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FOREWORD 

As part of the implementation of the Basic Safety Standards for Radiation 
Protection, jointly sponsored by the International Atomic Energy Agency, the Inter-
national Labour Organisation, the Nuclear Energy Agency of the Organisation for 
Economic Co-operation and Development and the World Health Organization and 
issued in 1982, the IAEA has issued two documents outlining the general principles 
and methods for limiting and assessing the release of radioactive substances into the 
environment: 

— Principles for Limiting Releases of Radioactive Effluents into the Environ-
ment, Safety Series No. 77 (1986); 

— Concept and Approaches Used in Assessing Individual and Collective Doses 
from Releases of Radioactive Effluents, IAEA-TECDOC-460 (1988). 

Other IAEA publications which provide more detailed guidance in specific 
areas include: 

— Generic Models and Parameters for Assessing the Environmental Transfer of 
Radionuclides from Routine Releases: Exposures of Critical Groups, Safety 
Series No. 57 (1982) (now under revision); 

— Atmospheric Dispersion in Nuclear Power Plant Siting: A Safety Guide, Safety 
Series No. 50-SG-S3 (1980); 

— Hydrological Dispersion of Radioactive Material in Relation to Nuclear Power 
Plant Siting: A Safety Guide, Safety Series No. 50-SG-S6 (1985). 

This Safety Series publication provides general guidance on the application of 
these principles to the setting of limits for the release of radioactive substances during 
the normal operation of mining and milling of radioactive ores, as well as general 
guidance on assessing the resulting individual and collective doses. A separate publi-
cation provides guidance on setting release limits for nuclear power plants and fuel 
reprocessing plants, while another document is being drafted to provide guidance on 
the application of radiation protection principles to the sources of potential exposure. 

This publication has been prepared by the participants of an Advisory Group 
meeting, which took place in March 1986. Thanks are due to R.M. Chatterjee, 
Atomic Energy Control Board of Canada, who was the consultant, for his contribu-
tions towards the preparation of the working paper as well as finalization of the docu-
ment. The final compilation was the responsibility of J.U. Ahmed of the IAEA 
Division of Nuclear Safety. 
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Section 1 

INTRODUCTION 

1.1. GENERAL 

This report deals with the application of the principles for limiting releases of 
radioactive effluents from the mining and milling of radioactive ores. Controlled 
releases of effluents are often a component of the management of wastes arising 
during the normal operations of mining and milling facilities. Accidental releases are 
not dealt with here because, in such cases, it is only possible to limit exposures by 
intervention. Although the wastes resulting from the mining and milling of radio-
active ores contain non-radioactive as well as radioactive components, non-
radioactive releases are also not dealt with here, though it should be noted that the 
competent authority, as well as the operator, has to deal with the release and subse-
quent impact of these non-radioactive releases within the context of existing 
regulations. 

The principles for limiting releases of radioactive effluents into the environ-
ment are discussed in IAEA Safety Series No. 77 [1], which provides guidance for 
the setting of release limits. Authorized limits for release are set by competent 
authorities taking many factors into account. If only radiation safety considerations 
were to be applied, the release limit would be the result of satisfying both the upper 
bound and the optimization requirements. It would, therefore, be the release 
corresponding to the result of the optimization procedure carried out under the 
constraint of the upper bound (i.e. the result of upper bound constrained 
optimization). 

Such optimization of the release control systems involves, first, the discarding 
of those control options which do not meet the upper bound requirement. For this 
reason, 'upper bounds for release' must be derived (from the upper bounds of the 
dose) for the relevant environmental situation and the applicable composition of the 
effluents. 

Control options with releases not exceeding the upper bound for release are 
then subject to optimization analysis using cost-benefit or other methods, and the 
optimum control option is then selected. The release expected from such an optimal 
option, with due consideration being given to the fluctuations in release, is the 
release limit. The limit should be expressed in a form useful for actual application 
and regulatory surveillance. 

1.2. SCOPE 

The purpose of this report is to provide methods (and develop the methodol-
ogy) for calculating the upper bound for annual releases for uranium and thorium 

1 
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mines and mills. In this context, the release upper bound (RUB) means the upper 
limit for the release rate of a single radionuclide from a single source which is 
derived from the annual dose upper bound by analytical models of all significant 
environmental pathways to an individual, or 'critical' group, receiving the highest 
contribution of the dose. 

The radionuclides considered here include all of the 238U and 232Th decay 
series. Radionuclides of the 235U decay series are not explicitly included because 
235U constitutes only about 0.7%, on a mass basis, of the total amount of uranium 
present in mines and mills. However, the RUB for natural uranium includes the 
contribution from 235U. 

In discussing the releases of radionuclides from mining and milling operations 
and their transport in the environment, several factors need to be considered that are 
different from those already under consideration, e.g. for power reactors which 
generally have point sources of discharge. Sources such as mine and mill stacks and 
vents and process or dewatering discharges may be classified as point sources and 
can be dealt with generically in a manner similar to that for power reactors. 
However, other sources, such as area sources associated with tailings and waste rock 
areas, need special consideration. In addition to atmospheric and surface water 
dispersion and transport pathways, this report will also deal with groundwater 
transport. 

The scope of this report, as mentioned earlier, is limited to considering the 
impact of radioactive releases arising from the mining and milling of radioactive 
ores. However, it is acknowledged that in the case of many release mechanisms, such 
as groundwater, non-radioactive releases should be the predominant concern in the 
setting of appropriate release standards by the competent authority. 

Source and environmental monitoring programmes at uranium and thorium 
mining and milling facilities are carried out to demonstrate compliance with regula-
tory requirements, as set by the competent authorities, and to validate the models 
used for the assessment of doses. A major difficulty in an environmental monitoring 
programme is to assess the effect of releases in the presence of relatively high natural 
background levels of the same radionuclides. This report does not deal with the 
monitoring of releases and of the environment, which is discussed in a forthcoming 
IAEA Safety Series publication [2], 
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Section 2 

BASIC CONCEPTS 

2.1. GENERAL 

The basic objectives of radiation protection are to prevent such detrimental 
effects as tissue or organ failure, and to limit the probability of induction of cancer 
and hereditary effects to levels deemed to be acceptable. The International Commis-
sion on Radiological Protection (ICRP) system of dose limitation [3] provides the 
guiding principles on radiation protection and this system contains three interrelated 
components, namely, the justification of a practice, the optimization of protection 
and individual dose limitation. 

The justification of a practice refers to the introduction of the practice as a 
whole and not to individual parts of the practice, such as the management of radio-
active effluents. Acceptance of a practice, or the choice between practices, will 
depend on many factors, only some of which are associated with radiation protec-
tion. For this reason, justification is not discussed further here. However, the control 
of releases must be optimized. Methods for optimizing release control involve 
choosing between various control options. Of the available options, only those can 
be considered which result in acceptably low individual risk. The criterion for 
'acceptably low' can be derived from the basic dose limit. 

2.2. INDIVIDUAL DOSE LIMITATION 

Under the assumption of proportionality, the risk to an individual (the proba-
bility of incurring a severe stochastic deleterious effect) is proportional to the effec-
tive dose equivalent for that individual. The effective dose equivalent is based on 
the concept that, at a given level of protection, the risk should be equal whether the 
whole body is irradiated uniformly or whether there is non-uniform or partial irradia-
tion [3]. 

In order to limit the lifetime risk committed in a year, the dose limitation for 
the intake of radioactive materials by members of the public is based on the commit-
ted dose. The committed dose, which represents an adequately conservative meas-
ure, is defined as the doses that would be received by an individual over the fifty 
year period following the intake of a radioactive substance. One requirement for 
release control is to keep the annual dose to individuals below the appropriate source 
related upper bound. Therefore, it is the maximum annual dose in the future that 
must be limited. 

The value currently recommended by the ICRP for the limit of the annual dose 
to members of the public is 1 mSv. The ICRP also states that it is permissible to use 
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a subsidiary dose limit of 5 mSv in a year for some years, provided that the average 
annual effective dose equivalent over a lifetime does not exceed the principal limit 
of 1 mSv in a year. With this limitation on the effective dose equivalent, the non-
stochastic organ dose limit of 50 mSv in a year becomes unnecessary for most 
organs [4]. Since the dose equivalents in the skin and the lens of the eye are not 
included in the computation of the effective dose equivalent for the individual [5], 
organ dose limits must still be used for these two tissues. The dose equivalent limit 
recommended by the ICRP for both the skin and the lens of the eye is still 50 mSv 
in a year for members of the public. 

2.3. THE CRITICAL GROUP CONCEPT 

The concept of the critical group has been formulated by the ICRP in para-
graph 85 of its Publication 26 [3]. There are two main criteria to be satisfied in the 
selection of critical groups: 

(1) The critical group should be representative of those expected to receive the 
highest doses, 

(2) The critical group should be relatively homogeneous with respect to those 
factors that affect the doses received. 

Site specific diet and habit surveys should, in general, be carried out to identify 
and characterize a relatively homogeneous critical group with respect to the dose. 
The factors which affect the doses received must be identified. The major factors are 
the location, physiological and metabolic characteristics and age, as well as the 
dietary and other habits of the potentially exposed group. 

For internal exposures, a range of dietary habits (such as the food consumption 
rate) corresponding to a ratio of not more than 3 between the maximum observed 
and the mean characterizing the critical group is considered sufficient to satisfy the 
homogeneity criterion. On the basis of a review of metabolic data, Preston et al. [6] 
suggested that if the maximum to mean ratio of food consumption rates or habits 
within a group is less than 3, then the expected metabolic variations will be 
predominant in determining the spread in doses. The range of dietary habits that may 
be encountered in defining a critical group in the vicinity of uranium mining and 
milling facilities may be diverse; national default diet and habitat data should be 
formulated for each region, though they can serve only as a guide. 

For inhalation, the air intake rates do not vary widely among adults or among 
children of the same age group. Default values taken from ICRP Publication 23 [7] 
for adults and one year old children may be used for the critical group. For external 
exposures, the above homogeneity criterion may not apply. This is because 
behaviour may be more variable than metabolism within a population. 

Recognizing the cost and difficulty of carrying out extensive site specific 
surveys in some applications, default diet and habit data, generally conservatively 
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based, may be taken from the literature to characterize the critical group. Such data 
should be used with circumspection since, in certain situations, the possibility exists 
of underestimating the doses. 

Explicit recommendations on defining the size of critical groups do not appear 
to be available in the literature. In surveys of a Cumbrian coastal community in the 
United Kingdom, Hunt et al. [8] made 177 observations on fish consumption from 
which only 9 observations were used to define the critical group, using the ratio of 
maximum to average equals 3 as a cut-off method. 

Uranium mining and milling sometimes take place in remote areas, where the 
numbers of members of the public who may be exposed are small, their location may 
be variable and their diets unusual, comprising, to a greater or lesser degree, hunted 
and foraged foods. Release control may need to be based in these cases on more 
detailed studies of individual consumption, or on more indicative non-dietary 
factors, such as occupancy or proximity. In addition, future changes in the critical 
group should also be taken into consideration. 

2.4. THE SOURCE UPPER BOUND 

The primary dose limits apply to the sum of all controlled exposures of an 
individual from all sources and cannot therefore be used directly to control the dose 
to an individual from one particular source. Instead, a lower, source specific dose 
limit, the upper bound (UB), should apply to the dose contribution to an individual 
from any specified single source or practice [1], This is the boundary condition of 
any optimization assessment of radiation protection and limits the exposure of the 
most exposed individuals (the critical group). The corresponding upper bounds for 
release can be calculated as shown in Section 4. This maximum annual dose to a criti-
cal group, which consists of three components, will be limited by 

Hlocal + ^regional + H g l o b a l < F H l i m i t ( 1 ) 

where the terms written as subscripts refer to the components of the critical group 
doses and Hlimit is the primary dose limit [1], 

Depending on the choice of F and estimates of the contributions expected from 
regional and global exposures, the competent authority will arrive at the source 
specific dose upper bound (HUB) that would limit the local contribution from the 
sources which are under its control. That is, 

HUB = FHiimit — Hregionai — Hglobai (2) 

Any control of regional and global contributions would have to be exercised through 
international agreements. 
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2.5 COLLECTIVE DOSE ASSESSMENT 

The collective dose is the sum of individual doses over a population 

S = £ HjN; 

where N, is a number of individuals in a group i receiving doses H;. 
When there is a continuous distribution of doses over a population, the defining 

summation, S, of the collective dose can be expressed as an integral: 

S = | HN(H)dH (3) 

where N(H)dH is the number of individuals incurring a dose in the range H to 
H + dH. The collective dose, S, is an 'extensive' quantity, so that if there are 
components of collective dose, S i ; the total collective dose is given by 

In some cases, the exposure of the population is delivered at a varying rate over 
a period of time. In these cases, it is convenient to define a collective dose rate at 
time t, S(t), as the weighted product of the dose rate resulting from the source and 
number of individuals in the population: 

S = J HN(H)dH (4) 

The collective dose commitment (the total collective dose), Sc, resulting 
from a given decision, event or defined amount of practice, is the infinite time 
integral of the collective effective dose equivalent rate, S(t), caused by that decision, 
event or defined amount of practice: 

Sc = j°°S(t)dt (5) 

The collective dose commitments from the releases of radionuclides are deter-
mined for use in the optimization of release control. 
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2.6. OPTIMIZATION OF RELEASE CONTROL 

For routine releases of radioactive materials into the environment, the main 
control options are to provide either storage facilities for gaseous and liquid 
effluents, so that short lived radionuclides can decay before release, or treatment 
facilities which remove radionuclides from the effluent stream for disposal by other 
means. Within these two broad categories there may be a number of different options 
that are available. The various options should be identified, and their features 
examined, as far as possible, including the capital, operating and maintenance costs, 
the implications for waste management and the effect on individual and collective 
doses for both the public and workers under normal and accident conditions. There 
may be a number of complex trade-offs between these various features. These 
include the trade-off between doses resulting from contemporary releases and risks 
associated with the disposal of solid wastes, and the choice between options whose 
characteristics are known with different degrees of certainty. These are probably best 
handled by decision aiding techniques which take into account all relevant criteria. 
Formal decision aiding techniques that may be used include cost-benefit analysis and 
multicriteria methods (see Section 5). 

The initial step in optimization is to ensure that the releases anticipated with 
the control options under consideration meet the requirements of source upper 
bounds. Any that cannot would not normally be considered in the optimization, 
although some reappraisal of the dose estimations may be warranted if it is felt that 
the calculations have been unduly conservative. Other applicable constraints have to 
be considered at this stage, for example, limits on non-radioactive contaminants. The 
final part of applying the system of dose limitation is then to optimize protection by 
choosing the control option for which radiation doses are as low as reasonably 
achievable, provided that the resulting dose to the critical group does not exceed the 
upper bound. 

7 

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



Section 3 

SOURCES OF RADIONUCLIDE RELEASES FROM 
URANIUM MINING AND MILLING FACILITIES 

3.1. DESCRIPTION OF MINING AND MILLING FACILITIES 

Uranium and thorium mining facilities are generally classified as underground 
or open pit operations. A good description of mining and milling facilities is given 
in Ref. [9]. Both types release radionuclides into the open environment. Open pit 
operations constitute aerial atmospheric sources of radon and particulate radio-
nuclides. In underground mining, most of the radon gas and particulates are released 
into the atmosphere through the ventilation exhaust vents. These vents are considered 
point sources for atmospheric releases. 

