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Chapter 9. Thermoluminescent Dosimetry and Assessment of Personal Dose 

J. F. Boas, L. J hartin ana J. G. Young 
Australian Radiation Laboratory 

Abstract. The first section of this paper aiscusses thermoluminescent 
phenomena~Tn terms of the energy band structure of a crystalline solid and the 
trapping of charge carriers by point defects. Some general properties of 
thermoluminescent materials usea for dosimetry are outlined. The 
thermoluminescence of CaSO^Dy is described in detail, with particular 
reference to the CaSO^Dy-teflon oiscs used in the Australian Radiation 
Laboratory's TLD service. 

In the second section, the energy response function is discussed. 
The absorbed dose, i.e. the energy deposited in the medium of interest, is 

described in terms of the variation of the mass-energy absorption coef.icient 
with the energy of the incident photon and the atomic number of the absorber. 
The modification of the energy response of a dosimeter by shielding is 
discussed. The application of these considerations to the Australian 
Radiation Laboratory's TLD service is presented and a brief description of its 
operation is given. 

The third section develops the connection between exposure, as recoroed by 
a TLD badge, and the absorbeo dose to the various organs from gamma radiation 
in a uranium mine. The conversion from absorbed oose to dose equivalent is 
discussed in the light of recent experiments using a Standard Man radiotherapy 
phantom. Finally, some uncertainties in assessment of dose equivalent are 
described. 

INTRODUCTION 
In this course to date we have largely concentrated on the measurement of 

the hazards arising from radon emanation and its inhalation and ingestion. 
This can be regarded as the main source of internal exposure, and in many 
cases it is the main radiation hazard in uranium mining and milling. However 
there can also be a significant radiation hazard arising from the external 
exposure to gamma rays, particularly when high grade ore such as was found at 
Nabarlek is mined. This makes it necessary to monitor the exposure to Y-rays 
of workers in the mine and mill areas. Because of the very localized nature 
of the "hot" areas in a mine, it is essential for each worker to h vs his own 
personal y-ray monitor. The two nust common methods of monitoring personal 
exposure to Y-rays a. e with a film badge or with a thermoluminescent dosimeter. 

In uranium mining and milling situations, thermoluminescent dosimetry 
(TLD) is regarded as a more convenient method of measuring personal exposure 
than film. TLD is capable of greater sensitivity, and is better suited to the 
heat, humidity and rough handling lixely to be encountered in the field than 
is film. In this series of papers ve consider firstly some of the Dasic 
properties of TLD materials ann how these affect their use, secondly the 
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incorporation of TLD devices into holders and the effect of these holders and 
thirdly the calculation of dose from the exposure as neasured by a TLO device. 

A number of aspects of this topic have been described in detail in A.R.L. 
technical reports. (Boas et al., 1981; Wilson and Young, 1982). 

Whilst reading this chapter it is useful to bear in mind the steps which 
are taken in measuring the exposure of a TLO disc and in converting this 
exposure to an effective dose equivalent as set out in the Radiation 
Protection Standards prepared for the N.H.M.R.C. (NHMRC 1981). 

The readout of an individual disc as a result of the exposure to the 
raoiation field in a uranium mine is converted to exposure (in units of 
coulomb per kilogram - formerly Roentgen) by calibration against a standard 
226Ra source which gives a known exposure rate at a specified distance and 
whose T-radiation spectrum is not expected to differ substantially from the 
spectrum in a uranium mine. 

It needs to be remembered that the exposure measured in this way is that 
of the disc itself, which is enclosed in a holder located at a particular 
position on the wearer's body. In order to convert this exposure (in C 
kg-1) to an effective dose equivalent (in sievert), we need to make the 
following assumptions or need the following information:-

(1) The spectrum of the incident radiation is either similar to that of 
radium or is known so that a comparison can be maae. 

(2) The variation of the exposure rate witn height above the surface is 
known. 

(3) The relationship between the exposure as measured by the TLO disc (in 
C kg-1) and the absorbed dose (in gray) is known, which implies a 
knowledge of the effects of the TLD holder and such other effects as 
backscatter from the body. 

(4) The factors required to convert the organ absorbed dose (in Gy) to 
the dose equivalent (in Sv) for that organ ana the summation of these 
dose equivalents to give the effective dose equivalent for the whole 
body. 

At the present time, the A.R.L TLD service assumes that the y-ray spectrum 
in a uranium mine is similar to that of radijm, that the exposure is uniform 
over the body of the mine employee, that the exposure of the TLD disc can be 
converted to an organ dose directly and that this can be converted to an 
effective whole body dose equivalent. 
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Part 1. Basic Properties of TLD Materials. 

Dr. John F. Boas 

ELECTRIC CONDUCTIVITY IN CRYSTALLINE SOLIDS 
The perfect crystal 

In a perfect crystalline solid the ions are arranged in regular arrays 
with ions of the same species always having a fixed spatial relationship to 
each otner in the same way as the units of a pattern of a wallpaper. For 
example, in lithium fluoride, the lithium cations are all positioned at the 
corners and centers of the faces of a cube relative to each other. Similarly 
the fluorine anions are also positioned at the corners and centres of the 
faces of a cube relative to each other. We jay that lithium fluoride has a 
face-centered cubic lattice (see for example Kittel 1976, Chapter 1). 

A number of other materials also have a face-centered cubic lattice, e.g. 
sodium chloride, and calcium oxide, but there are 13 other types of lattice, 
each one describing a particular spatial arrangement of the units which make 
up the molecule. The lattice type and eventually the molecular structure can 
be determined by X-ray, electron or neutron diffraction methods. The lattice 
determines a number of properties of the crystal, the most important of which 
for our purposes is the electrical conductivity. 

We recall that the electrical conductivity of a metal can be described by 
assuming that the valence electrons can move freely through the lattice and 
that their statistical behaviour can be described by Fermi-Dirac statistics, 
which is based on the Pauli exclusion principle. In the absence of a magnetic 
field each energy level can contain at most two electrons, and .s 
characterized by a different set of quantum numDers, excluding spin. 

At absolute zero, each energy level contains two electrons, and all the 
levels up to the Fermi level are filled. At higner temperatures, levels above 
the Fermi energy are populated, so that some levels which were previously 
filled are now empty and vice versa. When an electric field is applied 
electrons can move from one level to another, giving a current. 

However, this is not a complete picture, as the periodic potential of the 
ions gives rise to a perturbation which results in there being forbidoen 
regions or gaps in what was previously a continuous distribution of discrete 
energy levels. The allowed energy levels form bands, separated t>y these gaps, 
and whether a material is a conductor, an insulator or a semiconductor depends 
on the population of the bands which in turn depends on the energy gap between 
the bands and the temperature. If all populated bands are completely full and 
the others are completely empty, then the material behaves as an insulator. 
If one or more bands are partly filled (or empty) e.g. 10 - 90°/o, then the 
material will behave as a conductor. If there are bands which are slightly 
filled (or empty) and all others are completely filled (or empty) then the 
material behaves as a semiconductor. The conductivity of a material may also 
be temperature dependent, as some of the electrons of an insulator may gain 
enough thermal energy to jump the energy gap and reach an otherwise empty 
band. A similar effect can be caused by light; such materials are 
photoconductors. We should also note that in these circumstances charge 
transport can occur by means of electrons in the nearly empty band (the 
conduction band) and by means of holes in the nearly full valence band. As 
examples of band gaps we may quote values of 0.67 eV for germanium, 5.33 eV 
for diamond ana around 10 eV or more for insulators such as lithium fluoride 
and calcium oxide. Thermal energy at room temperature (300 K) is about 
1/40 ev. A more complete account of the above is given in Chapters 6, 7 and 
8 of the book by Kittel (197b). 
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The Influence of Defects 

The above discussion applies to a perfect lattice. In a real crystal the 
defects present will modify this picture. 

These defects may be point defects such as single ion vacancies, 
interstitials i.e. ions not in a normal lattice site or impurity ions, small 
aggregates of these or large scale defects such as dislocation loops and 
voids. We will only consider single point defects or small aggregates of 
these here, and restrict our discussion to insulating materials. These 
defects will perturb the energy band structure and give rise to defect levels 
in the gap between the valence and conduction bands. These oefect levels will 
also contain electrons or holes. 
Production of Point Defects in Insulators 

Impurity ions may be introduced into the lattice during preparation either 
deliberately or as a result of impurities in the original materials. These 
may substitute directly for a lattice ion, and if the impurity has a different 
valence to that of the host lattice, a vacancy may be introduced to give 
charge compensation, e.g. Mg2+ can be substituted for Li + in LiF, and a 
cation vacancy is often found nearby. Impurity ions can also be introduced as 
interstitials, and these are often associated with other point defects. 

Vacancies, i.e. empty lattice sites, and interstitials where the ion 
arises from a vacancy can also be produced in crystals during the growth 
process. However in many crystals, large concentrations of vacancies and 
interstitials can be produced by both photon and energetic particle 
irradiation. In the alkali halides, e.g. LiF, photon irradiation is 
particularly effective in producing vacancy and interstitial defects, and in 
some cases even ultra-violet light will suffice. In the alkaline earth 
halides, e.g. CaF2> photon irradiation is also effective in vacancy-
interstitial production. In contrast, energetic particles such as 1 MeV 
electrons or neutrons are required to produce defects in the alkaline earth 
oxides such as CaO. Some details of commonly encountered types of oefect are 
given in Table 1. It should be noted that vacancies ana interstitials are 
capable of trapping one or more electrons or holes ano can thus be regarged as 
"stores" of these charge carriers (see for example, Sonder and Sibley 1972). 
THERMOLUMINESCENT IN CRYSTALLINE SOLIDS 
The Thermoluminescence Process 

When a crystal is irradiated, electrons which are in the valence band or 
trapped at a defect may gain enough energy to be raised into the conduction 
band. A hole is created simultaneously. The excited electron may recombine 
almost immediately with the hole or move in the conduction band to be trapped 
at a defect, forming a metastable state. The lifetime of the electron in that 
metastable state depends on the depth of that state below tne conduction oand 
and the temperature, and will be very long (>106years) if the temperature of 
the crystal is low enough. When the crystal is heated, the electron may gain 
enough energy from thermal vibrations to escape from the trap into the 
conduction band, from where it may either be retrapped by another defect or 
drop back down into the valence band, annihilating a hole. In dropping down 
from the conduction band the electron must loose energy, some of which may be 
emitted as light. This emission of light is called thermoluminescence. In 
some crystals, the trap levels are close enough to the conduction band for the 
electrons to escape at or even below room temperature. This is 
phosphorescence, as seen for example in CaO. The thermoluminescence process 
is shown schematically in Figure 1. 
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Table 1. Defect Nomenclature 

Description of defect Ionic charge at 
noraal lattice site 

Current Previous 
notation notation 

A. Single defects 
Negative-ion vacancy 

Negative-ion vacancy 
with one electron 
Negative-ion vacancy with 
two electrons 
Positive-ion vacancy 

Positive-ion vacancy 
with one hole at a near 
neighbour 

B. Impurity-defect centers 
F-center adjacent to cation 
impurity of same valence as 
host 
F-center adjacent to divalent 
cation-positive ion vacancy 
pair in alkali halide 

C. Self-trapped hole on 
host halide ions X 

-1 
-2 

-1 
-2 
-1 
-2 
+1 
+2 
+1 
+2 

-1 ) 
-2 ) 

-1 

-1 

F + 

F2+ 

F 
F + 

F-
F 
v-
V2-

V 
v-

U2*3 

Note that in an alkali halide lattice (e.g. LiF) the normal charge at a 
lattice site is +1 (cation) or -1 (anion). In the alkaline earth oxides 
(e.g. CaO) the normal charge at a lattice site is +2 or -2. In the 
alkaline earth fluorides (e.g. CaP?), the cation is doubly charged and 
the anion is singly charged. 
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FIGURE i. SIHPLE SCHEMATIC BAND MODEL FOR TL 

Conduction Band 

Radiation 

1 
Electron Trap 

Hole Trap 

=3 
Valence Band 

(a) Carriers (electrons, closed circle; hole, open circle), are exciteu 
to the appropriate band by X-radiatior. and then trapped. 

Conduction Bond 

Electron Trap 

Hole Trc 

• W W A ^ I I V 

Valence Band 

(b) Heat is applied to excite the electron into the conduction band, 
electron then recombines with a hole giving off TL output(hv). 

The 

The probability, P, of the electron obtaining enough thermal energy at a 
temperature T to escape from a trap of depth E below the conduction band is 
given by 

P - P 0 exp (- E/kT) (1) 
where P 0 is a frequency factor of oroer 1 0 1 0 sec - 1 and k is Boltzmann's 
constant (Becker 1973). We can see that even for traps of the same energy, 
there will be a range of temperature over which thermoluminescence can occur, 
giving what is called a "glow curve" for the crystal as it is heated. The 
temperature at which the peak of the glow curve occurs oepenas mainly on the 
trap depth, i.e. the distance below tne conduction band, but is also depenaent 
on the heating rate. If there are two or more types of defect present with 
different trap depths, then there will be glcw peaks at the appropriate 
temperatures as the crystal is heated. 



171 
We should note here that it is also possible for the holes created by the 

radiation to escape fro* their trap and move through the valence bano before 
being retrapped or recombining with an electron with the resultant emission of 
light. In this case, the E of equation (1) refers to the distance of the hole 
trap above the valence band. 
Heasurement of Thermoluminescence 

To measure the thermoluminescence output of a material requires a device 
for heating the sample over the required temperature range and a means of 
measuring the light output. 

The dosimeter material is usually heated by placing it on a metal tray 
which is heated electrically. Most thermoluminescent materials are poor 
conductors of heat, so that it is important for good thermal contact to be 
maintained. When a glow curve is required, the temperature of the dosimeter 
is increased linearly with time, which requires the heating unit to have a 
ramp generator and the appropriate control circuitry. Temperature ramp rates 
of 1 K/second or less are often required if the sample temperature is to 
follow closely that of the heating element. If only the total light output is 
required, as in dosimetry, the usual procedure is to heat the sample rapidly 
to a so called pre-heat temperature and hold it at this temperature for some 
seconds, before further heating the sample to the readout temperature, where 
it is again held for some seconds. The purpose of the pre-heat pnase is to 
empty the low temperature traps which contribute to fading (see below), ano 
the actual TLD measurement is performed during the high temperature part of 
the cycle. Once the readout phase is completed, the heater and sample are 
allowed to cool back towards room temperature before the dosimeter is removed 
and the cycle recommenced with a new dosimeter. 

The most convenient means of measuring the light output is with a 
photomultiplier tube and an electrometer amplifier to measure the current and 
for dosimetry purposes, the total charge or integrated current. Photon 
counting techniques are not justified, as the common phosphors emit sufficient 
light levels even after exposure of 0.3 yC kg-1 or le>s. For dosimetry 
purposes, the actual light output from the phosphor is not a limiting factor, 
since the current produced is usually in the nanoampere range. The 
electrometer output is usually converted into a pulse train, which can be 
recorded in a scaler memory and displayed digitally, or fed into a data 
recording system. A ratemeter can also be useo to convert the pulse train 
into an analogue output for a chart recorder. A more detailed discussion is 
given by Becker (1973). 

