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CHAPTER 9. ASSESSING RADIOLOGICAL IMPACTS (EXPOSURES AND OOSES) ASSOCIATED 
WITH THE MINING AND MILLING OF RADIOACTIVE ORES 

G. A. Wi1liams 
Australian Radiation Laboratory 

ABSTRACT 

The basic units and concepts applicable to radiological assessment are 
presented. Data relevant to the assessment of radiological exposures from the 
mining and milling phases of uranium and thorium ores are discussed. As a 
guide to the assessment of environmental exposures to members of the public, 
concepts such as the critical group are defined. Environmental transport and 
exposure pathways are presented in general terms, together with a discussion 
of the use of mathematical models. The dose assessment procedures defined in 
the 1987 Code of Practice are described. 

INTRODUCTION 
The mining and milling of radioactive ores result in the release of 

radioactive material into the environment. In the immediate environment of the 
operation, occupational exposures which may be relatively quite large occur 
for a small number of workers, whereas environmental exposures which are 
relatively small can affect a large population over a very large area. The 
assessment of the radiological impact or consequences of the release of 
radioactive materials into air and water, or their disposal in the ground, is 
a quantitative procedure, involving one or more potential pathways between the 
source of released material and the intake by individuals. The ultimate goal 
of radiological assessment is to develop relationships between the source term 
or input of radionuclides to the environment and the resulting health effect 
upon man. 

In the sections that follow, the basic units and concepts applicable to 
radiological assessment are presented. For the assessment of occupational 
exposures, data relevant to the mining and milling phases of uranium and 
thorium ores are discussed. As a guide to the assessment of environmental 
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exposures to members of the public, concepts such as the 'critical group' are 
defined. Environmental transport and exposure pathways are presented in 
general terms, together with a discussion on the use of mathematical models in 
predicting the transport, bioaccumulation and intake by humans of 
radionuclides released to the environment. 

Finally, the dose assessment procedures defined in the new Australian Code 
of Practice on Radiation Protection in the Mining and Milling of Radioactive 
Ores (DASEII 1987) are presented. 

GENERAL BACKGROUND 
Radiation hazards can be classifieo into two types - internal and 

external. External hazards only arise with X-rays, gamma-rays, neutron and 
high-energy beta sources. On the other hand, alpha and low-energy beta 
particle sources can be extremely toxic once inside the body. The three 
pathways for internal uptake of radionuclides are ingestion, inhalation, and 
through cuts and scratches. 

Different organs of the body have different susceptibilities to radiation 
damage. The lens of the eye is very susceptible to the non-stochastic effect 
of opacification, and in terms of the stochastic risk of cancers, the order of 
susceptibility is gonads, breast, red bone marrow, lung, thyroid and bone 
surfaces. 

For any radionuclide entering the body, there will be a critical pathway 
and one or more target organs, and it is these factors, together with the 
chemical state of the radionuclide, which determine the actual biological 
risk. For example, the target organ for iodine is the thyroid, and for the 
1-131 released in the Chernobyl accident the critical pathway is ingestion via 
contaminated food and in particular milk. As another example, we will 
consider plutonium-239, an alpha emitting radionuclide of 24,390 year half 
life. This poses no external risk to the body but is a significant hazard 
when lodged in the target organ, the lung. The critical pathway is clearly 
inhalation. With ingestion, if the plutonium is in the form of the insoluble 
refractory oxide (Pu0_) then it will pass quickly through the body with little 
risk. However, if the plutonium is in a soluble form then the ingestion 
pathway is extremely significant with the target being the bone surfaces. 
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Units and Basic Definitions 

For present purposes, three basic units are important - those of activity, 
absorbed dose and dose equivalent. 

I, 

Activity.- The activity of a radioactive source is the number of 
disintegrations per second. The unit of activity is the becquerel (Bq), where 
1 Bq = 1 s The becquerel replaces the curie, Ci, in the SI system with 
1 Bq = 27 pCi. 

Absorbed Dose.- The absorbed dose is the energy imparted to matter by ionising 
radiation per unit mass of irradiated material. The unit of absorbed dose is 
the gray (Gy), where 1 Gy = I J/kg. The gray replaces the rad in the SI 
system with 1 Gy = 100 rad. 

Dose Equivalent.- The dose equivalent is the product of absorbed dose at the 
point of interest in tissue and the quality factor (QF). The dose equivalent 
enables the dose received by exposed persons to be expressed on a scale common 
to all ionising radiations. The unit of dose equivalent is the sievert (Sv), 
where 1 Sv = 1 J/kg. The sievert replaces the rem in the SI system with 1 Sv 
= 100 rem. 
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Quality Factor.- The quality factor (QF) is a non-dimensional quantity, which 
expresses the relative biological effectiveness of different kinds of ionising 
radiation. For example, QF = 1 for X-rays, gamma-rays and electrons, QF = 10 
for neutrons and protons, and for alpha particles QF = 20. 

Committed Dose Equivalent.- The committed dose equivalent allows for the dose 
to organs which will occur in future years after the intake of radioactivity 
with long retention times. It is the dose equivalent to the body, organ or 
tissue integrated over the fifty year period following a specified intake of 
radioactive material. The unit is the sievert. 