In general, most areas of the world that are mined for uranium ore bodies lie 
within the saturated groundwater zone. In order for mining to proceed, the pit or 
underground operation must be dewatered, which results in the production of pit or 
mine water. If this water is discharged directly, it may constitute a radionuclide 
source release. More often, however, pit sump water and mine water are recycled 
to the milling operation and do not constitute a discrete environmental source. 

If a mine is located within a relatively permeable geological formation, it may 
not be practical from a water balance or geotechnical standpoint to operate without 
first dewatering the mining area to reduce water pressure and inflow rates. This is 
commonly accomplished through the installation and operation of one or more inter-
ceptor dewatering wells or, in some instances, trenches. These wells, or trenches, 
intercept water moving in toward the groundwater depression caused by the excava-
tion of the mine. The water collected by interceptor wells or trenches may or may 
not contain significant quantities of radionuclides, depending upon the amount of 
trace mineralization contained in the surrounding geological materials. This water 
may, therefore, need to be considered as a source, the manner and levels of release 
of which need to be controlled. 

On the atmospheric side, release of radon gas from underground and open pit 
facilities is largely a function of the radium content of exposed rock, the emanation 
coefficient, the atmospheric conditions and the resultant radon exhalation rate. Very 
few options exist in current technology to control radon releases into the atmosphere 
from mining operations. For occupational radiation protection purposes, radon and 
its particulate daughters are vented into the atmosphere as fast as is practical. 
'Fugitive' dust from blasting, mucking and haulage operations contain particulate 
radionuclides. The release of particulates is controlled at present by dust suppres-
sants and the control of the speeds at which haulage trucks travel. 
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The haulage costs of uranium ore can be a significant part of the overall cost 
of a uranium mining and milling operation. This fact, coupled with the desirability 
of as much water recycling as is feasible to reduce overall radionuclide and trace 
element releases, usually results in the milling facility being placed as close as is 
practical to the mine. If the mine and mill are a significant distance apart ( > 2 km), 
then haulage by covered truck is usually employed for transport from the mine to 
the mill. Data on both particulate and gaseous losses from covered trucks suggest 
that the line source associated with the haulage roads will be negligible [10]. Where 
uncovered trucks are used for ore haulage within the mine-mill complex, the particu-
late and gaseous losses would be considered as being part of an area source. 

Uranium mining and milling generally involve the mine production of ore 
containing a level of uranium above a certain cut-off grade. Other material that is 
removed to reach the ore is generally termed waste rock, or overburden. This waste 
rock may contain trace amounts of uranium mineralization and, depending upon the 
waste management practices employed, may or may not constitute a source for 
releases. Within an open pit mining operation, radon gas release and the release of 
particulates associated with drilling, blasting and haulage operations all contribute 
to the pit source. Radon gas and particulates generated from comparable operations 
underground are, for the most part, vented through exhaust ducts that may or may 
not be equipped for particulate removal. Sources for releases from mining operations 
may thus be considered to potentially include: 

(1) An area source from the pit for particulates and gaseous radon; 
(2) One or more point sources for particulates and radon gas from underground 

mining; 
(3) An area source from the waste rock pile; 
(4) A point source for other mining activities, such as raw ore sorting, truck 

loading, etc., releasing particulates and radon; 
(5) An area source for groundwater infiltration underlying the waste rock area; 
(6) One or more point sources for the interceptor trench, well or pit sump, or mine 

water if it is discharged directly. 

After the broken ore is removed from the mine, it is transported to a milling 
facility. The ore is either stored on an ore pad for future processing or it is placed 
into the crushing and grinding portion of the milling circuit. Crushing may result in 
the release of radon gas and particulates. Crushing is followed by a grinding 
operation, where the crushed ore is ground to a relatively fine particle size designed 
to optimize the efficiency of the uranium extraction. (Crushing and grinding opera-
tions are typically wet or semi-wet in nature to minimize dust or particulate loss. Wet 
crushing and grinding also aid in reducing the loss of radon gas.) After the ore is 
ground, it passes through a leaching circuit. The leaching circuit is usually 
customized to suit the particular ore, but typically involves exposing the ore to high 
temperature sulphuric acid. (In the past, alkaline leaching operations have also been 
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used. Ore may even be leached by lixiviant being sprayed upon a specially designed 
recovery pad if the ore is not of sufficient commercial quality to be introduced into 
the main circuit.) Elevated pressures may also be used in combination with the 
strongly oxidizing environment. Following leaching is a liquid-solid separation step 
and recovery of the solute. The solids are typically transported to a tailings area, 
while the solute or 'pregnant' solution undergoes ion exchange for uranium 
recovery. The 'barren' solution from which the uranium has been extracted is then 
recycled to the liquid-solid separation phase or disposed of in the tailings manage-
ment area. Because this process is wet, no significant particulate releases are 
experienced and radon gas is the only radionuclide of significance that is released. 
The eluate from the ion exchange circuit then undergoes a precipitation, or stripping, 
procedure in which the uranium is precipitated either as an ammonium diuranate or 
a magnesium diuranate. The stripped eluate is then recycled or diverted to the 
tailings area. This precipitated product is then dried and packaged as yellow cake. 
The drying and packaging cycle is the final point of radionuclide release into the 
atmosphere. This cycle is shown schematically in Fig. 1. 

As stated earlier, crushing and grinding operations are carried out wet in order 
to suppress dust. Radon from crushing and grinding is released directly into the 
atmosphere. Leaching, liquid-solid separation and elution are all wet processes, and 
fugitive dust losses from them are minimal. Radon released during these processes 
escapes directly into the atmosphere. The final step of yellow cake drying and pack-
aging is relatively free of radon release, as the uranium product contains very little 
radium. Yellow cake dust releases are controlled through various dust control tech-
nologies [11, 12], Loss of fugitive dust from the mill terrace area is commonly 
controlled in new facilities through paving of the mill terrace and revegetation of 
dewatered tailings, abandoned roadways and waste areas. 

In summary, the following milling processes represent the modes of release of 
radionuclides to be included in the calculations of the upper bound for annual release: 

(a) Ore storage and handling, 
(b) Crushing and grinding, 
(c) Leaching, 
(d) Yellow cake drying and packaging. 

It should be noted that the operator faces a trade-off between minimizing occupa-
tional radon exposures at the expense of releases of radon into the environment. 

Mineable quantities of thorium generally occur in association with rare earth 
elements, as in the case of the placer deposits, or along with uranium. Typically, the 
monazite bearing sand is crushed under dry conditions and then subjected to physical 
separation procedures. The methods used may be electrostatic separation, magnetic 
separation, air tabling, wet tabling, flotation, etc., depending on the constituents of 
sand. The monazite fraction is then ground in a ball mill. The slurry is converted 
to a hydroxide using caustic soda. A useful by-product at this stage is trisodium phos-
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phate, which is separated for commercial use. The slurry undergoes a second 
leaching with hydrochloric acid, which is when the rare earth elements become solu-
bilized as chlorides along with radium and lead. The thorium hydroxide cake is 
filtered out and either sent for further processing or stored. 

The rare earth chloride solution carries significant radium activity. In order to 
make the product commercially acceptable, it has to be deactivated. As a result of 
this process, a mixed cake of PbS and Ba(Ra)S04 is obtained, which is cast in rein-
forced concrete caskets and stored in underground trenches, generally in the plant 
premises. The operational cycle in shown in Fig. 2. 

The sources for release of activity to the environment in thorium mining and 
milling operations include: 

(i) An area source from the mine or placer location to the mill site, 
(ii) A point source of dust and thoron and radon from the ventilation system in the 

mill, 
(iii) An area source owing to surface and groundwater infiltration into trenches 

where the PbS-Ba(Ra)S04 mixed cake caskets are stored, 
(iv) A point source from the treated mill effluents. 

3.2. RADIOACTIVE WASTE MANAGEMENT PRACTICES 

Over the last few decades, waste management practices in uranium mines and 
mills generally have moved toward a maximization of water and aqueous stream 
recycle and collection, and segregation and storage of runoff water from disturbed 
areas of the mine and mill site, leading to a reduction in the quantity, and an improve-
ment in the quality, of point source liquid discharges. The result has been that mine 
interceptor wells and/or trenches have, in many cases, reduced the amount of mine 
water that must be treated. Mine or pit sump water which cannot meet discharge 
standards often contains significant dissolved and suspended solids and is rich in 
uranium, with lesser quantities of other dissolved radionuclides. This water is often 
used as mill make-up water. This results in additional product recovery, in addition 
to an indirect cycling of the water through the tailings treatment system. The result 
is that all process streams are treated through one point of control, either as a tailings 
decant or as a treated process stream that has been recovered from tailings and other 
areas of the mill. In most cases, it is this final point of release from the process itself 
that is considered in aquatic point source release rate calculations. In some instances, 
interceptor well point source discharges may be considered. 

In addition to the aqueous point of discharge, there may be several area or 
seepage sources. These typically lie under the tailings, waste rock and other miscel-
laneous areas, such as holding ponds, the mill terrace or any other place where 
liquids containing radionuclides may seep into the ground. To control releases from 
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these sources, linings of either natural materials (clays) or synthetic materials are 
used to restrict infiltration of water into the underlying ground. Operational areas, 
such as the mill terrace, may be paved to restrict infiltration from small local spills. 
The result is that the only significant losses into groundwater are usually found 
beneath the tailings and waste rock areas, with the magnitude of these losses depen-
dent upon the type and integrity of lining used and the operational practices followed 
(for example, a hydraulic head is present. That is, a gradient of hydraulic head is 
present which is usually the driving force for groundwater flow). 

Tailings are, as a matter of practice, discharged while wet and, with proper 
management, can be kept close to a full state of saturation. Saturated tailings release 
very little radon gas because radon's diffusion coefficient is lower in water than in 
air. The high moisture content of the tailings minimizes fugitive dust losses. The 
management practice of processing a low grade ore during the final year or so of 
mill operation may lead to production of less radioactive tailings which may be used 
to cover the tailings mass. Thus, a less hazardous layer will be in direct contact with 
the environment. 

Potential sources arising from waste management practices that need to be 
taken into account in assessments of RUBs include: 

(1) Radon emanation from tailings, 
(2) Fugitive radioactive dust from tailings, 
(3) Seepage into groundwater of radionuclides in the tailings and waste rock, 
(4) Direct discharge into surface waters of treated process water or runoff from 

disturbed areas of the mine and mill site. 

3.3. RADIONUCLIDE RELEASES INTO THE ATMOSPHERE 

In calculating the upper bound for annual release for particular radionuclides, 
it is necessary to consider several sources and the nature of those sources. The 
sources may be considered to be in several distinct areas of operation, including: 

(1) Storage, 
(2) Mining, 
(3) Haulage, 
(4) Milling, 
(5) Tailings waste management. 

In the case of underground mining, radon gas and any associated particulates 
may be considered as releases from point sources. How these sources are modelled 
for release rate calculation purposes depends upon the location of the vents and their 
effective height. If the mining is carried out as an open pit operation, both the dust 
and radon will be released from a diffuse area source. 
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Where haulage distances are longer than 2 km and the ore trucks are not 
covered, or the ore is of high grade, radionuclide losses may be significant and a 
line source model may be required to assess atmospheric dispersion. 

The milling operation, including ore storage, handling, crushing, grinding, 
extraction, recovery, drying and packaging, is carried out in most instances within 
a central area where the sources are no more than several hundred metres apart and 
releases occur from vents on the sides or tops of buildings. For release rate calcula-
tion purposes these sources may be considered to be discrete point sources, as each 
of these sources can be separately monitored and controlled. 

The waste management area may consist of a conventional above ground 
tailings facility with dry beach areas from which radon gas and particulate dust may 
be released. These beach areas may be treated as area sources for which it is impor-
tant to define several process and environmental variables, such as grain sire, 
specific activity, small grain particle size activity enhancement, surface roughness, 
moisture content, etc. Areas of tailings that are permanently submerged, as may exist 
in backfilled tailings in mined-out stopes or tailings placed under water in a lake 
basin or marine environment, are not as significant contributors as are exposed areas 
and hence need not be considered for the purposes of the release rate calculations. 
Only in special instances, where tailings placed within a lake or marine environment 
result in a high level of suspended solids, and those solids are deposited on shorelines 
where they are subject to wind erosion or radon exhalation, do these sources require 
consideration. 

3.4. RADIONUCLIDE RELEASES INTO SURFACE WATERS 

Two commonly considered types of releases into surface waters are a treated 
water discharge, which comprises treated tailings and process water, and runoff from 
various disturbed areas of the mine and mill site. The release of this water must be 
closely monitored and regulated with respect to flow. An additional source is inter-
ceptor water comprising groundwater flowing towards the groundwater sink created 
by the open pit or underground mine. Although this water may be of 'background' 
water quality, it should be treated as a potential source, the release of which may 
need to be controlled, depending on its radionuclide content and its potential contri-
bution to local exposures. 

3.5. RADIONUCLIDE RELEASES INTO GROUNDWATER 

Within the mine-mill complex, there are several areas where release of radio-
nuclides into groundwater may occur. The area of the mine itself during operations 
is generally a groundwater sink, with groundwater flowing towards it and being 
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pumped out by interceptor wells, or as pit or mine water. The only case where there 
may be significant losses to groundwater during mining would be solution mining, 
where recovery of the lixiviant is lower than in conventional milling. 

There is little opportunity for a significant loss of radionuclides into ground-
water to occur during haulage operations, in the crushing and grinding or in milling 
and product packaging. Spills may occur in the mill terrace area and, if it is not 
paved, there may be some seepage loss into the groundwater. Only in special circum-
stances need this be considered as a groundwater source for release rate calculations. 

The waste rock and tailings areas are generally the two sources with the 
greatest potential for the operating loss of radionuclides into groundwater. The high 
porosity and permeability of typical waste rock suggests that for the purposes of 
release rate calculations, all precipitation falling on the waste rock area must be 
considered to enter the geological material underlying the waste rock, unless there 
are data to the contrary. 

Tailings management areas, in contrast to waste rock areas, often have 
controlled water budgets. During construction, the tailings area may be lined with 
a low permeability material. The tailings may also have an underdrain to intercept 
seepage waters. Furthermore, the hydraulic head can be managed to regulate 
seepage. The result is that the amount of seepage from tailings areas can vary signifi-
cantly between mills. All of these factors must be considered when evaluating a 
source release for release rate calculations. 

3.6. THE URANIUM (238U) AND THORIUM (232Th) DECAY SERIES 

The radionuclides present in the effluents of uranium and thorium mines and 
mills consist of the 238U and the 232Th decay series. The 238U series may be divided 
into the following subseries, in which the activity of the first member of the subseries 
controls, to a large degree, the activities of the decay products and in which the half-
lives of the decay products are relatively short: 

_ 2 3 8u — 234Th — 234Pam 

- 234U 
- 230Th 
- 226Ra 
- 222Rn - 218Po - 214Pb - 214Bi - 214Po 
- 210Pb - 210Bi 
- 2I0Po. 

With the exception of the 222Rn subseries, the radionuclides in each subseries 
may be regarded as being in 'secular equilibrium', i.e. all members in each subseries 
have equal activity. Release upper bounds need only be calculated explicitly for the 
first members of each subseries. 
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Radon-222 is a noble gas and, owing to its mobility, is often not in secular 
equilibrium with its decay products in effluents or in the environment. The 
equilibrium factor 0 between 222Rn and its decay daughter products is defined in 
ICRP Publication 32 [13]. It may be noted that 9 = 1 would mean a conservative 
upper estimate, although values of the order of 0.5 are commonly used [12]. 

The 232Th decay series may also be divided into a subseries as follows: 

- 232Th 
_ 228Ra _ 228Ac 

- 228Th - 224Ra 
- 220Rn - 216Po - 212Pb - 212Bi - 212Po(64%) - 208T1 (36%). 