THE THERMOLUMINESCENT DOSIMETER MATERIAL 
General Propertie? 

The substance used as a thermoluminescent dosimeter must have a number of 
properties if it is to be a reliable means of measuring radiation exposure 
(becker 1973). We may list some of these as follows:-

(1) The tnermoluminescence output should be directly proportional to the 
total exposure over the range of interest. For personal dosimetry 
this requires a range from arouno 3 yC kg-1 or less (i.e. - 10 mR 
or less) to 30 mC kg-1 (i.e. - 100R). 

(2) The TL output must be independent of exposure rate. 
(3) The thermoluminescent peaks used in the dosimetry measurement should 

not be at too high a temperature, but conversely should not be at so 
low a temperature that the traps involved can be substantially 
emptied by prolonged periods at ambient temperatures. Above 300*C 
problems due to heater emission, oxidation, heat transfer and 
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destruction of the dosimeter itself may arise, whilst peaks below 
around 150*C will fade substantially in a matter of days on storage 
at room temperature. 

(4) The light output needs to occur at a suitable wavelength for the 
photomultipliers used. This is usally in the range 300-600 nm. 
Emission at longer wavelengths may be swampeo by the infra-red 
emission from the heating element. 

(5) The dosimeter material needs to be such that it can be re-used if 
given a suitable treatment after exposure and readout. Tnis means 
that it must be possible to anneal the material ana restore it to its 
pre-exposure condition, and that this process can be repeated many 
times. The response of the material, upon re-exposure, must be 
reproducible. In some TLO materials, notably lithium fluoride doped 
with magnesium and titanium, the annealing procedure is not a simple 
one, because of the differences in behaviour of the defects of 
interest. One important reason for requiring that a TLO material can 
be re-used many times is that each dosimeter may cost All or more, 
compared with film which is still considerably cheaper (less than 
20 cents per film ). 

(6) The TL output should vary in the same way with exposure to different 
photon energies as does the absorbed dose in tissue, i.e. the 
material should be tissue equivalent. This is particularly important 
if the dosimeter is to be used with x-rays. Lithium fluoride ooped 
with magnesium and titanium is approximately tissue equivalent, but 
calcium fluoride and calcium sulphate both doped with dysprosium show 
an over-response to photons of energy below about 150 keV. This 
over-response is by a factor of 10 or greater at around 50 keV, but 
can be reduced if suitable filters are incorporated into the 
dosimeter holder. This question of energy response will be discussed 
in the next section. 

(7) The dosimeter material should be substantially unaffected by such 
environmental influences as light, humidity and common solvents. 

Properties of Common TLD Materials 
The three materials in most common usage for TlD measurements are lithium 

fluoride doped with magnesium and titanium (LiF:Ng, Ti), calcium sulphate 
doped with dysprosium (CaS04:Dy) and calcium fluoride doped with dysprosium 
(CaF2:Dy). 

For use as a personal dosimeter material in the uranium mining and milling 
industry, CaS04:Dy is preferable to LiF:Mg, Ti because it is more sensitive 
and is easier to handle. Since most of the Y-rays of interest are of high 
energy (> 150 keV), its non-tissue equivalence at the lower photon energies is 
not a limiting factor. CaSO^Dy is preferred to CaF2:Dy because it fades 
less readily. Some properties of CaSO^Dy and LiF:Mg, Ti of importance for 
thermoluminescent dosimetry are listed in Table 2. 
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Table 2. Comparison of Properties of CaSQtrDy and LiF:Hg, Ti. 

Property CaSQt:Dy liFrhg, Ti 

Readout Cycle 30s at 13S*C, 30s at 270*C 16s at 135*C, 25s at 240*C 

Annealing procedure 2h at 270*C (discs) 
In at 400*C (pcwder) 

powder or cnips disc 
in at 400*C » at 300*C 
followed by lbh at 80*C 
20h at 80*C 

Principal Emission 470, 570 nm. 406 nm 

Glow peaks at 
(Temperatures in *C) 

80, 130, 220*C 60, ICO, 130, 170, 190*C 

Minimum Detectable 
Level 

- 0.75 mR 
- 0.2 »C kg-1 

5 - 10 mil 
- 1.3 - 2.6 „C kg-1 

Thermal fading < 8°/o in 3 months 
at 22 #C 

- 10°/o 

Light Sensitivity S~ Care Needed 

The Mechanism of CaSO^Oy 
The mechanism cf thermoluminescence in CaS04:Dy is understood in 

principle but not in detail (Nambi and Bapat 19b0). 
Irradiation disrupts some of the cnemical bonds, releasing electrons ano 

leaving holes trappeo in the lattice on ions such as SO4, SU3, SO^ ana 03. 
The electrons are trapped at Dy3* ions, causing * valence change to Dy2*. 
On heating, the holes become mobile and move through the lattice to tne Dy** 
ions. Recombination of the holes with the trapped electrons occurs at the 
0 y 2 + ion site, ana the emission is characteristic of transitions between the 
excited states ana the ground state of the Dy3+ ion. During the hole 
transport process, electrons move in the opposite direction, so tnat the 
normal charge on the radicals is restored. In terms of the tnermoluminescence 
behaviour, the glow curve of X-irradiated CaSO^Dy shows peaks at SO*C, 
120*C and 220*C. Each peak corresponds to the activation energy required to 
release the hole from a particular trap, and because of botn the statistical 
nature of this release and the fact tnat the activation energy for a 
particular trap has a distribution, each peak is rather broaa. As tne 
temperature is raised, the traps corresponding to t*ie peaks will become 
successively depopulated. There will also be some oepopulation on storage at 
ambient temperatures, owing to the probability for depopulation being 
proportional to exp (- E/kT). Obviously, the low temperature traps will 
depopulate most rapidly, and it is necessary, in dosimetry, to take account of 
this. For example, the 80*C peak vanishes in a few hours and the 120*C peak 
in a few days. The 220*C peak faoes very little. 
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To overcome this problem, it is usual to pre-heat the dosimeter before 

readout, so as to empty the lower temperat"re traps whilst still leaving the 
stable high temperature traps. In CaSO^Dy, the pre-heat is performed for 
30 seconas at a temperature of 135*C. This empties the traps associated with 
the low temperature peaks and which have not been emptied previously as a 
result of fading. 

The readout is then performed at 270*C for a further 30 seconds and this 
empties out most of the remaining filled traps. Figure 2 shows the glow curve 
and temperature profile for this cycle. In order to completely empty the 
traps filled by the radiation and to prepare the dosimeter for re-use it is 
then anneal°d for 2 h at 300*C for discs and at 400*C for 1 h for powders. At 
the higher temperature, the deep traps are very effectively annealed out. 

From Figure 1 it can be seen that photons of suitable energy may induce 
transitions between the various energy levels, causing a redistribution of the 
electrons. This can have the effect of inducing or fading the 
thermoluminescence, i.e. either populating or depopulating the levels 
associated with the 220*C peak. The details of these effects depend not only 
on the wavelength cf light used, but also on the previous history of the 
material. CaSO^Dy powders or discs given a y/ery large dose (> 10 4R) show 
behaviour which indicates that the traps are not completely independent and 
can be repopulated under the appropriate circumstances (Boas et al. 1981). 

Use of CaS0fl:Dy as a TLD Material 
There are three forms of TLO material in common usage, namely powder, 

hot-pressed chips, rods or ribbon or powder impregnated into teflon discs. 
All three forms are available commercially, and the form can be chosen to suit 
the particular application. For personal monitoring in the uranium mining and 
milling industry, the teflon disc form is the most convenient, particularly 
when the monitoring system is to be at least partially automated. 

Powders do not give particularly reproducible results and are more 
difficult to handle, clean ano identify, while the chip, rod or ribbon form 
suffers from disadvantages in identification and wide variations in senstivity 
within a given Datch. In our experience, CaSO^rDy in teflon dosimeters 
suffer from none of these disadvantages. 

The CaSO^Dy in teflon discs used in the A.R.L. TLD monitoring service 
are 12.5 mm diameter, 0.4 mm thick and contain approximately 30°/o by weight 
phosphor. The pre-heat and readout are performed as described in the previous 
section, whilst the post readout anneal is performed at approximately 280*C 
for 2 hours. The discs have a readout immediately after this annealing 
procedure corresponding to an exposure of less than 0.2 nC kg-1. 

Annealing at temperatures above 300*C affects the teflon matrix, a 
disadvantage of the teflon disc form if very high exposures (e.g. above 1 C 
kg-1) are encountered. On such high exposures there is a substantial 
population of deep, i.e. high temperature, traps and these are not emptied by 
annealing at 300*C. Repopulation of the lower temperature traps may then 
occur, giving misleading readouts for subsequent low exposures. 

A detailed discussion of the behaviour of CaSO^Dy in teflon discs as 
applied to personal monitoring of uranium mine workers is given elsewhere 
(Boas et al. 1981, 1982). 
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FIGURE 2. EXAMPLE OF CaSO^Qy READ-OUT AND TEMPERATURE PROFILE. 
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Part 2. Energy Response of CaStty TLD's 

and their Practical Use at ARL. 
Dr. Lindsay J. Martin 

INTRODUCTION 
An understanding of some of the fundamental properties of TLD materials, 

as discussed in the previous section, is essential to the operation of a 
personal monitoring service based on these materials. It is unlikely that 
consistent and reliable results will be obtained if the limitations of TLD 
materials are not appreciated or if suitable processing cycles are not used. 

Two further factors must be taken into account before the absorbed dose to 
a particular organ can be calculated from a TLD measurement, namely 

(i) the effect of variations in the energy of the incident radiation, and 
(ii) the effect of the holder in which the TLD material is enclosed on the 

thermoluminescence output. 
This section discusses these factors and describes the operation of the 

ARL personal monitoring service for the uranium mining and milling industry, 
which is based on TLD measurements. 
Definition of the Energy Response Function 

The energy response function of a detector is usually taken to mean the 
dependence of the detector's sensitivity on the energy of the incident 
radiation quanta. In the particular case of a photon counter, such as a 
sodium iodide scintillator, it describes how the efficiency of the detector 
varies with gamma-ray energy. If we wish tc measure photon flux with a sodium 
iodide crystal we need to know its efficiency as a function of energy. When a 
monochromatic source of known energy is used, it is then a simple matter to 
obtain the correct result Dy dividing the observed number of counts by 
efficiency at that energy, E. When a broad spectrum is present, however, the 
count obtained within each small energy interval must be individually 
corrected and an overall summation performed, lnis calculation is possible 
only when the incident spectrum is known or when the detector itself provides 
that information. 

Another property of the radiation field which may be required is the 
energy flux. This is obtained by weighting each photon by the energy which it 
carries. In addition to the efficiency correction, the count in each energy 
interval must be multiplied by its energy and the results summed. Once again, 
this is only possible when the incoming energy spectrum is either known or can 
be determined. 

In fact, when an energy-sensitive detector, such as a Nal crystal or GeLi 
detector, is used, any desired property of the radiation field may be 
obtained. (We exclude those which depend on photon direction). All that is 
required is a knowledge of the appropriate weighting factor to apply to the 
count in each energy interval. From the radiation safety viewpoint, two 
important properties are absorbed dose and exposure. 
Absorbed pose and Exposure 

The absorbed dose in air produced by a radiation field is defined in terms 
of the amount of energy deposited per unit mass of air and is measured in 
units of joule per kilogram. The average amount of energy deposited in the 
material for each incident photon depends on three things: 
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1. The probability of interaction within the specified mass of 

absorber. This is given by the linear attenuation co-efficient 
divided by density of the material. 

2. The energy of the incident photon. 
3. The fraction of that energy which is transferred to the medium by the 

various interactions which may occur. 
The first and third of these factors are usually combined to form the 

mass-energy absorption co-efficient. The absorbed dose contribution of each 
incident photon of energy E is then given by 

. material / r X r A = w e n (E).E 
The mass-energy absorption co-efficient varies rapidly with energy and at 

low-energy also depends strongly on the atomic number of the absorber. 
Exposure is defined in terms of the amount of ionization produced in air 

and the amount of ionization per photon is strongly energy-oependent. It is 
observed that the average energy required to form a single ion-pair is 
independent of the energy of the incident photon. Therefore, the energy 
deposition in air (i.e. dose) and ionization (i.e. exposure) are strictly 
proportional to each other even though they both vary enormously. This 
fortunate result means that exposure is related to absorbed dose in air by an 
energy - independent constant (0.869 rad/Roentgen or 33.7 Gray/C kg-1). The 
absorbed dose in other biologically important materials may be calculated from 
ratio of the mass-energy absorption coefficient of the material to that of air. 
. „ ..material _air material i.e. D = D x u e n 

air 
ven 

In the case of muscle or fat, which are composed of elements with an 
average atomic number similar to that of air, the ratio of mass-energy 
absorption coefficients is fairly constant over the usual energy range at a 
value of between 1.05 and 1.10. 

Thus D t i s s u e (rad) = 1.10 x D a 1 r = 0.95 x Exposure (R) 
When a material containing elements of higher atomic number than air or 

tissue is considered, such as calcium-rich bone, the conversion factor from 
exposure to absorbed dose may be far from constant as shown in Figure 1. In 
general, such materials exhibit a peak in the conversion factor at around 40 
keV photon energy due to the characteristic behaviour of the photoelectric 
interaction. In the case of bone the peak corresponds to a factor of about 4 
and in the case of a material like CaS04 it may be as high as 10 or more. 

In all these situations, the correct value of the required property can be 
calculated when the energy spectrum of the incident photons is known. When a 
personal monitor is used, however, there is available at most only an estimate 
of the spectrum; usually just the response of film or a TLU behind different 
filters. In such a situation, the energy dependence of the detector must be 
chosen to reproduce the particular weighting function needed. The detector 
must natch the property being measured. Its energy response function is no 
longer arbitrary since, in the absence of spectral information, corrections 
which are functions of energy cannot be made. 
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Figure 1. Number of rads deposited per roentgen exposure as a function of 
photon energy: for bone, water, and air. 

For example, the quartz fibre electrometer which responds, more or less, 
to ionization and hence to exposure, may be used satisfactorily for estimating 
absorbed dose in tissue. It would be in error, however, if it were used for 
estimating absorbed dose in bone when low-energy photons were present in 
unknown quantities. 

The terms 'flat', 'low-energy fall-off, etc. as applied to a radiation 
monitor, are only meaningful if the required radiation property, such as 
absorbed dose in a particular material, or exposure, is also taken into 
account. A monitor which is 'flat* in terms of exposure will not be so when 
used for predicting absorbed dose in bone, for example. CaSO^Dy TLD's are 
usually described as having a large peak in their low-energy response, but, as 
we shall see in the next section, they are quite "flat" when used to measure 
absorbed dose in CaSO^Dy 

The Energy Response of Thermoluminescent Materials 
As a very rough approximation, the light output from a TL phosphor during 

read-out is proportional to the amount of energy deposited in it during 
irradiation. This means that the phosphor has a response which is roughly 
flat in terms of the absorbed dose. Actual TLD materials deviate from this 
simple situation by as much as a factor of two but the CaSO^Dy which ARL 
uses appears to follow this law yery well. In figure 2 we show the measured 
TL response per unit exposure in CaSO^rDy as a function of energy. The 
smooth curve shows the calculated absorbeo aose per unit exposure. As can be 
seen they are essentially the same. 

