possible and by preventing the collection of 
precipitation water from a catchment area in the impoundment. Decanted 
water can be stored in a separate impoundment of conventional design. In this 
case, as the tailings pond size is small, the beach area is maximized. With 
intermittent discharge on to beach segments, the beach deposits can dry out 
between successive deposits. As it dries out wind erosion and radon exhalation 
become of increasing concern. 

By using a thickened discharge and short tailings deposition periods for each 
beach segment, individual layers of tailings, in the order of 75 mm thick, can be 
built up over the beach area. When discharge into a particular segment is stopped 
the solids settle and some of the water 'bleeds' to the top and runs down the 
beach slope to the pond. In this settling process some classification of the tailings 
solids occurs in the vertical direction, with the coarse fraction concentrating at 
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FIG.8. Comparison of particle sizes in tailings deposits, (a) Particle-size envelopes for 
(1) variation with the height of a single slimes dam, and (2) variation from mine to mine for 
12 different dams; (b) separation by gravitational sorting and cyclone separation. 
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FIG.9. Effect of sun-drying on void ratio and consolidation characteristics of slimes. 

the bot tom and the fines near the top of the layer. Some classification also occurs 
down the length of the beach, with a concentration of coarse material near the 
discharge point and the finer material near the pool. Blight and Steffen [42] have 
investigated this classification in South African gold/uranium tailings, and conclude 
that a greater degree of classification occurs due to gravitational sorting as a 
100-mm layer of tailings slurry settles vertically, compared with that along a 
600-m wide beach or that achieved by conventional separation of particulates 
in cyclones. Figures 8(a) and 8(b) illustrate some of the grading variations 
measured in their investigations. 

Successive layers of tailings deposited on the beaches form a highly stratified 
deposit with moderate permeability parallel to the layer interfaces and the low 
permeability normal to them. This low vertical permeability prevents the re-
entry of substantial quantities of water during subsequent deposits and consequently 
a partially saturated ('semi-dry') deposit results. The depositional sequence and 
the permissible rate of deposit rise depend on local climatic conditions. 

In this system underdrainage is required to ensure that there is not a build-
up of a surface that contains free water in the dam from the continuously wet 
pond area. The design and construction of effective underdrainage systems are 
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crucial to the effectiveness of the semi-dry management system. Well-controlled 
and specific tailings depositional techniques are required initially to prevent 
underdrainage clogging or blinding. 

During sun-drying of the beach areas, negative pore water pressures are 
induced that produce high effective stresses in these beach areas of tailings. 
These stresses tend to consolidate and reduce the void ratio of tailings. In this 
manner changes in void ratio, i.e. from greater than 1.5 to less than 0.8, are 
effected. Figure 9 illustrates some typical void ratios versus consolidation 
pressure curves applicable to normally consolidated slurry and sun-dried samples. 
The lower void ratio implies: 

(1) Lower moisture content at saturation 
(2) Considerably lower settlement potential under increases in effective 

stress 
(3) Lower total tailings volume 
(4) Considerably increased sheer strength 
(5) Low liquefaction potential. 

Fines tend to be concentrated near the upper surface of each successive 
layer and on drying tend to form a slightly cohesive delicate crust. This crust 
resists wind erosion until damaged and is renewed with each successive layer 
placed. If dusting does occur, beaches can be dampened by discharging water 
or more tailings from the ring discharge or by applying a chemical crusting agent. 

Results f rom the South African gold/uranium tailings impoundments using 
semi-dry management techniques indicate that free moisture contents of about 
10% can be achieved in the beach areas above the water tables [16]. The minimum 
moisture contents that are achievable are dependent on the grain-size distribution 
of the tailings. 

With a suitably managed tailings discharge programme the location of the 
decant pool can be slowly shifted about the impoundment interior as the 
impoundment rises. This limits the depth of slimes and permits top and bottom 
water drainage from the older slimes deposits. The extent and depth of any soft 
slimes deposit at the time of stabilization are therefore considerably less than 
with wet management. Hence, considerably less differential settlement can occur 
following stabilization, with the associated reduced risk of cap failure. 

During operation of a semi-dry tailings impoundment system, considerably 
less water is available for seepage, and hydraulic heads above the liners are 
considerably lower than for saturated or wet tailings impoundment. Liner 
characteristics which are marginal or unsuitable for wet disposal systems may 
possibly be effective with semi-dry systems. After stabilization, the total volume 
of water that can be released from the impoundment is small and a slow deterioration 
of the liner may result in low volumes of releases to man's environment. 
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7.2.3.4. Dry management 

Dry tailings can be produced either by evaporative drying in layers and 
retransport to the eventual tailings impoundment, or by mechanical drying in 
the mill plant. Tailings 'drying' by belt filtration in the milling process is receiving 
considerable attention in North America. Frankfort [43] indicates that tests 
made on various ore samples from North American uranium tailings show that 
moisture reductions between 18 and 23% can be achieved in some cases. The 
handling of tailings at this low moisture content is difficult and presents some 
problems. Mills currently using belt filters sometimes prefer to re-wet and pump 
the tailings to the impoundment in thick slurry form. This procedure can be 
modified to provide an excellent means for obtaining a thickened tailings 
discharge for the semi-dry management system. 

Alternative methods are also being investigated with the object of not adding 
further fluid before placing the tailings. It is possible that by controlled placing 
and spreading, moisture contents similar to those obtained by the semi-dry 
placement techniques could be achieved. The slimes pond would be entirely 
eliminated and dust control may have to be effected using spray-on stabilizing 
agents. 

In Sweden, coarse tailings (80% > 0 . 8 mm dia.) with a free moisture content 
of approximately 17% are trucked to the impoundment and compacted in layers. 
Using this technique, tailings settlement is minimum, tailings permeability is 
reduced to approximately 10~7 m/s, and radon emanation is kept low. Further, 
it is possible to saturate the tailings after compacting and in so doing minimize 
pyrite oxidation and further reduce radon emanation. 

8. T R E A T M E N T O F L I Q U I D E F F L U E N T S A N D M O N I T O R I N G 

Where climatic conditions require the controlled release of tailings water 
to surface or groundwaters, treatment for pH adjustment and precipitation of 
dissolved radium and other metals is normally required. Releases from the 
tailings impoundment may be as high as 5 tonnes of water for each tonne of 
ore processed [44 ], and, without treatment, may have 226 Ra concentrations of 
up to 0.19 Bq/ltr (5000 pCi/ltr). 

8.1. pH CONTROL 

Control of the pH of the tailings water discharge to about neutral (pH 7) 
usually ensures the precipitation of radioisotopes. Upon settling of the precipitates 
the only potentially significant radiological hazard associated with the liquid 
discharge will be that of 226 Ra. In Canada, 226 Ra is accepted as a good 'hazard 

63 



indicator' for tailings impoundment discharges as long as the pH is controlled above 
pH 6.0 [44]. Such a pH adjustment will also precipitate most non-radioactive 
metals to allow settling such that the concentrations of these materials in the 
liquid are below acceptable levels for release to man's environment. 

8.2. RADIUM REMOVAL 

Tailings water discharges, even after pH adjustment, contain soluble 226 Ra 
concentrations which may be orders of magnitude above recommended criteria 
for release to surface or groundwater. Treatment commonly consists of adding 
barium chloride to the tailings discharge into a system of settling ponds or lagoons. 
The radium is co-precipitated with barium sulphate by the reaction 

BaCl2 + Ra+ + + S 0 4 ~ (Ra, Ba)S04 + 2CP 

A barium chloride concentration of 15 — 150 mg/ltr of water being treated is 
normally used. Under properly designed and operating conditions this method 
has been found to remove, by precipitation and settling, over 99% of the dissolved 
226 Ra from the liquid [45]. However, the precipitate is very finely colloidal, 
and the settling rate is very slow. With time, crystal growth and agglomeration 
result in sufficiently large particles that settle to the bot tom of the precipitation 
pond. 

Retention times being used at Canadian facilities range from about two days 
to several weeks, although the effective retention times may be considerably less 
as a result of short-circuiting. It is believed that four days retention time is 
required to consistently produce liquids containing no more than 0.1 Bq/ltr 
(3 pCi/ltr) of dissolved 2 2 6Ra radioactivity [46], It must be remembered that 
use of barium chloride for the co-precipitation of dissolved 2 2 6Ra as a (Ra • Ba) 
sulphate may result in treated effluents that contain suspended or particulate 
226 Ra radioactivities much higher than the reported dissolved values. At one 
property in Elliot Lake, Ontario, the total radium radioactivity is reported to be 
about 14 times that of the dissolved radium [47], Removal of suspended radium 
requires either use of very large precipitation basins, additional chemical coagulant 
aids, or both. For example, ferric chloride added at approximately 10 mg/ltr has 
been found to be effective. The disadvantage in adding flocculents is the resultant 
substantial increase in the volume of the precipitates settled in the ponds. Filtra-
tion for removal of suspended 226 Ra is being seriously investigated in some places. 