Committed Effective Dose Equivalent.- The committed effective dose equivalent, 
like the committed dose equivalent, allows for the dose to organs which will 
occur in future years after the intake of radioactivity with long retention 
times. It also relates the risks arising from the exposure of single organs 
to uniform whole-body exposures. It 1s defined as the sum for all tissues of 
the product of the mean dose equivalent, H(T) in tissue T, and the weighting 
factor, W(T), which represents the proportion of the stochastic risk resulting 
from irradiation of tissue T to tne total risk when the whole body is 
uniformly irradiated. The unit is the sievert. 
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Effective Dose Equivalent.- The effective dose equivalent relates the risks 
arising from the exposure of single organs by both external and internal 
radiation sources to uniform whole-body exposures, it is the sum for all 
tissues of the products of the mean dose equivalents (summation of the dose 
equivalent arising from external radiation sources and the committed dose 
equivalent from internal sources) to organs and tissues and weighting factors 
specified for the irradiated organs and tissues. The unit is the sievert. 

The appropriate weighting factors [W(T)] for individual organs are taken 
from 1CRP 26 (1977) and given in Table 1. The value of W(T) for the remaining 
tissues is based on the recommendations of the International Commission on 
Radiological Protection that a value of W(T) = 0.06 is applicable to each of 
the five organs or tissues of the remainder receiving the highest dose 
equivalents, and that the exposure of all other remaining tissues can be 
neglected. 

Table 1. Weighting factors for individual organs and tissues 

Tissue, T W(l) 

Gonads 0.25 
Breast 0.15 
Red bone marrow 0.12 
Lung 0.12 
Thyroid 0.03 
Bone surfaces 0.03 
Remainder 0.30 

The effective dose equivalent consists of three components, viz.* * 

(a) the effective dose equivalent arising from external exposure; 

(b) the committed effective dose equivalent arising from the intake 
of radioactive materials other than radon daughters; and 

(c) the committed effective dose equivalent arising from the intake 
of radon daughters. 
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In the new Australian Code of Practice on Radiation Protection in the 

Mining and Milling of Radioactive Ores (DASEII 1987), 'radon' means the 
radioactive gases radon-222 and radon-220 (often referred to as thoron). 
'Radon daughters' include the short-lived daughter products of radon-222 
(polonium-218, lead-214, bismuth-214 and polonium-214) and of radon-220 
(lead-212, bismuth-212 and polonium-212). Exposure to radon daughters is 
determined by the product of concentration in air and exposure time. The SI 

3 3 
units are Jh/m , where 1 Jh/m = 285 WLM. One WLM (working level month) 
corresponds to an exposure of 1 WL during the reference working period of one 
month or 170 h. 

The effects of radiation damage to tissue fall into two classes, 
stochastic and non-stochastic. Stochastic effects are those in which the 
probability of an effect occurring, rather than its severity, is a function of 
dose without a threshold. Examples are the induction of cancers and 
hereditary disease. Non-stochastic effects are those in which the severity of 
the effect varies with the dose, and a threshold may therefore exist. An 
example is the induction of opacity in the lens of the eye. 

^ 
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Risks 
Certain external radiation sources can deliver massive doses of radiation 

uniformly to the whole body. Such large doses cause immediate symptons, as 
distinct from long-term cancer production which results from exposure to 
smaller doses. Extremely high doses of whole-body irradiation, for example 10 
Sv or more, are fortunately very difficult to achieve, but will result in 
rapid death due to the destruction of the central nervous system. Somewhat 
lower whole-body doses will destroy the lining of the stomach, again leading 
to a fairly quick and painful death. The LD50 limit, at which 50% of those 
exposed will die within a period of 3 to 6 weeks, is ca. 4 Sv and at this 
exposure level it is the destruction of the body's immune system which 
ultimately results in death due to some secondary infection. Below a 
whole-body dose of 2 Sv, there will be almost no fatalities in the immediate 
future, the risk now being of long-term cancer or leukemia production, or of 
the induction of hereditary effects. 

! * 

The risk to health from exposure to a particular dose-equivalent of 
radiation is naturally dependent on the susceptibi Hty of the organ or part of 
the body being irradiated, for example, tissue such as the thyroid and lung 
are at greater risk of developing tumours as a result of irradiation than are 
skin and muscle tissue. The actual risk factors for various organs are given 
in 1CRP 26 (19//). l-or uniform whole-body exposure, the mortality risk factor 
for radiation-induced cancers is 1/100,000 per mSv. 

>•••,>!•! 
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ASSESSMENT OF OCCUPATIONAL EXPOSURES 

Miners of radioactive ores are exposed to external radiation and to 
airborne radioactivity. Underground uranium miners in particular are at risk 
from the short-lived daughter products of radon in poorly ventilated mines. 
In open cut mines, exposure to radon daughter products is not such a hazard 
and external radiation becomes relatively more significant. Usually, in 
neither case is the inhalation of airborne ore dust a major problem. 
Exposures are generally less significant in the mining of beach sands. 

The milling cf radioactive ores increases the concentration of the 
product, which if handled as a powder (for example, yellowcake in a uranium 
mill) may present a potential airborne dust hazard relatively more significant 
than the ore from which it came. Milling may also concentrate those 
radionuclides which re the major source of external radiation in the ore and 
lead to a greater external radiation hazard. 