LiF has a much "flatter" response because of its lower average atomic 
number. 
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Figure 2. The experimental points show the measured response per unit 
exposure in CaSO^Dy as a function of energy. The smooth 
curve shows the calculated absorbed dose per unit exposure. 

Hence, if a high atomic number TL material such as CaSC>4 is to be used 
where exposure is the radiation property of interest, either the spectrum of 
the radiation must be known or other steps must be taken to correct the 
response. 

When a TL phosphor is incorporated in a matrix of some kind, such as 
Teflon, it is often suggested that this will moaify the energy response 
according to the average atomic number of the whole dosimeter. This is 
expected to be the case when the grain size and spacing of the TL phosphor are 
small compared with the range of photoeiectrons. If this is the case, energy 
which is deposited in the matrix material is aistriDuted throughout the 
phosphor and vice versa. This does not appear to happen with the Teledyne 
CaS04:Dy Teflon discs which ARL uses. That is, the energy-dependent 
response of the disc as a whole appears to be the same as that of the pure 
CaSO^Dy powder. 

There is another effect which may be expected to influence the energy 
response of an isolated TLD. At yery low energy, the absorption of the 
incident radiation within the dosimeter effectively reduces the amount of TL 
phosphor being irradiated and hence reduces the light output. 
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The Relative Response to Alpha ana beta Raoiations 

The response to gamma radiation of the CaSO^Dy in teflon discs used by 
the ARL personal monitoring service has been discussed in the previous 
paragraphs: the TLO responas to the amount of energy aepositea. Tne response 
to beta raaiation can be considered in the following way: 

Inciaent photons interact with the TLD material primarily by the 
photoelectric interaction, or by Compton scattering at higher energies, and 
this leads to the production of fairly high energy electrons. These electrons 
then deposit energy more or less uniformly along their length in the form of 
much less energetic secondary electrons (delta-rays). It is therefore to be 
expected that the response to beta rays, which are, after all, just high 
energy electrons from an external source, will be the same as for photons if 
considered in terms of energy deposition. The energy aepositea will be equal 
to the whole energy of the beta particle while its range is less than the 
thickness of the dosimeter (about 250 keV for 0.4 mm). Above that energy only 
the first 250 keV of energy will be significant. In agreement with these 
predictions, the beta ray sensitivity is in fact, observed to be similar to 
that of gammas in terms of absorbed aose. 

Similar considerations can be applied to alpha panicles, which are 
expected to deposit all their energy in the TLD aisc. Tne response per alpna 
particle is expected to be proportional to energy. However, the alpha 
response is only about 40<>/o of that founa for beta ana gamma radiations. 
It is thought that this may oe largely aue to the extremely high specific 
ionization of alpha particles and perhaps a saturation of all available trap 
sites in the vicinity of the alpha track. 

There are several other macroscopic oetails which may effect the response 
of a TLD to alpha particles, because the maximum range of alpha particles 
within the TLD is only a few tens of microns, any insensitive surface layer of 
the TLD will remove energy from the alpha particle without contributing to the 
light output. 

If a TLD is read out from the other side to which it was exposed then 
there will also be a reduction in light output due to the opacity of the 
disc. This effect may also be significant with ^er^ low energy X-rays where 
there is considerable absorption within the disc. 
Filtering to "Flatten" the Energy Response to Gamma Rays 

We now consider the problem of producing a dosimeter which is 'flat' in 
terms of exposure or, equivalently for our purposes, in terms of absorbed dose 
in tissue. Because the over-response at low energies is due to the 
energy-depenaent photoelectric effect, it would seem appropriate to use the 
same energy oependence in the form of a filter to correct the response. 

If a couple of millimetres of copper or another material ot similar atomic 
number is placed in front of the TLD, the low energy photons, below about 150 
keV, will be attenuated by roughly tne same factor as the sensitivity ot tne 
TLD is enhanced. This simple kind of filter works well in the 40 keV to 1U0 
keV region where there was previously a large ennancement but below 40 keV tne 
response of the TLD falls ana the aaaea filtration just makes things worse. 
The ,1RL TLD badye whicn is used in the uranium mining industry makes use of 
such a filter but the spectrum of the uranium ore is of sufficiently high 
energy that the lack of response below 40 keV is unimportant. As a check on 
this, a selection of badges contain a second, unfiltered TLD disc ana, 
to-date, this secono disc has always read out almost identically to the 
filtered one. 
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A rather more elaborate approach to the problem is to take a weighted sum 

of a filtered TLD and an unfiltered one. The response of the filtered TLD 
disc starts falling below about 80 keV and is almost zero below about 40 keV. 
On the other hand, the major contribution from the unfiltered disc is below 80 
keV and peaks at about 30 keV. The two responses are complementary and by 
taking the appropriately weighted average, an almost flat response from 20 keV 
upwards can be obtained. 

This method of obtaining a flat (in terms of exposure) response can be 
carried out either by using two separate discs, reading them out and doing the 
averaging algebraically, or it can be done by using separate areas of the one 
disc. In the second method we expose 10°/o of the area of a disc directly 
to the radiation and the other 90°/o through a filter. The read-out process 
itself does the weighted summing. 

The two disc method has the advantages of higner reliability in the case 
of maliunction but involves extra reading time. The hole-in-the-filter method 
works well in the laboratory but there are problems involved with obtaining a 
flat energy respone over a wide range of incident angles. 
ARL TLD Service for Mining of Radioactive Ores 

The ARL TLD service was set up to provide personal monitoring of external 
gamma-ray exposure at the Nabarlek uranium mine in the Northern Territory. 
TLD was chosen in preference to film because of the severe climatic conditions 
expected. In particular, CaSO^Dy was chosen for three main reasons. 

1. Its excellent resistance to thermally induced fading (< 5°/o per 
week at 50*C) 

2. Its high sensitivity to gamma radiation (minimum detectable level 
< 0.3 C kg- 1, 10 u sievert) 

3. Its relatively straightforward processing requirements including a 
simple anneal cycle. 

Its only significant disadvantage is its over-response to low-energy 
exposures as a result of the high atomic number of calcium. This problem was 
overcome by enclosing the TLD discs in holders which provided filtration of 
2.5 mm of copper. Provision was made for a second, unfiltered disc to be 
included. 

The service has now (Jan. 1981) been operating routinely for 18 months and 
caters for over 15 centres. Up to 1000 badges are issued each month, and are 
worn for 4 weeks after which they are returned to ARL for read-out. The 
badges are checked for contamination and whatever remains of the outer plastic 
cover is discarded. The TLD discs are removed to labelled envelopes and the 
badges are washed for re-issue. The TLD discs together with a control kept at 
ARL are then read using the Pitman 554 manually-operated TLD reader. 

The readouts are converted to exposures by a constant calibration factor. 
All discs are pre-calibrated ana selected such that their sensitivity lie 
within + 10°/o of this calibration factor. They are periodically re-checked. 

At this stage we have the total exposure given the disc from the time of 
anneal to the time of readout. 

An important advantage over film is that no control dosimeter was required 
to obtain this total exposure. The next step is for a background radiation 
level to be estimated from the controls issued to the centre or from the 
lowest worn badge if this is significantly lower. Background is then 
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subtracted for all the time the badge was not issued to a wearer and also for 
that fraction of time that the wearer was not on-shift. This means that 
natural background is included as occupational exposure during working hours. 

Unfortunately, it is not always clear what background should be subtracted 
for time spent in different areas. For example, at Nabarlek at one time the 
following results were obtained. 

Background at sleeping quarters 0.34 pC kg-1 week-1 
where some badges kept. 
Background at R.S.O. office 0.8 pC kg-1 week-1 
where controls kept and 
badges kept before being issued. 
Background at decontamination 2 pC kg-1 week-1 
room where some badges kept. 
This meant that some badges, when not being worn, were exposed to much 

more than the controls and some to much less. It was not known which badges 
were kept where and for how long. These large uncertainties in background 
subtraction are the main reason for our minimum detectable level being set at 
20 psievert rather than perhaps the 10 psievert or less obtainable under 
laboratory conditions. 

No allowance is made for fading since laboratory measurements indicate 
that it should amount to less than about 10°/o for the normal four week 
wearing period. 

The main limitations of the ARL badge, as it is with any personal monitor, 
is a result of the uncertainties as to how it is used. We have already 
mentioned the problems of background subtraction. 

Probably the biggest uncertainty in high dose assessments comes from 
angular effects. The copper filter has a thickness of 2.5 mm for 
perpendicular radiation but is 3.5 mm thick at 45* and 5 mm thick at 60*. 
This will produce substantial attenuation of oblique radiation in the medium 
energy range. 

Any badge which relies on filters, and almost all do, will suffer in this 
respect. It is possible to make a hemispherical filter which is isotropic in 
response but the thickness of the resulting badge is unlikely to be popular. 

Backscatter from the wearer and shielding by the wearer also contribute to 
error. The uranium mining environment is one of the better ones in this 
regard because of the high energy of the radiation which reduces backscatter 
and attenuation and because of the near isotropy of the radiation field. 
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Part 3. Organ Dose Estination for External Gamma Raaiation in a 

Uranium Nine. 
Mr. J. G. Young 

INTRODUCTION 
Part III of the Commonwealth of Australia Code of Practice on Radiation 

Protection in the Mining and Milling of Radioactive Ores (Commonwealth of 
Australia 1980) (hereafter referred to as the Code) makes recommendations 
regarding radiation standards and limits for personnel involved in the mining 
operations. The annual and quarterly dose equivalent limits for the critical 
organs of uranium mining employees are tabulated in schedule 1 of the Code, 
and are reproduced in table 1. 

Table 1. Dose equivalent limits of an employee exposed 
as a consequence of employment 

Annual dose equivalent 
limit in sieverts 

Quarterly dose 
equivalent limit 
sieverts 

Organ or Tissue in 

Whole body, gonads, 
red bone marrow 
Skin, bone, thyroid 
Hands and forearms, 
feet and ankles 
Abdomen of a woman of 
reproductive capacity 
Any other single 
organ 

0.05 

0.30 
0.75 

0.15 

0.03 

0.15 
0.40 

0.013 

0.08 

At present personnel involved in uranium mining wear A.R.L. TLD badges. 
When these badges are assessed they give a measure of the external -y-ray 
exposure at the point of wearing which is assumed to be proportional to the 
whole body dose equivalent. However, it was shown at the Nabarlek uranium 
mine (Boas et al, 1981) that the radiation field varies with height above the 
ground. It was also shown that the radiation field above the ore body was not 
uniform but rather consisted of a collection of localised high grade ore 
lenses where the exposure-rates could vary from less than 0.258 yC kg-lh-1 
to 25.8 yC kg-lh-1. Figure 1 is a graph of the variation in exposure-rate 
with height above the ground for a series of ore body sources having different 
diameters but the same specific activity. It is apparent from these curves 
that the position on the body at which the TLD badge is worn and the diameter 
of the source are important. As a consequence, the absorbed dose to the 
different organs will not only depend on the varying thickness of tissue 
shielding them but also on their height above the ground. 
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Figure 1. 

Before discussing the estimation of organ dose equivalents it is 
appropriate to give a brief explanation of the calculation of tne absorbed 
dose in the body or other medium of interest. 
ABSORBED DOSE AND DOSE EQUIVALENT DETERMINATION 

It will be assumed for all measurements discussed below that electronic 
equilibrium has been attained in the medium of interest. 

The absorbed do*e, D, is defined as the energy imparted to unit mass of 
material and has tr* unit, GRAY (lGy - lJkg-1). The dose equivalent, H, is 
related to the presumed risk in radiation protection and has the unit, SIEVERT 
(Sv). 

There are three steps in the determination of the dose equivalent from the 
measurement of the exposure, and these are outlined below. 

(i) Determination of the absorbed dose in air 
The absorbed dose in air for an X-ray or r-ray exposure can be calculated 

using the formula; (Johns 1961); 
D A I R . X N M 

where X is the exposure in C kg-1, 
N is the number of ion pairs produced by the exposure, and 
H is the energy in joules to produce an ion pair. 

For air N is 6.242 x 101B ion pairs per coulomb and W is 5.399 x 10-18 
joules per ion pair (33.7 eV per ion pair). Therefore, an exposure of 1 C 
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kg-1 in an extended Mass of air under conditions of electronic equilibrium 
and at normal temperature and pressure is equivalent to an absorbed dose in 
air of 33.7 6y 
i.e. 

D A I R . 33.7 X 
X is the exposure in C kg-1. 

(1) 

In the units used prior to the introduction of S.I., exposure was Measured 
in roentgen (1R « 0.258 mC kg-1) and an exposure of 1R gave an absorbed dose 
in air of 0.869 rads ( . 0.00869 6y). 

(ii) Determination of the absorbed oose in tissue or other Material 
If the absorbed dose has to be determined in a Medium other than air and « 

calibrated detector recorded an exposure, X C kg-1, then the absorbed dose 
in air is 33.7 X 6y. Since detectors are normally calibrated in terms of 
exposure or in terns of absorbed dose in air, a Measurement of absorbed dose 
in a MediuM Must take account of the difference in energy absorption between 
the air and the Mediun under consideration. The fraction of the incident 
energy absorbed in the Mediun and the air will then be proportional to the 
nass energy absorption coefficients evaluated for the total spectrum of X- or 
v-radiation. This assuMes that the detector is small and does not affect 
significantly the radiation field. The absorbed dose in the medium can 
therefore be determined in the following way; 

absorbed dose per kilogram of medium 
absorbed dose per kilogram of air 

mass energy absorption coefficient of medii 
mass energy absorption coefficient of air 

and hence 

pl med 

v2 air 
where »i and p£ are the density of the medium ana the air respectively, 
and pen are tne energy absorption coefficients for the medium or the air as 
appropriate. 

v. 
(-?) 

i.e. 'MED 'AIR <-?> 
On substituting for D A J R from ecu 

D|y.. « 33.7 . X 

1 Med 

2 air 
tion 1, we obtain 

1 MED 

(-?) 2 AIR 
i.e. 

'MED f . X (2) 
where X is the exposure in C kg-1 and "f" is the conversion factor from 
exposure (C kg-1) to absorbed oose (J kg-1 or Gy) for the medium of 
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interest, f thus includes the ratios of the aass energy absorbtion 
coefficients and the densities of air and aediua. Table 2 gives values of "f' 
for water, bone and auscle for abroenergetic photons (NBS 1959) (see Figure 1 
of Martin, previous paper). 

Table 2. f values for Mater, bone and auscle for aonoenergetic photons. 
Note: that these values convert exposure in C kg-1 to absorbed dose in 

J kg-1 or ty. Martin (previous paper) Figure 1 uses exposure in 
roentgen and absorbed dose in rads. 