Radium-containing sludges accumulating in the bottoms of the precipitation 
ponds contain 2 2 6Ra radioactivity levels of up to 220 Bq/g (60 000 pCi/g). 
Research is underway in Canada to develop methods for immobilizing these 
sludges with the intent of storing the material pending the availability of a suitable 
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disposal method. In the stabilization of tailings facilities, recovery and separate 
disposal of these radium-containing precipitates may be required [48]. 

The limitations of the barium chloride treatment for removal of suspended 
226Ra and the production of sludge in the bottom of large precipitation ponds has 
prompted the search for alternatives for radium removal. Ion-exchange is known 
to be capable of producing effluents very low in 226Ra [44], but often the large 
volume of tailings water requiring treatment makes the use of this scheme 
impractical. 

8.3. MONITORING 

Monitoring during the development and operational phases of the tailings 
impoundment is undertaken with the objectives of: 

(1) Determining the actual performance of the facility, specifically to 
determine the integrity of the confinement systems and the available 
safety factors 

(2) Determining compliance with authorized criteria and release limits 
(3) Determining the validity of the models being used to predict the future 

confinement performance of the facility so that the appropriate 
stabilization methods to be undertaken at the close of mill operation 
can be planned and implemented. 

The noted objectives of monitoring require that it be done both on the 
impoundment facility and on the nearby environment. 

Monitoring after shut-down of the mill plant and stabilization of the tailings 
is also required to ensure extended protection of the environment. 

8.3.1. Impoundment facility monitoring 

Where applicable, the following monitoring practices should be considered 
routine: 

Confinement monitoring 

Quality assurance on dam construction materials being used and the methods 
and scheduling of dam construction are required to ensure that adequate factors 
of safety are maintained. Safety factors determined at the design stage are based 
on the physical properties of the anticipated construction materials. If these 
properties differ from those anticipated, there may be a need to re-evaluate the 
design. 

The saturated surface through the impoundment embankments should be 
monitored and the results used for re-evaluating the stability of the embankment. 
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These data can also be used to estimate seepage flows through the embankment. 
The performance of liners and drainage systems should be monitored to ensure 
that they are functioning as designed. 

Dams should be visually inspected on a routine basis and observations of 
anomalies carefully recorded and evaluated by the engineering staff. 

Monitoring of controlled liquid releases to man's environment 

Where effluents are released on a controlled basis, flow and quality should 
be monitored on a routine basis. Quality analyses should routinely include: 
2 2 6Ra, 2 3 8U, 2 3 0 Th, 210Pb; pH; solids content; environmentally important metals; 
nitrates, ammonia, etc. 

Seepage monitoring 

Monitoring is required to determine the existence and extent of seepage from 
the facility. This may include sampling, as appropriate, via seepage collection 
devices that are located under the tailings impoundment area, and/or monitoring 
wells (located selectively around and near the tailings impoundment) that penetrate 
potentially impacted geological formations. 

General facility monitoring 

Visual inspections of water diversion systems to identifiy early problems that 
may influence their effectiveness should be carried out at least on a seasonal basis. 
Tailings pipelines should be inspected frequently for small leaks or wear and, on 
a seasonal basis, to determine the stability of the foundations supporting the 
lines. 

8.3.2. Environmental monitoring 

A programme of environmental monitoring is required primarily to determine 
the impact the tailings facility is having on the health and safety of the public and 
on man's environment. If adverse impacts are found, the requirements for remedial 
actions can be quickly determined and the appropriate actions implemented 
promptly and effectively. 

To evaluate the changes in environmental levels before, during and after 
operation of a uranium mill plant, it is desirable to make pre-operational measure-
ments of the annual variations of radionuclide levels in the environment. Of 
particular importance are the measurements of the 2 2 2Rn concentrations in air and 
226 Ra levels in surface waters and sediments in the area. Monitoring of ground-
water at the tailings disposal site before mill plant or tailings impoundment 
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operations (analysing for U, 230Th, 226 Ra and other toxic metal and chemical 
species expected to be present in tailings solutions) should also be performed to 
establish a baseline for operational monitoring. 

In the event of an accidental release of tailings materials to man's environment 
the impact or potential for impact will require monitoring. This type of 
contingency monitoring should be planned in advance, keeping in mind that its 
main objective should be to obtain information necessary to assess the situation 
and to decide on the need and/or specific actions for intervention. 

Whereas the ideal overall objective of tailings disposal is to employ disposal 
techniques that do not require human surveillance on a long-term basis, it has not 
yet been shown that such an objective can be reached with the technology currently 
available. Thus the need exists for periodic surveillance and environmental 
monitoring after decommissioning of the mill and stabilization of the tailings have 
been completed to ensure that successful rehabilitation has been achieved. 

The objectives and design of environmental monitoring programmes for radio-
active contaminants are given in Refs [49—52]. Types of samples taken, sampling 
and analytical methods, and the location and frequency of sampling should be as 
approved by the appropriate regulatory bodies. 

9. STABILIZATION AND REHABILITATION OF IMPOUNDMENTS 

After termination of the active operations of a mill plant and its associated 
tailings impoundment facility, a stabilization programme should be undertaken 
to provide assurances that the future performance of the facility will continue to 
meet the requirements of public health and safety and environmental protection. 
A protective cover placed over the tailings impoundment is usually necessary to 
stabilize the tailings against natural erosional forces and to rehabilitate the area 
for potential alternative land use. The impoundment protective cover also serves 
the important functions of controlling the radon gas exhalation and the gamma-
radiation emission to the accepted or required levels of release. 

9.1. CONTROL OF RADON FLUX FROM THE IMPOUNDMENT SURFACE 

Various relatively impermeable materials, such as plastic and asphalt, have 
been suggested as a barrier to radon emanating from a tailings impoundment area; 
however, the stability of these materials over the long term is questionable. 
Natural soil cover will reduce the radon emanation rate and can be relatively 
stable over the long term. Different soils will provide variable radon flux attenu-
ation depending for the most part on their effective diffusion coefficient for 
radon (see sub-section 5.3.2.8 for attenuation factors). 
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Simplified methods for estimating the radon released from the surface of 
tailings piles are described in sub-section 5.3.2 and Appendix B. 

9.2. CONTROL OF GAMMA RADIATION AT THE IMPOUNDMENT SURFACE 

Generally, a cover thickness that minimizes radon exhalation to near back-
ground levels will be more than adequate to reduce the external gamma-exposure 
rate on top of the pile to background levels. Procedures for calculating gamma 
attenuation through a shielding material are available from numerous reference 
sources, for example, Report NUREG-0511 issued by the US Nuclear Regulatory 
Commission in 1979. 

9.3. EROSION CONTROL 

Water and wind are the primary causes of erosion of tailings or tailings cover 
materials. Steps should be taken to preclude the flow of water directly over 
tailings. Good surface drainage of the tailings cover can be effective in minimizing 
water infiltration to the tailings without the need for concentrating water flows 
that could contribute to erosion. Proposals for new tailings areas in the United 
States of America have addressed this concern by locating the tailings impoundment 
in low catchment areas, capping the tailings (in part, with clay), and gently 
contouring the reclaimed surface [39], The clay cap provides a barrier against both 
fresh-water inflow and radon emanation to the atmosphere. 

While the primary means of isolating mill tailings must be physical barriers, 
it would be prudent to have some continued surveillance as well as control of land 
uses at tailings impoundment sites. These actions should confirm that there is no 
disruption by either natural erosion or by human- or animal-related activities. 
Ownership and custody by a governmental agency, as opposed to private companies, 
appears to be an effective way to provide this supplementary long-term control. 

9.4. SELECTION OF COVER MATERIALS 

In the United States of America, an evaluation of candidate cover materials 
has been performed and authorizations have been given for uranium mill tailings 
impoundment covering comprised of layers of clay, native soil and riprap. A 
combination of cover materials usually provides better protection than any one 
material. The benefits and disadvantages of these materials are discussed below. 

9.4.1. Clay cover 

Clay, especially if damp, has the potential of substantially reduced radon 
emissions. It is not suitable, however, for direct exposure to atmospheric 
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influences. Clay is more susceptible to wind and water erosion than is soil because 
of its fine and rather uniform particle size and lack of organic binders. Clay 
readily fissures from water erosion. Compaction would lengthen the useful life 
of the clay cover. As long as there is some moist clay present, radon emissions 
would be reduced. Maintenance of vegetation would be difficult within most 
clays. 

9.4.2. Native soil cover 

Use of native soil to cover the tailings would be desirable from the viewpoint 
of facilitating establishment of indigenous plant species. Native soil cover, applied 
in several layers after settling has occurred, has provided adequate resistance to 
wind and water erosion in some cases. In a few instances, vegetative growth has 
further enhanced erosion resistance. Even if compacted, however, native soil in 
the western United States of America is usually relatively ineffective in reducing 
radon emissions, unless sufficient soil depth is used. 