Release upper bounds need to be calculated explicitly for 232Th, 228Ra and 228Th. 
Radon-220 has a half-life of only 55 seconds and a separate RUB explicitly 

calculated for it is not warranted. The impact of released 220Rn and its daughters 
not maintained in equilibrium with their precursors (228Th, 224Ra) is negligible rela-
tive to the other radionuclides present in uranium mine-mill effluents. For example, 
for airborne releases assuming the nearest site boundary distance to be 1 km and a 
mean wind speed of 3 m - s - 1 , 220Rn will have decayed by about six half-lives 
before reaching the boundary. At mine sites where the thorium: uranium ratios are 
high, thorium may be extracted and stored separately from the tailings. In such a 
situation, and when the critical group is situated very close to the mine site, doses 
from 220Rn may require consideration. 

Where 220Rn is maintained in equilibrium with its precursors in some path-
ways, for example, the buildup of ground contamination from aerial deposition, its 
impact is accounted for in the RUBs for its precursors. 

It is common practice to measure and report natural uranium contents or 
concentrations in mass units (typically, /tg-nT3 or /xg-kg"1). It would be useful to 
establish the RUB for natural uranium expressed in mass units. Natural uranium 
consists of 99.275 at.% 238U in secular equilibrium with 234U (0.0057 at.%), plus 
0.72 at.% 235U. 

The specific activity (SA) of a radionuclide, in Bq-g"1, is given as 

SA = 6.023 X 1023 

AW 

where 

X = radioactive decay constant (s_1), 
AW = atomic weight, 
6.023 X 1023 = Avogadro's number. 
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The specific activities of natural uranium radionuclides are calculated in 
Table I [14]. 

TABLE I. SPECIFIC ACTIVITIES OF NATURAL URANIUM RADIO-
NUCLIDES 

Radionuclide X (s'1) AW SA (Bq-g"1) 

U-238 4.91 x 1(T18 238.054 1.24 x 104 

U-235 3.12 x 10"17 235.044 8.0 x 104 

U-234 8.96 x 10"14 234.041 2.31 x 108 

Natural uranium — 238.033 2.54 x 10" 

Note: All radionuclide data were obtained from Ref. [14]. 

It may be directly deduced from the data in Table I and the composition of 
natural uranium that one microgram of the substance contains 

1.24 X 10"2 Bq 238U 
1.24 X 10~2 Bq 234U 
5.8 X 10"4 Bq 235U. 

Dosimetric calculations and the RUB for natural uranium in terms of mass units 
(jig-a-1) should be based on the above relationships. 

A similar approach for the RUB of natural thorium, expressed in mass units, 
is not recommended. The principal thorium radionuclides in the natural thorium 
decay series are 232Th (1.41 x 1010 a) and 228Th (1.91 a). However, these two 
radionuclides are not always in secular equilibrium because the precursor of 228Th 
is 228Ra (5.75 a), which is a sufficiently long lived radionuclide and behaves differ-
ently chemically from thorium. Hence, the decay chain is effectively broken at 
228Ra. Furthermore, the total thorium content in uranium mine-mill effluents also 
includes 230Th from the 238U decay series. Radioisotopic analysis is, in general, 
required to determine 232Th, 228Th and 230Th. 
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Section 4 

METHODOLOGY FOR CALCULATING DOSES TO 
INDIVIDUALS RESULTING FROM RELEASES 

4.1. GENERAL 

A methodology is presented to determine the quantitative relationships between 
the activities of radionuclides released from a source and the resulting doses to 
individuals. 

The general method for assessing the doses to individuals from a particular 
source has three parts: 

(1) The radioactive source term is identified, including the amount, composition 
and time distribution of releases; the mode of the release (i.e. the location of 
the points of release and the environmental compartments) into which the 
release occurs); and other source related quantities relevant to the behaviour 
of radioactive material following its release from the source. 

(2) The passage of radioactive material from the source through the environment 
to man is analysed using a mathematical model of the environmental pathways. 
The analysis of environmental transport will usually involve several exposure 
pathways, which can occur either in series or in parallel. 

(3) The doses are estimated from the exposures to a concentration or quantity of 
radioactive material or an external radiation field. The models used for these 
estimations require assumptions on age, sex and living habits and account for 
the transfer and metabolism of radioactive materials in man. 

These assessments are required for those individuals most likely to receive the 
highest contribution of dose from the source. Such individuals comprise the critical 
group. The quantity used is the average effective dose equivalent in the critical group 
(see Section 2.1). 

4.2. ENVIRONMENTAL TRANSFER PATHWAY MODEL 

Radioactive materials released into the environment are dispersed and trans-
ported through various environmental pathways. For the purpose of RUB calcula-
tions, only those pathways that would lead to radiation exposure of humans are of 
interest. These exposure pathways are: 

(1) External exposure from: 
— immersion in the airborne plume 
— immersion in water 
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— contaminated ground 
— contaminated shoreline; 

(2) Inhalation; 
(3) Ingestion of terrestrial and aquatic foods. 

The relationship between the release of a radionuclide and the resulting dose 
commitment to individuals is described in Ref. [1] using environmental transfer 
factors (see Chapter 2 of Ref. [1]). A generalized radioactive material transport 
model based on the Canadian Standards Association Standard [15] has been applied 
to uranium mines and mills [9]. This Standard sets forth guidelines for calculating 
release limits derived from basic individual dose limits. However, the annual dose 
upper bounds can be used in place of individual dose limits. This approach facilitates 
systematic development of the environmental transport models (see Fig. 3), data 
presentation and future updates and is consistent with the methodology presented in 
IAEA-TECDOC-460 [16] and in Safety Series No. 77 [1], 

The quantity in each block or compartment, i, in Fig. 3 is denoted by Xj. 
Definitions of Xj and the units used are summarized in Table II. The transfer from 
compartment i to compartment j is characterized by a transfer parameter Py, such 
that the amount in compartment j arising from transfer from compartment i under 
steady state conditions is PyX,. The transfer parameters and their units are defined 
in Table III. 

The transfer parameters Py are defined as the ratios at steady state of the rele-
vant quantities X; and Xj, in compartments i and j, respectively: 

It is interesting to examine the situation in cases where a steady state is not 
reached. In such cases, the quantities of X are functions of time X;(t) and Xj(t). If 
X;(t) becomes zero at some time, then 

JOO 

o x,(t)dt 

would be finite. It can be assumed that the input rate into compartment j is propor-
tional to Xi(t), i.e. CyX^t), and any instantaneous input into j evolves as a function 
of time f after the input 

Xj(f) = afj(f) (7) 

where a is the instantaneous input in j and fj(f) describes the evolution of Xj(£) per 
unit input of activity. 
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TABLE H. GENERALIZED TRANSFER 
COMPARTMENTS AND THEIR UNITS 

Compartment Units 

s Source or release rate Bq-s"1 

0 Groundwater Bq-m"3 

1 Atmosphere Bq-nT3 

2 Surface water Bq-m"3 

3 Soil with vegetation Bq-m"2 

4 Forage, crops, browse and lichen Bq-kg"1 

5 Animal produce Bq-kg"1 

6 Aquatic animals Bq-kg-1 

7 Aquatic plants Bq-kg"1 

8 Sediment Bq-kg-1 

9 Dose Sv-a'1 

Note: Replace Bq with fig in the case of natural uranium (see 
Section 3.6). 

With the above assumptions, the transfer of activity from i to j can be consi-
dered as a succession of instantaneous inputs, each evolving in time as described by 
the function fj(f): 

Xj(T) = Cg jTXi(t)fj(T-t)dt (8) 

If Xj is constant for a sufficiently long time, the system will reach a steady 
state. The value of Xj at steady state can be found by integrating the above equation 
for a time which is long (for example, from —oo to any time at present). Thus, 

Xj = CyXj f T fj(T-t)dt = CyXj f°°fj(t)dt 
J-00 Jo 

(9) 
Jo 

The Py factor, therefore, is given by 

fj(t)dt 
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TABLE m . TRANSFER PARAMETERS AND THEIR UNITS 

Compartments Units parameter 

ps. Source to atmosphere s-m"3 

P(i).9 Atmosphere to dose (inhalation) Sv-a"1 per Bq-m"3 

P(e)19 
Atmosphere to dose (immersion) Sv-a"1 per Bq-m"3 

P,3 Atmosphere to soil with vegetation m 

P.4 Atmosphere to forage, crops, browse and lichen m3-kg"' 

P,5 Atmosphere to animal produce m3-kg~' 

P34 Soil with vegetation to forage, crops and browse m2-kg_1 

P39 Soil with vegetation to dose Sv-a"1 per Bq-m"2 

P45 Forage, crops, browse and lichen to animal produce kg-kg'1 

P49 Forage and crops to dose Sv-a"' per Bq-kg"1 

P59 Animal produce to dose Sv-a"1 per Bq-kg"1 

PS2 Source to surface water -3 s-m 

P23 Surface water to soil with vegetation m 

P24 Surface water to crops m3-kg-' 

P25 Surface water to animal produce m3-kg"1 

P26 Surface water to aquatic animals m3-kg"' 

P27 Surface water to aquatic plants m3-kg"' 

P28 Surface water to sediment m'-kg"1 

P0>29 Surface water to dose (ingestion) Sv-a"1 per Bq-m"3 

P(e)29 Surface water to dose (immersion) Sv-a"1 per Bq-m"3 

P69 Aquatic animal to dose Sv-a"1 per Bq-kg"1 

P79 Aquatic plant to dose Sv-a"1 per Bq-kg"1 

P89 Sediment to dose Sv-a"1 per Bq-kg"1 

Pso Source to groundwater s-m"3 

Po2 Groundwater to surface water (No unit) 

P03 Groundwater to soil with vegetation m 

P()4 Groundwater to crops m3-kg-' 

P05 Groundwater to animal produce m3-kg"1 

P(i)o9 Groundwater to dose (ingestion) Sv-a"1 per Bq-m"3 

P'o9 Groundwater to dose (inhalation) Sv-a"1 per Bq-m"3 

P(e)o9 Groundwater to dose (immersion) Sv-a'1 per Bq-m"3 

Note: Replace Bq with jig in the case of natural uranium (see Section 3.6). 
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If, on the other hand, Xj(t) is variable and becomes zero after some time, then 

j X,(t)dt 

would be finite. The time integral of Xj(t) would also be finite and can be calculated 
from Eq. (8) as 

f"Xj(t)dT = Qj f " fTXi(t)fj(T-t)dt dT 
Jo Jo Jo 

(•oo p oo 
-ij Xi(t)dt fj( 

Jo Jo 
= Cy X,(t)dt fj(t)dt (11) 

Jo Jo 

The ratio of the time integrals of Xj(t) and X,(t) therefore gives 

j"Xj(t)dt 

j°°Xi(t)dt 
fj(t)dt = Pi, (12) 

which is the same transfer factor that is obtained for the steady state. 
The quantity represented by any compartment j is given by 

Xj = X) P«Xi 
i 

where the summation is over all compartments transferring into compartment j. If 
all of the Py's are known, the quantity in any compartment for a given release rate 
Xs may be calculated, for example, in the case of releases into the atmosphere, 

X, = Ps,Xs(a) 
X3 = P13X1 = PslP13Xs(a) 
X 4 = P w X , + P 3 4 X 3 

= PsiPi4Xs(a) + P,3P34Xi 
= P s i ( P i 4 + P13P34) X s ( a ) 

where Xs(a) is the release rate into the atmosphere. Similar expressions may be 
derived for releases into surface water, Xs(w), and into groundwater, Xs(g). 
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The transfer parameters indicated by the dotted lines in Fig. 3 are not explicitly 
calculated because they are aggregated in certain combined parameters of transfer. 
Quantities of radionuclides transported between the atmosphere and surface water or 
groundwater are considered insignificant in comparison with the quantities 
discharged directly into these compartments at the mine and mill. Transfers between 
the aquatic plant, aquatic animal and sediment compartments may be significant; 
however, concentrations in aquatic foods are calculated on the basis of the ratio of 
the concentration in tissue to the concentration in surface water (the bioconcentration 
factor). In using this simple bio-accumulation model, it should be recognized that 
tissue contaminant burdens result from bio-accumulation through the food chain and 
from sediment, as well as directly from water. It should also be remembered that 
the use of bioconcentration factors entails the assumption of steady state conditions 
and this can lead to overestimates of the buildup of radionuclides in animals where 
biological half-lives are long as compared with the life of the animal or the duration 
of the release. 

The environmental transport models assume that steady state conditions are 
attained; however, in reality, non-steady-state conditions may be frequently expected 
to occur. The assumption of a steady state is of little help, for example, in estimating 
the consequences of release into groundwater where exposure of individuals is 
unlikely to occur until some considerable time in the future, if at all. Nonetheless, 
for relatively constant discharges over operational periods of years, or decades, it 
is reasonable to assume that average conditions are represented by steady state 
processes. This assumption cannot be made where the duration of the release is short 
and seasonal, as may happen, for instance, in tropical climates when discharge into 
surface waters might be limited to a short release period during the wet season under 
flood conditions. The assumption of a steady state will, however, always ensure that 
doses are not underestimated. 

4.3. CALCULATION OF THE RELEASE UPPER BOUND 

The RUB is obtained by 

(1) Applying the overall transfer model to the pathways leading from the source 
to humans, 

(2) Calculating the dose rate per unit release rate, 
(3) Calculating the RUB. 

The calculation of the RUB is given here for the atmospheric, surface water and 
groundwater modes of transmission. 
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4.3.1. Calculation of the RUB for simplified sets of pathways 

In this section, the generalized environmental transfer pathway diagram 
(Fig. 3) is simplified to illustrate the application of generalized environmental trans-
fer models in the calculation of the RUB. The general methodology for all pathways 
is given in Section 4.3.2. 

It should be noted that the simplification given here may not be appropriate for 
all environments. Each user must consider all pathways and prove that the simplifica-
tions are in order before selecting specific transfer pathways for the RUB 
calculations. 

4.3.1.1. Release into the atmosphere 

An environmental transfer diagram for the release of radionuclides into 
atmospheric pathways is given in Fig. 4. The pathways used here in calculating the 
RUB for releases into the atmosphere ignore those pathways leading to the 
atmosphere from ground and surface waters, since these sources are considered 
insignificant. In this example, it is assumed that the pathway from the atmosphere 
to animal produce to man is insignificant and that deposition in lakes and rivers and 
the associated dose to humans are negligible. Again, it should be emphasized that in 
any real application, the user must demonstrate that all of the pathways used in RUB 
calculations are appropriate for the specific, prevailing environmental conditions. 

The application of the environmental transfer model to these pathways (Fig. 4) 
gives the dose to humans, X9(a), through atmospheric pathways: 

X9(a) = P(e)19X! + P(i)19X, + P39X3 + P49X4 + P59X5 (14) 

from compartments 1, 3, 4 and 5, respectively. This expression may be expanded 
as follows: 

X9(a) = (P(e)19 + P(i)i9)Xj + P39X3 + (P45P59 + P49)X4 

= (P(e)]9 + P(i)19)X, + ( P 3 9 P 1 3 X , ) + (P45P59 + P49) 

X P14X1 + (P45P59 + P49)P34X3 

= (P(e)i9 + P(i)19)X! + (P39Pi3)X1 + (P45P59 + P 4 9 ) P i 4 X , 

+ (P45P59 + P49)(P34Pl3)Xi 
= (P(e)19 + P(i)i9 + P39Pi3 + P14P45P59 + P14P49 

+ Pl3P34P4sP59 + Pl3P34P49)Xl 
= (P(e)i9 + P(i)i9 + P39P13 + P14P45P59 + Pl4P49 

+ P13P34P45P59 + Pl3P34P49)PsiXs 
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The contributions from the atmosphere to animal produce and subsequent 
ingestion by humans are very small and can therefore be ignored. The dose to 
humans per unit discharge through the atmospheric pathway is 

X9(a) 
X s 

(15) 

Hence, 

atmospheric RUB = 
H, UB 

X9(a)/Xs 
(16) 

where H y j is the source specific annual dose upper bound. 