Photon 
Energy (wen/p)aed 

f * 33.7 
(i»en/p)air 

(MeV) HATER 
AIR 

COMPACT BONE 
AIR 

MUSCLE 
AIR 

0.01 35.4 137 35.9 
0.02 34.2 164 35.5 
0.03 33.7 170 35.3 
0.04 34.0 160 35.6 
0.05 34.5 139 35.9 
0.06 35.1 113 36.0 
0.08 36.1 74.1 36.4 
0.10 36.8 56.2 36.0 
0.20 37.7 38.0 37.3 
0.30 37.5 36.4 37.1 
0.40 37.5 36.0 37.0 
0.50 37.5 35.9 37.1 
0.60 37.5 35.9 37.1 
0.80 37.5 35.7 37.1 
1.00 37.4 35.7 37.1 
2.00 35.7 35.7 37.0 
3.00 37.3 36.0 37.0 
4.00 37.1 36.1 36.8 
5.00 37.0 36.2 36.6 

Equation 1 is not exact because the incident radiation has been slightly 
attenuated in passing through the layer of air required to produce electronic 
equilibrium. Equation 2 also requires an additional correction because the 
detector replaces part of the medium which would otherwise cause additional 
attenuation of the incident beam. The correct relationships are therefore; 

DAIR . 33.7 . X . TA 
DHED - f . X . T A . TM 
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where T/\ is the fraction of the radiation transmitted through the layer of 
air required for electronic equilibrium and Tn is the fraction of radiation 
transmitted through the detector if the detector was filled with the medium of 
interest. It should be noted that this correction only involves the 
dimensions of the hole required to hold the detector. The correction, ty, 
can be kept small by using a small detector. Normally these corrections are 
only required for precise absorbed dose measurements. 

(iii) Conversion from absorbed dose to dose equivalent 
Calculation of the dose equivalent from the absorbed dose is a simple 

matter if the quality factor, the absorbed dose distribution factor and other 
necessary modifying factors are known. Fortunately, for external 
Y-irradiation the quality factor is the only factor which contributes to the 
calculation of the dose equivalent of the whole body or organ of interest. 
The quality factor (Q F) expresses on a common scale the effect that different 
types of ionising radiation e.g. 0, y, a have on exposed persons. The 
equation used to calculate the dose equivalence for external Y-irradiation is 
simply; 

H = D . Q F (3) 
Table 3 shows the quality factors for a variety of ionising radiations (NH 

and MRC, 1980). The quality factor used for external Y-radiation in a uranium 
mine is 1. 

Table 3. Quality factors for Ionizing Radiations 

Radiation Type Quality Factor 

X-rays, Y-rays and electrons 1 
Neutrons, protons and singly-charged 
particles of rest mass greater than 10 
one atomic mass unti of unknown energy 
Alpha particles and multiply-charged 
particles (and particles of unknown 20 
charge) of unknown energy 

ESTIMATION OF ORbAN DOSE EQUIVALENTS 
(TJ Determination of multiplication factors 
The absorbed dose in the organs specified in schedule 1 of the Code 

(Table 1) cannot be measured directly. An experiment was therefore designed 
at ARL to enable the various organ doses to a uranium mining employee to be 
estimated from his TLD badge reading. This experiment involved exposing a 
STANDARD MAN radiotherapy phantom to a two dimensional source of radium-226. 
TLDs were implanted in the phantom at the organs of interest and at different 
depths through a horizontal section at chest height. Conventional film badges 
and TLD badges were taped to the exterior surface of the phantom. Radium-226 
was chosen since radium and its daughters are the major contributors to the 
external Y-radiation field in a uranium mine. A series of measurements are 
being carried out for two dimensional sources of between 3 and 14 meters in 
diameter in order to simulate the exposure-rate variations that may occur 
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above different regions of the ore body. The -r-radiation spectrum from the 
radium-226 is also varied by shielding the source with concrete balls of 
different diameters in order to simulate the effect of soil above the ore. 

Table 4 shows multiplication factors that can be used to convert the dose 
equivalent (Sv) as reported by the Personal Monitoring Service of the 
Australian Radiation Laboratory to organ dose equivalents. Factors are given 
for the situations when the TLD badge is worn on the chest or waist. 

Table 4. Preliminary multiplication factors for converting the TLD badge 
dose equivalent (Sv) reading to organ dose equivalent (Sv). 

Organ 

MULTIPLICATION FACTORS FOR A 14m DIAMETER TWO 
DIMENSIONAL SOURCE (Gy/C kg-1) 
TLD badge worn on the chest TLD badge worn on the waist 

Testes 0 7 0"755 
Ovaries 0.95 0.86 
Kidneys 0.96 0.88 
Lungs 0.90 0.81 
Spiaen 0.91 0.83 
Liver 0.94 0.85 
Stomach 0.88 0.81 
Thyroid 0.90 0.81 
Lower large 0.88 0.81 
Intestine 

Upper large 0.93 0.85 
Intestine 

Small Intestine 0.94 0.85 
Bone Marrow 0.90 0.83 

These multiplication factors show the importance of determining where the TLD 
badge is worn and how the dose equivalent varies with the depth of the organ 
in the body and with the height of the organ above the ground. 
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(ii) Uncertainties in dose equivalent assessments 
There are several factors which make it difficult to accurately assess the 

dose equivalent for the various organs of a uranium mine employee. The effect 
of some of these factors can be reduced by the Radiation Safety Officer (RSO) 
in the following ways: 

(1) The RS0\ can ensure that he knows where each mine employee wears his 
TLO badge. 

(2) The RSO can make estimates of the size of the sources to which the 
mine employees are exposed, by making routine measurements of the 
exposure-rate variation over the ore body. 

(3) The RSO can determine if the radiation received at the TLD badge was 
primarily from in front or behind the wearer, from a knowledge of the 
duties of the employee e.g. a driller or an ore truck driver. 

(4) The RSO must ensure that when the TLD badges are not in use they are 
stored in a low background area, both during the wearing period and 
before and after this period. 

Some factors over which the R\S\0y has no control are; 
(1) the multiplication factors are for a particular radiation field which 

may vary, depending on the ore body. 
(2) the multiplication factors have been calculated for a standard man, 

and may not apply to a particular employee. 
(3) the individual sensitivity of the discs used in the TLO badges can 

show variations of up to + 20°/o for a standard exposure. 
(4) radioactive contamination sticking to the TLD badge and producing an 

abnormally high reading. 
Although the above factors are difficult to minimise or determine it 

should be possible with care, good judgement and regular radiation monitoring 
to be able to estimate the organ dose equivalent with an uncertainty of better 
than + 50°/o. 
CONCLUSION 

This paper has described a method of estimating the organ dose equivalent 
for uranium mine employees from their TLD badge reading for external 
Y-irradiation. However, it should be noted that there will be an additional 
contribution to the organ dose equivalent from internal radioisotopes that 
have been ingested or inhaled. 
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Chapter 10. The Australian Codes of Practice on Radiation 
Protection in the Mining and Hilling of Radioactive Ores 

T. N. Swinaon 
Australian Raoiation Laboratory 

Abstract. Cooes of practice for raaiation protection have been developed 
in Australia for use in the mining ana milling of raaioactive ores. The aim 
of the Codes is to ensure that the raaiation hazards to persons working in 
uranium mines and mills and to persons living in the neighbournooa of such 
mines and mills are reduced to the lowest practical level. The Cooes 
prescribe radiation protection stanaaras to be met, controls for ensuring that 
the standards are not exceeded ana responsibilities of management ana of 
employees in this regard. The Codes, together with supplementary guidelines 
and handbooks aim to provide assistance to all persons in the industry and to 
obtain a uniform and consistent approach to the control of radiation hazards 
throughout Australia. 

Raaiation safety officers have a prime role in meeting the above 
objectives. It is important that their roles be clearly enunciated in this 
regard and that they have adequate facilities for carrying out the necessary 
measurements and assessments. In addition, proper record keeping forms a 
vital part of this control, in that it provides for the ongoing surveillance 
of persons who are occupationally exposed to radiation and for the 
re-evaluation of the various requirements for radiation protection in mines 
and mills. 

DEVELOPMENT OF CODES OF PRACTICE 
The first mining of radioactive ores in Australia was at Raoium Hill, 

South Australia in 1908, followed by mining at Mount Painter in 1910. The 
mining at these places was for the recovery of radium and continued for many 
years. It decreased rapidly in the 1930's but was not finally discontinued 
until the 1960's. These were relatively small industries ana in the absence 
of knowledge in the early years of the hazards arising in such industries, 
there were virtually no controls to reouce those hazards that could leao to 
illnesses. 

During the 1950's, uranium deposits were founo in many other areas of 
Australia and mining was undertaken in the South Alligator River Region and at 
Rum Jungle in the Northern Territory ano at Mary Kathleen in Queensland. By 
this time, there was an increasing awareness of the radiation hazards arising 
in the mining and milling of radioactive ores. Accordingly, in 1954, 
interested Commonwealth and State authorities prepared a draft cooe of 
practice on radiation protection in the mining ana milling of raaioactive ores 
and this was used in the Northern Territory and in Queensland. 
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(i) The 197S Cooe of Practice 
In 1965, the International Labour Organization (ILO) and the International 

Atomic Energy Agency (IAEA) prepared a araft code of practice for 
consideration by their member bodies. This draft covereo a number of 
important matters that were not adequately covered in the draft code then in 
use in Australia. Consequently, the Commonwealth Department of Health 
convened an Interdepartmental Committee (IOC) to consider the ILO/IAEA 
proposal and to consider appropriate action that might be taken in Australia. 
The IDC in turn set up a Working Panel to prepare a new code for use in 
Australia and it was envisaged that this code would be recommended to the 
Commonwealth and State Governments for use as a framework for common 
legislation throughout Australia. The Code prepared oy the Working Panel was 
distributed for comment to several government departments, mining companies, 
trade unions and other interested parties before its acceptance by the IDC in 
1975. It was subsequently publishea by the Department of Health as the "Cooe 
of Practice on Radiation Protection in the Mining ano Milling of Radioactive 
Ores," and for convenience it is often referred to as the 1975 Code to 
distinguish it from others with the same title. 

The Coae drew on tne best information available at the time of preparation 
and reference was made to reports ana symposia of international booies such as 
the International Commission on Radiological Protection (ICRP), IAEA and ILO. 
Its preparation took into account radiation protection standards ana practices 
in the mining and milling of radioactive ores in other countries, notably 
Canada, France, South Africa and United States of America. It was submitted 
to the Ranger Uranium Environmental Inquiry, which recommended that it be 
incorporated in legislation. This has been carried out in the Northern 
Territory, where it has been incorporated into regulations under the Mines 
Regulation Ordinance. 

The 1975 Code sets standards to be met ana recommends facilities to be 
provided and working procedures to be followed to ensure radiation protection 
of all persons. It places certain requirements on mine ana mill managements 
and on employees to ensure the meeting of the standards set down both for 
persons working in the mine or mill ano for members of the public in the 
neighbourhood of the mine or mill. It also emphasises the need for reduction 
of exposure of persons to the lowest practical level. The Code is intended to 
have universal application in the mining and milling of radioactive ores ana 
has been prepared to avoid, as far as possible, the inclusion of specific 
requirements that can be used in only a limited number of situations. The 
Code does not cover, nor was it intended to cover, the broad environmental 
issues relating to mining and milling activities. 

In the preparation of the Code, it was important to identify the radiation 
hazards arising in mining and milling. These can De listed as follows -

(1) In tne mining of uranium, external exposure will be from ganmia rays 
from the ore ano this is a most important consideration in tne case 
of nigh-graoe ores (although there may ue some beta rays present, 
they will be mostly absorbed in clothing and the outer dead layer of 
the skin, and thus nave minimal contribution to the skin dose). 
Miners will inhale radon and its daughter products and wnilst most of 
these will be exhaled, some will be retained in the lungs anr 
bronchial tubes. In addition, internal exposure will arise from the 
inhalation of other air-borne raoioactive contaminants, ano this will 
be the case particularly under dusty conditions. 
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(2) In milling processes, the greatest hazard will be from the inhalation 

of radon daughter products and of other air-borne radioactive 
contaminants. Exposure to external radiation in these processes is 
usually well below tne levels occurring in the various stages of 
mining. 

(3) In transporting radioactive ores from the ore-body to stockpiles and 
thence to the mill for crushing and grinding, whether by vehicle or 
by conveyor systems, exposure will be from gamma rays and from 
inhalation of radon daughter products and other air-borne 
contaminants. Transport of the processed "yellowcake" from the mill 
will only give rise to very low gamma-ray ooses. 

(4) In eating, drinking, smoking etc., radioactive material may be 
transferred into the body if personal hygiene procedures are not 
carefully followed. 

The Code has five main sections and five appendices. Briefly, the five 
sections outline -

the hazards of exposure to radiation ana the need for radiation 
protection and control 
the responsibilities of the manager/operator in the provision of safe 
working conditions and in seeking approvals from the appropriate 
authorities for certain actions in a mine or mill and the 
responsibilities of employees in ensuring that they adhere to 
prescribed practices and proceaures 
the radiation protection standards to be met, the duties of the 
radiation safety officer ana the monitoring requirements to ensure 
compliance with the standards 
the basic design requirements of a mine or mill, the provision of 
adequate facilities and implementation of appropriate practices and 
procedures to reduce radiation exposure of persons ana the spreaa of 
radioactive contamination, and 
medical examinations and surveillance for the purpose of ensuring the 
health of employees and, in the long term, the adequacy of the 
prescribed standards. 

The five appendices cover -
the relevant definitions 
explanatory notes relating to the radiation protection standards 
methods of measurement of the various raaiation quantities and 
parameters for use in various situations and the subsequent 
assessment of radiation exposure of employees and of members of the 
public 
methods for controlling exposure of employees ano of members of tne 
public from radon emanation, radon daughters and other radioactive 
contaminants arising in the discnarge of effluent ano in tailings 
dams, overburden heaps etc., ana 
recommendations relating to meuical examinations which are specific 
to illnesses that could be attributed to raaiation exposures. 

A stuay of the 1975 Code shows that it has three main thrusts -
(i) prescribing specific standards to be met and the responsibilities of 

various persons in ensuring compliance with tnose stanaaras, 
(ii) specifying minimum requirements for facilities to be proviaea ana 

procedures to be followed in order that the standards will be met, and 
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(iii) methods ana equipment to be used for measurement of various 

parameters. 
The requirements given in (i) above are of a mandatory nature whilst tnose 

given in (ii) relate to those facets of the mining and milling activities 
which will, in general, require approval from the appropriate authority before 
different stages of the operations come into operation or require approval 
during the operation. Material covered by (iii) may often be used by persons 
such as radiation safety officers in carrying out their duties. 

(ii) The 1980 Code of Practice 
It was originally proposed that the 1975 Code should be reviewea within a 

period of three years after its publication, but in 1978 the Commonweatlh 
Government passed its Environment Protection (Nuclear Codes) Act to provide 
for the proper control of uranium mining and to safeguard tne health of 
employees and members of the public from the hazards peculiar to that 
industry. Accordingly, it was not appropriate to undertake a review of the 
1975 Code at that stage, particularly as uranium mining nao not commenced in 
the Northern Territory and it had not oeen possible to determine any 
shortcomings or difficulties in its implementation. 

The Act allows for the preparation of cooes of practice, which, inter 
alia, may specify standards to be observed, practices ana procedures to be 
followed and measures (including restoration of the environment) to be taken 
with respect to nuclear activities ana may recommend practices and procedures 
that may be followed to achieve the standards specified. The Act provioes for 
the regulatory implementation of standards and of procedures, through codes, 
but they can only be applied in areas of Commonwealth responsibility and 
cannot be enforced witnin the States (and the Northern Territory). However, 
tne States have recognizeo that there is a need for the intent of the Act to 
be incorporated within their own legislation. Accordingly, they have 
introduced into their legislation Acts that would allow the implementation of 
codes that are in line with Commonwealth codes. 