9.4.3. Riprap cover 

Riprap is rock or stone which can be applied over the tailings to control soil 
erosion. It is commonly used in applications such as slopes of highway embank-
ments, dams or flood control channels, and it could be employed to stabilize 
tailings embankments and overburden cover. While applications of riprap to date 
have been to handle shorter term erosion concerns than those faced in tailings 
disposal, the guidance developed for the short-term applications as presented in 
various engineering and design texts can be of some use. Riprap, in addition to 
providing an 'armouring' of tailings cover against erosion, may enhance vegetation 
growth. It may provide protection for the collection of wind-blown soil particles 
which will form a favourable habitat for vegetation to grow between rocks. It 
will also tend to reduce intrusion by burrowing animals. (However, the use of in-
appropriate sizes and amounts of riprap could, in some cases, foster burrowing 
by animals.) 

A mixture of soil and rock (or riprap) is a favourable material to use in cover 
construction. The combination is resistant to air and water erosion and it will 
retain moisture better than riprap alone and hence will better sustain vegetation. 

9.4.4. Surface revegetation 

The factors influencing surface revegetation of tailings impoundments can 
be broadly classed into climatological and agrobiological factors. 

Concerning the first factor the choice of plant species must take account of 
their adaptability to the particular conditions in the tailings area. The factors 
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include the amount and distribution of rainfall, extremes of temperature, length 
of daylight and growing season, wind conditions and the presence of permafrost. 

Concerning the second factor, the nature of the ore body and the required 
extraction process will largely determine the characteristics of the tailings from 
the point of view of their potential for sustaining growth. Without treatment or 
covering tailings are usually not able to sustain significant growth. Considerable 
efforts to correct adverse characteristics, such as low or high pH and lack of 
plant nutrient content, will usually be required before tailings can sustain growth. 
Further important considerations in this respect concern particle size, aggregation 
of particles, and water retention capacity. 

Successful revegetation of a tailings surface can provide suitable stabilization 
against wind erosion, and with appropriate surface contouring vegetation can 
reduce water erosion and to some degree the ingress of moisture to the tailings. It 
was noted in sub-section 5.3.2.7, however, that surface vegetation may adversely 
affect the release of radon from the tailings pile. Because of this concern, direct 
revegetation of tailings surfaces cannot at this time be given serious consideration 
as a method for long-term stabilization of uranium mill tailings. Susceptibility of 
the tailings themselves to even relatively short-term variations in climate and 
inadequacy with respect to gamma radiation and radon shielding are also factors 
for consideration. However, revegetation of modest or thick covers over tailings 
surfaces are generally expected to be beneficial. 

Where the stabilization programme includes provision of a covering over the 
tailings the agrobiological characteristics of the material chosen for the covering 
are of prime importance. If the cover is thick enough, treatment of the tailings • 
before the covering is placed may not be necessary. 

Because of the obviously wide variation in conditions from site to site, it is 
not meaningful to attempt to describe here the practices followed in various 
countries. Significant success has been achieved in revegetating tailings covers at 
various sites. The detailed procedures and types of vegetations currently being 
used at uranium and other mineral mill tailings sites are described in Refs [53-57] , 

10. APPLICATION OF RADIOLOGICAL PROTECTION PRINCIPLES 

Requirements for protection from radiation as recommended by the ICRP 
and applied by national authorities play an important role in the choice of mining 
and milling methods, in the selection of sites for waste retention systems, and the 
choice of designs for the tailings impoundment and stabilization for the long term. 
As given in Section 3, the basic requirements are that radiation doses resulting 
from the release of radioactivity to man's environment be kept as low as reasonably 
achievable, economic and social factors being taken into account, and that the 
dose equivalents to individuals be maintained within authorized limits. 
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To best ensure that these requirements are met suggests that, at the planning 
and design stage, radiological protection be optimized. From this information, 
suitable choices of engineering solutions are effected. However, the optimization 
of radiological protection is not yet performed in a formal or rigorous way 
because the methodologies are currently in the early stages of development [58]. 
This section introduces the concepts that are needed for optimization of radiation 
protection. 

The principal difficulty that arises in optimizing radiological protection for 
management of mill tailings lies in estimating the potential radiological impact in 
the long term after active operations have ceased at a tailings site. 

First, this section briefly discusses the implication of current practices in 
providing for radiological protection associated with tailings management. Second, 
some discussion is presented on the fundamentals of optimization of radiological 
protection and the various difficulties that are involved. Optimization methodology 
can be applied to the choice of methods for milling, the selection of sites for 
waste retention systems, and the choice of designs for tailings impoundment 
systems and their stabilization. It is recognized that the optimization of radio-
logical protection constitutes only a portion of the planning and design processes, 
and numerous other considerations are necessary to arrive at preferred milling 
and tailings management schemes. 

It should be noted that this section does not attempt to provide information 
on the determination of the long-term radiological consequences. This has been 
comprehensively reviewed by UNSCEAR in its 1977 report [2]. 

10.1. ENGINEERING PRACTICE AND DOSE LIMITATIONS 

The technological features and control mechanisms described in the earlier 
sections include some of the best practicable technology for uranium mill tailings 
management. A well-designed and managed tailings impoundment system will 
therefore implement an appropriate combination of these features and mechanisms. 
However, as is evident from preceding sections, the particular sites and designs 
that are acceptable and the measures included in stabilizing the tailings impound-
ments depend critically on site characteristics and the local environmental 
conditions. 

For example, processing very high-grade ores (>2 .5% U 3 0 8 equivalent) in the 
unpopulated areas of northern Saskatchewan, Canada, which have a cold climate 
and high precipitation conditions, results in very different tailings management 
requirements from those appropriate for tailings that arise from the low-grade 
ores ( < 0.02% U3Og equivalent) that are mined in gold/uranium mines situated 
in the densely populated, industrialized Witwatersrand area of South Africa. 

If appropriate control mechanisms and technological features are implemented 
in the design, operational and stabilization phases of a tailings impoundment 
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system, it can be expected that compliance with the appropriate national authorized 
limits for radionuclide releases to the environment can be achieved during the 
operational phase of the impoundment system [59]. Because national authorities 
generally base their limits on ICRP recommendations (which advocate an annual 
dose-equivalent limit of 5 mSv per year to critical groups), compliance with 
national authorized limits, which are sometimes more restrictive, will meet the 
ICRP recommended dose-equivalent limits. 

In the post-stabilization phase the impoundment system can reasonably be 
expected to remain intact against the normal environmental influences that cause 
degradation over time periods of the order of 100 -1000 years [7]. Consequently, 
the release of radionuclides can be expected to remain within the appropriate 
national authorized limits during this time period. Furthermore, implementation 
of continued surveillance, and maintenance as necessary, access control and 
land use restrictions by the appropriate regulatory bodies will increase confidence 
in the continued integrity over these time scales. 

Beyond such time scales, however, the difficulty of quantitatively predicting 
the nature and extent of both civilization and environmental (such as climato-
logical and geomorphological) changes makes it impossible to be confident that 
radionuclide releases will not exceed the authorized limits. Furthermore, on these 
time scales major natural upheavals, such as earthquakes and floods, of magnitude 
exceeding the design bases for such events may occur, which could result in 
partial or substantial damage to the impoundment system and consequent 
increased radionuclide releases. 

The radiological consequences of such a failure can at present be assessed by 
the postulation of failure and consequence models. These models are generally 
somewhat arbitrary or conservative in the assumptions on the magnitude of the 
radionuclide releases, the transport mechanisms and other such mechanisms that 
influence the exposure of the human being. However, due to the relatively low 
radioactivity level of tailings, the radiological consequences would be of a chronic 
rather than an acute nature. Thus, only long continued exposure would produce 
detectable adverse effects [7]. Similarly, the possible eventual increased radio-
nuclide releases due to natural deterioration of an impoundment system at times 
exceeding tens of thousands of years after stabilization, although theoretically 
possible, must be affected by the imprecision implicit in the prediction of 
important parameters. 

10.2. OPTIMIZATION 

To achieve the aim of keeping radiation doses to man as low as reasonably 
achievable, taking account of social and economic considerations, optimization 
should be applied. This means that when further reduction in dose attributable to 
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a given practice would not justify the incremental cost required to accomplish 
this reduction, the proposed reduction of radiation dose is not justified. 

The current practical solutions for tailings management are not based on a 
formalistic treatment of the optimization procedure as described by ICRP 
Publication 26 [1]. However, other approaches may sometimes have reached 
solutions that are not too far from the optimized conditions. One of the main 
considerations which should be taken into account in the future when selecting 
a management strategy for tailings should be the optimization procedure as briefly 
described in ICRP 26. 

The principle of optimization as a tool for dose limitation according to ICRP 
can be described as follows. The net benefit B of an operation (for instance mining 
and milling uranium ores) can be regarded as equal to the difference between the 
gross benefit V and the costs. The costs are the basic production cost P, the 
cost X of achieving a radiation protection level (X) and the cost Y of the 
detriment (Y) caused by the operation. Part of the costs associated with protec-
tion and detriment are attributable to the tailings impoundment system. Thus 

B = V - ( P + X + Y) 

The gross benefit V is considered not to depend on the values of P, X and Y. 
In practice the cost of protection X may be included in the production costs but 
in the formal treatment of the optimization procedure the production cost P 
includes only the basic costs which are not affected by the protection costs. 
Accordingly, the maximum net benefit B is achieved when (X +Y) is minimum. 
Therefore, in this case the only factors normally to be taken into account in 
the optimization procedure are X and Y. 