4.3.1.2. Release into surface waters 

A simplified environmental transfer diagram for the release of radionuclides 
into surface water pathways is given in Fig. 5. The pathway shown here ignores the 
surface water to soil with vegetation, forage and crops pathway (i.e. no irrigation) 
and the aquatic plants to animal produce pathway (e.g. moose or water buffalo used 
as a human food source). Transfer through the aquatic food chain from sediments 
to aquatic plants (e.g. wild rice and water-lilies) and aquatic animals (e.g. fish and 
fresh water mussels) are not explicitly included in this pathway, although they can 
be important in certain circumstances; transfer parameters P26 and P27 are assumed 
to incorporate all routes for the bio-accumulation of radionuclides in compartments 
6 and 7. 

Application of the environmental transfer model to these pathways (Fig. 5), as 
demonstrated in detail for the calculation of X9(a) (Eqs (14) and (15)), gives the 
dose to humans for discharges into surface waters X9(w): 

X9(w) = (P(e)29 + P(i)29)X2 + P89X8 + P79X7 + P69X6 

= (P(e)29 + P(i)29 + P28^89 + P27P79 + P26P69) PS2^S (17) 

The dose to humans per unit discharge into surface water is 

X9(w) 

Xs 

(18) 
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Hence, 

J J 

surface water RUB = —— (19) 
X9(w)/Xs 

4.3.1.3. Release into groundwater 

A simplified pathway diagram for radionuclide release into groundwater is 
given in Fig. 6. It is assumed in the figure that the main human exposure results from 
well water delivered to a house for irrigation of crops and watering of livestock, with 
the well water thus being the source. The transfer to a watershed (compartments 3-5) 
from the groundwater (compartment 0) is shown to occur through the surface water 
(compartment 2). In fact, transfer may occur through surface water (e.g. an irriga-
tion pond), or it may be direct (i.e. from wells P03, P04 and P05). Radionuclide 
release from groundwater into the atmosphere is considered to be negligible and is 
thus ignored in this pathway. 

Another plausible set of pathways to humans is the discharge of a groundwater 
aquifer into a lake, from which the radionuclide is transferred to aquatic animals, 
plants and shoreline sediments (respectively, compartments 6, 7 and 8; Fig. 3). 
Discharge into a lake would require a different value for P02 from that for ground-
water to surface water via irrigation. These pathways are not considered here, but 
may require consideration for particular environments, as described in the next 
paragraph. 

Subsurface transport of radionuclides by hydrodynamic processes is believed 
to be relatively slow in comparison with non-radioactive contaminants. However, 
certain conditions can exist where radionuclides can move rapidly, e.g. fractured 
flow conditions. In this case, dispersion, retardation, adsorption and other mitigative 
subsurface mechanisms should be appropriately adjusted to reflect the accelerated 
flow possibilities. 

Application of the environmental transfer model to these pathways (Fig. 6) 
gives the dose to humans X9(g) for discharges into groundwater: 

X9(g) = P 3 9 X 3 + P 4 9 X 4 + P59X5 + P(e)09X0 + P(i)o9XG 

= ((P39P23 + (P49 + P59P45XP34P23 + P24) + P59P25)P02 
+ P(e)09 + P(i)o9)PsoXs (20) 

The dose to humans per unit discharge into groundwater is 

X9(g) 
(18) 
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the RUB for groundwater releases being 

pj 
groundwater RUB = —— (22) 

X9(g)/Xs 

where HUB is the annual dose upper bound. 

4.3.2. General method for calculating the RUB for all modes of release 

The calculation of the RUBs for simplified pathways leading from releases to 
atmospheric, surface water and groundwater environments is illustrated in 
Section 4.3.1. For many applications, the algebraic expressions given in 
Section 4.3.1 may be appropriate for RUB calculations, while in other situations, 
these expressions may not be applicable. Under steady state conditions these expres-
sions will still provide conservative values for the RUB. If the specific numerical 
values called for by these expressions are not available, default values can be used 
to provide conservative values for the RUB. 

The general process involved in obtaining an algebraic expression for calculat-
ing the RUB for a radionuclide consists of the following steps: 

(1) Identify the environment into which the radionuclide is discharged, the 
exposure pathway(s) and the critical groups. Exposure pathways may differ for 
different radionuclides and for adults and infants. 

(2) Construct a pathway diagram for discharges into the atmospheric, surface 
water and groundwater environments (analogous to Figs 4, 5 and 6, 
respectively). 

(3) Develop an algebraic expression for: 

— X9(a)/Xs (atmospheric discharges; see Eq.(14)), 
— X9(w)/Xs (surface water discharges; see Eq. (17)), 
— X9(g)/Xs (groundwater discharges; see Eq. (20)). 

(4) Select the appropriate transfer parameter values. The various transfer 
parameters are discussed in later sections. Default values for transfer 
parameters between various environmental compartments can be found in the 
literature, with the default values for dose conversion factors given in 
Tables A - l , A-2 and A-3 in the Appendix. 

In general, site specific data or environmental models should be used to 
determine the transfer values between various environmental compartments. 
Default values from the literature should be used only as a last resort; these 
values are often highly variable and they may not be representative of the 
specific pathway being assessed. 

A sensitivity analysis to establish critical transfer parameters might aid 
in selecting the most critical pathways and parameters for specific study. 
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(5) Calculate the RUB on the basis of the annual dose upper bound. The calcula-
tions should be appropriate for the critical group. 

4.4. RELEASES INTO THE ATMOSPHERE 

The determination of the RUB requires the prediction of future exposures of 
the public and, therefore, mathematical models of exposure pathways are required 
to predict the radiation doses following releases of radionuclides into the atmosphere. 
These mathematical models, which are simplified mathematical representations of 
the actual transport, transfer and exposure processes, are described in Refs [16, 17]. 
The models and values for the various model parameters have been taken from a 
number of publications [1, 15-17]. 

4.4.1. Transfer parameters for atmospheric dispersion (PSi) 

The construction and operation of a uranium and thorium mine-mill complex 
introduce radioactive substances into the atmosphere. The movement of these radio-
nuclides downwind, advection and their dilution and dispersion cause their concen-
trations to decline with distance from the source. Predicting what radionuclide 
concentrations will be at the location of the critical group is dependent upon the 

(1) Source type, 
(2) Characteristics of the radionuclide, 
(3) Local topography, 
(4) Local climate and wind patterns, 
(5) Distance from the critical group receptor to the source. 

The radionuclide characteristics that might influence the dose to the critical group 
are, e.g. short or long half-life, heavy versus light particle adhesion, particulate, 
gaseous or liquid release state. 

Mine-mill complexes generally involve two types of sources: 

(a) Point sources or stacks; 

(b) Area sources, such as the pit, or ore storage and tailings areas. 

The releases from these sources are: 
(i) Particulate matter released either through stacks or mechanical handling of ore 

and waste rock; 
(ii) Particulate matter released by the action of the wind on such surfaces as waste 

rock, ore storage and tailings; 
(iii) Radon and its daughter products released from stacks, mechanical handling of 

ore and waste rock, tailings areas, ore storage piles or anywhere that the opera-
tions increase the radon flux rate owing to changing overburden characteristics. 
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The determination of the source term is beyond the scope of this report. 
However, some general comments on source strength estimations are warranted. 
Further details on the estimation of the source terms can be found in the 
literature [11]. 

4.4.2. Source considerations 

The users of this publication are cautioned that the approaches used in this 
section are not appropriate for calculations of short term concentrations or levels at 
the site of the mine-mill complex. 

Point source or stack emissions are generally considered to involve releases 
from any stack that has its exit at least two, and preferably two and one-half times, 
the building height [18]. Plumes from stacks lower than this are influenced by the 
surrounding aerodynamics. This effect can cause localized elevated concentrations 
under certain circumstances. Given the simplicity of the modelling approach, as well 
as the typical distance to the critical groups from mining and milling operations, 
these aerodynamic effects may not significantly affect critical group dose estimates. 
Where the critical groups are located unusually close to the source vent or stack, 
these aerodynamic effects should be considered in using an approach similar to that 
provided in the industrial source complex model of Bowers et al. (e.g. stacks less 
than two times the building height) [18]. Point sources can be defined in terms of the 

(1) Height of the release (stack exit height), 
(2) Temperature of the exit gas stream, 
(3) Velocity of the exit gas stream, 
(4) Amount of material released per unit time. 

The first three items are related to the effective height of release. These physi-
cal items are known or can be measured. Transfer parameters for each stack release 
will be defined in the next section. 

For area sources, a different set of conditions governs the transfer parameter. 
Area sources tend to be diffuse, being the result of multiple, small point sources, 
which are closely congregated, or the result of generalized releases from moving 
sources. In the case of the mine-mill complex, each stack or building vent is consi-
dered a stack or point source, provided one can define (1) a vertical velocity compo-
nent and (2) the exit height as being at least twice the building height. However, open 
pit mining operations, wind erosion of tailings and storage piles and vehicular traffic 
on the site result in area or line sources. Generally, these sources are at, or close to, 
the general surrounding ground elevation. As such, one can neglect the height of the 
emission. Should a site on a flat plain (where local topography does not vary as much 
as do the various stockpiles ) be chosen, the source height should be considered. As 
the emissions are not strictly mechanically driven, the buoyancy and the release 
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velocity of the area source plume are not considered. For these reasons, it is best 
to consider area sources in terms of their governing meteorological climatic condi-
tions, their proximity to each other, their relative strength (quantities of radio-
nuclides released) and their orientation to the critical group. 

Line sources in the mine-mill complex are generally the result of vehicular 
traffic. Any vehicular operation within the confines of the mine area, or within 2 km 
of the centroid of the mine area, may be considered as being a contributor to the area 
source only. Vehicular traffic along roadways outside of this defined area must be 
considered on an individual basis. Normally, the effect of this type of emission is 
limited to a short distance from the source (in the order of 1-3 km). Even under these 
circumstances, the normal source strength is low and the result of the emission is 
masked by the other sources in the area [10]. Only if the critical group is within this 
distance from the road would it be necessary to include the term. Line sources are 
not discussed further as they do not normally occur. 

4.4.3. Radionuclide concentrations from an isolated point source 

4.4.3.1. General transfer parameter 

There exist various models to determine the degree of atmospheric dispersion 
and the amount of deposition onto the ground following releases of radionuclides into 
the atmosphere. These models are of varying types and degrees of complexity, but 
the type that has found widest application, particularly in relation to routine releases, 
is the Gaussian plume model. Descriptions of Gaussian plume models and values for 
associated parameters are given in a number of publications (e.g. 
Refs [16, 17, 19, 20]). 

For calculating the average concentrations of radionuclides in air at distances 
within a radius of about 20 km from the point of release, it is possible to use the 
expressions developed in IAEA-TECDOC-460 [16] and Safety Series No. 57 [17], 
In most cases, the critical group is expected to reside within 20 km of the facility. 
For flat terrain and distances of 10 km or less and where local meteorological data 
are available, estimates of annual average concentrations can be accurate to within 
a factor of 2 [16, 21]. 

The transfer parameter, PS1, relating the concentration in the air, Xj, at any 
point downwind of the source to the source release rate, Xs(a) (neglecting plume 
depletion owing to radioactive decay and other removal processes, e.g. deposition 
and washout), is given by 

Psi = — — (23) 
Xs(a) 

When plume depletion by deposition on the ground is neglected, pathways involving 
exposure by inhalation may be overestimated. 
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The expressions for the long term average transfer parameter from a continu-
ous release can also be found in the literature, some of the most important ones 
being: 

— Concept and Approaches Used in Assessing Individual and Collective Doses 
from Releases of Radioactive Effluents [16]. 

— Generic Models and Parameters for Assessing the Environmental Transfer of 
Radionuclides from Routine Releases: Exposures of Critical Groups [17], 

There are other relevant references which can also be consulted [18-22]. 

4.4.4. Radionuclide concentrations from area sources 

As discussed earlier, many of the open operations at uranium and thorium 
mine-mill complexes result in a variety of open sources that introduce radionuclides 
into the atmosphere. Sources on the site should thus be reviewed to allow them to 
be grouped to provide reasonably regularly shaped areas of uniform source strength 
and similar height to facilitate RUB calculations. 

In the approach used by the United States Nuclear Regulatory Commission for 
particulate emissions from area sources, it is recommended that the sources should 
be defined as square areas of no more than 300 m per side [23]. This usually prevents 
the location of virtual sources (see below) too far upwind of the actual source loca-
tion. Otherwise, upwind receptors would be estimated to receive downwind doses. 
As a result, this may require using multiple sources to adequately describe some 
activities on the site. The average height of the 'area' can then be utilized to describe 
the height of emissions above the receptor height. For negative heights, i.e. when 
the source is lower than the receptors, the height is conservatively set equal to zero. 

For a continuous 'area source', the proper procedure for obtaining the concen-
tration of a gas or particulate at any point downwind is to add the contributions from 
each infinitesimal point source in the area towards the concentration. This leads to 
the evaluation of an integral which, in general, poses difficulties for practical appli-
cations. For estimating concentrations at large distances (greater than two equivalent 
diameters of the source area [24, 25]), the following simplified approach suffices in 
most cases. 

The area is replaced by a virtual point source of the same total source strength, 
but displaced upwind by a suitable distance (Xvp). This distance is calculated as a 
function of the source size and compensates for the apparent source spread provided 
by the area source. 

While it is normal to calculate the displacement of the origin as a function of 
the horizontal dispersion coefficient, ay, the MILDOS model [23] provides a 
simplified formula for determining the virtual point source distance Xvp. The 
displacement is calculated by 
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(24) 

where 

¥ = length of the side of the area source, 
Xvp = distance from the centre of the area source to the virtual point 

source. 

Under some circumstances, for critical group locations very close to the area 
source, a correction factor may be applied using the "narrow plume hypothesis" 
[23]. Use of this correction factor results in a somewhat higher RUB (see 
Section 4.4.2). 

The rest of the procedures discussed in Section 4.4.3.1, concerning the appli-
cation of meteorological factors and default values, applies to area sources. 

4.4.5. External dose from a plume (P(e)19) 

The exact calculation of the gamma dose rate in tissue from a finite plume of 
radioactive material is quite complex and requires a knowledge of the radionuclide 
composition of the cloud. In order to simplify the calculations, the semi-infinite 
cloud model may be used under conditions where it will not lead to a significant 
underestimation of the dose. The semi-infinite cloud model is conservative for 
releases with an effective release height of less than about 50 m at downwind 
distances greater than about, 1 km. This situation is expected to apply to most 
uranium and thorium mining and milling sites. At shorter distances for elevated 
releases, the semi-infinite cloud model may seriously underestimate the dose and the 
finite cloud model must be used. The finite cloud model involves representing the 
plume by a series of volume sources and integrating over these sources. There are 
two stages in the calculation of the absorbed dose in air from a finite cloud: evalua-
tion of the gamma flux at the point of interest and conversion of that flux to the 
absorbed dose in air. This is discussed in more detail in Section 3.9.2 of Ref. [17]. 