In the interests of achieving, as far as possible, uniformity of approach 
throughout Australia to the control of uranium mining and the safeguarding of 
health, the Commonwealth has set up a mechanism whereby it can develop codes 
under the Act. This development is carried out in consultation with the 
States (and Northern Territory), in order to facilitate the uniformity of 
approach and the implementation into State legislation. It is anticipated 
that the codes will be adopted into State legislation when appropriate, but a 
State may need to modify parts of them in order to ensure compatability with 
its existing mining and health legislation, e.g. in the case of some 
definitions. Because they are Commonwealth/State agreed codes, any changes 
made should not significantly affect the overall requirements of the coaes. 
Ministerial decisions are made as to whether or not public comment should be 
sought on a code during its preparation. Such decisions will be based on a 
number of factors, one of which will take into account any existing public 
documents on the subject matter. Following tinalization of a code and of any 
necessary consultative process, it will receive the approval of the 
Governor-General. Federal Parliament then has 15 sitting days in which to 
disallow the code, if it considers it needs do so. Tabling a code in 
Parliament renders it a public document and therefore subject to comment. 
After this period of lb oays, a cooe becomes law, if not disallowed, and the 
States may use such codes for their legislative purposes whenever they choose. 
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Three codes have been prepared or are being prepared through the 

Commonwealth/State consultative mechanism. They are on raoiation protection, 
radioactive waste management and transport of radioactive substances, but all 
are ultimately concerned with protection of people. The first of these - the 
Code of Practice on Radiation Protection in the Mining and Milling of 
Radioactive Ores has been finalized and approved. For convenience and to 
distinguish it from the 1975 Code, it is referred to as the 1980 Code. 

Preparation of the 1980 Cooe commenced in 1978 and it was recognized then 
that it would be inappropriate to revise the 1975 Code completely in view of 
the lack of experience in implementation of the 1975 Code, of impending 
changes to international recommendations ana of the time required to revise 
the Code. Because of the administrative procedures involvea in approving 
codes, or modifications to codes, it was considered appropriate that only 
those parts of the 1975 Code that are strictly of a regulatory nature and are 
unlikely to require early change would be included in a recast code and that a 
revision of the code, which would include any new international 
recommendations would be undertaken at a later date. 

The 1980 Code is supported by two other types of material. The first of 
these is in the form of guidelines which give minimum specifications for 
facilities to be provided or make firm recommendations about practices and 
procedures to be followed. Such guidelines generally relate to specific 
clauses of the Code. They include matters which may require approval from an 
authority or which are to be reported to an authority. As it was not intendea 
that they be of a regulatory nature, although a State could incorporate them 
in regulations if it desired, they were written in a more descriptive form 
than the Coae to allow for the variations that could arise in different 
situations and with new techniques ana information. It is possible that the 
guideline material is not required in all situations, but items ana actions 
have been included in case they are requirea. Obviously the neea for some 
items and actions must be considered in relation to the various risks 
associated with particular situations. The second type of supportive material 
is in the form of handbooks which describe technical methods of determining 
some of the requirements of the Code and wnich woula be used to a large extent 
by radiation safety officers. Guidelines and hanabooks are not subject to the 
same rigorous treatment with respect to approval, as are codes, and can be 
modified quite easily as new information becomes available. Much of the 
material in the 1975 Code which has not been included in the 1980 Code will 
appear in the guidelines or handbooks. 

Guidelines have been or are being prepared on the following -
Meal/smoking areas and personal hygiene facilities 
Training of employees and supervisors 
Safety signs/notices for controlled and supervised areas 
Qualifications and duties of radiation safety officers 
Corrective measures to be taken 
Medical surveillance 
Radiation monitoring programs 
Planned special, emergency and acciaental exposures 
Record requirements 

Handbooks and reports which have been or are being prepared ana which are 
related to uranium mining are -

Monitoring employee exposure to radon ana its aaugnters in uraniun; 
mines 



197 
Calculation of gamma ray exposure rates from uranium ore bodies 
On the radiation dose to lung tissues from radon daughters 
Numerical calculation of the geometric efficiency of circular 
detector and surface source arrangements. 
A study of radiation parameters at Nabarlek Uranium Mine, N.T. 
Relationship between external exposure and ooses to organs. 

In recasting the 1975 Code, it was necessary to make a number of minor 
changes, mainly to define terms in a more satisfactory regulatory form. The 
following are examples -

(i) "Work place" - an area in which work activities directly entailed in 
mining and milling and "restricted area" - an area subject to control 
by the manager for radiation protection purposes, have been replaced 
by "controlled area" and "supervised area" which have been defined in 
terms of greater or less respectively than three-tenths of various 
derived limits. 

(ii) "Designated employee" in the 1980 Code, is an employee who works in a 
controlled or supervised area and other employees are equivalent to 
members of the public as far as radiation exposure is concerned. In 
the 1975 Code, "employee" referred to all employees even if they 
worked outside supervised (restricted) areas, and their radiation 
exposure limits were the same, irrespective of working area, 

(iii) Terms used with 1975 Code, such as maximum permissible doses, maximum 
permissible concentrations, etc., have been replaced by the newer 
ICRP terminology - oose equivalent limits, oeriveo limits, etc. 

(iv) Quantities have been given in SI units throughout, with the 
corresponding values in older units given in brackets where 
appropriate, 

(v) Some of the responsibilities of the manager/operator have had to be 
stated more explicitly than in the 1975 Code, in oroer to fit in with 
the newer definitions. 

(vi) It has been necessary to prescribe levels to oefine "radiation 
hazard", rather than use the vague term "significant radiation 
hazard", 

(vii) Instead of including such things as monitoring requirements, which 
could be site specific, the 1980 Cooe requires approvals for the 
proposals to be obtained from the appropriate authority. 

RADIATION PROTECTION STANDARDS AND DERIVED LIMITS 
The radiation protection standards given in both the 1975 and 1980 Codes 

are based on the 1965 ICRP recommendations (ICRP publication No. 9) ana the 
derived limits for contaminants in air and water on ICRP publication No. 2 
(with minor later amendments in publication No. 6 ana 10 also incorporated). 
In 1977, ICRP issued new recommendations (ICRP publication No. 26), the major 
difference between these and the 1965 recommendations being that instead of 
specifying aose equivalents limits for the whole body and for various organs, 
the 1977 recommendations equate the risks associated with radiation exposure 
of single organs to the risk of exposure of the whole boay. The annual limit 
for whole-body exposure remains unchanged but the the various organs are 
assigned weighting factors in accordance with the relative risks. This has 
the effect of increasing the annual limits to singly irradiated organs quite 
significantly. However the limits are further restricted for a number of 
organs by a maximum value related to non-stochastic effects. Differences in 
approach to exposure of members of the public also occur. Whilst the 1965 
recommendations gave exposure limits for members of the public values that 
were, in general, one-tenth of those for radiation workers, the 1977 
recommendations imply that such limits are acceptable only on the basis that 
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the public should receive such exposure for only a short period of time, i.e., 
a few years and not over the main part of their life-time. 

The 1977 ICRP recommendations have now been prepared in a form suitable 
for use in Australia and the National Health ana Nedical Research Council nas 
recommended that its Radiation Protection Standards for Individuals Exposed to 
Ionising Raoiation, 1980, be used throughout Australia. It is anticipated 
that the States and Territorities will incorporate these standards into their 
legislation in due course. It is also expected that the Standards will be 
used in the revision of the 1980 Code. 

Because the limits given in the 1977 ICRP and 1980 NHMRC recommendations 
for the whole body and for the various organs include the doses received from 
external and internal sources and the values for organs differ significantly 
in many cases from the previous values, it has been necessary to revise values 
relating to the maximum quantities of radionuclides taken into the body. 
These are expressed in terms of annual limits on intake and such intake 
depends on the concentrations of radionuclides in air, water, food, etc., ana 
on the rate at which these are absorbed into the various body organs. ICRP 
has made recommendations on about two thirds of the radionucldies ana will be 
issuing recommendations on the others within the next year or two. These 
recommendations will again be prepared in a suitable form for use in Australia 
and it is expected that they will be used in the revision of the 1980 Code. 

The radiation protection standards form the ultimate basis for the 
provision of facilities, equipment and working procedures. Closely allied to 
them are the derived limits, as they serve the useful purpose of setting upper 
limits to environmental conditions which, if not exceeded, will ensure 
compliance with the radiation protection standards. Tne derived limits are 
based on a steady rate of exposure over 40 hours per week, 50 weeks per year 
for occupational exposure ano 168 hours per week for exposure of members of 
the public. They also assume certain intakes of air and water during these 
periods. There will be occasions when the limits will be exceeded and action 
may then be needed to reduce the environmental levels or to reduce exposure to 
radiation by shorter working periods, provision of better protective 
facilities or of new techniques, equipment or working procedures. The limits 
therefore represent levels at which some extra action may be required to 
ensure the annual limits are not exceeded. Of course, even when the 
environmental levels are below tne derived limits it is important to consider 
ways and means of reducing the levels even further in order to ensure that 
radiation exposure of persons is minimal. 

ROLE OF THE AUTHORITIES 
Throughout both Codes, reference is made to appropriate (or Statutory) 

authorities and the neeo for approval to be obtained from them for certain 
activities. The authorities have a \/ery necessary role in ensuring that the 
health of all persons is safeguarded, and this can only be ensured if 
appropriate facilities are provided, working procedures followed and radiation 
monitoring carried out. To this end, it is necessary that the mining and 
milling activities be planned in considerable detail before they are started 
and that the proposals be submitted to the authorities for approval. The 
details must demonstrate that realistic assessments of the likely exposures 
and the causes of exposure of persons have been made. Naturally, assessments 
should be made on a number of methods of undertaking the various procedures so 
that it can be demonstrated that, not only are procedures realistic, but that 
they are likely to lead to minimal exposures. Such assessments must take into 
account occupancy at the various sites, ore grades, atmospneric conditions, 
topographical features of the area, relationship of those sites to other areas 
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of the mine and Bill, the activities taking place at those sites, Mater 
aanageaent and waste aanageaent scheaes etc. 

Once the authorities are satisfied that the proposals *re suitable for the 
purpose and approval is given for the various activities to coaaence and for 
the proposed radiation aonitoring programs, they have a continuing role in 
ensuring that the various requireaents are aet. This is achieved through 
inspectorial arrangeaents. It is, of course, iapossible for authorities to 
check e^ery single itea in a aine or aill ana every single radiation 
aeasureaent Bade. It is therefore aore appropriate for the authorities to 
have access to recoras relating to raaiation protection in the aine or aill so 
as to assure themselves that all things are carried out properly. They will 
also make sufficient supplementary measurements to confirm the information 
kept in the recoras. 

It is possible that the authorities may require sane changes to be aade in 
the various facilities, working procedures ana aonitoring programs in the 
light of experience gained as a nine or aill develops. Such changes could 
arise from the assessments made of raaiation exposures or contamination, froa 
malfunctioning of certain types of equipment from the development of new 
techniques or equipment so that the best practical technology is phasea into 
the mine or mill, or from procedures which are not readily complied with by 
the work-force. 

The authorities need to take into consideration the uoses received by 
persons who may transfer employment from one mine or mill to another, such 
transfer could even be from another State. Transfer of records is therefore 
important in this context and some liaison is therefore desirable between 
authorities. As a further safeguard, authorities may also require that weekly 
or monthly exposure limits be met so that under no circumstances would the 
annual limits be exceeded. Regular reports of radiation exposure must 
therefore be made available to the authorities to ensure that the exposure is 
being maintained below any prescribed levels. The integrated raaiation 
exposure records of individual employees will be useo in the long term, 
together with medical records, in epidemiological studies to determine if 
there is any excess incidence of cancer, and in particular lung cancer, 
arising in the mining population from exposure to raaiation. Such studies may 
lead to a cnanges in the radiation protection stanoaras, particularly in 
relation to exposure to raaon daughter prooucts. 

To limit the exposure of members of the public, the authorities may 
prescribe limits for discharge of radioactive contaminants in air and water. 
These limits would be based on the likely intake into the body of contaminants 
in air and water and in food which is locally produced. The limits prescribed 
would therefore be based, not only on the likely exposures of critical groups 
from a single mine or mill, but on the contributions to these exposures which 
may be made from all mines and mills in the neighbourhood of the groups. 
Where there are several mines or mills likely to contribute to these 
exposures, the discharge limits for each mine or mill may need to be 
restricted accordingly. In addition, the authorities would need to take into 
account future land use and the possibility of it being occupied at some 
distant time in the future. 

RADIATION MONITORING PROGRAMS 
As indicated earlier, raoiation monitoring programs are subject to the 

approval of the authorities. The 1975 Cooe requires the use of appropriate 
instruments, measurement techniques and sampling procedures approved by the 
authorities and it gives the minimum frequency of monitoring in specific 
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situations. It also requires classification of eaployees into their 
likelihood of exceeding or not exceeding three-tenths of the annual radiation 
exposure Units and the monitoring requirements are based to an extent on this 
classification. On the other hand, the 1980 Code avoids any specific details 
in relation to monitoring and simply requires that approval of the proposed 
monitoring program be obtained from the autnority. 

It is very obvious that the monitoring program required in a mine or mill 
Mill depend on the situation peculiar to that mine or mill and may need 
modification from time to time. The programs should therefore be assessed 
frequently to determine their relevance in each situation and approval sought 
for any proposed modifications. The aims of programs are to ensure that safe 
working conditions are maintained at all times ana to assess the radiation 
exposure of each individual as well as possible, and thereby snow that these 
exposures are below prescribed limits. Botn Cooes require that the exposure 
of employees and of the critical group arising specifically from mining and 
•illing activities be determined, i.e., tne contribution from natural 
background radiation, as existing prior to commencement of activities «no from 
radiological examinations or treatments should not be included as part of 
these exposures. As part of the radiation monitoring program, it is therefore 
important to determine base-line data on natural background radiation. These 
data include gamma background levels and concentrations of radioactive 
contaminants in air and drinking water, in water absorbed into the food-chain 
and in foods that art produced locally. Base-line data must be obtained 
before the first constructional activities commence on a site as any obtained 
after that stage may be influenced by the preceeding activities. 

The radiation monitoring program must be designed so as to determine 
(i) the dose-equivalents of the whole body and of the various body organs 

from external radiation and fro* the intake of internal contaminants, 
(ii) the exposure from inhalation of radon daughter products, 
(iii) the sources of exposure, so tnat exposures can be reduced wherever 

practicable, and 
(iv) that environmental radiation levels Are satisfactory from the 

operational point of view. 
For monitoring of external radiation, the continuous wearing of personal 

radiation monitoring devices during the work-shifts gives by far tne best 
estimate. Such devices may be specially designed TLD badges, pocket 
dosemeters or film badges where environmental conditions are satisfactory. 
They should always be worn in areas where the gamma ray levels are likely to 
be high or to vary throughout work-shifts. 