Annual Dose Limits 
The annual dose limit (effective dose equivalent) for designated employees 

is 50 mSv, while for non-designated employees it is 5 mSv. The dose equivalent 
to any single organ or tissue (excluding the lens of the eye, for which the 
limit is 150 mSv) must not exceed 500 mSv for designated employees, or 50 mSv 
for non-designated employees. 

Uranium Mining 
External Radiation.- Thomson and Wilson (1980) have reviewed information on 
gamma-ray exposure rates from uranium ore bodies. Their calculations provide 
a figure for the exposure rate above an infinite slab of ore of grade less 
than 10 percent uranium of 6.5 mR/h (ca. 60 yGy/h) per percent uranium. At 
higher ore grades the factor reduces, due to differences in gamma-ray 
absorption and scattering as the effective atomic number of the source 
increases relative to air; at 100% the factor reduces to ca. 3 mR/h per 
percent uranium. The same authors also provide useful information on solid 
angles as a function of source geometry, enabling exposure rates in specific 
situations to be calculated. 

If source geometries, occupancy factors (fractions of total working time 
in contact with ore) and shielding factors (as generated by ore truck bodies, 
etc.) are neglected the above figure suggests that annual exposures, assuming 
2000 working hours per year, might be 120 mGy/y per percent uranium in ore. 
This is equivalent to a whole- body dose equivalent of ca. 120 mSv/y, or more 
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tnan two times the limit of 50 mSv/y. In fact, the effect of the various 
factors neglected above is to cause markedly lower annual doses. Annual dose 
rates for one percent ore, based on experience at Nabarlek, average ca. 1 mSv 
with a maximum of less than 15 mSv/y per percent uranium in ore. 

Inhalation of Airborne Ousts.- Leach, Lokan and Martin (1980) give a summary 
of dust concentration measurements taken during the Nabarlek mining 
operation. Ninety-six percent of measurements in the open-cut were less than 

3 
1.3 alpha Bq/m and 97% taken elsewhere were less than this figure, which is 
used by Leach et al. as the maximum permissible concentration for insoluble 
ore dust, in terms of long-lived alpha activity. Aerodynamic particle size 
distributions were also measured at the edge of the pit. The average 
aerodynamic mass median diameter was ca. 10 + 4 ytn. Less than 20% of material 
with aerodynamic mass median diameters of this order is deposited in the 
pulmonary region of the lung, the critical tissue for most long-lived 
insoluble radionuclides. 

Typical average ore dust loadings in and around an open-cut mine are of 
3 the order of 5% (0.06 alpha Bq/m ) of the above maximum permissible 

concentration per percent uranium in ore. 

Exposure to Radon Daughters.- Parameters which influence the concentration of 
radon daughters in an underground uranium mine include ore grade, absolute and 
relative surface areas of ore and rock exposed, ventilation rate, and the rate 
of emanation of radon from ore and rock surfaces. Other factors which 
influence concentrations are barometric pressure, inflow of radon-rich water 
and location within the mine. It is not surprising, therefore, to find that 
predicting exposures quantitatively is not a ready option. 

Experience indicates that good ventilation and control of access to areas 
of high radon daughter concentrations are required in underground uranium 
mines in order to ensure annual exposures do not exceed the limits set by the 
new Australian Code of Practice (DASEII 1987). 

Radon daughter concentrations in open cut mines are much lower than in 
underground mines and are considered insignificant. At Nabarlek, with an 
average ore grade of 2%, the exposure to radon daughters of employees working 
in the open pit was estimated at ca. 0.1 WLM/year per percent uranium in ore 
(Leach, Lokan and Martin, 1980). This exposure per unit ore grade is several 
thousand times smaller than that for poorly ventilated underground mines. 
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In practice, dose estimation is made fro*., environmental measurements of 

radon daughter concentrations or exposures, i^ich are converted into intake 
and then into effective dose equivalents. Conversion factors to be used for 
the standard assessment of effective dose equivalents for adults are given 
be 1ow. 

I. Beach Sand Mining 
Radiological problems 1n the mining phase of the beach sand industr are 

generally trivial in Australia because of the low concentration of m o n ^ t e 
(typically 0.5%) and the low fraction of thorium in monazite (generally 1 ss 
than 10%). Secondary treatment can produce high grade concentrate containi»;j 
90% monazite. Radiological problems can arise with this material and ar_ 
discussed below. UNSCEAR (1977) data on the natural radiation background 
provide some indication of the possible levels of exposure associated with the 
mining of thorium ores. 

External Radiation.- By use of the UNSCEAR (197/) figure of 2.45 mrad/h per 
pCi thorium-232 per gram soil, and a specific activity of thorium of 0.105 
pCi/g, it is possible to estimate an annual whole-body dose equivalent of ca. 
50 mSv for 2000 hours exposure adjacent to ore of 1% thorium-232. 

3 Airborne Ousts.- By use of the UNSCEAR (1977) figure of 0.1 mg/m for dusts in 
the urban environment as an indicator of average respirable dust levels in 3 mining, average concentrations of the order of 1 pg thorium/m per percent 
thorium in ore may be expected. 

•1 
1 

Exposure to Radon-220 and Daughters.- For open cut mining, annual exposures 
are expected to be less than 1 WLM per percent thorium in ore. 

Uranium Milling 
lhe extraction of uranium from uranium ore produces yellow-cake (U„0o with 

o a 

less than 1% by activity of radium-226 and thorium-230) and tailings, 
containing the remainder of the activity in the uranium decay chain at 
approximately the concentration in the original ore. 