An operation may be composed of several sub-operations, such as mining and 
milling of ores and tailings management. Radionuclide releases into the environ-
ment from each of these sub-operations (e.g. tailings management) can also be 
regarded as composed of several sub-releases, each requiring appropriate control 
measures. Optimization of the overall operation means in many cases an optimiza-
tion of each sub-operation and sub-release (i.e. a minimum of the expression X +Y 
has to be found for each of them). This is valid if the control in one does not 
influence the detriment caused by the others. This procedure may, however, result 
in an oversimplification of the technique of optimization in some cases, particularly, 
in tailings management. For optimizing sub-operations that cannot be regarded as 
independent from each other, a more complicated procedure may be needed. 

The detriment Y is expressed in collective effective dose equivalent commitment 
S, in units of man • Sv (or man-rem). It should be recognized, that practical problems 
may arise when evaluating collective effective dose equivalent commitments. The 
IAEA has published special guidance for this purpose [58]; moreover, several inter-
national organizations are carrying out specific programmes to develop further 
guidelines. 
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Some additional difficulties associated with optimization of tailings manage-
ment are still not resolved. For instance, since tailings contain such long-lived 
radionuclides as 238 U, 2 3 0Th and 225 Ra, in assessing collective dose equivalent 
commitments a relevant factor to be taken into account is a realistic period of 
time over which the integral should be extended. This is particularly of concern 
when estimating the total detriment caused by an operation. For instance, 
estimation of the contribution to the collective dose commitment made by radon 
release from the tailings pile remaining after the active life of the mill entails 
sophisticated guesswork. Radon emanation continues for millions of years because 
of the long half-life of the remaining 2 3 0Th and 238 U precursors. However, for such 
a long time period, the actual physical state of the pile and the population considera-
tions are only a guess. 

However, in the optimization procedure, the question should be limited to 
assessing the detriment saving by introducing a specific rather than another 
engineering solution during the time that these solutions will remain in operation. 
In optimizing tailings management, the change from one strategy to another can 
only be achieved in discrete increments of both cost X of protection and cost Y 
of detriment. If one strategy has costs of protection and detriment Xa + Ya and 
another strategy X B + Yb (which is assumed here to be more expensive in pro-
tection and control), optimization on a technical basis of going from A to B 
would be if 

X B + Y B < X A + Y A 

of if 

X b ~ X A 
< 1 

Y a - Y B 

As long as this expression is less than one ( < 1) the change to strategy B is cost-
effective and the optimization is achieved when the expression is equal to 1. 
As seen from this formula it is not the absolute values of X or Y which are of 
interest but the difference between them. 

If the detriment is expressed in collective effective dose equivalent commit-
ment S, the difference Sa ~~ Sb is of interest. In tailings management, available 
solutions have a relatively short assured lifetime when compared with the long-
lived nuclides in tailings. If a change of strategy is cost-effective, it would be 
sufficient to assess the collective effective dose equivalent commitment for each 
of the strategies during the period of time which equals the longest expected life-
time of alternative solutions. As an example, assume that alternative A is expected 
to last for 100 years and alternative B for 1000 years; also assume that in both 
cases the consequences at the end of the respective lifetimes are assumed to be 
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identical. The cumulative collective doses to be estimated are, for option A the 
sum of that portion caused during the design life of 100 years and that caused 
between 100 and 1000 years, and for option B that portion caused over the 
1000-year design life. 

To be able to compare cost of protection and detriment it is necessary to use 
comparative units. This means that the collective effective dose equivalent commit-
ment should be expressed in monetary values. Conversion of this commitment to 
monetary units is very arguable. However, in the radiation protection field 
US $ 104 — 105 is generally considered to be the reasonable cost to avoid a 
collective dose equivalent of one man • Sv. So the monetary value would be 
US $ 104 - 10s per man • Sv (or US $ 100-1000 per man • rem). If this value is 
called a the detriment cost Y would in monetary terms be aS, and the optimization 
means a minimization of the expression X + aS. Such minimization will be effected 
accordingly if 

X b - X A 
< a 

Sa ~SB 

In summary, the following steps may be used for the purpose of optimizing 
radiation protection: 

(1) Compile all the available management strategies that are tailored to a 
particular case 

(2) Evaluate the cost of implementing each strategy 
(3) Evaluate the collective effective dose equivalent commitment resulting 

from each strategy 
(4) Determine the quotient of the differential cost resulting from changing 

from one strategy to another, and the difference of collective dose that 
would result from the change 

(5) Compare the above quotient with the monetary value per unit of 
collective dose (a) which is acceptable to the appropriate regulatory 
authority; if, in changing from one strategy to the next, the value of 
the quotient is found to be lower than a , the next strategy should be 
preferred 

(6) Confirm that the selected strategy will comply with the individual 
dose limits. 

A simplified example of application of some of these principles is given in 
Appendix C. 

In this section the application of radiological protection considerations that 
necessarily play an important role in the design, construction, operation and 
stabilization of tailings impoundment systems have been discussed. However, 
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it should be noted that this discussion presents only a brief treatment of these 
considerations and includes only an introduction to the principles and concepts 
of optimization of radiological protection. It is anticipated that the application 
of these principles and concepts will undergo considerable development in the 
next few years. 

Appendix A 

ABBREVIATED CHECK-LIST OF CONSIDERATIONS 
FOR MANAGEMENT OF MILL TAILINGS 

A-l. Toxic metal and chemical impacts 
Hazardous material identification 
Concentrations and inventories 
Mobilities 
Reagent attack on liners (geological and synthetic) 
Pathway analysis 
Operational considerations 
'Long-term' considerations 

A-2. Land use 
Future resource availability 
Demography and projected growth patterns 
Socio-economics of the area 
Impoundment site proliferation 
Positive or adverse impacts from proposed use 
Limited future use 
Buffer zone provision 
Historical and archaeological areas 

A-3. Long-term considerations 
Stabilization and rehabilitation versus maintenance and monitoring 
Maintenance of cover 

Radon exhalation 
Gamma shielding 
Vegetative protection and control 
Burrowing animal control 
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Financial guarantees 
Stabilization and rehabilitation 
Monitoring, surveillance and maintenance 

Governmental and implementing organizations 
Viability 
Agency transfers 
Record availability and use 
File review and update 
Guardianship of property 

A-4. Legal requirements and limitations 
Areas covered by law and regulations 
Areas not covered by law and regulations 

A-5. Aesthetics 
Harmony with environment 

Appendix B 

APPROXIMATING THE RADON SOURCE STRENGTH 
OF A TAILINGS IMPOUNDMENT4 

B-l. UNCOVERED TAILINGS 

A simplified procedure is described here for estimating the radon release rate 
from an uncovered tailings pile given the quantity of the 238U mined and the 
estimated height of the tailings pile. 

(1) The total radioactivity level S (in curies) of the 226Ra present in the pile is 
obtained by dividing the quantity of extracted 238U (in tonnes) by a factor 
of 3. 

4 1 C i = 3.7 X 10 1 0 Bq. 
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(2) Estimate the value for the effective relaxation length H e f f of the pile. In the 
absence of data obtained from a specific test made on the actual tailings, one 
may choose: 
(a) H e f f in the range of 10 to 50 cm if the material is wet and contains small 

grain sizes and clay particles 
(b) Hef f in the range of 50 to 150 cm if the material is dry and mainly 

constituted of sand and relatively coarse particles. 
(3) From the height of the pile H calculate H/H e f f , and f rom the curve versus 

H/Heff in Fig. 3 determine the value of the self-confinement factor e. 
(4) Estimate the value of the emanation factor r . In the absence of data obtained 

from a specific test made on tailings, one may assume a typical medium value 
of T = 0.1 (which is somewhat conservative if the tailings are kept wet). 

(5) The radon release rate is approximated by SerA (Ci • s - 1 ) using the decay 
constant X for 2 2 2Rn = 2.1 X 10"6 - s _ 1 , or by Ser, with S expressed in 
becquerels and the radon release in atoms per second. 

(6) The radon release rate may therefore be estimated by the formula 

W238U 
— j — e r X 2.1 X 10"6 (Ci -s - 1 ) = W2 3 8Uer X 0.7 X 10"6 (Ci-s - 1 ) 

where W238U is the weight of 238U in the processed ore, or by 

W238U 
er X 3.7 X 1010 (atoms - s"1) 

3 

In carrying out this exercise it should be noted that the results are very 
sensitive to the product er which may vary by more than an order of magnitude. 
The value of this product is controlled by the physical properties (grain size 
and shape) and the mineralogical properties (existence of clay particles for 
instance) of the tailings to the moisture and the stockpile shape. 

An upper limit for er is 10_1 . Using this value in the above formula 
the radon release rate f rom a stockpile of processed ore containing 10 000 tonnes 
of 238U will be approximately 700 /iCi-s"1. If the stockpile is uncovered and 
dry, data in the literature suggest values in the range for er of 10 ' 2 to 4 X 10~2. 
Using these values, the radon release rate for tailings f rom 10 000 tonnes of 
238U will be 70 to 280 AtCi-s-1. If the moisture content is kept high enough 
(i.e. nearly saturated), e r can be in the order of 10 - 3 , thus reducing the radon 
release to about 7 nCi-s'1. 