Supplementary monitoring for external radiation is also necessary in many 
situations. In any new activities in a mine or mill or wnen nsw procedures or 
equipment are introduced, sufficient area monitoring at occupied sites is 
necessary to establish the resultant gamma rdy levels. This may indicate the 
need for more extensive monitoring and measuring. In mining operations where 
the ore grades are high and may change rapidly, frequent area monitoring is 
necessary so that operations can be planned to reduce exposure of persons to a 
minimum. In other areas, such as offices, where the gamma ray levels are 
shown to be low, gamma area monitoring on a quarterly basis is probably 
adequate provided that changes likely to leaa to increased gamma ray levels do 
not occur in the area. 

Where personal monitoring devices are not used, the occupancy of measured 
areas must be recorded so that the exposure of persons in these areas can be 
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assessed. It is to be noted that the dose equivalents received by the whole 
body or by the various body organs 4.n not given directly by personal Monitors 
or by area Monitoring. These are calculated separately from the Monitor 
readings. 

For water-borne radioactive contaminants, the water Management system Must 
be such that any contaminants arising in the various processes are kept within 
contained systems. Consequently the only water that needs monitoring from the 
occupational health point of view is potable water supplied for (finking ana 
washing purposes. From an analysis of the various contaminants in this water, 
from the intakes of water (as given in ICRP publication 2) and from the uptake 
by organs of the contaminants, the doses to the critical organs can be 
calculated. Because the concentrations of contaminants in water are unlikely 
to change suddenly, a detailed analysis of the contaminants every tnree to six 
Months May be satisfactory, but gross alpha counts in water should be carries 
out More frequently, perhaps Monthly. The MHO recommenoations on drinking 
water standards vt basically that if a gross alpha count less than 0.1 Bq/1 
(~ 3 pCi/1) is obtained, no further analysis is required. Above this level, 
an analysis is necessary to determine raoiuM-226 levels ana such other 
radionuclides as determined by the authorities. Thus, if a gross count 
remains lew, there would not be a need for further analysis to be carried out 
frequently. 

Radioactive contaMinants May also be inhaled into the body, these being 
attached to dust particles, or in the case of radon, as free radon. Not all 
contaMinants in the air will be inhaled, the quantity depending on particle 
size. Nevertheless, total quantities of contaMinants in air are Measured. 
The dose from airborne contaminants, other than from radon and daughters, to 
the various organs can be assessed in the same manner as for water-oorne 
contaminants, i.e., from a knowledge of the concentrations of the various 
contaminants in air, breathing rates (as given in ICRP publication 2) ana 
uptake of the contaminants. The actual doses will depend on the variations of 
concentrations in the air at any particular tine ana it is neccessary to 
establish mean concentrations over work shifts and apply these to the 
occupancy of the relevant sites. The exposure from radon daughters can then 
be determined from the mean concentrations at a site during a shift (or part 
thereof) and the occupancy at that site. 

The mean concentration over work shifts is ideally aetermineo by 
continuous or \iery frequent monitoring over eacn shift, but these metnoas are 
not practicable. However, a sufficient number of measurements should be made 
so that the mean concentrations are known to within tne 950/o confidence 
level for any particular situation. As the concentrations will vary with the 
particular work activities being undertaken ana with atmospheric conditions, 
monitoring programs shoula be aimed to determine in tne first place tnose 
conditions ana places where the concentrations are likely to be hiyn ami 
variable and how those concentrations change witn time. Such monitoring will 
give more confidence in estimating the exposure of persons ana may make :t 
possible to set trigger levels above which more frequent monitoring is 
required. 

From information obtc'ned from the above monitoring, the frequency of 
future monitoring can be determined so as to give the oest estimates of 
exposure of persons, and in many cases the monitoring requirements could be 
reduced. In addition, work activities might dlso be modified to give lower 
exposure of employees and, in turn, could possibly lead to reduction of 
monitoring. A few examples are given to illustrate the above. 

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

concentrations are high in the early hours of the morning and then 
decrease rapidly to extremely low values. By determining such 
patterns, monitoring may be required each day at the beginning of a 
shift and then perhaps once a week at other times during that shift, 
the times being chosen on a random sampling basis. On this basis, 
the shift would be thought of comprising two periods for purposes of 
calculating occupational exposure, with a mean concentration for the 
early part of the shift being used for a period of one or two hours 
and a different mean concentration being used over the remainder of 
the period. At night time, when the concentrations vary to a much 
greater extent, and there is no simple division of concentrations 
into different periods of a shift, sampling on a random basis and 
applying the mean over the entire shift could suffice, once the 
initial monitoring program had been completed to assess mean 
concentrations in this shift. Random sampling on a weekly basis for 
each occupied position might even suffice provided the levels are low 
compared to the derived limits. 

(2) Airborne contaminants will be released after blasting and it is 
necessary for a period of time to be allowed for the dust levels to 
be reduced to acceptable levels. Measurements of dust samples may 
show that the concentrations of airborne radioactive contaminants at 
that time are also extremely low. As it is common practice to carry 
out blasting operations at the end of a shift or before a meal break, 
the initial monitoring program may show that monitoring at resumption 
of work is not always necessary after blasting and airborne 
contaminant concentrations can then be assessed on a random sampling 
basis. 

(3) In underground mines, radon oaughter concentrations may increase 
after blasting or mucking out or if the ventilation system is turned 
off in an area at any time. By establishing the times required for 
concentrations to return to "normal", or near normal, work procedures 
can be modified to reduce exposure of persons ana this may lead to a 
reduction in monitoring. Monitoring in underground mines may then be 
undertaken on a random sampling basis at the various occupied sites. 
It may be found that monitoring need only be carried out at weekly 
intervals, once the mean concentrations have been established and 
been shown to be low. 

From the above, it can be seen that considerable initial monitoring is 
required in order to establish patterns. This monitoring can often 
subsequently be reduced and undertaken on a random sampling basis. However, 
in addition to monitoring being undertaken on random sampling basis, it is 
important to carry out sufficient additional monitoring to show that an area 
is "safe" for work activities. If random sampling is used as the basis for 
monitoring, the additional monitoring results should not be included in the 
assessed mean concentrations over a shift in assessing exposure of employees, 
as they will prejudice the results. Fxtra monitoring is also required to 
highlight sources of radiation exposure so that action can be taken as part of 
the radiation control program to reduce exposures to the lowest practical 
level. 

With regard to the above references to random sampling, the sampling must 
be truly randomized by the use of a table of random numbers. The overall time 
interval for each site in which monitoring is to be undertaken is divided into 
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a number of small segments and each segment is allotted a permanent number. 
The order of sampling then follows strictly the order of the numbers in the 
taule. 

Practical problems may arise in making measurements near occupied spaces 
and it may be determined that it would be more convenient to make measurements 
before a work shift or during breaks, or at positions not too far from 
occupied positions. This may lead to erroneous assessments due to the 
different environmental conditions at those times or places. Should 
assessment of doses received be overestimated in this way, undue concern by 
management and by employees may result. 

ASSESSMENT OF DOSES RECEIVED BY EMPLOYEES 
Doses to the whole body and organs and tissues will arise from exposure to 

gamma radiation from external sources (and to beta radiation in the case of 
the eyes and skin) and from exposure to alpha, beta and gamma radiation 
arising from internal sources that ere taken into the body by the inhalation 
of contaminants in air and by the ingestion of contaminants in water and food. 

Thus the total dose XD to a particular organ x will be the sum of two 
doses, 

i.e. XD = x D e + xDi 
where x D e is the dose from external radiation sources 
and xDj is the dose from internal radiation sources. 

In order to ensure that the radiation protection standards are not 
exceeded for the whole body or any organ or tissue, it is necessary to 
determine the contributions from each source. It is obvious that if x D e 

is high, than xD-j must be made correspondingly low, and vice versa. It is 
also obvious that if x D e is high, then xD-j must be determined as 
carefully as possible to ensure that X D does not exceed the prescribed 
limit. Likewise, the reverse also applies. 

(i) Assessment of y D p 

The assessment of x D e is derived from the doses determined either by 
means of personal monitors (TLD badges etc.) that have been worn for known 
periods of time or by area monitoring combined with occupancies of those 
areas, and by the application of suitable factors for calculation of the dose 
to the organ. These factors depend on the radiation energy, angle of 
incidence of radiation on the individual, the depth, size and position of 
organ in the individual and on his or her physique. All these factors cannot 
be taken into account for each individual ana approximations are maae, for 
example by using data applicable to standard man. Methods of assessment of 
x D e have been covered previously. 

Care must be taken to allow for, or minimize, any background radiation 
recorded by monitoring devices outside the work shift, as this does not form 
part of "occupational" exposure ana must be deleted from monitoring results. 
Any radiation received from medical exposures must also not be recoraed as 
part of occupational exposure. 

(ii) Assessment of ^D, 
The Codes of Practice give maximum permissible concentrations of several 

radionuclides in air and water, applicable to employees and to members of the 
public. Provided these concentrations are not exceeded, then, on the basis 
that the dose to an organ arises solely through the presence of a particular 
radionuclide, the maximum permissible dose to the critical organ for that 
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radionuclide will not be exceeded. For other organs, the doses due to the 
presence of a radionuclide in the body will be only a fraction of the dose 
received by the critical organ. The critical organ depends on the particular 
radionuclide and if several radionuclides are present, there may be several 
different critical organs to consider. The dose to an organ must therefore be 
determined for all the radionuclides present and these totalled to obtain the 
total dose for internal sources to that organ. 

The dose to an organ can be calculated for a particular radionuclide by 
using published formulae which take into account 

(i) the activity of the radionuclide in the organ, 
(ii) the mass of the organ, 

(iii) the energies of the alpha, beta and gamma rays emitted by the 
radionuclides and 

(iv) the effective half-life of the radionuclide in the organ. 

In order to determine the activity of the radionuclide in an organ, it is 
necessary to know 

(v) the activity of the radionuclide taken into the body, ana 
(vi) the uptake by the organ of the radionuclide. 
Data for requirements (ii), (iii), (iv) and (vi) can be obtained from ICRP 

publications 2, 6 and 10. If an organ is not listed, then it is reasonable to 
assume, in the absence of other information, that the uptake is nil and there 
would therefore be no dose contribution to the organ by that radionuclide. 
The activity of the radionuclide taken into the body can be determined from 
the standard intakes of air and water given in ICRP publication 2 and from 
measurements made of the concentrations of the radionuclides in the air 
inhaled and water consumed. 

The calculation of doses to organs by the use of formulae is complex and 
for this reason, such calculations are not normally carried out - particularly 
if it can be demonstrated that the doses are likely to be extremely low. In 
practice, the dose is determined by the simple expedient of taking the ratios 
of the known concentrations of contaminants in air and water to the maximum 
permissible concentrations of the contaminants in air and water and applying 
the ratios to the maximum permissible doses for that organ. For example if an 
employee inhales continuously during employment, air with radium concentration 
20°/o of the maximum permissible concentration and ingests water with radium 
concentration 30°/o of the maximum permissible concentration, then the dose 
to bone for that year is usually calculated to be 

20 30 0.3 ( + " v ) • 0.15 Sv, where 0.3 Sv is the annua) dose-equivalent 
l0"0" TUff 

limit for bone (1965 value). 
However, for long-lived radionuclides such calculations will lead to gross 

overestimation of the dose to an organ. This is because the maximum 
permissible concentrations are based on intake of radioactive contaminants 
over a 40 hour week, 50 weeks per year for a normal working life time of 50 
years. For a radionuclide, such as radium-226, which does not come to 
equilibrium in that working life-time (it only reaches 56°/o) the largest 
dose will be received in the *inel years of employment and the maximum 
permissible concentrations are Das»d on this. 
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The Codes of Practice also require doses to organs to be assessed for 

isolated intakes of radioactive contaminants, such as in planned special 
exposures and emergency and accidental exposures. They also call for 
assessment of committed dose equivalents or dose equivalent commitments. It 
is therefore important that these assessments be determined as realistically 
as possible - they cannot be determined by the expedient of using ratios of 
measured concentrations to maximum permissible concentrations. 

The following example of a calculation is given. As this is derived from 
ICRP publication 10, the older units, rem and yCi, are retained for ease of 
reference. The dose xDi to an organ in time t depends on 

(i) number of disintegrations of the radionuclide occurring in the organ 
in that time per microcurie, 

(ii) the energy released at each disintegration, 
(iii) the effective energy absorbed in the organ per disintegration, and 
(iv) the mass of the organ 
It can be expressed by the formula 

> x IP" 6 

TOO" m 
D, = 3.2 x 10 9 x 1.6 x 10" 6 x Q x c 

XI 

= 51.2 . 1 Q rem 
m 

where 3.2 x 10^ = number of disintegration per day from 1 yCi 
1.6 x 10" 6 = ergs per MeV 

100 = ergs per gram of tissue per rad 
Q = time integral of internal contamination, expressed in 

uCi - days resulting from uptake or deposition of 1 pCi 
c(MeV) = £EF(RBE)n, the effective absorbed energy per 

disintegration, and is given in ICRP publication 2, 
and 

m m mass of the critical organ in gram, and is also given 
in 

ICRP publication 2. 
Q can be calculated from the formula 

Q = f Q r(t) dt where q (t) is the amount of the radionuclide 
o c c 

in the organ at t days after the initial deposition. For an initial 
deposition of 1 yCi, the equation becomes 

Q = J R (t) dt where R (t) is the fraction of the initial lMCi 
o 

retained at time t. 
For this particular example, it is assumed that an inaividual inhales air 

containing radium-226. Although the formula applies to a single intake, the 
dose resulting from continuous exposure to a contaminant could be considered 
as the summation of exposures from a series of small discrete intakes taken 
successively during working hours. For simplicity, it will be assumed that 
the total annual intake is received as a single intake at the beginning of the 
year. This will lead to a very small over-estimate of the dose. It is also 
assumed that the concentration is equal to the maximum permissible 
concentration for 40 hours per week. 
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The total intake for one year is therefore calculated to be 

3 x 10-H x 10? x 5 x 50 wCi » 0.075 uCi 
where 3 x 10-H uCi/cn3 = HPC a on 40 hour-week basis 

10? cm3 . air inhaled in 8 hour working day 
5 x 50 days = number of working days per year. 

However, only a fraction of this will be deposited in the bone. ICRP 
publication 2 gives the fraction (f a) taken into the body by inhalation that is retained in the critical organ as 0.04. Therefore the total activity 
deposited in one year is 0.003 pCi. 

For radium-226, investigations carried out on patients show that the 
fractional retention R(t) is related to time by the power relationship 

R(t) = 0.54 t-0.52 Where t is in days. 

Therefore Q = 0.54 / t~°' 5 2 dt 

0.54 rt0.48:-r 
(M8~ o 

The dose D to bone from one year's exposure at the MPC levels in air would 
therefore be 

D = 0.003 x 51.2 x 1 1 0 x °-54 Lt^^rem 
Tooo O S o 

« 0.0027 [ t 0 , 4 8 j rem 
o 

where c * 110 MeV, and m = 7000 g 

The dose equivalent from a single intake for any of tne ensuing years and 
the committed dose equivalent can be calculated. In addition, the annual and 
committed dose equivalents can be calculated for a number of single annual 
intakes (or if greater sophistication is required, a number of intakes spaced 
at various intervals throughout each year, for several years). 