Unlike the mining operation, most stages of milling can be carried out in 
ventilated enclosures of some kind, to ensure that airborne material is 
carried away from operators. The initial crushing of ore releases radon and 
dust, while the final stages of yellow-cake production, drying and calcining, 
release yellow-cake dusts to the atmosphere. All other stages involve wet 

* 
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processes which minimise dust release, although radon release can still 
occur. Exposures to airborne contaminants in a mill depend strongly on the 
adequacy of control procedures and it is, therefore, extremely difficult to 
quantify possible annual doses in a generic way. 

External radiation exposure is generally not significant in the milling 
phase. Gamma-ray dose rates on the surfaces of drums of yellow-cake are of 
the order of 20 to 30 pSv/h and, because of extended source geometry, may be 
ca. 2 pSv/h at a distance of 20 m from a stock-pile of yellow-cake. Beta 
radiation levels are not normally excessive, although surface dose rates for 
exposed yellow-cake are probably of the order of 2 mSv/h. 

K. 
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Thorium Processing 
Holmes and Stewart (1966) measured gamma radiation dose rates and dust 

concentrations in air associated with beach sand mining upgrading processes. 
Gamma ray dose rates were around 50 to 80 nSv/h over unworked beaches and 
tailings, up to 200 nSv/h over ore surfaces and in primary separation plants, 
up to 2 ySv/h over primary concentrates, up to 10 pSv/h over separation 
equipment in secondary concentration plants, up to 80 ySv/h in concentrate 
handling and bagging areas, up to 150 ySv/h over monazite stockpiles and 25 
nSv/h over foundry grade zircon stockpiles. It is apparent that control of 
access is required for some areas. 

Long-lived alpha particle activity in air at various locations in the 
3 plant ranged from 1 to ca. 30 alpha disintegrations per minute per m (0.02 to 

3 3 
0.5 Bq/m ), although at the monazite bagging station a value of 5 Bq/m was 
obtained. 

i 
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Iwo studies of radioactivity levels at a titanium dioxide plant and in the 
environs of the plant found that thorium enters the plant in monazite which is 
present as an impurity (ca. 0.14% by mass) in the ilmenite feed (Cooper, 
btatham and Williams, 1981; Cooper and Williams, 1984). It was established 
that in the presence of high sulphate ion concentrations in both the plant 
feed liquor and the effluent, thorium remains in solution whereas radium, 
which forms an insoluble sulphate compound, tends to coprecipitate and is 
found in solid residues throughout the process. Dose rates at certain stages 
of the plant process were quite significant due to deposited insoluble 
radium-226 and radium-228; for example, discarded filter cloths showed surface 
dose rates (beta plus gamma) up to ca. 50 vSv/h. Thorium-228 is disposed in 
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liquid effluent which leaves the plant and is a potential source of exposure 
to members of the public through its presence in the environment and transfer 
to the food chain. Thorium and radium levels in the titanium dioxide product 
were insignificant. 

I 
I, 

ENVIRONMENTAL EXPOSURES TO MEMBERS OF THE PUBLIC 
Members of the public are protected from the effects of ionising radiation 

arising from mines and processing plants by both preventing the public from 
remaining in supervised areas and by controlling the transfer of radioactive 
materials off site by limiting discharges to the environment. Discharge of 
waste materials is subject to the Code of Practice for the Management of 
Radioactive Wastes from the Mining and Milling of Radioactive Ores (1982) 
(DHAL, 1982). The various Guidelines to the Code should be consulted for 
detailed advice. The transfer of radioactive material off site other than by 
discharge should also be controlled. Any equipment or vehicle that may have 
become contaminated should be inspected and, when appropriate, monitored to 
the satisfaction of the Radiation Safety Officer prior to its removal from the 
mine or processing plant. Before such removal, surfaces should be cleaned so 
that any remaining contamination meets the appropriate limits. 

-J 
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Critical Group 
For purposes of controlling the exposure of members of the public, it is 

necessary to identify the critical group. Under the new Code of Practice on 
Radiation Protection in the Mining and Milling of Radioactive Ores (DASET1 
1987), the critical group is defined as an existing or predicted small group 
of members of the public which comprises individuals who are relatively 
homogeneous with respect to age, diet and those behavioural aspects that 
affect the doses received and who receive the highest radiation dose from the 
operation under consideration. It is important to realise, therefore, that 
the critical group can only te a hypothetical grouping if that group is 
reasonably expected to exist some short time into the future. 

For each operation leading to radiation exposure of members of the public, 
it is usually possible to identify a group of people likely to receive the 
highest doses from that operation. Careful assessment of the radiation 
exposure of this group should then be sufficient to demonstrate compliance 
with the Code. This approach reduces the assessment effort required to a 
manageable size, while giving confidence that the rest of the population will 
receive acceptably small radiation doses from that operation. 

if 
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The critical group should be selected to be representative of those 

individuals in the population expected to receive the highest doses from an 
operation which may cause radiation exposure. Careful consideration should be 
given to the exposure pathways expected. Often one exposure pathway will lead 
to the major portion of a group's exposure, but it is the combined effect of 
all significant pathways that will lead to identification of the critical 
group. It is also possible that different critical groups may need to be 
defined for different exposure pathways, for example when two distinct groups 
receive about the same exposure. In general, however, after summing the dose 
estimates from the various pathways, a single group will become identifiable 
as the critical group. In some cases, it may be necessary to propose a 
hypothetical critical group. Such a group would not exist at the time of the 
investigation or assessment but it could be reasonably expected to exist a 
short time later. For example, a new community might develop near a mine site 
in a bush location because of improved amenities and road access. 