The mean atmospheric transfer coefficient is usually less than 
10"6 s • m~3. Therefore, with the upper limit for e r at 10 - 1 , there is always 
less than 1000 pCi • m - 3 in the air above a tailings pile if the uranium content 
of the processed ore is less than 15 000 tonnes. 
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(7) The radon flux is given either by 

XSV- e • H • r (Ci • m ' 2 • s - 1 ) 

with Sv the radioactivity level (in curies) of the 226Ra present in one cubic 
metre of the pile, or by 

Sv- e • H" 7 (atoms • m - 2 • s _ 1 ) 

with Sv being the radioactivity level (in becquerels) of the 226Ra present in 
one cubic metre of the pile. 

In most practical cases, eH = H e f f . With an ore containing 2 wt% U3Of 

a tailings specific gravity equal to 2, and r equal to 0.1, the radon flux from 
the above formula will be 

1 atom • m~2 • s"1 (28 pCi • m"2 • s _ 1 ) for H e f f = 0.1 m 
10 a toms-m - 2 - s - 1 (280 pCi-m" 2 • s"1) for H e f f = l m 

B-2. COVERED TAILINGS 

In some countries it has been recommended to limit the radon flux to 
2 pCi • m~2 • s"1. Confinement factors in our example of 1/14 and 1 /140 are 
required for H e f f equal to 0.1 and 1 m, respectively, with the fluxes being 
28 p C i - m _ 2 - s _ 1 and 280 pCi -m" 2 - s"1, respectively. From sub-section 5.3.2.8, 
a cover with a relaxation iength H2 = 0.1 m and a thickness of 0.3 m will reduce 
the flux to 1.5 pCi-m" 2 • s"1 for the first case. A cover with a relaxation length 
H2 = 0.5 m and a thickness of 5 m will reduce the flux to 2 pCi • m - 2 • s - 1 for 
the second case. The moisture content of the cover is a factor of primary 
importance for controlling the radon flux. 

In the case of a cover made of successive layers of various materials (i) and 
thicknesses (hj), the total confinement factor is the product of the confinement 
factor of each layer 

G t o t S e x p ( - ^ | ) 

As an example, the radon flux from uncovered tailings in one case was 209 pCi/m2 • s. 
A cover consisting of 61 cm clay, 181 cm overburden and 30 cm topsoil reduced 
the radon flux to 2 pCi/m2 • s. 
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B-3. ALTERNATIVE METHOD FOR UNCOVERED AND COVERED 
TAILINGS 

If the assumptions are made that the tailings are homogeneous and the tailings 
thickness is large compared with the effective diffusion relaxation length for the 
tailings medium then the radon flux J0 at the surface of the pile can be calculated 
using the formula [60] 

J 0 = [Ra]pE(XD t /P t ) ' / 2 

where [Ra] is the concentration of 226Ra in the tailings solids (pCi/g) 
p is the density of the tailings solids (g/cm3) 
E is the emanating power of tailings (dimensionless) 
D t is the effective bulk diffusion coefficient for radon from the tailings 

P t is the porosity or void fraction for tailings solids (dimensionless). 
The values for computing J0 will vary from mill to mill, depending on the 
characteristics of the tailings produced. 

The following simple calculation model has been utilized [60] to determine 
the radon attenuation of a single layer of soil cover or a series of layers of 
differing properties 

where J is the radon flux from the surface after attenuation with various cover 
materials (pCi/m2 • s) 

J 0 is the radon flux at the surface of the bare tailings pile (pCi 2 2 2Rn/m 2 • s) 
X is the decay constant for 222Rn (2.1 X 10"6/s) 
Pj is the porosity or void fraction for cover material "i" (dimensionless) 
Djis the effective bulk diffusion coefficient for radon in cover material "i" 

(cm2/s) 
X; is the thickness of cover material "i" (cm) 
n is the number of cover materials. 

solids (cm2/s) 

n 

i = 1 
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Appendix C 

EXAMPLE OF A SIMPLIFIED TECHNIQUE 
FOR ASSESSING SITE AND TAILINGS MANAGEMENT SYSTEMS 

A simplified technique for a preliminary assessment of sites and systems for 
mill tailings management is given here. This technique is offered as an example 
only to illustrate some of the considerations that should be taken into account 
in selecting the preferred alternative from a number of potentially suitable manage-
ment techniques and sites. This methodology is not intended to replace that 
required for optimization of alternatives for radiation protection as discussed in 
Section 10. 

(1) Identify the possible alternative sites and design options. Some of these are: 

(a) Sites: valley dams, ring dykes, mined-out pits, special pits and under-
ground workings. 

(b) Liner options: geological liners, clay liners and synthetic liners. 
(c) Management system: saturated, wet, semi-dry and dry. 
(d) Discharge: zero discharge and treated discharge. 

Select the combinations that may be appropriate. These are the alternatives to 
be evaluated. 

(2) Identify sources of pollution that must be controlled. Some examples are: 

(a) Pollution due to surface transport: spillage during conveyance, structural 
failure of embankments, overtopping of embankments, erosion due to 
concentrated water flow, and sheet erosion. 

(b) Pollution due to seepage and leaching (and control mechanisms): 
seepage through liner, migration period (retardation of pollutants), 
soil chemistry (retardation of pollutants) and potential for leaching. 

(c) Air pollution: radon emanation and wind erosion. 

(3) For each option on siting and design being considered, evaluate and assign 
a rating to each of the pollution sources. An arbitrary rating scheme for 
example purposes may be: 

Probability Nil Very slight Slight Moderate High Almost certainty 
Rating ( R 0 0 1 2 3 4 5 

(4) Evaluate the severity of each of the pollution occurrences identified above. 
An arbitrary rating scheme is as follows: 

Severity Minor Moderate Major 
Rating ( R 2 ) 1 2 3 • 
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TABLE CI. EXAMPLE OF SIMPLIFIED POLLUTION RISK ASSESSMENT FOR TAILINGS IMPOUNDMENT 
Pollution due to spillage and erosion 

Site Spillage during Structural Overtopping of Erosion due to con- Sheet Average 
conveyance failure embankments centrated water flow erosion 2+3+4+5 + 6 

5 

A. Valley dam, site 1 
(i) Wet system; poor geological 

liner 
(3 X 2) 
6 0 

(2 X 3) 
6 

( I X 
3 

3) (4X3) 
12 0 

( 2 X 3 ) 
6 

( 5 X 3 ) 
15 

( I X 
1 

1) ( I X 1) 
1 6.2 3.8 

(ii) Wet system; synthetic liner (3 X 2) 
6 0 

(2 X 3) 
6 

( I X 
3 

3) ( 4 X 3 ) 
12 0 

(2 X 3) 
6 

( 5 X 3 ) 
15 1 1 6.2 3.8 

Ring dyke, site 2 
(i) Semi-dry; good geological 

liner 
( 3 X 2 ) 
6 0 

( 1 X 2 ) 
2 

( I X 
1 

1) 
0 0 

(1 X 3) 
3 

(2 X 3) 
6 

( I X 
1 

1) 
1 2.4 1.6 

In-pit, site 3 
(i) Wet system; synthetic liner ( 3 X 2 ) 

6 0 
(OX 3) 
0 0 0 0 

(OX 3) 
0 

(3 X 3) 
9 

( I X 
1 

1) ( 3 X 2 ) 
6 1.4 3.0 

(ii) 'Dry system'; poor geological 
liner 

(5X 1) 
5 0 0 0 0 0 0 

( 3 X 3 ) 
9 

( I X 
1 

1) (3 X 2) 
6 1.2 3.0 

Notes 
Alternative A(i) Wet disposal of tailings in a valley dam impoundment with a relatively poor natural geological liner and a large catchment area. 

A(ii) Wet disposal of tailings in a valley dam impoundment as above with a synthetic liner to control seepage. 
B(i) Ring dyke on good geological liner in location fairly well sheltered from wind and away from water course. 
C(i) In-pit impoundment on hillside with sloping reclaimed surface. Poor geological liner requires additional synthetic liner during operation. 
C(ii) In-pit impoundment as above but with dry disposal instead of synthetic liner. 

Key O.L. = Operating life of impoundment. 
P.S. = Post-stabilization. 