The transfer parameter P(e)19 relating the annual dose (Sv-a-1) to the annual 
average concentration of the radionuclide in air (Bq-nT3) is 

fu = occupancy factor, or fraction of time an individual spends outdoors 
exposed to the unshielded cloud; 

SF = shielding factor, or fraction of the 'out of doors' dose that is 
received indoors owing to shielding by buildings; 

P(e)i9 = [fu + [ l-fJ(SF)] (DCF). 'a (25) 

where 
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(DCF)a = dose conversion factor for a semi-infinite cloud 
(SV-a"1 per Bq-m"3). 

Values of the shielding factor, SF, for gamma radiation lie between 0.6 for a 
masonry house and 0.9 for a wood frame house [26]. For purposes of calculating 
the RUB, the default value is taken to be 0.9 when calculating the effective dose. 
The occupancy factor, fu , will be site specific; however, on average, an individual 
can be expected to spend about 20% of his time outdoors, leading to a default value 
for fu of 0.2 [27]. 

Dose conversion factors are given in the Appendix. Values given in Table A- l 
are derived from Kocher [28]. Radionuclides are considered whole body irradiators 
(from the gamma component), or external irradiators of the skin and lenses of the 
eye (from the beta plus gamma components). In Table A- l of the Appendix, 'Effec-
tive dose' is the sum of the weighted organ doses from gamma photons where the 
organ weighting factors used are those given in ICRP Publication 26 [3]. The effec-
tive dose factors given by Kocher include contribution from the skin dose weighted 
by a skin dose weighting factor of 0.01. Hence, the sum of organ weighting factors 
used in his calculations is 1.01. Skin dose contributions have been excluded from the 
effective dose factors given in Table A- l in the Appendix. 

4.4.6. Deposition on soil with vegetation (P13) 

The transfer parameter for deposition on soil with vegetation from a radio-
active plume under steady state conditions is 

P,3 = "T 8 - (26) 

where 
Vg = deposition velocity (m-s"1), which is defined 

as the ratio of the 
amount of material deposited on the surface per unit time to the ground 
level air concentration; 

Xg = effective removal constant from the soil (s-1). 
The recommended values of Vg for airborne particulates are given in 

Ref. [12] for different particle sizes. These values are sufficiently conservative to 
allow for the effects of both wet and dry deposition. Particulate radioactive materials 
released from the stack of facilities equipped with high efficiency particulate filters 
may be assumed to have submicron particle sizes for which a deposition velocity of 
0.003 m-s"1 applies. In most other situations, a deposition velocity of 0.01 m-s"1 

is appropriate. 
The effective removal constant from the soil, Xg, is governed by two 

processes — radioactive decay, characterized by the decay constant \ r , and environmental loss, characterized by a physical removal constant Xs. Therefore, 
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Xg = Xr + Xs. The constant Xs is taken to be 2.20 X 10"10 s"1 for all radionuclides. 
This corresponds to an upper limit of the physical half-life for removal from the soil 
of about one hundred years [29]. 

4.4.7. Deposition on forage, crops, browse and lichens (P14) 

The transfer parameter for deposition from the plume to forage, crops and 
browse is 

Pi4 = T ^ [1 - exp(e"Ve)] (27) 
XeY 

where 

Vg = deposition velocity (m-s -1) (Section 4.4.6), 
Y = vegetation yield (kg-m"2), 
Xe = effective removal constant from vegetation (s"1), 
te = effective duration of the deposition (s). 

The effective removal constant for agricultural forage and crops, and for 
natural vegetation (browse) (Xe) is determined by radioactive decay (Xr) and 
physical removal processes, such as wind, rain and plant growth (Xp), and is given 
by Xg = Xp + Xr. The physical removal constant is taken to be 5.73 x 10"7 s"1, 
which corresponds to a half-life for removal of 14 days [30]. The deposition time, 
te, is taken as 30 days for pasture grass and 60 days for other crops [31]. The te for 
natural vegetation is taken to be 90 days, based on a maximum six month period of 
exposed foliage divided by 2 to account for removal before consumption by game 
animals. 

4.4.7.1. Deposition on lichens 

In some parts of the world, lichens are a major link in the 
air — lichens —reindeer/caribou —man food chain, which may be a significant food 
chain in the vicinity of uranium mine-mill sites. This pathway is important in the 
arctic regions of Europe and North America. Lichens derive their nutrition from soil 
via their fungal component, and also from the atmosphere. They present high sorp-
tion areas, live for many years and are very efficient accumulators of airborne partic-
ulate materials. For mining and milling areas, it is assumed that uptake from the soil 
is negligible. 

The physical removal half-life for particulate radioactive material deposited on 
lichens has been found to range from 2 to 17 years [32], A mean value of five years 
may be assumed based on typical half-lives due to caribou grazing. The correspond-
ing physical removal constant, Xp, is 4.4 X 10~9 s"1. 
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A default value that can be used for the yield of lichens, Y, is 0.18 kg-m"2 

dry weight, based on a standing crop biomass of 0.056-0.68 kg-m"2 fresh weight 
(mean 0.46) and an assumed dry weight content of about 40% lichens. 

Lichens are long lived. For the purpose of calculating the RUBs, the effective 
deposition time, te, is assumed to be 10 years. This deposition time is based on an 
assumed operating life of 20 years for a uranium mine and a snow shielding factor 
of 2. 

4.4.8. External dose from ground deposits (P39) 

The transfer parameter P39 is given by 

P39 = fr [f» + [1 - f j (SF)g] (DCF)g (28) 

where 

(DCF)g = dose conversion factor for ground deposits (smooth infinite plane) 
(Sv-a""1 per Bq-irT2); 

fu = fraction of time an individual spends outdoors exposed to the ground 
deposit; 

f r = dose reduction factor to account for non-uniformity of the ground 
ground surface; 

(SF)g = shielding factor, or fraction of the out of doors dose received 
indoors, reduced owing to shielding by buildings. 

The default value of fu is 0.2 (see Section 4.4.5) and the value of f r is taken 
to be 0.7, while (SF)g is taken to be 0.4 for gamma radiation [26]. This value is 
conservatively applied to mixed beta-gamma radiation. The default value of P39 is, 
therefore, equal to 

(0.7) [(0.2) + (0.8)(0.4)] (DCF)g = 0.36 (DCF)g 

Dose converson factors ((DCF)g) are given in Table A-2 of the Appendix. 

4.4.9. Inhalation by humans (P(i)i9) 

The transfer parameter P(i)19 relates the dose from the inhalation of radio-
active material (Sv-a"1) to the concentration in the air (Bq-m~3). It is given by 
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P(i)19 = I(OF)i(DCF)j ( 2 9 ) 

where 

I = inhalation rate (m3-a"1); 
(OF)i = occupancy factor, or fraction of time an individual is exposed to 

the radioactive material in the air; 
(DCF), = dose conversion factor for inhalation (Sv-Bq"1). 

A comprehensive review of lung parameters as functions of age and sex can 
be found in pages 338-348 of ICRP Publication 23 [7], 

In the absence of site specific survey data, the default value of (OF); is to be 
taken as 1. Dose conversion factors for inhalation ((DCF)S) are listed in Table A-3 
of the Appendix for adults and infants and can be utilized depending on the composi-
tion of the critical group. 

4.4.9.1. Radon and radon daughters 

The radiological impact of radon releases is due primarily to the inhalation of 
radon daughters. The dose conversion factors for the inhalation of radon and thoron 
daughters, (DCF)Rn daughters, in Table A-4 of the Appendix are given in units of 
Sv-a"' per J-m"3 , where the daughter concentrations are expressed in terms of the 
potential alpha energy from daughter decay in units of J-m"3 . Hence, for radon 
daughters, the transfer parameter P(i)19 is given by 

where (OF); is the occupancy factor as defined in Eq. (29). 
Since 1 J-m"3 corresponds to 1.78 X 108 Bq-m"3 of 222Rn gas in radioactive 

equilibrium with its short lived daughters, 

where (DCF)Rn is the dose conversion factor for 222Rn gas in units of Sv-a"1 per 
Bq-m"3 of 222Rn and 9 is the equilibrium factor between 222Rn and its daughter 
products [13], 

P(i)19 = (OF)j(DCF)Rn daughters ( 3 0 ) 

( D C F ) R n = 5 . 6 X 1 0 " 9 9 ( D C F ) R n daughters ( 3 1 ) 
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The transfer parameter P(i)19 for 222Rn gas is given by 

P(i)19 = (OF)i(DCF)Rn 

= 5.6 x 10-9 0(OF),(DCF)Rn daughters (32) 

The value of 8 selected should allow for the radon daughters released together 
with radon in mine vents and mill exhausts, as well as radon daughters produced 
during transit to critical group locations. The default value of 9 is 1. Use of this 
default value will ensure that the RUB calculated for 222Rn gas, based on Eq. (32), 
will be sufficiently conservative for all combinations of 222Rn and its short lived 
daughter products and that a separate RUB for potential alpha energy is not neces-
sary. However, if desired, the RUB for potential alpha energy may be calculated 
using Eq. (30). 

4.4.10. Plant uptake from soil (P34) 

The transfer parameter P34 relates the concentration of a radionuclide in vege-
tation (Bq-kg-1) to that deposited on the surface of the soil (Bq-m"2). It is given by 

P34 = - 7 ( 3 3 ) 
d 

where 

concentration factor for a radionuclide in vegetation, 
effective soil density (kg-m"2), 

concentration in vegetation (in Bq-kg"1) 
concentration in soil (in Bq-kg"1) 

The soil density, d, is taken to be 240 kg-m"2 for agricultural soil [31], 
corresponding to a 15 cm plough depth. For uncultivated soils supporting natural 
vegetation, a 10 cm mixing depth is assumed and the soil density is taken to be 
160 kg-m"2. Default values for Bv and for the transfer parameter P34 are given in 
Tables A-5 and A-6, respectively, of the Appendix. 

The values are divided into three classes: 

(1) Forage grass consumed by livestock, where the parameter is the ratio of the 
radionuclide concentration in forage (dry weight) to that in the soil; 

(2) Vegetable and fresh produce consumed by humans, where the parameter is the 
ratio of the concentration in the vegetation (fresh or wet weight) to that in the 
soil; 

(3) Browse that is consumed by wild animals, where the parameter is the ratio of 
the radionuclide concentration in the browse (dry weight) to that in the soil. 

Bv = 
d = 

P34 = 
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Uptake of radioactive material from the soil by lichens is negligible. The value of 
P34 for lichens may be taken to be zero. 

4.4.11. Transfer from vegetation to animal produce (P45) and aquatic 
macrophytes to animals (P75) 

The transfer parameter relating the concentration of radionuclides in animal 
produce to that in the food consumed by the animal is 

P45, P75 = k w Q f F (34) 

where 
Qf = feed consumption of the animal (kg-d -1, dry weight); 
F = coefficient of transfer of the portion of the animal's daily intake which 

is contaminated to the tissue of animal produce (d-kg"1); 
kw = non-grazing factor, which allows for the fact that open grazing or 

growing of animal feed is not practised in winter in many countries. 

The food consumption rates, Qf, in terms of dry weight of forage, should be 
obtained for various animals. The values of parameter F for transfer to milk, beef, 
pork, eggs, poultry, moose and caribou are given in Ref. [33], 

The winter non-grazing factor, kw, is taken to be 1.0 for radionuclides with 
half-lives longer than one month. This allows for the fact that longer lived radio-
nuclides will not decay to any appreciable extent on animal feed, browse or lichen 
over the winter. 

The transfer parameters P45 and P75 can then be calculated for various 
elements from vegetation to animal tissue and from aquatic macrophytes to animals 
(moose, water buffalo, etc.). 

4.4.12. Transfer from the atmosphere to animal produce (P1S) 

The transfer parameter from the atmosphere directly to animal produce, owing 
to inhalation of radioactive material by animals, is given by 

P i s = la F ' (35) 

where 

Ia - breathing rate of the animal (m3-d~'), 
F' = animal produce tissue contamination resulting from inhalation of conta-

minated air (d-kg"1). 
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The breathing rates, Ia, of domestic animals have been estimated by 
Zach [34], Ia values for wild animals can be estimated using the methodology based 
on a human model. Since little data are available on the transfer of inhaled material 
to animal produce, the values of F' can be estimated using human metabolic data 
[34, 35]. Using these values, the transfer parameters P15 can be calculated. 

4.4.13. Human intake of vegetation (P49) and of animal produce (Ps9) 

The transfer parameters, P49 and P59, relating dose to ingestion of vegetable 
and animal produce are given by 

P49. P59 = g fIf(DCF) f (36) 

where 

If = consumption rate of the appropriate foodstuff (kg-a"1), 
gf = fraction of the consumed food arising from the contaminated source 

(0 < gf < 1), 
(DCF) f= dose conversion factor for ingestion exposure (Sv-Bq"1). 

Human consumption rates of vegetation and animal produce should be obtained 
from site specific surveys. In the absence of diet data being readily available, 
national authorities should be consulted. If uranium and thorium mines and mills are 
generally located in areas that are remote from major population centres, members 
of critical groups would be more likely to have exceptional diets that may include 
much higher proportions of wild or natural food items (e.g. moose, caribou, water 
buffalo, fish, freshwater mussels, wild rice and water-lilies) than the average 
national diet. A diet based on maximum consumption rates should normally be used 
in RUB calculations unless the identified group derives essentially all of its diet from 
food grown in the immediate vicinity of the mine-mill facility. In the latter case, 
average consumption rates should be used, since the same individuals would not be 
expected to consume the maximum of each food group. 

Dose conversion factors are given in Table A-3 of the Appendix. The default 
value of gf is taken to be 1 in the absence of site specific data. 

4.5. TRANSFER PARAMETERS FOR RELEASES INTO SURFACE WATERS 

4.5.1. General 

Conceptually, modelling of the aquatic environment for the purpose of estimat-
ing radiation exposure owing to radioactive effluent releases is considered in two 
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parts. The first is concerned with the transport of radioactivity within the water body 
— the aqueous phase — during which process radionuclides will be diluted and 
dispersed in the water and, hence, will be transferred into physical and biological 
materials. Such a transfer is often a reversible process and radionuclides may there-
fore return to the aqueous phase at a different concentration. The end product of 
modelling the aqueous phase is the concentration in water (free of sediment) at which 
radionuclides enter biological and physical materials with which the second part of 
the modelling begins, i.e. transfer through various pathways to man. 

4.5.2. Models of water bodies 

The three principal factors which influence water concentrations are physical 
mixing and dispersion, interaction with sediment and interaction with biological 
materials. Activity balances generally show that although concentrations in each of 
the compartments — water, sediment, biota — are each significant in terms of radia-
tion exposure through pathways relevant to them, most of the inventory is to be 
found in water and sediment. Thus, the proportion of activity removed by biological 
materials is usually too small to cause significant depletion of the water concentration 
and this effect can be ignored, an assumption that will maximize the predicted water 
concentrations in the few situations where significant removal does take place. 
However, the biota is extremely important in the modelling of the aquatic food chain. 

As a first approximation, for the purpose of keeping the modelling as simple 
as possible, the effect of sediment in removing activity may also be ignored. 
However, this is less reasonable because it is a common and often highly significant 
phenomenon for many radionuclides in the effluents from mining and milling 
facilities. 

Several models are described in the literature that provide predictions of radio-
nuclide dispersion in surface waters [9, 15-17, 27, 36, 37], These models are not 
reproduced in this report, but references are made where appropriate. 