In assessing the doses received by members of the public, it is usually 
sufficient to estimate the average doses received by members of the critical 
group. That is, individual monitoring and assessment is not normally 
required; each member of the critical group is presumed to have received a 
dose equal to the average for the group as a whole. Although the innate 
variability within the critical group will lead to some individuals receiving 
higher doses than others, this is of little significance in the overall 
assessment of exposure of members of the public, provided the critical group 
has been properly identified. It is important that the critical group is not 
made too big by the inclusion of a large number of people expected to receive 
very small doses. The average doses received by members of such an over-large 
group will be substantially lower than those received by the most exposed 
people within it, and could lead to an under-estimate of exposures and risks 
for some individuals. Conversely, if assessments are based on maximising 
assumptions and critical pathways, the doses so estimated are likely to be 
representative of the most exposed people within the group, and treating these 
as average doses could overestimate the group exposure. It is important not 
to seek out the most exposed individual within a critical group and to treat 
the dose received by that person as typical of the group as a whole. Careful 
judgement is thus required in keeping the critical group small while at the 
same time representative of those in the overall population who are most 
exposed. 
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Annual Dose Limits 

The annual dose limit (effective dose equivalent) for members of the 
public is 1 mSv. This applies to the average dose received by a member of a 
critical group. In some circumstances, short-term excursions to 5 mSv in a 
year are permissible, provided that the average annual effective dose 
equivalent over a lifetime does not exceed the principal limit of 1 mSv. 

ENVIRONMENTAL TRANSPORT AND EXPOSURE PATHWAYS 

Mathematical Models 
lhe assessment of the radiological impact or consequences of the release 

of radioactive materials into air and water, or their disposal in the ground, 
is a quantitative procedure. M g . 1 shows the major steps in this assessment 
process and the pathways between the source of released material and the 
intake by individuals. To describe these pathways quantitatively requires the 
use of mathematical models which incorporate the many factors that affect the 
movement of radionuclides from one compartment to another. These models 
predict the transport, bioaccumulation, and intake by humans of radionuclides 
released to the environment. With knowledge of the amounts of radioactive 
material released to the environment and ultimately ingested or inhaled, 
radiation dose may be calculated directly by use of conversion factors that 
relate the quantity of the energy absorbed in human tissues to external or 
internal sources. The ultimate goal of radiological assessment is to develop 
relationships between the source term or input of radionuclides to the 
environment and the resulting health effect upon man. 

A basic tenet for radiation protection of public health is to maintain 
exposures a? low as reasonably achievable (ALARA), taking economic and social 
considerations into account, within the overall constraint of dose limits, 
lhis philosophy requires that models provide reasonable assurance that routine 
exposure of the public will be in accordance with regulatory guidelines, and 
also necessitates the use of models in the development of an optimum 
cost-benefit design for effluent treatment techniques. 



'& 9 
> & « • - * • -

„ w* .1 .£«&—*-

i 
1 
I, 

254 

4'. 

SOURCE: 

' 

TERM 

\ ' \ ' \ ' 
ATMOSPHERIC 
TRANSPORT 

SURFACE WATER 
TRANSPORT 

GROUND WATE3 
TRANSPORT 

ATMOSPHERIC 
TRANSPORT 

SURFACE WATER 
TRANSPORT 

GROUND WATE3 
TRANSPORT 1 

DEPOSITION ON 
TERRESTRIAL 
SURFACES AND 
IN SEDIMENTS 

DEPOSITION ON 
TERRESTRIAL 
SURFACES AND 
IN SEDIMENTS 

\ ' 
BIOBCCUMULBTION 
IN FOOD PRODUCTS 
BIOBCCUMULBTION 
IN FOOD PRODUCTS 

\ ' 
USAGE RATES 

FOR 
INDIVIDUALS 

USAGE RATES 
FOR 

INDIVIDUALS 

\ ' 
OOSE RATE 
FACTORS 

OOSE RATE 
FACTORS 

1 1 
HEALTH 
EFFECTS 

il 

FIGURt 1. The major steps considered in evaluating the effects of 
radionuclides released to the environment. 

Mathematical models can be used to evaluate (1) proposed discharges of 
radionuclides, (2) the routine operational release of radioactivity, and (3) 
the accidental release of radioactivity to the environment. They also aid in 
the definition ot dominant exposure pathways, key radionuclides in the source 
term, and the critical exposure groups. During periods of actual emissions, 
models are relied upon to guide operation ot effluent treatment systems and 
environmental surveillance, to predict concentrations in the biosphere which 
are below detectable limits, and to convert measured values of radionuclide 
intake and exposure into estimates of radiological dose. 
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lhe use of environmental transport models for radionuclides has been 

wideiy accepted with the result that computerised mathematical models (codes) 
have proliferated. Considerable variation exists in sophistication among 
models, the types of parameters needed for the models, and the degree to which 
the models have been validated. 