TABLE CII. EXAMPLE OF SIMPLIFIED POLLUTION RISK ASSESSMENT FOR TAILINGS IMPOUNDMENT 
Pollution due to seepage and leaching 

Site Seepage through Migration period Soil chemistry Potential for Average risk 
liner (retardation) (retardation) leaching 8+9+10+11 

4 

O.L. P.S. O.L. P.S. O.L. P.S. O.L. P.S. O.L. P.S. 
A. Valley dam, site 1 

(i) Wet system; poor geological (5 X 3) (S X 3) (5 X 3) (5 X 3) (5 X 3) (S X 3) (3 X 3) (5 X 3) 
liner 15 IS 15 15 15 15 9 15 13.5 15.0 

(ii) Wet system; synthetic liner ( 2 X 3 ) ( 5 X 3 ) ( 5 X 1 ) ( 5 X 3 ) ( 5 X 1 ) ( 5 X 3 ) ( 1 X 3 ) ( 5 X 3 ) 
6 15 5 15 5 15 3 15 4.8 15.0 

B. Ring dyke, site 2 
(i) Semi-dry; good geological liner ( 2 X 2 ) ( 5 X 1 ) ( 3 X 2 ) ( 3 X 1 ) ( 1 X 2 ) ( 1 X 1 ) ( 2 X 2 ) ( 2 X 2 ) 

4 5 6 1 2 1 4 4 4.0 2.8 

C. In-pit, site 3 
(i) Wet system; synthetic liner ( 3 X 2 ) ( 5 X 3 ) ( 1 X 2 ) ( 1 X 3 ) ( 1 X 2 ) ( 1 X 3 ) ( 2 X 2 ) ( 5 X 2 ) 

6 15 2 3 2 3 4 10 3.5 7.8 

(ii)'Dry system'; poor geological ( 4 X 2 ) ( 5 X 1 ) ( 1 X 1 ) ( 1 X 1 ) ( 1 X 1 ) ( 1 X 1 ) ( 3 X 2 ) ( 5 X 2 ) 
liner 8 5 1 1 1 1 6 10 4.0 4.3 

Notes 
Alternative A(i) Wet disposal of tailings in a valley dam impoundment with a relatively poor natural geological liner and a large catchment area. 

A(ii) Wet disposal to tailings in a valley dam impoundment as above with a synthetic liner to control seepage. 
B(i) Ring dyke on good geological liner in location fairly well sheltered from wind and away from water course. 
C(i) In-pit impoundment on hillside with sloping reclaimed surface. Poor geological liner requires additional synthetic liner during operation. 
C(ii) In-pit impoundment as above but with dry disposal instead of synthetic liner. 

Key O.L, = Operating life of impoundment. 
P.S. = Post-stabilization. . 



TABLE CIII. EXAMPLE OF SIMPLIFIED POLLUTION RISK ASSESSMENT FOR TAILINGS IMPOUNDMENT 
Air pollution and total risk 

Site Radon emanation Wind erosion Average risk Sum of average risks 
13+14 (total risk) 

2 7 + 1 2 + 1 5 

O.L.- P.S. O.L. P.S. O.L. P.S. O.L. P.L. 
A. Valley dam, site 1 

(i) Wet system; poor geological liner ( 1 X 2 ) ( 5 X 3 ) ( 2 X 1 ) (2 X 2) 
2 15 2 4 2.0 9.5 7.2 9.4 

(ii) Wet system; synthetic liner ( 1 X 2 ) ( 5 X 3 ) ( 2 X 1 ) (2 X 2) 
2 15 2 4 2.0 9.5 4.3 9.4 

B. Ring dyke, site 2 
(i) Semi-dry; good geological liner ( 4 X 2 ) ( 3 X 3 ) ( 4 X 1 ) (4 X 2) 

8 9 4 8 6.0 8.5 4.1 4.3 

C. In-pit, site 3 
(i) Wet system; synthetic liner ( 1 X 2 ) ( 4 X 3 ) ( 2 X 1 ) ( 2 X 2 ) 

2 12 2 4 2.0 8.0 2.3 6.3 

(ii) 'Dry system'; poor geological liner ( 5 X 2 ) ( 4 X 3 ) ( 2 X 1 ) ( 2 X 2 ) 
10 12 2 4 6.0 8.0 3.7 5.1 

Notes 
Alternative A(i) Wet disposal of tailings in a valley dam impoundment with a relatively poor natural geological liner and a large catchment area. 

A(ii) Wet disposal of tailings in a valley dam impoundment as above with a synthetic liner to control seepage. 
B(i) Ring dyke on good geologial liner in location fairly well sheltered from wind and away from water course. 
C(i) In-pit impoundment on hillside with sloping reclaimed surface. Poor geological liner requires additional synthetic liner during operation. 
C(ii) In-pit impoundment as above but with dry disposal instead of synthetic liner. 

Key O.L. = Operating life of impoundment. 
P.S. = Post-stabilization. 



(5) Evaluate the risk of pollution from each source (Rj), assumed here to be the 
product of probability times severity 

RJ = RJ X R2 

(6) Sum the pollution risk from each alternative to obtain an overall risk rating 
(2 RJ). If desirable, ratings for different sources could be weighted to reflect local 
concerns. Alternatives with the lower risk rating would be considered the more 
favourable. However, in some cases the weighting of the consequences and 
probabilities may vary from the linear function given here. 

C. l . EXAMPLE ASSESSMENT 

The results of an example assessment are given in Tables CI to CIII. For the 
case chosen, and the factors used, it is seen in Table C III that the in-pit solutions 
have the lowest risk rating during the operating life of the mine. However, 
because of long-term surface erosion by water and a greater potential for ground-
water leaching, their post-operating ratings (impacts) are greater than those for 
the ring dyke. 

The above evaluation does not include a cost-benefit analysis. In this case, 
cost estimates would be developed and considered in concert with the present 
evaluation to arrive at decisions regarding options. 

It should also be pointed out that national practices may involve consideration 
of either possible consequences or probabilities for pollution without considering 
the other. In these cases, the considerations presented here would be modified 
accordingly. 
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GLOSSARY 

actinides. Elements with atomic numbers from 89 through 103. They are all 
radioactive. 

activity. The activity, A, of a quantity of a radioactive material is the quotient 
of dN/dt, where dN is the number of spontaneous nuclear transformations 
which occur in this quantity in the time interval dt. The SI unit of activity 
is the becquerel (Bq), which has superseded the curie (Ci). 

barrier (natural or engineered). A feature which delays or prevents radionuclide 
migration from the waste and/or repository into its surroundings. An 
engineered barrier is a feature made by or altered by man; it may be part 
of the waste package or part of the repository. 

buffer zone. A controlled area surrounding a nuclear installation (e.g. a tailings 
disposal site) established to ensure an adequate distance between the installa-
tion and places used by or accessible to the public. 

collective dose equivalent. The collective dose equivalent to a population, expressed 
in units of man-sievert (man • Sv) or.man-rem, that is, the sum of the products 
of the individual or per caput dose equivalents and the number of indi-
viduals in each exposed group in a population. 

collective dose equivalent commitment (or collective effective dose equivalent 
commitment). (Effective) dose equivalent commitment multiplied by the 
number of individuals in the specified population. It is commonly expressed 
in units of man-sievert (man-Sv) or man-rem. (Note that the modifiers 
'incomplete' and 'truncated' are sometimes used for specific purposes of 
radiation protection — the details of which must be clearly stated.) 

competent authority. A national authority designated or otherwise recognized 
as competent authority by the Government of a Member State for a 
specific purpose (see also regulatory body). 

confinement (or isolation) of waste. The segregation of radionuclides from the 
human environment and the restriction of their release into that environment 
in unacceptable quantities or concentrations. 

decant solution. Solution which is removed from the surface of a waste retention 
system after the solids have settled out. Some solids are always removed 
with the decant solution. 
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design life. The period during which the tailings impoundment is expected to 
perform as designed with respect to the rates of release of radionuclides and the 
retention of tailings material. 

detriment. The mathematical expectation of the harm to a population incurred 
from a collective dose equivalent commitment, taking into account not only 
the probabilities of each type of deleterious effect but the severity of the 
effect as well. Detriment, in general, also includes deleterious effects not 
associated with health, such as the need to restrict the use of some areas or 
products. 

disposal. The emplacement of waste materials in a repository without the intention 
of retrieval. 

dose commitment. The integral over infinite time of the average dose rate to a 
specified population. 

dose equivalent. The product of absorbed dose and quality factor and other 
modifying factors necessary to obtain an evaluation of the effects of irradiation 
received by exposed persons, so that the different characteristics of the 
exposure are taken into account. It is commonly expressed in units of 
sieverts (Sv) or rems. 

dose equivalent commitment (or effective dose equivalent commitment). For 
any specified decision, practice or operation, the infinite time integral of the 
per caput dose-equivalent rate for a specified population. The exposed 
population is not necessarily constant in numbers. It is commonly expressed 
in units of sieverts (Sv) or rems. (Note that this can apply over very long 
(geological) times and care must be taken to maintain perspective. The 
concept can be useful in making comparisons among alternatives but in a 
given case may have little meaning in an absolute sense). 

effluent. A liquid or gas which flows out of a containing space into the environ-
ment; sometimes used to indicate the liquid or gaseous flow from a nuclear 
installation to the environment. 

emanation. Radioactive gas formed by decay of a radioactive solid. The emana-
tion may or may not be retained within the pore space of the solid phase. 

embankment. A raised structure usually constructed as an earth dam to retain 
liquid and solid wastes. The embankment may be built using tailings, 
other materials, or a combination of both. 
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exhalation. Escape of gases from the bulk solid phase into the atmosphere. 

groundwater. Water which permeates the geological strata of the earth, filling 
their pores and fissures. (It excludes water of hydration.) 