4.5.3. Transfer parameter relating the source to surface waters 

The transfer parameter, PS2, relating surface water concentration 
X2 (Bq-m"3) at a given location to the release rate Xs(w) (Bq-s_1) is given by 

?S2 = — (37) Xs(w) 

As mentioned in Section 4.5.2, the models used for the dispersion of liquid 
effluents can be found in the literature. Models useful for estimating P§2 are given 
in Ref. [9] and are summarized in Fig. 7 which is taken from Ref. [37]. Selection 
of the appropriate model depends upon the time and spatial scales of concern, the 
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M o d e l I : 

C o m p l e t e l y m i x e d 

In f low - + evaporation 

(Initial concentration = 0) 

Evaporation Radwaste W 
in Bq'S~1 

Outf low = q^ 

(Concentration = C) 

M o d e l I I : 

Plug f l o w 
Evaporation 

Inf low = q^ + evaporation 

Concentration = C„ 

Pond 
volume V -

Outf low = q b 

Concentration = C 

Travel t ime » — 

M o d e l I I I : 

Par t ia l l y m i x e d Evaporation 

FIG. 7. Schematization of three types of pond for the computation of in-pond and outflow 
radionuclide concentrations (adapted from Ref. [36]). (qp = flow rate of a continuous point 
source release.) 
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mixing regime and the complexity of the model justified by available or measurable 
data. Three sample models can be used to describe many aquatic systems: the chemi-
cally stirred tank reactor (CSTR), the plug flow reactor (PFR) and the dispersed plug 
flow reactor (DFPR). The terminology is that of chemical engineering. In limnologi-
cal applications, the CSTR model is also called 'completely mixed'. The PFR and 
CSTR models are limiting cases for the DPFR model. The DPFR model accounts 
for advection, dispersion and removal mechanisms. The PFR model assumes that 
dispersion (diffusion) is negligible, whereas the CSTR model assumes that the rate 
of dispersion (mixing) is infinite. In the case where the mine operator is willing to 
base RUB calculations on radionuclide concentrations found in the liquid effluent, 
a model for PS2 is not required. 

Removal of activity from water by sediments depends on the sediment loading 
of the water, the sedimentation rate and the retention capability of the sediment. This 
retention capability, which is due to adsorption and absorption, can be quantitatively 
described by the distribution coefficient (also called partition coefficient), Kd, 
defined in steady state conditions by 

where Cs is the activity per unit mass of sediment and Cw is the activity per unit 
volume of water. 

In any given volume of water with suspended sediments, a fraction of the 
activity present will be in the sediment. From the Kd definition, it follows that this 
fraction, f, would be given by 

f = KdM' ( 3 9 ) 

where M' is the sediment (particles) loading of the water, i.e. the mass of particles 
per unit volume of water. However, as sediments are porous, M' should be 
substituted with M/e in the above expression, e being the porosity and M being the 
concentration of aquatic particles (e.g. mass per unit volume): 

f = ^ M 
£ 

The rate of removal of activity from the water by sedimentation depends on 
the sedimentation velocity, g, defined as the ratio of the sediment mass deposited per 
unit area and unit time to the mass of suspended sediment per unit volume. In a 
column of water, the removal rate of activity by sedimentation, r, is given by 
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gf r = (40) 

where z is the height of the column. 
When calculating the rate of decrease of concentration of activity in a water 

body owing to sedimentation, the mean depth z should be used. As the decrease is 
also due to decay, the effective rate of decrease of the activity concentration, k, is 

k = Xr + (41) 

where X, is the radionuclide decay constant. 
The transfer parameter, PS2, can be evaluated for different categories of water 

bodies, as shown below. In all of these cases, removal of activity can occur by decay 
or sedimentation. One can account for this removal by the following equations for 
each case. 

(1) For discharges into rivers, the PFR model may be used: 

PS2 = 1 e X P ( " k W (42) 

where 

Q = average annual advective flow rate past the point of concern 
(m3 'S -1), 

TppR = V p f r / Q = hydraulic delay time between the discharge point and 
the point of concern (s), 

VPFR = water volume of PFR between the discharge point and the point of 
concern (m3), 

k = overall removal rate coefficient (s"1). 

(2) For small to medium sized lakes, the CSTR model may be used: 

PS2 = 1 (43) 
Q (1 + k W ) 

where 

Q = input or output flow rates of the lake (m3-s -1), 
^CSTR = V c s t r / Q = hydraulic delay time of a well mixed water body (s), 
VCSXR = volume of a well mixed water body (m3). 
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(3) For a tidal mixing region, or the offshore zone of medium to large lakes (e.g. 
the Great Lakes), the DPFR model may be used: 

PS2 = l/(QVl + 4kD/v2) exp((v/2D) (1 - Vl + 4kD/v2)x) (44) 

where 

Q = input or output flow rates of the water body (m3-s"'), 
D = dispersion (or diffusion) coefficient (m2-s_1), 
v = advective flow velocity (m-s"')= (Q/A), 
A = vertical cross-section area across which Q moves (m2), 
x = distance from the discharge point to the point of concern (m). 

In the above equations, the transfer function is given in terms of the hydraulic 
retardation time for the river (tPFR) and for the lake (tcsTR) systems. The hydraulic 
retardation time is a fundamental property of water bodies. It can be related to 
physical distance, as follows. For a river, the model may be redefined as 

1 exp 

Ps2 = 

X PFR 

(45) 

where 

X PFR
 = ^ e distance from the discharge point to the point of concern (m), 

v = advective flow velocity or river flow velocity. 

For the lake, the model may be redefined as 

Ps2 = n A A ~ ( 4 6 ) Q + k Asz 

where 

A s = surface area of the lake (m2), 
z = mean depth of the lake (m). 

For morphometric parameters (volume, mean depth and surface area) and flow 
variables (Q), default values cannot be provided; site specific data are required in 
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order to model the dispersion. The hydraulic retardation time of a river, tPFR, or 
lake, tcsTR , can be calculated as the volume of the river section or lake divided by 
the flow rate. Average annual flow rates can be estimated as the watershed yield 
(m-s"1) times the watershed area (m2). Yield and watershed area can be estimated 
from hydrological atlases and topographic maps, respectively. 

The uncertainty associated with the selection of the dispersion coefficient, D, 
is considerable. Typical values for the Great Lakes are of the order of 
0.01-0.1 m2-s_1 . If adequate information is not available, a default value of zero 
for D may be conservatively used, in which case Eq. (42) should be substituted in 
place of Eq. (44). 

The values for g given in the literature have a considerable range. Settling rates 
for particulate forms of radionuclides have rarely been measured. Values for g for 
other substances provide guidance, assuming that adsorption into suspended particu-
lates is the main removal mechanism. For example, values for the Great Lakes typi-
cally range from 2.5 x 10"7 to 1.4 x 10 m-s . In the absence of good data for 
describing removal from the water column, a default value for g of zero can be used. 
This is a conservative approach, provided that water column pathways, rather than 
sediment pathways, provide the majority of the dose rates to the critical group. 

For purposes of RUB calculations, it is suggested that the effects of removal 
by adsorption and sedimentation be checked by using values in the literature for g 
and estimates for K<j based upon sediment concentrations and Kj suspended solids 
relationships. If removal is significant, experimental measurements of Kj should be 
made. 

Settling of particulate forms of radionuclides can also occur if the radionuclides 
are incorporated into the matrix of particles (e.g. by algal growth, or co-precipitation 
into fines from tailings). An overall estimate for f for all particulate forms can be 
made if measurements are available. 

4.5.4. Contamination of land vegetation by spray irrigation water (P24) 

The transfer parameter relating the radionuclide concentration in vegetation to 
that in spray irrigation water is 

P24 = (1 - e~X") (47) 
AeY 

where 

L = spray irrigation rate averaged over the growing season (m-s"1), 
r = initial fraction retained on the vegetation (dimensionless), 
Xe = effective removal constant from the vegetation (s"1), 
Y = vegetation yield (kg-m"2 fresh weight), 
tg = effective duration of the growing season (s). 
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The parameters Y and t<, are assigned the same values as in Section 4.4.7; 
the initial fraction of radioactive material retained on the vegetation, r, is taken as 
0.05. The spray irrigation rate depends on the practice and local need in each 
country. There are proposals in the United States of America now to dispose of 
radioactive liquid wastes from mines by spray irrigation. However, this may not be 
a good practice because continued disposal of untreated wastes may result in a 
significant buildup of radioactive material in pasture and browse areas. If the mine 
liquid wastes are the main source of water for irrigation in arid lands, where there 
is little or no wash off by rain, the buildup of radioactivity in the irrigated areas may 
be more pronounced. In such cases, a larger value for r may have to be used, perhaps 
one order higher. Irrigation water is not generally considered to be a significant path-
way for radioactive concentrations in pasture. The same is true for irrigated browse 
and lichens. However, watering of backyard vegetable gardens may be a significant 
pathway. 

4.5.5. Contamination of soil by irrigation water (P23) 

The transfer parameter from irrigation water to soil under steady state 
conditions is 

P 2 3 = (48) 
8 

where 

L = annual average irrigation rate (m-s"1), 
Xg = effective removal constant from the soil (s"1). 

The parameter Xg has the same value as in Section 4.4.6, i.e. 

Xg=Xr + Xs 

where 

Xr = radioactive decay constant, 
Xs = 2.20 x 10"'° s"1 (a conservative value) 

corresponding to a removal half-life from the soil of 100 years. 

4.5.6. Water intake by land animals (P25) 

The transfer parameter relating the concentration of radionuclides in animal 
produce to that in the water consumed by the animal is 

P25 = k'wQwF (49) 
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where 

Qw = daily water intake of the animal (m3-d"'), 
F = coefficient of transfer of a portion of the animal's daily intake which 

is contaminated to the tissue of animal produce (d-kg-1), 
k'w = fraction of the animal's annual water intake which arises from the 

contaminated source. 

The water intake rates, Qw, for various animals are found in the literature 
[9, 15]; values for F can be found in Refs [9, 34]. The default value of k'w is taken 
as 1. Terrestrial animals should be assumed to drink from those surface waters that 
are most contaminated within the range of local populations, unless specific studies 
show that other water sources are used. 

4.5.7. Intake of drinking water by humans (P(i>29) 

The transfer parameter relating the dose to humans and intake of drinking 
water is 

P®29 = P-k;iw(DCF) f (50) 

where 

(DCF)f = dose conversion factor for intake by ingestion (Sv-Bq-1) (see 
Table A-3 of the Appendix, 

Iw = intake of drinking water (m3-a_1) (see ICRP Publication 23 [7] 
for values), 

k^ = fraction of the intake of drinking water arising from the 
contaminated source, 

p = removal factor to account for a process, such as sedimentation 
and removal of radionuclides by water treatment processes. 

The default value for is 1. The value of p should be determined on a site 
specific basis. Its default value is 1.0. 

4.5.8. Biological concentration in aquatic foods (P26, P27) 

4.5.8.1. Freshwater environment 

The transfer parameter from water to aquatic animals, P26, commonly 
referred to as the bio-accumulation factor, is defined under equilibrium conditions as 
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activity per unit mass in edible portion of biota (Bq-kg ') 
(51) 

activity per unit volume of water (Bq-m 3) 

Similarly, the transfer parameter from water to aquatic plants is 

(52) 

An important freshwater organism from the point of view of human consump-
tion is fish; another may be freshwater mussels because of their ability to accumulate 
a number of uranium daughter products. The bio-accumulation of radionuclides in 
aquatic animals is a complex process involving one or more of a number of path-
ways, including direct uptake from water, absorption from foods, such as aquatic 
plants and other biota, and absorption from ingested sediments. Since the concentra-
tions in these foods and in sediment are also related to the concentration in water, 
transfer parameters such as Pg6, P87 and P76 (see Fig. 3) are not explicitly used in 
determining concentrations in aquatic animals. 

The bio-accumulation factor for a given radionuclide may vary over a wide 
range, depending on the fish species and such factors as stable element concentra-
tion, pH, temperature, nutrient levels and the physico-chemical forms of the radio-
nuclides. In the absence of site specific data, default P26 values [9, 15, 33] for some 
aquatic animals are available. These may be used for an initial assessment of the 
significance of certain pathways, but RUB calculations should be based on site 
specific data for those radionuclides and animals that turn out to be important. 

Other potentially important food items for the critical group could be edible 
aquatic plants, such as wild rice and water-lilies, harvested from emergent aquatic 
macrophytes found in the shallow parts of many small lakes. Although wild rice is 
harvested commercially to some extent, little is used in the average diet. However, 
in small communities characterized by a hunting and gathering type of existence, 
wild rice and water-lilies may form a more significant portion of the diet. 

4.5.8.2. Marine environment 

The default bio-accumulation factors (P26, P27) in marine biota are available 
in the literature [33, 38]. 

4.5.9. Transfer parameter for surface water to aquatic sediments (P28) 

The removal of radionuclides from the water column by sedimentation, as 
outlined in Section 4.5.3, results in radionuclide accumulation in the sediments. 
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Some of these contaminated sediments may be deposited along shorelines during 
high water or storm events. The critical group may be exposed to these sediments 
during such activities as sunbathing on the beach and fishing from the shoreline. 

The transfer parameter P28 relates the concentration of radionuclides in sedi-
ment, X8 (in Bq-kg"1), to the concentration in water, X2 (in Bq-m"3), as follows: 

Values of P28 selected from the literature for freshwater and marine sediments 
are given in Refs [38, 39]. The use of these P28 values is conservative because 
shoreline sediments may be coarser and have less organic content than deep sedi-
ments, thereby having less capacity for radionuclide adsorption, and may also be 
'diluted' with uncontaminated deposits of terrestrial origin. 

4.5.10. External dose from contaminated shoreline (Pg?) 

The transfer parameter relating the external dose rate from contaminated 
shoreline sediment, P89, to the radionuclide concentration in the sediment is given 
by 

P89 = (OF)sW(DCF)gds(DF)s (54) 

where 

(OF)s = shoreline occupancy factor, or fraction of time an individual 
spends on a contaminated shoreline, 

W .= shore width factor that describes the shoreline exposure geometry, 
(DCF)g = dose conversion factor for uniformly contaminated ground 

(Sv-a"1 per Bq-m"2), 
ds = effective density of the sediment (kg-m"2), 
(DF)S = dilution factor for shoreline deposits ( < 1) which allows for non-

equilibrium between suspended sediment and shoreline deposits. 

It is assumed that the exposed shoreline sediment is contaminated to some 
depth at a radioactivity concentration (in Bq-kg"1) determined by the transfer 
parameter P2g. The depth of this contaminated layer is taken to be 0.025 m, which, 
in conjunction with a dry sediment density of 1600 kg-m"3, gives an effective sedi-
ment density, ds, of 40 kg-m"2 [28]. The dose contribution from radionuclides 
lying below this depth is ignored. The dose conversion factors (DCF)g for a 
uniformly contaminated plane are listed in Table A-2 of the Appendix. They are the 
same factors as are used for ground contamination in the P39 parameter (see 
Section 4.4.8). 
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The shoreline occupancy factor should be obtained from site surveys. In the 
absence of any commercial activity, such as clam digging, the default value for 
(OF)s is 0.01, which corresponds to about 100 hours per year over the contaminated 
shoreline. A collection of shore width factors, W, is given in Ref. [36]. 

Because the source is distributed in the sediment, the bulk of the emitted beta 
radiation is absorbed in the sediment. The skin dose from beta particles will thus be 
negligible compared with the gamma ray dose, except for activities in which one 
comes into direct contact with sand, such as sunbathing. Users of this publication 
are cautioned that Eq. (54) will greatly overestimate skin doses for pure beta emitters 
(or those radionuclides in which the beta dose dominates over the gamma ray dose 
from a plane source). 