The following doses have been calculated from the above for selected years 
after single or repeat intakes at the beginning of the year. 

Annual Dose (rem) 
End of Year For single intake For repeat annual intakes 

1 0.046 0.046 
2 0.018 0.064 
5 0.010 0.100 

10 0.007 0.142 
20 0.005 0.203 
30 0.004 0.245 
50 0.003 0.310 
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By calculating the annual ooses for each year arising from a single intake 

at the beginning of the SO year period, and summing these doses, it can be 
shown that the committed dose equivalent (for 50 years) from the single intake 
is 0.3 rem. By using more recent information on masses of organs, intakes of 
air and water, as given in ICRP publication 23, the annual doses may be shown 
to be different to the above, but such differences would not be of great 
significance compareo to the annual limits. 

Similar types of calculations can be carried out for other contaminants in 
air or water. 

(iii) Assessment of total organ oose 
The total oose to an organ can be determined as the sum of tne ooses 

received from external sources and from internal sources. The total dose 
determination can be important to demonstrate compliance with the radiation 
protection standards and to assess the need for further action in reducing the 
dose to the lowest practical level. 

Reference has already been maoe to the fact that calculations of otcan 
dose may not be normally carried out, particularly if the doses are likely to 
be low. Organ doses will be known to be below the limits given in the 
radiation protection standards if tne ooses arising from external sources are 
below the annual limits for the whole body, when external sources are the sole 
source of radiation ano if the concentrations of raoionuclioes in air or water 
are below the derived limits given in the Coaes for these concentrations, when 
intake through air of through water is the only source of exposure. 

When a oose is due to external radiation ano from intake of raoionuclides 
by air ano water, it can be assumed that the radiation protection stanoaros 
will not be exceeded if the following formula is used in the first place 

50 P l 

where H is the dose equivalent from external raoiation sources, 
50 is the annual dose equivalent limit to the whole body, in millisievert 
C is the measured concentration of a radionuclide present in ah- or 

water 
P is the maximum permissible concentration (derived limitj for tnat 

radionuclide in air or water. 

This formula represents a control mechanism ano does not determine aoses 
received by organs. If the conditions imposed by this formula are not met, 
then it could be necessary to calculate the organ ooses to ensure that the 
standards for individual organs ana for the whole body are not exceeded. 

REQUIREMENTS FUR RADIATION SAFETY OFFICERS AND VENTILATION OFFICES 
Both Codes of Practice require the appointment of a raoiation safety 

officer ana, when appropriate, a ventilation officer. In some situations, the 
radiation safety officer may also act as the ventilation officer. In oroer 
that the duties of these officers are effectively carried out sufficient 
support staff and equipment must be maae availaole. The support staff ana 
equipment will aepena to a very large extent on the size of the operations. 

Prior to operation of a mine or mill, the 1975 Coue specifically requires 
that -

(i* assessments be maae of the likely exposures of critical groups from 
the mine ano mill operations, ana 
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(ii) proposals for ventilation and air extraction in mines or mills be 

submitted to the appropriate authorities for approval. 
These requirements are to be met, often before the appointment of RSO's 

and VO's to the staff of the mine or mill. It is therefore appropriate that 
consultants with appropriate qualifications be appointed by the management for 
these purposes. In addition, in the absence of RSO's and VO's, it is 
necessary to obtain the services of consultants to assess the likely radiation 
exposure of employees when formulating the various mining or milling 
operations. The advice obtained at this stage should lead to the most 
appropriate mooes of operation for minimizing radiation exposure. If it is 
shown that the exposures be extremely low, say less than member of the public 
levels, it may be acceptable to appoint consultants as RSO's and VO's 
subsequently to cover those operations. 

DUTIES OF RADIATION SAFETY OFFICERS 
The RSO's duties can be divided into three main categories -
(i) design and implementation of a radiation monitoring program for 

determination of the doses and exposures of employees and of the 
critical group of members of the public, 

(ii) the investigation of sources of radiation exposure so that radiation 
control procedures can be instituted, thereby reducing exposure of 
persons, and 

(iii) advice on all matters relating to radiation protection. 
(i) Design and implementation of radiation monitoring programs 
This is of overall importance in ensuring that the radiation protection 

standards of the Codes of Practice are met. A large proportion of the RSO's 
duties will be involved in the design, modification and implementation of 
programs for determining the dose equivalents and radon/thoron daughter 
exposures received both by employees and by the critical groups. Reference 
has already been made to the need for determining base-line data, use of 
personal and area monitoring, etc., ana the subsequent calculation of doses 
received by persons to ensure that the prescribed limits are not exceeded. 
The monitoring carried out must be of sufficient frequency and accuracy to 
ensure that the assessments of doses and exposures are realistic. 

Allied to the monitoring program is the calibration and maintenance of 
monitoring equipment, as without this, there is no way of knowing that the 
measurements and assessments relating to individuals are correct. The RSO 
must therefore have available sufficient standardized radiation sources, 
reference calibration instruments, electrical test appliances and other 
equipment needed for calibration. In addition an adequate area in which to 
carry out calibrations is necessary so that the RSO does not receive large 
doses and so that there are no extraneous factors arising, such as scatter 
from benches, walls and equipment which will affect the calibrations. 

Inspection and monitoring must also be carried out to test radiation 
protection equipment, such as respirators, filters, etc., in order to ensure 
that the efficiencies of such equipment remains satisfactory. 

Not only must the dose-equivalents and radon/thoron daughter exposures of 
persons be determined, but contamination monitoring must be carried out in 
offices, eating, wash/change, recreation areas, etc., sufficiently often to 
prevent contamination being transferred into the body. In some areas, skin 
and clothing monitoring is also necessary. Other contamination monitoring 
will also be required, for example, when equipment is moved to a "clean" area 
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such as workshops or RSO's office for maintenance purposes or when vehicles 
are moved from a mine to a marshalling area. The RSO will need to institute 
procedures such that he can ensure this type of monitoring is carried out. 

(ii) Investigation of sources of radiation exposure 
It is not sufficient to monitor the exposure of indiviauals and ensure 

that the radiation protection standards are met as the Codes also require that 
the exposures be kept to the lowest practical level. This means not only the 
institution of appropriate protection facilities ano working procedures, but 
also that sources of unnecessary radiation exposure should be reduced, 
wherever possible. To this end, the RSO should undertake radiation monitoring 
to determine levels of y rays, airborne contaminants and radon and raaon 
daughter concentrations arising from ore stockpiles, tailings dams, broken 
ore, improperly sealed-off mined-out areas and various parts cf processing 
plants. Monitoring of many of these areas only need be carried out every 
three or six months, depending on location and the provision of adequate 
engineering control. Broken ore, on the other hano creates variable 
situations and should be monitored wherever it occurs to determine if it is 
likely to contribute significantly to radiation exposure. Apart from that, 
such sources of radon and daughters may also have an effect on the ventilation 
requirements in underground mines and removal of that source of exposure could 
avoid the need for increased ventilation. 

(iii) Advice on matters relating to radiation protection 
The management of a mine or mill will be very dependent on the RSO for 

advice on the radiation hazards likely to arise and on methods of reducing 
these. The RSO therefore needs to be familiar with the various processes and 
work activities in a mine or mill and to determine the levels of radioactive 
components in each of the processes so that he can offer the most appropriate 
advice. For this purpose, the concentrations of the different radioactive 
components must be determined and checked from time to time to ensure that no 
significant changes occur. He may need to recommend changes in design or 
protection facilities in order to reduce radiation hazards in the light of the 
various measurements he makes. One other purpose in being familiar with the 
various processes is to allow him to plan for emergency and accidental 
situations that might arise, and thereby make sure that there is available, in 
sufficient numbers, the types of equipment tht might be neeaed for radiation 
protection ana measurement purposes when the need arises and to give 
appropriate advice to others at those times. 

Another area in which the RSO will spend considerable time is in giving 
advice to employees. They must be fully instructed in the radiation hazards 
associated with uranium mining and milling and this is achieved through 
induction courses, ano by more specific instruction in those hazards in the 
particular activities they will De undertaking and on how they can be reduced 
by proper work procedures. Periodic re-training will be necessary, 
particularly when employees change their duties and when new equipment is 
obtained. Perhaps one of the most important aspects of giving advice is in 
the informal on-the-job discussions with employees - P.R. work here is 
probably as valuable as the more formal induction and training courses. 

The three categories covered give a brief outline of the RSU's duties. 
They have been formalized in more detail in guidelines. Reference to the 
guidelines shows that a considerable effort is required in the assessment of 
the radiation exposures of employees and of the critical groups of members of 
the public. 
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DUTIES OF VENTILATION OFFICERS 

Reference Mas nade earlier to the appointment of a ventilation officer as 
well as of a radiation safety officer. The ventilation officer Mill be 
responsible for ensuring that the ventilation and air extraction systems 
provioed in a nine or Bill operate satisfactorily at all times and, because of 
the high cost of installing and operating such systems in underground mines, 
Mill need to ensure that they operate at maximum efficiency. Accordingly, he 
may need to modify the design and operation of a system from time to time to 
cope Nith the changing situations in a mine. The systems Mill need to cope 
with large releases of radon and radon daughters, particularly after blasting 
and mucking out in an underground mine and they must be able to remove these 
from the working areas as quickly as possible. The R.S.O. and V.O. Mill need 
to Mork as a team in a number of cases to detect sources of radon and 
daughters and to determine the most expeditious method of removing these from 
working areas. 
RECORD KEEPING 

Reference has already been made to the role of the authorities and the 
requirement that they have access to records. In addition, the Codes require 
that certain records be forwaraed to the authorities periodically for 
retention. Record keeping therefore requires a considerable input by various 
employees in mining companies. Hany of the records relating to radiation 
matters Mill be compiled by the RSO. Because of their importance, they must 
be retained for very long periods of time and need to be complete in 
themselves, Nith all relevant data used in making assessments and decisions 
being obvious. They could be used for such things as -

(i) demonstration that the radiation exposures of individuals remain 
beloN prescribed limits, 

(ii) tracing or determining changes in radiation levels, 
(iii) worker's compensation cases, etc. 
For convenience the records required by the Codes can be divided into 

several groups and these are listed below. 
(a) General 

(T) Areas that are designated as supervised and controlled areas. 
(2) The individual processes in a mine or mill that will expose the 

employees and members of the public to radiation. 
(3) The equipment and procedures used to limit radiation exposure. 
(4) Instruction programs for employees. 
(5) Action taken or recommended to comply with the radiation protection 

standards and derived working limits and to achieve the ALARA 
principle. 

(6) Medical records - these are not necessarily to be retained by the 
company, although the company manager is required to ensure that they 
are maintained, perhaps even by the medical practitioner carrying out 
the examinations. 

(b) Radiation monitoring 
Approved programs for radiation monitoring must be recorded for ready 

reference. Such records would cover measurements of absorbed dose rate in 
air, radioactive contaminants in air ana water, radon daughter and thoron 
daughter concentrations in air and surface contamination. The frequency and 
place of each type of measurement and, where appropriate, the time of day (or 
night) when they are to be made should be included. The recorded information 
should provide for measurements and assessments for employees and for the 
critical group. 
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Measurements will also be made at times and places, other than those given 

in the monitoring programs and these will depend on particular situations. 
Nevertheless, it is important that the times, dates and places of all these 
measurements be recorded. 

For all measurements, the following should be recorded -
(1) exact position, date and time of measurement or sampling 
(2) parameter measured (i.e., y exposure rate, radon daughter 

concentration, etc.) 
(3) equipment used for measurement, including stock numbers 
(4) radiation energy, or radionuclides (where identifiable) 
(5) instrumental readings 
(6) applicable formula and corrections for use with measurements to 

determine quantity of parameter measured 
(7) sampling volume, for measurements of contaminants in air and water 
(8) air-flow rates in underground mines 
(9) quantity determined for the parameter measured 
(10) reason for measurement, if not part of a prescribed program 
(11) any conditions that would account for a high radiation level, or a 

change from the "norm" 
(12) any action taken or recommended to reduce radiation levels. 

(c) Assessment of exposure of employees 
The information to be recorded for the assessment of exposure of employees 

will depend on the particular monitoring technique used. For example, if 
Y-ray exposures are monitored by an external TLD service, the wearing periods, 
reported doses, radiation energies and position of wearing the monitor should 
be recorded for each employee. However, if indirect monitoring is used, the 
information to be recorded is as given in (b) above, together with the time 
spent by each employee at each position. From a knowledge of the dose rate 
and occupancy at each position, the dose received by an employee can be 
calculated. Whichever monitoring method is used, records should show the 
factors used to calculate organ doses from the monitoring results. 

For assessment of dose from internal contaminants and of exposure from 
radon or thoron daughters, use is again made of the measurements made under 
(b) above, together with information recorded on the occupancy of the various 
areas by the employees. The doses to the various organs can be determined 
from a knowledge of the concentrations of radioactive contaminants in the air 
and water, the quantities of air inhaled and water ingested into the body in 
these areas and the uptake by the organs of those contaminants. 

Thus, apart from the use of personal monitoring equipment such as TLD 
badges, records must be kept of the occupancy of each area by each employee. 
This is seemingly a time-consuming exercise, but is probably not so difficult 
if the radiation levels are low and do not vary enormously within a limited 
area, and if the employees spend the bulk of their work shift in the same 
area. For employees who move round a controlled or supervised area, the 
problem can be yery difficult and much greater recording of their movements 
may be necessary. 

Having determined doses for various periods, these need to be cumulated, 
and the quarterly, annual, and cumulative dose-equivalents and committed dose 
equivalents from internal and external sources of radiation recorded. 
Likewise with quarterly, annual and cumulative Working Level Months. 

From time-to-time, persons may be subject to planned special exposures, 
emergency exposures or accidental exposures. In these cases, assessments of 
the dose equivalents, committed dose equivalents, and radon daughter or thoron 



212 
daughter exposures must be made. All measurements, considerations and 
assessments made in these situations must be recorded, together with dates and 
times of the exposures and of the report to the authorities. In addition the 
causes of the exposures must be recorded together with action taken or 
recommendations made following the exposures. 