The application of radionuclide transport models from the point of 
discharge to the environment to the point of intake by humans, called 
radiological assessment, is illustrated in Fig. 1 and begins by defining the 
quantity of radionuclides that are released and enter the environment. 
Uncertainties in the measurements or estimates of the source term are passed 
on to the assessment calculations. Source terms relevant to the mining and 
milling of uranium and thorium ores have been discussed above and in previous 
lectures. Data that are required include the time distribution of release, 
the quantities and species of radionuclides released, and the chemical and 
physical forms of the radionuclides. 

Models are available to describe the transport of radionuclides through 
the atmosphere, surface and groundwaters, deposition in sediments, and 
accumulation in foodstuffs. Uptake of radionuclides by humans is determined 
with usage factors that describe dietary habits, physiological parameters, and 
living customs of the receptors. The final steps in the assessment process 
are the estimation of dose and health effects from exposure to the 
radionuclides. These last two areas are covered in other lectures in this 
series. 

Radionuclides may be released under controlled circumstances, commonly 
referred to as a routine release, in which the point of release, the quantity 
of radionuclides, and the duration of release are predetermined and 
monitored. Most models assume that an equilibrium condition exists between 
the source term and concentrations in model compartments. On the other hand, 
radionuclides may also be released in an uncontrolled situation such as during 
an accident in which a pulse of radioactivity escapes for a brief period. 
Most models deal with routine releases, although there is some application to 
the accident situation. Models usually provide the means for assessing 
exposure to individuals (I.e. critical groups) rather than the collective 
exposure to large populations, i.e. the methods provide assessments applicable 
to critical groups representative of Individuals in a specific location having 
specific dietary habits rather than all persons within a large geographical 
area. The latter would involve summations over large distances and long time 
periods, factors which greatly increase the uncertainty of the assessment. 
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A detailed review of the status of current models of radionuclide 

transport is provided in NCRP 1984. In this review, the limitations and 
uncertainties in the use of the models in meeting current standards are 
presented, along with an in-depth analysis of the data bases accompanying the 
models. Also, where available, the results of model validation experiments 
which compare model predictions with field observations are included. 

Exposure Pathways 
In any given situation one, or at most a few, pathways are the major 

sources of exposure and it is generally appropriate to confine attention to 
the critical pathway. It is necessary, of course, to consider possible 
pathways for each contaminant and also for any daughter products released. In 
the mining and milling of uranium, the major releases to atmosphere are radon 
and its daughter products, ore dusts, yellow-cake or product dusts and 
possibly tailings dusts. The most direct route for exposure is inhalation, 
but there may be intakes by ingestion it foodstuffs become directly or 
indirectly contaminated and there may be external radiation exposure from 
airborne or deposited material. Radionuclides which may be in a very 
insoluble chemical form in the ore may undergo chemical changes during 
treatment which make them far more available for aqueous transport. In 
relation to releases to surface and groundwater the ingestion of radium has 
received the most attention to date in published assessments. The major 
exposure route for releases to the atmosphere in mining and milling of uranium 
ores is clearly due to airborne radon. 

In order to make quantitative assessments of the significance of various 
pathways it is necessary to know such factors as the rates at which 
radioactivity are released to the environment (or, for one-off events, unusual 
in the mining and milling of radioactive ores, the total release); the rates 
of dispersion of released material in the environment so that concentrations 
at various locations can be assessed; the rates of transfer from the 
environment to foodstuffs, animal and vegetable; the rates of consumption of 
various foodstuffs by various members of the community, or, for external 
radiation exposure, times spent in the vicinity of contaminated components and 
the exposure rate per unit of activity in these components. Finally, the 
doses per unit intake, either by ingestion or inhalation, must be determined. 
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Atmospheric Dispersal.- The two major mechanisms of wind and atmospheric 
turbulence determine the atmospheric dispersion of airborne material. The wind 
determines the rate of removal from the point of discharge and the path taken, 
while atmospheric turbulence determines the transverse spread of the material 
about the mean path. Both wind velocity and turbulence can vary over two 
orders of magnitude and as a consequence atmospheric dispersal over short 
periods (hours or less) is strongly dependent on meteorological conditions. 
As the period of observation for averaging is extended the variations become 
less significant, although there will be diurnal variations and possibly 
seasonal variations. 

There are a number of different models for assessing atmospheric transport 
and diffusion (NCRP, 1984). However, the most widely used model of diffusion 
is the continuous point-source Gaussian plume formula: 

x(x,y,z)/Q = (2* a y az u ) " 1 exp(-y 2/2o 2) x 

[exp(-(z - t\e)2/2o2

z) • exp(-(z • h^)2/2a\)] 
where 

3 
x(x,y,z) = steady-state concentration (Bq/m ) at a point (x.y.z), 

Q = continuous release strength (Bq/s), 
u = mean (horizontal) transport wind speed in x direction 

(ra/s), 
a ,a = horizontal and vertical standard deviation of concentration y z distribution (m), and 

h = effective source height (m). 