heap leaching. The process whereby leach liquor percolates through a pile of 
previously mined ore placed on an impervious base in such a way that the 
leachate can be collected for recovery of the metal values. 

implementing organization. The organization (and its contractors) that performs 
activities in order to select and investigate the suitability of a site for a 
nuclear facility, and that undertakes to design, construct, commission, 
operate and shut down such a facility. 

isolation of waste (see confinement of waste). 

teachability. The susceptibility of a solid material to the removal of its soluble 
constituents by the dissolving or erosive action of water or other fluids. 

licence. Formal document, issued by the regulatory body for major stages in the 
development of a nuclear facility, defined by regulations permitting the 
holder (the implementing organization) to perform specified activities. 

long-lived waste. Those wastes that will not decay to acceptable activity levels 
in time periods during which administrative controls can be expected to last. 

long-term. Refers to periods of time which exceed the time during which 
administrative controls can be expected to last. In this report it is also the 
period of time exceeding the design life of a tailings impoundment facility. 

low-level waste. Those wastes which, because of their low radionuclide content, 
do not require shielding during normal handling and transportation. 

overtopping. The flow of water over the top of a structure. 

permeability of rock. The permeability of a rock is its capacity for transmitting 
a fluid. It is measured by the rate at which a fluid of standard viscosity can 
move a given distance in a given interval of time, and is expressed in darcys. 

porosity. The ratio of the aggregate volume of interstices in a rock or soil to its 
total volume. 
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post-sealing period. The period after a waste repository has been shut down and 
sealed. Surveillance may be required during this period. 

precipitation scavenging. A chemical treatment whereby trace concentrations of 
radioactive ions may be partially removed by a co-precipitation process. 
The precipitate is chosen to have a high affinity for incorporating the ions 
of interest. The actual removal may in some cases be described as an 
adsorption process on freshly formed precipitates. Occasionally a very 
flocculent precipitate proves to be useful for such treatment, probably by 
trapping colloidal species; here the treatment is sometimes referred to as 
flocculation. 

prescribed limits. Limits established or accepted by the regulatory body. (Note: 
The term 'authorized limits' is sometimes used for this term in other 
IAEA documents.) 

radiation detriment (see detriment). 

radiation protection or radiological protection. (1) All measures associated with 
the limitation of the harmful effects of ionizing radiation on people, such as 
limitation of external exposure to such radiation, and of bodily incorporation 
of radionuclides, and prophylactic limitation of bodily injury resulting from 
either of these. 
(2) All measures designed to limit radiation-induced chemical and physical 
damage in materials. 

radioactive material. A material of which one or more constituents exhibit 
radioactivity. (Note: For special purposes, such as regulation, this term may 
be restricted to radioactive material with a radioactivity level or specific 
activity greater than a specified value.) 

radioactive waste. Any material that contains or is contaminated with radionuclides 
at concentrations or radioactivity levels greater than 'exempt quantities', 
established by the competent authorities, and for which there is no use 
foreseen. 

radioactivity. The property of certain nuclides of spontaneously emitting 
particles or gamma or X-radiation following orbital electron capture or of 
undergoing spontaneous fission. 

radionuclide migration. The movement of radionuclides through various media 
due to fluid flow and/or by diffusion. 
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regulatory authority or regulatory body. A national authority or system of 
authorities designated by the Government of a Member State as having the 
legal authority for conducting the licensing process, for issuing of licences 
and thereby for regulating the siting, design, construction, commissioning, 
operation, shut-down, decommissioning and subsequent control of nuclear 
facilities (e.g. a tailings disposal site) or specific aspects thereof. This 
authority could be a body (existing or to be established) in the field of 
nuclear-related health and safety, or mining safety, or environmental 
protection, vested with such legal authority, or it could be the Government 
or a Department of the Government. 

rehabilitation. Actions taken beyond stabilization of tailings impoundments to 
allow for other uses of the area or to restore the area to near-pristine 
conditions. 

risk. A measure of the deleterious effects that may be expected as a result of a 
technology, traditionally quantified as the product of the probability and 
the consequence of the occurrence of an event or series of events. (In radia-
tion protection, the term is normally used to indicate the sum of the 
probabilities of the deleterious effects that a given individual or population 
will incur as a result of a radiation dose.) However, the definition and 
quantification of the concept of 'risk' are being re-evaluated with regard to 
safety considerations. 

safety analysis. The analysis and calculation of the hazards associated with the 
implementation of a proposed activity. 

safety assessment. The comparison of the results of safety analyses with 
acceptability criteria, its evaluation, and the resultant judgements made of 
the acceptability of the system assessed. 

shut-down and sealing. Action taken, after disposal operations have ceased, to 
prepare an installation for abandonment or minimum surveillance. 

site. The area containing a nuclear installation (e.g. a tailings disposal site) that 
is defined by a boundary and that is under effective control of the 
implementing organization. 

siting (or site selection). The process of selecting a suitable site for an installation, 
including appropriate assessment and definition of the related design bases. 
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stabilization. Actions taken to prevent or retard movement of tailings material 
away from an impoundment due to the action of natural forces, such that 
little or no surveillance and maintenance is required. 

storage. The emplacement of waste in a facility with the intent that it will be 
retrieved at a later time. 

stratum. A layer of a geological formation that consists of approximately the 
same kind of rock material. 

subsidence. The settling of the earth's surface due to the weakening of the 
overlying layers. 

tailings. These may be: 
(a) mill tailings, which are the residues resulting from processing the ore 

in a mill to extract the metal values; 
(b) heap leach residues, which result from treatment of ore by heap leaching. 

tailings impoundment. Structure in which the tailings and tailings solution are 
deposited, including all its elements such as embankment walls, liners, 
cover layer, etc. 

tailings pile. A deposit of tailings material. 

tailings seepage. Seepage of liquid from a tailings retention system. 

tailings solution. Liquid associated with the tailings as they are deposited in the 
tailings impoundment. 

transmissivity, hydraulic. Rate at which water is transmitted through a unit width 
of aquifer under a unit hydraulic gradient. It is expressed as the product of 
the hydraulic conductivity and the thickness of the saturated portion of 
the aquifer. -

U 3 0 8 equivalent. The amount of uranium expressed as the equivalent amount 
of U 3 0 8 . 

waste management. All activities, administrative and operational, that are involved 
in the handling, treatment, conditioning, transportation, storage and 
disposal of waste. 
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waste retention system. Storage system for liquid and solid wastes. This includes 
systems for wastes generated by the uranium mining and milling process. 

waste-rock seepage. Liquid seepage from a waste-rock storage area which may or 
may not contain environmentally significant materials. 

water table. The surface of the groundwater; the upper surface of a zone of 
saturation. 

95 





LIST OF PARTICIPANTS 

Consultants' Meetings 

Consultants' Meeting to Initiate Preparation of Report 
Vienna, 9-13 January 1978 

CANADA 

Zahary, G. Department of Energy, Mines and Resources, 
P.O. Box 460, 
Elliot Lake Center, 
Ontario 

UNITED STATES OF AMERICA 

Kennedy, R.H. 

OBSERVER 

Dube, J. 

SCIENTIFIC SECRETAR Y 

Lanni, L. 

Division of Environmental Control Technology, 
US Energy Research and Development Administration, 
Washington, DC 2054S 

OECD Nuclear Energy Agency, 
38,boulevard Suchet, 
F-75016 Paris, 
France 

Division of Nuclear Safety and Environmental Protection, 
IAEA, P.O. Box 100, 
A-1400 Vienna, Austria 

CANADA 

Moffat , D. 

Consultants' Meeting to Revise Report 
Vienna, 2-6 April 1979 

Rio Algom Limited, 
P.O. Box 1500, 
Elliot Lake, 
Ontario P5A 2K1 

97 



S O U T H A F R I C A 

Rober tson, A. Steffen, Rober tson & Kirsten Inc., 
203 Mayton Buildings, 
605 Clyde Avenue, 
West Vancouver , BC V7T 1CT, Canada 

U N I T E D S T A T E S O F A M E R I C A 

Scarano ,R . 

SCIENTIFIC SECRETAR Y 

Van As, D. 

US Nuclear Regulatory Commission, 
Mail Stop 396-55, 
Washington, DC 20555 

Division of Nuclear Safety and Environmental Protect ion, 
IAEA, P.O. Box 100, 
A-1400 Vienna, Austria 

Consultant's Meeting to Revise Report 
Vienna, 10—14 December 1979 

C A N A D A 

Henry, L.C. Waste Management Division, 
Atomic Energy Contro l Board, 
P.O. Box 1046, Ot tawa , Ontario K I P 5S9 

SCIENTIFIC SECRET AR Y 

Schneider, K,J . Division of Nuclear Safety and Environmenta l Protect ion, 
IAEA, P.O. Box 100, 
A-1400 Vienna, Austria 

Advisory Group Meetings 

Advisory Group Meeting 
Salt Lake City, 30 October-3 November 1978 

A R G E N T I N A 

Gonzalez, A.J. Comisi6n Nacional de Energi'a Atomica, 
Avenida Liber tador 8250, 
Buenos Aires 

98 



AUSTRALIA 

Cook, J.M. 