The value of (DF)S is highly site specific. Its value may range from close to 
unity for bottom sediment buildup from direct sedimentation from the water column 
to quite small values for shorelines subject to wave action. In the absence of site 
specific measurements, its value should conservatively be taken to be unity. 

4.5.11. Water immersion dose (P(e)29> 

The transfer parameter relating the dose from immersion in contaminated 
water, P(e)29, to the concentration of a radionuclide in that water is given by 

(DCF)W = dose conversion factor for immersion in contaminated water 
(Sv-a_1 per Bq-m"3); 

(OF)w = water occupancy factor, or fraction of time spent swimming. 

In the absence of site specific data, the default value of (OF)w is taken as 0.01, 
corresponding to about one hundred hours per year. 

4.5.12. Human intake of aquatic food (P69, P70) 

The transfer parameter relating the dose to the intake of aquatic food is 

P(e)29 = (DCF)W (OF), 'w (55) 

where 

P69 = gfIf(DCF)f (56) 
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where 

If = consumption rate of aquatic food (kg-a"1), 
(DCF)f = dose conversion factor for ingestion (Sv-Bq"1), 
gf = fraction of consumed aquatic food arising from the contaminated 

source. 

The consumption rates of aquatic food (freshwater or marine) vary widely 
from country to country, so that national data for consumption of vegetation and 
animal produce can be used in the absence of site specific data. 

For calculating the RUB, it is recommended that site specific food consump-
tion patterns for the critical group be determined. The dose conversion factors, 
(DCF)f, are given in Table A-3 of the Appendix. The default value of gf is taken 
to be 1 in the absence of site specific data. 

4.5.13. Intake of radon from surface water by humans (P29> 

Radon dissolved in surface water can be released into the air in houses owing 
to various domestic activities, such as washing and showering, and can give rise to 
inhalation hazards. The transfer parameter, P29, is calculated in the same manner as 
is given for P09 in Section 4.6.7. 

4.6. TRANSFER PARAMETERS FOR RELEASES INTO GROUNDWATER 

4.6.1. Transfer parameter for liquid effluent discharges into groundwater 
(Pso) 

The transfer parameter, Ps0, relating groundwater concentration, 
to the source release rate, Xs(g), is given by 

Pso = — (57) 
XsCg) 

As stated in Section 4.5.2, there exist in the literature many models, of varying 
degrees of complexity, for calculating the dispersion and retention of the radio-
nuclides released into groundwater. Generally, simple analytical models are satis-
factory and the need for complex models is the exception rather than the rule. Some 
hydrogeological situations, however, will not satisfy the assumptions inherent in the 
simpler analytical models; for these, the more complex two or three dimensional 
numerical models can be applied. However, the more complex the model, the more 
care must be exercised in the collection of the data. 
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Selection of the appropriate model depends upon the time and the spatial scales 
concerned, the amount of dispersive mixing which occurs and the complexity of the 
model considered to be justified by the available data. If the data are insufficient, 
but the manpower and economic resources can be justified, field measurements can 
be made to validate selection of a model and to provide information for specifying 
coefficients in the model. 

Two simple models given in Section 4.5.3 'conceptually' describe most of the 
transport variations observed in groundwater systems — the PFR and the DPFR 
models. The PFR model is a simplification of the DPFR model, in which dispersion 
is insignificant relative to advection (bulk groundwater flow). 

In the mathematical form given in Section 4.5.3, the models are most appropri-
ate for surface waters — other processes, such as adsorption, become more signifi-
cant in groundwater systems. 

Including the effects of adsorption, decay, dispersion and advective flow, the 
DPFR model gives 

1 

Pso ~ 

Q J i + 
4kD (1 + K d P b ) 

x exp 
2D 

1 - Vl + 4kD (1 + KDpB) 

v2 

(58) 

as a simple relationship for evaluating Pso. The symbols are as were defined in 
Section 4.5.3, except for the following: 

pB = bulk mass density of the ground (typical values of 1.6 x 103 kg-m 3), 
eG = porosity of the ground (typical values of 0.2 to 0.4). 

For certain groundwater environments, the approximate transfer parameter for 
RUB purposes may be 

Pso = 0 (59) 

The RUB concept assumes steady state conditions and that radionuclide 
discharge will reach humans during the operating lifetime of the facility. The travel 
time through groundwater environments is normally much longer than through 
surface water or atmospheric pathways. Adsorption processes increase the travel 
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time of radionuclides relative to that for a conservative element (i.e. one which does 
not adsorb). The travel time of a radionuclide through a groundwater pathway (e.g. 
to a drinking water well, or lake) may be longer than the operating life of a tailings 
facility, in which case P s 0 could be zero. A caution should be given that the present 
RUB methodology does not lend itself to such delayed impacts, but that they should 
not be ignored by the respective national and/or regional authorities. 

In the case where significant quantities of a radionuclide can reach the food 
chain, a more precise estimate of groundwater transport may be required. The 
approach should then consider the length of the flow path, the diffusion (dispersion) 
coefficient, the distribution coefficient and the radionuclide activity, among other 
parameters. Site specific conditions should determine the complexity of the approach 
to be used (see Section 4.5.12). 

Once released into the groundwater, radionuclides may be transported in the 
groundwater to areas where release into surface waters or the atmosphere is possible. 
Release from groundwater into the atmosphere, however, is considered in the special 
case of well water used for domestic purposes, such as showering, as a potentially 
significant pathway for RUB calculations. 

4.6.2. Transfer parameter for groundwater to surface water (P02> 

The transfer parameter, P02, relating surface water concentration to ground-
water concentration, (X0), is 

A transfer function for describing P02 is dependent upon the nature of the 
groundwater-surface water pathway and the characteristics of the surface water. 
Examples of alternative possibilities for P02 include the following: 

(1) Water is pumped from a well to a house and subsequently discharged into a 
lake. A certain fraction of the radionuclide (fr) is retained in the dwelling. The 
decay of the radionuclide in the house is insignificant. The receiving water 
body is a narrow river described as a PFR. Then, 

P02 = (1 - fr) e x p t - k U (61) 

where 

Qp = pumping rate from the well (m -s") , 
Q = flow rate in the river (m3-s_l), 
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k = removal rate constant in the river (s~l), 
tw = hydraulic retardation time of the river(s) between the point of 

discharge and the physical location represented by X2. Tw is equal 
t o V P F R / Q 

where 

VPFR = volume of the river between the point of discharge and the physical 
location represented by X2. 

(2) The conditions are the same as in example 1, but the receiving water body is 
a lake. Then, 

P02 - 0 " f r ) Q " 1 ' (62) 
Q 1 + klw 

where the symbols are as defined above, except for the following: 

Q = flow rate out of the lake (m3-s_1); 

tw = hydraulic retardation time (s) of the lake, equal to V c s /Q; 

where 

V c s = volume of the lake (m3). 

(3) Groundwater is discharged through the shoreline into a lake. Then, 

P ^ . Z . A o ^ L ^ m 
Q 1 + kTw 

Here the symbols are as defined for example 1, in addition to which 

Vc = mean velocity of the radionuclide in the ground (m-s"1), 
A g = cross-sectional area (m2) through which groundwater flows into the 

lake. 

4.6.3. Contamination of land vegetation by spray irrigation using 
groundwater (PM) 

This parameter is calculated in the same manner as given in Section 4.5.4 for 
P24. 
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4.6.4. Contamination of soil by irrigation from a groundwater source (P03) 

The parameter is calculated in the same manner as given in Section 4.5.5 for 

4.6.5. Groundwater intake by land animals (P05) 

This parameter is calculated in the same manner as given in Section 4.5.6 for 
P25. Use of groundwater as a drinking water source would apply to livestock. 
Where both surface water and groundwater provide drinking water sources, the total 
intake must not exceed the Qw values mentioned in Section 4.5.6 for P25. Moose 
and caribou would consume contaminated groundwater only following discharge into 
surface water. 

4.6.6. Intake of groundwater by humans (P(i)o9) 

This transfer parameter is calculated in the same manner as given in 
Section 4.5.7 for P(i)29. 

4.6.7. Intake of radon from groundwater by humans (P'09) 

Radon dissolved in groundwater can be released into the air in houses where 
groundwater is used, thus giving rise to inhalation hazards. Release could be due to 
various domestic activities, such as washing and showering. The transfer parameter, 
P'09, which relates the dose from inhalation of radon daughters to the radon concen-
tration in the groundwater is 

P'09 = = KRn P(i)19 (64) 
(X-o)Rn 

where 

KRn = 222Rn air to water concentration ratio, 
(Xo)Rn = 222Rn concentration in groundwater (Bq-m~3), 
(Xi)Rn = 222Rn concentration in air resulting from release from ground-

water (Bq-m"3), 
P(i)19 = transfer parameter for human inhalation of 222Rn gas as given by 

Eq. (30). 

The values of KRn given in Ref. [27], converted to units of L-m"3, vary from 
0.01 to 1, with the higher values observed when warm water showers were taken. 
An average value of 0.2 L-m"3 can be used. 
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4.6.8. Water immersion dose (P(e)o<>) 

In most cases, immersion in water taken from a groundwater source is not 
expected to contribute significantly to the total dose. In the house, showering may 
result in exposure to radon, as outlined in Section 4.6.7. 

Immersion in bath water or in a swimming pool filled with groundwater may 
result in a dose to the bather. In this case, the dose is calculated as described in 
Section 4.5.11. A default groundwater occupancy factor (OF)g equal to the surface 
water occupancy factor (OF)w, or 0.01 (see Section 4.5.11), is reasonable for the 
bathing or swimming pool scenarios. 

4.7. LIMITATION FOR MIXTURES OF RADIONUCLIDES AND 
DIFFERENT MODES OF RELEASE 

The upper bound for annual release may be derived from the dose upper bound 
by use of the overall transfer factors (fju), estimated as described in this section, 
where j denotes the population group, k denotes the release mode and 1 denotes the 
radionuclide. If the annual dose upper bound is Hub and the dose commitment to 
the critical group j ' per unit release of radionuclide is fj<k|, and if no other radio-
nuclides are released, then the RUB, R*^, is given by 

Normally, the situation is much more complicated, since many radionuclides 
and release modes may be involved, each with its own critical group. The dose 
contribution to each population group due to a release, Ry, from a release mode, k, 
is given by 

Therefore, if there are several release modes, k, subject to a common release 
limitation, but there is still only one radionuclide, 1, it is necessary to prescribe a 
set of RUBs, R*h , such that 

(65) 

Hiki — f.ki Ri ljkl ljkl K k l (66) 

fykl R W — Hi UB (67) 
k 
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where H ^ is the appropriate upper bound and j ' refers to the critical group 
corresponding to the highest of the fjU values. 

When the releases of one radionuclide, 1, are with release modes that are inter-
dependent, this expresssion defines one single set of R*w values for the radionuclide 
1 released. If the releases of radionuclide 1 can be varied independently, the R*w 

values are not uniquely determined. It should be noted that the critical group may 
change when the proportions between the releases are changed, thus necessitating a 
recalculation of the R*w values using a new set of fyy values. 

When a mixture of radionuclides 1 contributes significantly to the exposure of 
the group j ' that is critical for the mixture and release modes specified by 1 and k, 
the R*u values must satisfy the condition 

£ E fj'u ^ H ^ (68) 
k 1 

This condition does not uniquely determine the upper bounds for release of 
individual radionuclides or for the total releases by any one release mode, but defines 
sets of R*w values that, together, constitute a release at the upper bound. 

Different release modes as well as different radionuclides may involve differ-
ent critical groups and the group which is the true critical group for any particular 
combination of release modes and radionuclides may also be different, depending 
upon the actual distribution over release modes and radionuclides. Therefore, a limi-
tation based on a realistic critical group may become complicated. Two simplifica-
tions are possible. One simplification is to postulate the release modes and 
radionuclide composition that are most likely and to identify the critical group for 
this postulated situation. Release upper bounds, R*u , can then be calculated. It may 
be considered unlikely, as long as each R*u is respected, that any deviation from 
the postulated release characteristics will cause overexposure of any new group that 
may become critical. The other simplification is to define a hypothetical critical 
group assumed to have all the characteristics and exposure conditions of the various 
groups that would be critical for each radionuclide and the most critical exposure 
mode. If this hypothetical group (which has no correspondence to reality) is denoted 
by j", the RUBs, R*kl> would have to fulfil the condition 

£ £ f f k i R * k i ^ H u b ( 6 9 ) 

k 1 

This expression also does not uniquely determine the upper bounds for release of 
individual radionuclides or for the total releases by any one release mode, but defines 
sets of R*kl values that, together, constitute a release at the upper bound. The use 
of the hypothetical critical group in this case will introduce a considerable margin 
of safety. 
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Section 5 

OPTIMIZATION OF RELEASE CONTROL 

5.1. GENERAL 

Several methods are described in Ref. [1] for the optimization of radioactive 
releases to the environment. All of them require an estimation of local and regional 
collective dose commitments. 

5.2. COST-BENEFIT ANALYSIS 

The objective of using cost-benefit analysis to optimize radiation protection is 
to identify the level of protection which minimizes the sum of the cost of protection 
and the cost of the health detriment. The cost of the health detriment is assumed to 
be proportional to the collective dose. Some competent authorities also consider non-
health components of the detriment, the costs of which are taken to be a function of 
individual doses. 

In order to apply cost-benefit analysis to the optimization of protection, the 
cost of protection and the cost of the radiation detriment must both be put into mone-
tary terms. The estimation of the costs of protection is, in principle, a straight-
forward procedure, although considerable complexities may arise when detailed 
costs of plant, materials, energy and labour have to be considered. Typically, the 
costs of radiological protection will involve an initial capital investment, with operat-
ing and maintenance costs being incurred over subsequent years. In order to compare 
alternative protection options with different capital and operating costs, present 
worth or annualization methods are commonly used to normalize costs. These 
methods will give the same ranking of alternative projects, in order of increasing 
costs. Other methods are available, such as crude cost estimation [1], Accounting 
practices will vary from country to country; in general, the complexity of the method 
employed in any instance should reflect the level of investment being considered. It 
should also specifically include the costs of management of waste materials produced 
in the control of routine releases. 

Assigning a cost to the radiation health detriment requires a judgement by 
competent authorities on the value of avoiding the deleterious effects of radiation 
exposure. In making such a judgement, it may be necessary to consider many 
factors, including what society is willing to pay for risk reductions and the direct 
costs of premature death, for example, the loss of output and medical costs. Such 
considerations are not peculiar to radiological protection; in principle, similar valua-
tions are required in all areas of health and safety and methods have been developed 
by those concerned with the allocation of resources in these areas. ICRP Publica-
tion 37 considers in detail the issues involved in these valuations [40], 
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When radiation exposures from very long lived nuclides persist far into the 
future, an assessment of the collective dose commitment is highly speculative. In 
optimization, however, one deals with the differences in collective dose commit-
ments between different control options. The period of interest is therefore only that 
period in which the alternative control options have different influences on the 
exposure pattern. This shorter period for the relevant (incomplete) collective dose 
commitment makes such assessments more reasonable than it would appear from the 
half-lives of the nuclides involved. 

Some of the components of the collective dose, especially those corresponding 
to the distant future, may be qualified by a substantial degree of uncertainty. To 
include such components in optimization analysis (where differences in collective 
dose between options are calculated) would unnecessarily complicate the assessment. 