The double exponential term in z accounts for a conventionally assumed 
'reflection' of the plume by the underlying surface. The dispersion lengths 
a and a are empirically-based functions of downwind distance, x, atmospheric 
stability conditions, source height and surface roughness. The various series 
of diffusion field trials that provide values of a and a were made mostly at 
atomic energy laboratories and field sites during the past 30 years. Values 
of a and a are generally tabulated as a function of distance from the source 
for atmospheric conditions ranging from unstable through neutral to stable. 
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Surface Deposition.- The amount of radionuclide deposition on various kinds of 
vegetation, food crops and other surfaces is taken into account in models by 
defining a 'dry deposition velocity', V(d). The quantity of material 
deposited, D (Bq/m ), is given by 

xV(d) 

where x is the time-integrated concentration of radionuclides (Bq.s/m ) at 
some specified height (usually 1 m) above the surface and V(d) has units m/s. 
A typical value of V(d) is 0.001 m/s. The dry deposition velocity includes 
effects of both atmospheric and surface processes between the reference height 
and the depositional surface. Current models for dry deposition fall short of 
a complete inclusion of all major recognised factors. Wet deposition models 
are also available to model the washout of particles and gasses from the 
atmosphere (NCRP, 1984). 

Surface Water Assessments.- Radionuclides can enter surface waters by 
atmospheric deposition, run-off or soil erosion, or from releases of liquid 
effluents. Current pathway models predict the concentration of radionuclides 
in the water as a result of dilution, dispersion and adsorption on sediments 
as a function of space and time. A number of transport models are available 
(NCRP, 1984). The decision on the degree of complexity necessary depends upon 
the characteristics of the receiving water body, the potential exposure 
pathways, and how accurately the resultant dose needs to be known. In the 
case of internal exposure from drinking water, the rate of intake is derived 
from the calculated concentration in the water and the usage rate. 

Groundwater Assessments.- Groundwater flow is the predominant pathway for 
radionuclides released from controlled solid waste disposal operations on land 
and from some liquid waste disposal operations. Transport of radionuclides 
released to groundwater can be predicted by use of mathematical models that 
account for the chemical form, radioactive half-life and geologic and 
hydrologic parameters of the environment. The ultimate objective of 
groundwater models 1s to predict the quantity per unit time of radionuclides 
released from a source which is subsequently ingested by humans directly 1n 
drinking water or enter the food chain. The time scale over which predictions 
may be made ranges from a few years to thousands of years and beyond. 

V ,* 

Dietary Pathway Usage factors.- Once the concentration of radionuclides in the 
atmosphere, water and food products has been established, the amount taken in 
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by people can be determined by applying usage factors for dietary intake, 
breathing rates, and living habits. Site-specific data for usage factors are 
always preferable to tabulated default values (NCRP, 1984). However, in many 
cases these data are not available or are difficult to obtain. Knowing the 
intake rate of radionuclides per unit time, internal exposure may then be 
calculated by use of dose conversion factors for ingestion and inhalation. 

Some typical average annual dietary usage factors for adults are drinking 
water 3/0 litre; milk 110 litre; fruits, vegetables and grain 190 kg; meat and 
poultry 95 kg; fish 6.9 kg; seafood 1.0 kg. For children, typical annual 
values are drinking water 260 litre; milk 170 litre; fruits, vegetables and 
grain 200 kg; meat and poultry 37 kg; fish 2.2 kg; seafood 0.33 kg (NCRP, 
1984). 

U0SL ASSESSMENT PROCEDURES IN THE. AUSTRALIAN CODL 
Procedures are set out for the determination of annual effective dose 

equivalents in the new Australian Code of Practice on Radiation Protection in 
the Mining and Milling of Radioactive Ores (0ASE11 1987) and in the 
accompanying Guidelines (1987). Compliance with the specified limits is 
considered as having been demonstrated if the doses assessed in accordance 
with the given procedures are below the relevant limits. 

Doses which are not included in assessing compliance with the limits are 
those due to natural background radiation, other than any received as a 
consequence of the operations of the mine or mill, and those received as a 
patient undergoing radiological examinations, radiotherapy or nuclear medicine 
investigations. 

In general, an approximate but straightforward procedure, detailed in the 
Guideline (1987) to the Code of Practice, is used for the initial or standard 
assessment of effective dose equivalent for adults. This approximate 
effective dose equivalent, if below the relevant limit, is normally acceptable 
as the assessed dose. In this procedure, the characteristics of Reference Man 
(1CRP, 1975), working under the same conditions as the Individual of whom the 
assessment 1s made, are used. This allows standard ICRP modelling to be used 
and requires no modification for individual physiological characteristics. 
If, however, the dose so assessed 1s close to or exceeds the limit, 1t must be 
re-evalLated making use of any available radiological ana environmental data 
and Individual characteristics and a specific procedure appropriate to the 
detailed circumstances of the radiation exposure. 
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The assessments of effective dose equivalents received by employees shall 

take into account the results obtained from the approved monitoring program 
and use the data reproduced below in Table 2. The exception is that, with 
approval from the appropriate authority, more appropriate data may be used 
when detailed knowledge of the physical characteristics of the relevant 
environmental parameters and the physiological characteristics of exposed 
individuals is available. 

At an ore site, radionuclides are expected to be present in insoluble 
forms and, therefore, conversion factors for the longest pulmonary retention 
class will be appropriate. If it is known that the chemical form of any of 
the radionuclides present is inconsistent with the assumed class, then a 
correction must be incorporated. Where particle size distributions are not 
known, an activity mean aerodynamic diameter (AMAD) of 1 urn should be 
assumed. It is likely that AMAOs of 5 wm or greater will be found at ore 
sites, and if this can be demcnstrated then the appropriate conversion factors 
may be used. 