CANADA 

Henry, L.C. (Chairmanj 

FRANCE 

Zettwoog, P. 

SOUTH AFRICA 

Winkler, B.C. 

Environment and Public Health Unit , 
Atomic Energy Commission, 
P.O. Box 41, Coogee 2034, New South Wales 

Waste Management Division, 
Atomic Energy Control Board, 
P.O. Box 1046, Ottawa, Ontario KIP 5S9 

I.P.S.N.-DPr-STEP-Service de protection technique, 
CEA, Centre d 'etudes nucldaires de Fontenay-aux-Roses, 
B.P. 6, F-92260 Fontenay-aux-Roses 

Division of Licensing Standards, 
South African Atomic Energy Board, 
Private Bag X2S6, Pretoria 0001 

UNITED STATES OF AMERICA 

Kennedy, R.H. US Department of Energy, 
Washington, DC 20545 

ORGANIZATIONS 

OECD/NUCLEAR ENERGY AGENCY (OECD/NEA) 

Ruegger, B. Radiation Protection and 
Waste Management Division, 

38, boulevard Suchet, 
F-75016 Paris, France 

OBSER VERS 

Bernhardt, D. 

de Jesus, A. 

US Environmental Protection Agency, 
Office of Radiation Programs, 
Las Vegas, Nevada, 
United States of America 

Division of Isotopes, 
South African Atomic Energy Board, 
Private Bag X256, Pretoria 0001, 
South Africa 

99 



Haldane, W.E. 

Robertson, A. 

Rogers, V.C. 

Scarano, R. 

SCIENTIFIC SECRETAR Y 

Van As, D. 

US Department of Energy, 
Grand Junction Office, 
P.O.Box 2567, Grand Junction, CO 81 SOI 
United States of America 

Steffen, Robertson & Kirsten Inc., 
203 Mayton Buildings, 605 Clyde Avenue, 
West Vancouver, BC V7T 1C7, Canada 

Ford, Bacon & Davis Utah Inc., 
P.O. Box 8009, Salt Lake City, Utah 84108, 
United States of America 

US Nuclear Regulatory Commission, 
Washington, DC 20555, 
United States of America 

Division of Nuclear Safety and Environmental Protection, 
IAEA, P.O. Box 100, 
A-1400 Vienna, Austria 

AUSTRALIA 

Fokkema, A. 

CANADA 

Henry, L.C. (Chairman) 

FRANCE 

Zettwoog, P. 

Advisory Group Meeting 
Vienna, 19-23 November 1979 

Hydraulic Structures, 
Department of Housing and Construction, 
Canberra 

Waste Management Division, 
Atomic Energy Control Board, 
P .O.Box 1046, 
Ottawa, Ontario K I P 5S9 

I.P.S.N.-DPr-STEP-Service de protection technique, 
CEA, Centre d 'etudes nucleaires de Fontenay-aux-Roses, 
B.P. 6, F-92260 Fontenay-aux-Roses 

SOUTH AFRICA 

Winkler, B.C. South African Atomic Energy Board, 
Private Bag X256, 
Pretoria 0001 

100 



SWEDEN 

Snihs, J.O. Statens Stralskyddsinstitut, 
Fack, 
S-104 01 Stockholm 

UNITED STATES OF AMERICA 

Hazle, A.J. Radiation and Hazardous Waste Control Division, 
Colorado Department of Health, 
4210 East 11th Avenue, 
Denver, CO 80220 

ORGANIZATIONS 

COMMISSION OF THE EUROPEAN COMMUNITIES (CEC) 

Myttenaere, M.C. Rue de la Loi 200, 
B-1049 Brussels, 
Belgium 

Van Wambeke, L. Rue de la Loi 200, 
B-1049 Brussels, 
Belgium 

OECD/NUCLEAR ENERGY AGENCY (OECD/NEA) 

Raffer ty , P. 

OBSER VERS 

Agnedal, P.O. 

Andersson, A. 

Backstrom, L. 

Bouville, M. 

38, boulevard Suchet, 
F-75016 Paris, 
France 

Studsvik Energiteknik AB, 
Fack, 
S-611 82 Nykoping, 
Sweden 

Luossavaara Kiirunavaata AB, 
Fack, 
S-100 41 Stockholm, 
Sweden 

Ranstad Skiffer AB, 
S-250 50 Stenstorp, 
Sweden 

Departement de Protection, 
CEA, Centre d 'etudes nucleaires de Fontenay-aux-Roses, 
B.P. 6, F-92260 Fontenay-aux-Roses, 
France 

101 



Burgess, P. 

Lindholm, I. 

IAEA CONSULTANT 

Van As, D. 

SCIENTIFIC SECRET AR Y 

Schneider, K.J. 

McMahon, Burgess & Yeates, 
1 Railway Street, 
Chatswood, New South Wales 2067, 
Australia 

Svensk Karnbransleforsorjning AB, 
Fack, 
S-102 40 Stockholm, 
Sweden 

South African Atomic Energy Board, 
Private Bag X356, 
Pretoria 0001, 
South Africa 

Division of Nuclear Safety and 
Environmental Protection, 

IAEA, P.O. Box 100, 
A-1400 Vienna, Austria 

102 



HOW TO ORDER IAEA PUBLICATIONS 
\ 

An exclusive sales agent for IAEA publications, to whom all orders 
and inquiries should be addressed, has been appointed 
in the following country: 

UNITED STATES OF AMERICA UNIPU8, 345 Park Avenue South, New York, NY 10010 

In the following countries IAEA publications may be purchased from the 
sales agents or booksellers listed or through your 
major local booksellers. Payment can be made in local 
currency or with UNESCO coupons. 

A R G E N T I N A 

A U S T R A L I A 
BELGIUM 

CZECHOSLOVAKIA 

FRANCE 

HUNGARY 

INDIA 

ISRAEL 

I T A L Y 

JAPAN 
NETHERLANDS 

PAKISTAN 
POLAND 

ROMANIA 
SOUTH AFRICA 

SPAIN 

SWEDEN 

UNITED KINGDOM 

U.S.S.R. 
Y U G O S L A V I A 

Comisión Nacional de Energía Atómica, Avenida del Libertador 8250, 
RA-1429 Buenos Aires 
Hunter Publications, 58 A Gipps Street, Coll ingwood, Victoria 3066 
Service Courrier UNESCO, 202, Avenue du Roi, B-1060 Brussels 
S.N.T.L., Spálená 51, CS-113 02 Prague 1 
Al fa, Publishers, Hurbanovo námestie 6, CS-893 31 Bratislava 
Off ice International de Documentation et Librairie, 48, rue Gay-Lussac, 
F-75240 Paris Cedex 05 
Kultura, Hungarian Foreign Trading Company 
P.O. Box 149. H-1389 Budapest 62 
Oxford Book and Stationery Co., 17, ParkStreet, Calcutta-700 016 
Oxford Book and Stationery Co., Scindia House, New Delhi-110 001 
Heiliger and Co., Ltd., Scientif ic and Medical Books, 3, Nathan Strauss 
Street, Jerusalem 94227 
Librería Scientifica, Dot t . Lucio de Biasio "aeiou" , 
Via Meravigli 16, 1-20123 Milan 
Maruzen Company, Ltd., P.O. Box 5050, 100-31 Tokyo International 
Martinus Ni jhof f B.V., Booksellers, Lange Voorhout 9-11, P.O. Box 269, 
NL-2501 The Hague 
Mirza Book Agency, 65, Shahrah Quaid-e-Azam, P.O. Box 729, Lahore 3 
Ars Polona-Ruch, Céntrala Handlu Zagranicznego, 
Krakowskie Przedmiescie 7, PL-00-068 Warsaw 
l lexim, P.O. Box 136-137, Bucarest 
Van Schaik's Bookstore (Pty) Ltd. , Libr i Building, Church Street, 
P.O. Box 724, Pretoria 0001 
Diaz de Santos, Lagasca 95, Madrid-6 
Diaz de Santos, Balmes 417, Barcelona-6 
AB C.E. Fritzes Kungl. Hovbokhandel, Fredsgatan 2, P.O. Box 16356, 
S-103 27 Stockholm 
Her Majesty's Stationery Office, Agency Section PDIB, P.O.Box 569, 
London SE1 9NH 

Mezhdunarodnaya Kniga, Smolenskaya-Sennaya 32-34, Moscow G-200 
Jugoslovenska Knjiga, Terazije 27, P.O. Box 36, YU-11001 Belgrade 

Orders from countries where sales agents have not yet been appointed and 
requests for information should be addressed directly to: 

H u0 ^ Division of Publications 
f ebb $ International Atomic Energy Agency 

Wagramerstrasse 5, P.O. Box 100, A-1400 Vienna, Austria 



8
1

-0
0

8
4

7 



INTERNATIONAL SUBJECT GROUP: II 
ATOMIC ENERGY AGENCY Nuclear Safety and Environmental Protection/Waste Management 
VIENNA, 1981 PRICE: Austrian Schillings 2 0 0 , -