5.3. MULTICRITERIA METHODS 

The outcome of a cost-benefit analysis identifies the level of control at which 
any further expenditure on additional control is unwarranted. Cost effectiveness 
analysis, which is a different kind of analysis, is sometimes used to determine either 
the maximum reduction in exposure for a fixed cost or the cheapest way of achieving 
a predetermined reduction in exposure [1]. Although such an analysis might be 
required when there are certain overriding economic or social considerations, cost 
effectiveness analysis is not optimization as recommended by the ICRP. 

The main limitation of cost-benefit analysis is that it requires explicit valuation 
of all factors in monetary terms. This tends to restrict the range of factors which may 
be included in the optimization process. Multicriteria methods do not necessarily 
require such explicit valuation and are potentially more flexible decision aiding tech-
niques because they allow additional factors to be considered. For example, in 
analysing the radiological impact, additional factors, such as consideration of time 
and space, public perception of risk and the potential for an accident are all relevant. 
The distributions over time of investments and operating costs can also be consi-
dered. Other useful inputs may be technical factors such as the flexibility and redun-
dancy of a proposed installation or process, its development status and the extent of 
technical support for the research and development effort. 

Multicriteria methods may involve aggregation or ranking. Aggregative 
methods attempt to combine values for all criteria into a single value in such a way 
that options may be compared. For this purpose, it is necessary to construct a 
measurement scale (called a utility function) so that preferences between different 
values of a criterion are represented by numbers on a common scale. The preferences 
will be those of the competent authority and may include those of individuals with 
responsibility for wider issues of public interest. Account is taken of the relative 
importance of the various criteria by assigning a weight to each. The total value of 
each option is obtained by summing the weighted values associated with each option. 
The best option is the one that has the maximum total value. 
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In ranking methods, one option is considered better than another if the number 
of criteria for which it is better is sufficient (a satisfying consensus) and if, for the 
remaining criteria, the differences are not excessive (no substantial disagreement 
exists). These two conditions involve the use of some relative assignment of weight 
to the criteria. The usefulness of these methods is that, in addition to taking into 
account many criteria, they provide a reasonable procedure for dealing with some 
factors in a qualitative way. 

5.4. ASSESSMENT OF COLLECTIVE DOSES 

In many countries the uranium mining and milling sites tend to be in areas of 
low population density. In many areas the conditions are arid and not suitable for 
farming, while those mines in areas of high precipitation are usually remote, with 
again little local farming. In arid areas there is negligible release of radionuclides 
to the aquatic environment and the radiation doses to the public arise predominantly 
from airborne effluents. In areas of high precipitation, it is established that collective 
doses arising from liquid effluents are dominated by 226Ra in drinking water and 
aquatic foodstuffs [27, 32], In a detailed study of Canadian uranium mines and mills 
which discharged radionuclides into lakes and water courses, the collective doses 
resulting from drinking water, fish consumption and external radiation from sedi-
ments were, in general, significantly less than the collective doses due to the 
atmospheric releases from the mine and mill and tailings areas [27], The 226Ra 
concentrations in surface waters were found to be no higher than 100 Bq-m"3. The 
levels of maximum individual dose reported were less than 80 /tSv-a"1 [27]. 

In a study of a hypothetical reference site located in tropical northern Australia 
[41], the collective dose commitments were estimated separately for three pathways: 
radon dispersed in the atmosphere, radionuclides transported in water from the tail-
ings and radionuclides initially dispersed by wind erosion of the tailings and subse-
quently inhaled or distributed through marine pathways. The study indicated that the 
collective dose commitment arose, as in the Canadian case, principally from radon 
exhalation from the waste rock and tailings, but that the contribution from the leach-
ing of radium and its daughters into surface waters was significant for the Australian 
site. Again, individual doses were low and more than 85% of the collective dose 
commitment was associated with individual dose rates of less than 1 pSv-a"1. 

Under the assumption that adequate waste treatment prevents significant 
seepage of process liquid effluents directly into rivers, the local and regional collec-
tive dose commitments are assumed to depend upon the airborne releases which 
contribute to external exposure from deposited material and to internal irradiation 
via the inhalation and ingestion pathways. 
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The collective dose commitments to the local and regional population from the 
particulate and radon releases can be calculated using the method illustrated in 
Ref. [27]. Thorium-230 in tailings piles is a long term source of radon emission. If 
the release rate is assumed to continue throughout the mean lifetime of 1.1 X 105 

years, a collective effective dose equivalent commitment can be calculated. The 
results must be extremely uncertain over such geological time scales and, indeed, 
current tailings management may lead to radon emanation rates no greater than the 
ambient levels for soils in the mill vicinity, so that almost no long term incremental 
dose commitment may arise. 

A word of caution is necessary regarding these methods for aiding decision 
making. The optimality of the selected level of protection, and of the system used 
to achieve it, depends heavily upon the quality of the judgements and data that went 
into the analysis. Experience has shown, however, that such methods can lead to 
reasonable choices although they have not yet been applied extensively in determin-
ing release limits. 
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Section 6 

GUIDANCE FOR APPLICATION 

6.1. SOURCE AVERAGING TIME 

6.1.1. Airborne releases 

The calculation of the RUBs for airborne releases assumes -a uniform source 
rate and is based on the use of long term average atmospheric dilution factors. Under 
these conditions, it would be appropriate to average the emissions over a period of 
one year. In practice, however, the emission rate is not constant and a shorter aver-
aging time is required in order to ensure that, in the unlikely event that a significant 
fraction of the RUB is discharged in a short period of time, the annual dose upper 
bound is not exceeded. An appropriate averaging time should be determined on a site 
specific basis, taking account of such factors as the magnitude of likely variations 
in the emission rate, the normal level of releases and the probability of their varia-
tion, and the probability of various weather conditions. Experience has shown that 
for nuclear power stations, where the releases are relatively constant, an averaging 
time of one week is appropriate. It is believed that an averaging time of one week 
is also appropriate for uranium mines and mills. 

6.1.2. Surface water releases 

Aquatic dispersion is generally a slower process than atmospheric dispersion. 
For releases into rivers, the ratio of mean to peak dilution factors available at a given 
point downstream, after the initial mixing zone, is close to unity. Dispersion model-
ling for the Great Lakes [36] also suggests that the ratio of annual average to short 
term dilution factors is rather small. The modelling was based on the observation that 
the discharge plume tends to hug the shoreline in one direction for several days, 
followed by relatively quick dispersion offshore and then development of a plume 
in the opposite direction. 

The averaging time for calculating the RUBs for aquatic releases is one month. 
This will provide reasonable assurance that, in the unlikely event that the monthly 
RUB amount is discharged in a few hours when dispersion conditions may be some-
what worse than average, the resulting maximum individual dose is unlikely to 
exceed the annual dose upper bound. 

6.1.3. Groundwater releases 

Aquatic dispersion in groundwater is generally a slower process than in surface 
waters. Adsorption of radionuclides into geological materials and soils further 
reduces the rate of dispersion relative to that of water. 
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Alternative averaging times for calculating groundwater releases vary from 
one month to one year. If the time of transport from the point of release into the 
groundwater to the critical group is more than one year, an averaging time of one 
year can be used. 

The time of transport from the point of release into the groundwater to the 
point at which it affects the critical group should also be compared with the operating 
life of the facility. For radionuclides which are adsorbed by the geological materials, 
the time of transport may be substantially longer than the operating life of the 
facility. 
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Appendix 

TABLE A - l . DOSE CONVERSION FACTORS ((DCF)a) FOR IMMERSION IN 
A CLOUD OF RADIOACTIVE MATERIAL (in Sv-a"1 per Bq-nT3) 

Radionuclide Effective dose2 Skin doseb 

U-238 series 

U-238c 2.67 X 10"8 1.76 X 10"6 

U-234 2.06 X io-1 0 8.70 X lO"10 

Natural uraniumd 4.64 X 1 0 - . o 2.20 X 10"8 

Th-230 5.29 X 1 0 - , o 1.09 X 10-9 

Ra-226 9.26 X 10-9 1.47 X 10"8 

Rn-222c 2.53 X 10"6 5.08 X 10"6 

Pb-210c 1.81 X 10"9 7.18 X 10-1 

Po-210 1.19 X io-" 1.62 X 10-u 

Th-232 series 

Th-232 2.52 X 10-10 7.77 X 1 0 - . o 

Ra-228c 1.31 X 10"6 2.44 X 10~6 

Th-228c 1.64 X 10"8 2.39 X 10"8 

a From Kocher [28], excluding the weighted skin dose. The values listed are for adults; for 
infants, multiply by 1.5. 

b From Kocher [28]. Sum of the skin gamma dose factors and the electron dose factors at 
a depth of 70 fxm below the body surface. The values listed apply for adults and infants. 

c Includes contributions from daughters closely associated with the parent. Specifically, 

238U = 238U + 234Th + 234Pam, 
222Rn = 222Rn + 218Po + 2 ,4Pb + 214Bi + 214Po, 
2iopb = 2,opb = 210^ 
228Ra = 228Ra = 228Ac, 
2 2 8 T h = 2 2 8 T h + 2 2 4 R a 

The daughters are assumed to be in secular equilibrium with the parents. 
d The dose conversion factors for natural uranium, in units of Sv -^g"1, are calculated based 

on the specific activity relationships given in Section 4.3. Natural uranium consists of 
99.275 at.% 238U (including contributions from 234Th and 234Pam), 0.0054 at.% 234U and 
0.72 at.% 235U (including a contribution from 23lTh). 
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TABLE A - 2 . DOSE CONVERSION FACTORS ((DCF)g) FOR 
EXPOSURE 1 m ABOVE A UNIFORMLY CONTAMINATED PLANE 
SURFACE (in Sv-a" 1 per Bq-m"2) 

Radionuclide Effective dose (DCF)g
a Skin doseb 

U-238 series 

U-238c 6.0 x 10"10 3.0 x 10"7 

U-234 2.18 x 10"" 1.72 x 10"'° 

Natural uraniumd 1.07 x 10"u 3.73 x 10"9 

Th-230 2.45 x 10"11 1.4 x 10"10 

Ra-226c 4.55 x 10"8 2.91 x 10"7 

Pb-210c 8.12 x 10 ' " 1.07 x 10"7 

Po-210 2.33 x 10"13 3.15 x 10"13 

Th-232 series 

Th-232c 6.38 x 10"8 4.19 x 10"7 

Ra-228c 6.38 x 10"8 4.19 x 10"7 

Th-228c 3.91 x 10"8 2.84 x 10"7 

a From Kocher [28], excluding the weighted skin dose. The values listed are for adults; for 
infants, multiply by 1.5. 

b From Kocher [28]. Sum of the skin gamma dose factors and the electron dose factors at 
a depth of 70 nm below the body surface. The values listed are for adults and infants. 

0 Includes contributions from daughters closely associated with the parent. Specifically, 

238y _ 238jj + 234Th + 234pam 
226Ra = 226Ra + 222Rn + 218Po + 214Pb + 214Bi + 214Po, 
210Pb = 210Pb + 210Bi + 210Po, 
232Th = 232Th + all of its decay products, 
228Ra = 228Ra + all of its decay products, 
228Th = 228Th + a U o f j ts d e c a y p r 0 ( l u c t s 

The daughters are assumed to be in secular equilibrium with the parents. 
d See footnote d in Table A - l . 
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TABLE A-3. COMMITTED EFFECTIVE DOSE EQUIVALENT 
CONVERSION FACTORS (in Sv-Bq"1) 

Radionuclide 
Inhalation 

classb 

Inhalation (DCF)," 

Adult Infant 

Ingestion (DCF)f
a 

Adult Infant 

U-238 Y 3.8 X i<r5 1.8 X 10-4 0.05 7.5 X 10"8 1.3 X io-7 

U-234 Y 4.3 X 10-5 2.1 X 10-4 0.05 8.5 X 10"8 1.4 X io-7 

Natural uraniumc Y 1.0 X 10"6 4.9 X 10"6 0.05 2.0 X io-9 3.4 X io-9 

Th-230 Y 8.1 X 10-5 3.1 X 0.03 2.1 X 10"5 5.5 X io-5 

Ra-226 W 2.6 X 10"6 8.2 X i<r6 0.2 3.2 X io-7 1.2 X 10"6 

Pb-210 D 3.5 X 10"6 1.5 X io-5 0.2 1.6 X 10"6 6.9 X 10"6 

Po-210 W 2.5 X 10"6 6.9 X 1(T6 0.1 5.3 X io-7 8.0 X io-7 

Th-232 Y 3.7 X 10-4 1.3 X io-3 0.03 1.1 X 10^ 1.8 X lO"4 

Ra-228 W 1.3 X 10"6 3.5 X 10"6 0.2 2.6 X io-7 5.3 X io-7 

Th-228 Y 1.1 X 10-4 4.3 X 10-3 0.03 1.5 X lO"5 9.8 X io-5 

Rn-222 d d 

a From Ref. [42], 
b The inhalation class is an indication of the length of time the radioactive material is held 

in the lungs. D: relatively soluble, material remains in lungs for Days; W: slightly soluble, 
material remains in lungs for Weeks; Y: insoluble, material remains in lungs for Years. 
The f, value is the fraction of radioactive material reaching body fluids after entry into the 
gut. Both the inhalation class and the f, values depend on the chemical and physical form 
of the radionuclide. The values listed correspond to the maximum value of the dose conver-
sion factor for each radionuclide. 

c See footnote d in Table A - l . 
6 The dose associated with 222Rn releases results from inhalation of the short lived daugh-

ters. The dose conversion factor for inhalation of radon daughters is 1.3 x 104 Sv-a~" per 
J-m"3, which applies to members of the public of all age groups. The calculation of the 
transfer parameter P(i)19 for 222Rn gas is given in Section 4.4.9. 
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TABLE A - 4 . DOSE CONVERSION FACTORS FOR RADON AND THORON 
DAUGHTERS 

Dose conversion factors 

'Light activity' workers2 Average member of the 
public, all ages 

Radon daughters 

Sv per J-h"'-m"3 2.94 1.5 

Sv-a"1 per J-m"3 
— 1.3 x 104 

Sv per WLMb 1.03 x 10"2 5.5 x 10"3 

Thoron daughters 

Sv per J-h"1 -m"3 1.0 0.5 

Sv-a"1 per J-m"3 
— 4.4 x 103 

Sv per WLMb 3.5 x 10"3 1.8 x 10"3 

a Assume worker works eight hours per day. Breathing rate = 1.2 m3-h"' . 
b WLM: working level month. 

TABLE A - 5 . CONCENTRATION FACTORS, Bv , SOIL-VEGETATION 3 

Element Forage grass Vegetables Browse 

U 1 X 10"2 5 x 10"4 5 x 10"2 

Th 3 x 10"3 5 x 10"4 1 x 10"1 

Ra 2 x 10"3 5 x 10"3 1 x 10° 

Pb 4 x 10"3 
1 X 10"3 5 x 10"1 

Po 4 x 10"3 2 x 10"4 1 x 10"1 

a From data provided by Letourneau [33]. 
Note: Forage grass and browse parameters are per unit dry weight; vegetables are per unit 
fresh weight. 

72 

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



TABLE A-6 . TRANSFER PARAMETER, P34 , FOR PLANT UPTAKE 
FROM SOIL 

P34 (m2-kg-') 

Fruits and 
Element Forage vegetables Browse 

u 4.2 x 10-5 2.1 X 10"6 3.1 x 10" 

Th 1.3 x 10-5 2.1 X 10"6 6.1 x 10"4 

Ra 8.3 x 10""6 2.1 X 10-5 6.3 x 10"3 

Pb 1.7 x 10-5 4.2 X 10"6 3.1 x 10"3 

Po 1.7 x 10-5 8.3 X 10-7 6.3 x 10" 

Note: These values are derived as described in Section 4.4.10. 
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