The components of effective dose equivalent for an employee are assessed 
as follows: 

(a) the effective dose equivalent from external exposure for a 
monitoring period shall be taken to be numerically equal to 
either the products of the occupancy times and the mean 
absorbed dose rates in those times, integrated over the 
monitoring period, or the dose reported after assessment of 
personal monitors worn throughout that period; 

(b) the committed effective dose equivalent from the intake of 
radioactive materials other than radon daughters for a 
monitoring period shall be taken to be equal to the mean 
contamination levels in the air inhaled or water Ingested, 
multiplied by the factors given in Table 2, Part A for each 
radionuclide or Table 2, Part B for specified mixtures of 
radionuclides inhaled or ingested and by the quantity of air 
inhaled or water ingested 1n each period. A breathing rate 

3 of 1.2 m /h shall be assumed for normal working conditions; 
and 

S 
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(c) the committed effective dose equivalent from the inhalation 

of radon daughters for a monitoring period shall be taken to 
be equal to the mean radon daughter concentration in the air 
inhaled, multiplied by the factors given in Table 2, Part C 
and by the quantity of air inhaled in each period. A breathing 

3 
rate of 1.2 m /h shall be assumed for normal working conditions. 

Ihe assessments of effective dose equivalents received by the critical 
group of members of the public uses the results obtained from monitoring 
together with occupancy, dietary habits and physiological characteristics 
relevant to the group. Data assessment procedures given for employees are to 
be followed in so far as the monitoring program allows, using the 
characteristics of Reference Man. 
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Table 2. Factors to convert intake to effective dose equivalent 

Part A. For individual radionuclides 

2 
Radionuclide Factors (mSv/Bq) 

Uranium series: 

U-238 
U-234 

lh-230 
Ra-226 
Pb-210 
Po-210 

U-235 
Pa-231 
Ac-22/ 

Thorium series: 

Th-232 7.4 x 1 0 - 4 3.1 X 10 _ 1 1.4 X 10" 1 

Ra-228 3.3 x lO" 4 1.1 x 1 0 _ 3 7.1 x 10" 4 

Th-228 1.0 x 10- 4 8.3 x 1 0 _ 2 3.0 x 10~ 2 

Ra-224 8.3 x 10" 5 7.9 x 10" 4 2.9 x 1 0 ' 4 

Ingestion Inhalation 

1 1 am AM AD 5 ym AMAO 

6.3 x io"5 3.2 X 10" 2 1.2 -2 x 10 
7.0 x io"5 3.6 X io- 2 1.3 x 1 0 ' 2 

1.4 x io- 4 7.1 X lo ' 2 3.1 x 10~ 2 

3.1 x io- 4 2.1 X lO- 3 1.0 x ) 0 ' 3 

1.4 x .0-3 3.4 X lO - 3 4.2 x 10" 3 

a.4 x io"4 2.2 X lO - 3 1.4 x 1 0 3 

6.8 x io"5 3.4 X 10" 2 1.2 x 10 ' 2 

2.9 x lO- 3 2.3 X l o " 1 1.1 x 10 ' 

3.8 X I O - 3 3.3 X 10" 1 1.5 x 10~ 

Notes: 

.) Ihe values quoted are applicable to adults. 

2) ihe tabulated values are from 1CRP 30 (19/9), ana for ingestion 
are for t!.-> more solubl. chemical forms, while for inhalation 
they are for tfte longest, pulnonary retention class. 
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Part B. For specified mixtures of radionuclides listed in Part A 

1 2 
Mixture Factors (mSv/a dps) for inhalation 

, _ 
f Uranium dusts: 1 pm AMAD 5 pm AMAO 
i 
* 
« ore dust 4 2.1 x 10" 2 9.1 x l(f 3 

5 -2 -2 
product dust 3.4 x 10 1.2 x 10 

5 -2 -3 
tailings dust 1.7 x 10 8.1 x 10 Thorium dusts: 

lh-232 series only 6.6 x 10~ 2 2.9 x 1 0 _ 2 

-2 -3 
Mixed thorium and 2.1 x 10 x f + 9.1 x 10 x f *-
uranium dust: 6 , 7 6.6 x 10~ 2x (1 - f) 2.9 x 10 _ 2x (1 - f) 

Notes: 
1) For mixtures of radionuclides which do not correspond to these 

specifications, the factors shall be derived by use of values in 
Part A, taking into account the composition of the mixture. 

2) o dps means the expectation value of the number of alpha-particle 
disintegrations per second of the mixture. It is assumed that 
no loss of radon occurs. 

3) It is assumed that 0.72% by mass of natural uranium is U-235. 

* 4) Secular equilibrium is assumed. 

6) Greater than 90% uranium extraction to product is assumed, with 
1 greater than 90% rejection of thorium, radium and daughters to 
J tailings. 

6) Secular equilibrium is assumed for each of the series U-238 and 
rh-232. 

/) f is the traction of the total alpha activity of the mixture 
due to the U-238 and U-235 series. 
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Part C. For radon daughters 

Radionuclides Factors (mSv/J) 

t: 

i i 

Radon-222 daughters 

Radon-220 daughters 

2.5 x 10 

8.3 x 102 
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