All assessed doses arising from planned special exposures and emergency 
and accidental exposures must be recorded. ICRP and Code recommendations are 
that doses from planned special exposures should be recorded with those doses 
received during normal occupations and that doses from emergency and 
accidental exposures should be recorded with, but separately, from those 
received during normal occupation. However, no guidance is given as to 
whether they should or should not be included in cumulative records. As the 
total doses received by individuals from their occupations are important in 
assessing risks to individuals, it is recommended that cumulative records 
should include doses from these exposures, but each entry in the record should 
clearly state whether it is a planned special, emergency or accidental 
exposure. 
(d) Assessment of exposure of members of the public 

Measurements, as described in (b) above will have been made and these 
recorded. In addition, records of the pre-mining/milling phase background 
radiation will be required. Information relating to intake by the critical 
group of food, particularly if locally grown, to levels of contaminants in 
such food, and to occupancy of the area by the critical group must also be 
recorded. From the measurements and other recorded information, the doses and 
radon daughter exposures received by the critical group can be determined and 
recorded. 
(e) Measurement of radon and thoron and of daughters 

As part of the control of radiation exposure, measurements of radon and 
thoron and daughters emanating from ore piles, tailings dams, broken ore, 
sealed of areas, etc., must be made. Data, as determined in (b) above must be 
recorded for this purpose, together with details of the location and date and 
time of measurement. The information recordea should identify the type of 
radiation source investigated, together with any action taken or 
recommendations made to reduce the radiation levels. 
(f) Examinations and modifications to facilities, plant, equipment and 

working procedures" 
Periodically the facilities, plant, equipment and working procedures must 

be examined to ensure that they are suitable, as far as radiation protection 
is concerned. The examination may lead to modifications which would result in 
even lower radiation exposure of individuals. A program for such examinations 
must be prepared and records kept of the examinations carried out under this 
program. Records should show the item examined, results of examinations, 
modifications or repairs carried out and results following any modifications 
or repairs and date and time of examinations. 
(g) Instrumentation 

All measuring equipment must be calibrated with suitable radioactive 
sources, electrical systems or other means ana such calibration facilities 
should be traceable to a standardizing laboratory. Records should be 
available relating to these calibration facilities, on procedures used for 
calibrating equipment and on details of the results of such calibrations 
(giving results, time and date). Many of the corrections in (b) (6) above 
must be referenced back to these calibrations. 
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Not only should details of calibrations be recorded, but operating 

instructions and trade literature on the various pieces of equipments must be 
available. These will often impose limits within which equipments can be used 
and it is important that they be not used outside those limits. 

AVAILABILITY OF RECORDS 
The Codes of Practice require that certain records be forwarded to the 

appropriate authority either periodically or on request. These records 
include the results of all measurements, examinations of equipment and 
procedures and assessments performed in accordance with Code requirements, as 
well as individual employee records of exposure to radiation and other 
relevant and medical information. Other records may, of course, be inspected 
by the authorities from time to time. 

Provision is made in the Codes for the measurements and assessment 
relating to an employee to be made available to him or her upon request. As 
such records are of a personal nature, they are not made available to any 
other individual. However, because the life-time dose of an individual is 
important, the Codes also provide for transfer of records when he/she leaves 
the employment of one company and commences employment with another. This 
transfer of records (or copies of records) would be carried out through the 
appropriate authorities. This method of transfer is the most appropriate as 
employment by the second company may be a considerable period of time after 
termination of employment with the first company or may be in a different 
State or Territory. When an employee commences work with a company, 
information is sought on previous employment and on previous exposure to 
radiation. If he/she has worked in a uranium mine or mill previously, then 
the latter information would also be available from the authorities. 

Record keeping serves the very important task of ensuring that the 
requirements of the Codes have been strictly adhered to and that the radiation 
exposure of persons is below prescribed levels and is as low as reasonably 
achievable. It also highlights any difficulties arising in interpretation or 
implementation of the Codes and provides useful background information in the 
preparation of guidelines etc. 

Record keeping ooes serve a further purpose, however. Provision is being 
made for the collection of relevant radiation and medical records and these 
are to be held at a central repository for the purposes of carrying out 
epidemiological studies. The records so collected will be kept to the minimum 
necessary for the purpose, will be kept confidential so that information 
relating to individuals cannot be divulged and will be retained for a period 
of at least 50 years. It is obvious that epidemiological studies cannot be 
undertaken for many years and it will be necessary to incorporate into the 
system methods for following up the health of individuals once they have 
ceased employment with a company. 

Australia is in a unique position at the present time as there has not 
been a large-scale uranium mining industry in the country until now. By the 
proper application of the Codes of Practice and the cooperation of all 
concerned, it should be possible to obtain the best information possible on 
radiation exposure of individuals. When this is used in conjunction with 
medical surveillance of individuals over their working life-time and later 
years, it should be possiole to determine if the radiation protection 
standards incorporated in the Codes, and used throughout the world, are 
suitable. Even if the epidemiological studies do not show any increased 
incidence of illnesses arising from radiation attributed to uranium mining and 
milling activities, this will be very useful and necessary information. 
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Chapter 11. Environmental Analysis and Evaluation 

Dr. Malcolm B. Cooper 
Australian Radiation Laboratory 

Abstract. One of tne requirements of an environmental radiation 
surveillance program is to identify and determine long-lived radioactive 
elements which may be released to the environment during the operation of a 
uranium (or thorium) mine and mill. Raoioanalytical techniques which are 
suitaole for quantitative and qualitative determination of long-lived 
radionuclides of the natural uranium ana thorium series are reviewed. 

Tne general features of an analytical program are discussed in terns of 
sample preparation, radiochemical separation of radioactive elements, ana 
raaioactive measurement. There ire situations in environmental analysis to 
which nigh-resolution -y-spectrometry can oe applied and the advantages ana 
limitations of this technique are considered. Quality assurance is an 
essential component of any monitoring program in uroer to ensure that reliaole 
ana precise oata ire available for the assessment of the radiological impact 
of tne mining and milling operation. 

INTRODUCTION 
a. Requirements of the Code of Practice 

The release of radioactive effluent to the environment in the mining and 
milling of radioactive ores is being oealt with in a proposed waste Management 
(Mining and Milling) Code, now under development. Reference is maoe to the 
Radiation Protection (Mining ana Milling) Code (1980) for specification of 
standards on radiological protection of occupational and public health. For 
radionuclides otner than raaon ana tnoron oaughters the basic standards are 
expressed as dose equivalent limits for specific organs and tissues and are 
given in Schedules 1 ano 2 of the Raoiation Protection (Mining ana Milling) 
Code (1980). Oeriveo limits of concentrations of radionuclides in air and in 
drinking water are given in Schedules S and 6. 

Tne Radiation Protection (Mining and Milling) Code (1980) states that the 
operator of a uranium mine or mill is responsible for tne establishment ana 
execution of a monitoring program wnicn has aeen approved by tne appropriate 
authority. Tne monitoring program sha:l oe uesignea to enable tne basic 
radiation protection standards ot Clause 7 of the cooe to be met ano tne 
concentrations of contaminants referrea to in Scneuuies S, 6 anc 7 to De 
assesseo. 

The problem of environmental analysis anu evaluation of radon ana thoron 
daughters is oealt with elsewhere. Other radioactive materials of concern in 
waste management, ano their aerivea limits tor <nr ano urinking water, are 
listed in Table 1 for members of tne public. Tne aerivea limits tor 
occupational exposure are some 20-25 times greoter tnan those tor members of 
the public and non-aesignated employees. 
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TABLE I 

DERIVED LIMITS OF CONCENTRATIONS FOR AN EMPLOYEE 
OTHER THAN A DESIGNATED EMPLOYEE AND FOR MEMBERS OF THE PUBLIC 

(BASED ON 168 HOURS/WEEK EXPOSURE) 
Derived limits of concentration in units of 
becquerel/metre3 (limits in curies/metre3 in 
brackets) 

(a) Contaminant In air 
Bq/m3 

In water 
Bq/m3 

Uranium (soluble)* 
Uranium (insoluble)* 
Thorium (soluble)* 
Thorium (insoluble)* 
Thorium-230 (soluble) 
Thorium-230 (insoluble)* 
Radium-228 (soluble) 
Radium-228 (insoluble) 
Radium-226 (soluble) 
Radium-226 (insoluble) 
Raaium-224 (soluble) 
Radium-224 (insoluble) 
Radon-220 alone** 
Radon-222 alone** 
Lead-210 (soluble) 
Lead-210 (insoluble) 

1.9x10 
1.5x10 
7.4x10 
7.4x10 
3.0x10 
1.1x10 
7.4x10 
3.7x10 
7.4x10'̂  
2.2xl0Z 

7.4 
7.4x10' 
7.4xl03 

3.7xKT 
1.5x10 
3.0x10 

rl 
r 2 

r 2 

r 3 

r 2 

-2 
r 2 

-2 

-1 

r 1 

-l 

(5xl0" 1 2) 
(4xl0~ 1 2) 
(2xl0" 1 2) 

-12 (2x10 " ) 
(8xl0* 1 4) 
(3xl0" 1 3) 

-12 (2x10 lC) 
-12 (10 " ) -12 (2x10 X ) 

(6xl0"9) 
(2xl0" 1 0) 
(2xl0~ U) 
(2xl0"7) 
(io~7) -12 (4x10 " ) 
(8xl0* 1 2) 

3.7x10^ 
1.5xlOe 

7.4x10* 
7.4xlOJ 

7.4x10* 
1.1x10* 
l.lxlO* 
l.lxll/ 
3.7x10' 
l.lxlO6 

7.4x10 
1.9x10* 
l.lxlO6 

7.4x10] 
3.7x10* 
7.4xl0e 

4 

do" 6) 
^xlO"^ 
(2xl0~ 6 , 

(2xl0" 5 , 

(2xl0~ 6 , 

(3xl0" 5 , 

(3xi0" 8 x 

(3xl0" 5 , 

do" 8) 
(3xl0 - 5 , 

(2xl0 - 6 , 

(5xl0"6] 
(3xl0 - 5 , 

(2xl0 - 5 , 

(io~7) 
(2xl0"4) 

** 
Expressed in mass units in Part (b). 
With no daughter products present. 

Derived limits of concentration 
(b) Contaminant In air 

wg/m3 
In water 
mg/1 

Uranium (soluble) 
Uranium (insoluble) 
Thorium (soluble) 
Thorium (insoluble) 

7 
6 
9 
9 

2 
60 
9 
90 
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These derived limits are not discharge limits in the sense often applied 

in effluent discharge. Their derivation has taken no account of possible 
processes of transfer and concentration of the radionuclides in the 
environment leading to subsequent intake by the population. For such 
considerations, the radiation protection standards are the dose equivalent 
limits to specific organs and tissues, mentioned above. 
(b) Environmental Pathways 

There are a number of potential pathways of exposure to humans from 
radioactive effluents released to the environment during the operation of a 
mining and milling complex. These are illustrated in Figure I. 

In general, one of these pathways will tend to lead to a significantly 
higher dose rate to humans than other pathways and one particular group of the 
population will usually prove to be at greater risk than other groups. 
Consequently, the particular pathway and group are designated the 'critical 
pathway1 and the 'critical group' respectively. Therefore pathway analysis 
and dose assessment is carried out, 

(a) to identify which pathway and which radionuclide will lead to the 
highest exposure rate 

(b) to identify which group of the population is at greatest risk so that 
management programs can be introduced to ensure that discharge of 
effluents will lead to the minimum exposure to the critical 
population group and certainly within the prescribed dose equ*-,,3.lent 
limits. 

Radionuclide transport, e.g. from ground water to soil to plant tissue and 
then to dietary items or from surface water to dietary items, is evaluated in 
terms of concentration factors. These factors are aefined as the ratio of the 
concentration of a radionuclide in one environmental compartment to the 
concentration in the preceding compartment. 

Considering only long-lived radioactive contaminants, it is generally 
recognised (Goldsmith, 1976) that the two pathways which lead to the greatest 
potential exposure hazard are -

(a) release of radioactive particles to the atmosphere and inhalation of 
airborne particles. The dose to man will be influenced by the rate 
of release, the degree of atmospheric stability, extent of 
precipitation, wina direction, particle size, and the physical and 
chemical form of the radioactive material and its fate in the body 
after inhalation. From Table I, 230j n is considered to be the most 
important radionuclide in this context. 

(b) release of radioactive material into aquatic systems (including 
ground water), migration in water, uptake into aquatic biota, 
migration in soils, uptake by plants and animals and then ingestion 
by consumption of drinking water, plants and meat. The factors which 
will influence the ultimate exposure include the rate of release of 
the radionuclide and its geochemical properties, the amount of 
suspended material in streams, mobility of aquatic organisms, 
behaviour of sediments, local fooa sources and agricultural practices 
and dietary habits of local populations. 226Ra ana 210pb are 
considered to be the most important contaminants in transfer througn 
the fooo chain but an assessment must be made for each site as 
site-specific features of transfer processes can dominate. 
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Figure 1. Exposure pathways 
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(c) Major radioactive contaminants of the environment 

The radionuclides of greatest potential significance to health, following 
release of effluent to the environment in mining ano milling of radioactive 
ores, are 

234 y 238 
228 Th, 2 3 0 T h , 

210 
210, 

'Ra, 
Pb 
Po 

232 
226 D, 228, Ra 

Th 

a summary of their principal radioactive properties relevant to determination 
of their concentration in environmental materials, is given elsewhere. 

When monitoring the environment for radionuclides of the uranium or 
thorium series, it must be recognised that there already exists a natural 
background of these radionuclides. The monitoring program must therefore be 
designed to detect incr* :ents in the natural levels, that are due to the 
particular mining and milling operation. Table 2 contains typical baseline 
levels of some radioactive elements in the Alligator Rivers region of the 
Northern Territory (Conway et al., 1974). 

Table 2 

Environmental 
Medium 

Baseline concentration 
range 

(a) water 
U (total) 
2 2 6 I U 
2 1 % 
2 1 0 Po 

(b) Soils and sediments 
U (total 
2 2 6 R a 
2 1 0 P b 

(c) Fish and vegetation 
U (total) 
226 Ra 

0.2 - 2 „g/l 
0.2 - 2 pCi/1 
0.2 - 5 pCi/1 
0.2 - b pCi/1 

1 - 3 pg/g 
0.6 - 20 pCi/g 
2 - 8 pCi/g 

0.1 - 10 pg/g 
0.005 - 0.2 pCi/g 

(d) Environmental Surveillance Program 
Environmental surveillance programs need to be structured to accommodate 

specific tasks which are associated with the mining and milling operations, 
site characteristics, environmental conditions ano potential exposure 
pathways. The program should include the following operational steps, 
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(a) Planning 
(b) sample collection 
(c) sample storage 
(a) sample preparation 
(e) radiochemical analysis 
(f) radioactive measurement 
(g) data processing 
(h) data interpretation 
(i) reporting 

ENVIRONMENT ANALYSIS BY Y-SPECTROHETRY 
In most situations, it is necessary to obtain information concerning 

isotopic distribution in addition to a measurement of tne activity of the 
particular radionuclide. Uranium in most soils is commonly deficient in 
234u relative to 238^ (Rosholt 1965). Substantial disequilibrium can 
exist in uranium ores (Sill 1977); for example, the ratio of activity of 
234(j to ?38y Can be as low as 0.8 in some ores. Fractionation in the 
uranium daughter ratios is also observed in dust samples from the mill or 
tailings areas (Sill 1977). Isotopic information is necessary to assess lung 
doses from inhalation of dusts containing maximum and its daughters. 

The availability of the solid-state lithium-drifteo germanium (Ge(Li)) and 
intrinsic germanium detectors has led to their widespread use in analysis of 
T-emitting radionuclides in environmental materials, ^-spectrometry systems, 
incorporating these types of detectors, allow for both qualitative and 
quantitative estimation of radionuclides in a sample without the performance 
of any chemical separations. 

The superior resolution of intrinsic germanium detectors ana their higher 
efficiency in the region of low Y-ray energies - especially below 60 keV -
makes them more useful than Ge(Li) detectors for measurements in this region. 
At higher energies, Ge(Li) detectors are to be preferred. Table 3 contains 
data for energies and abundances of the principal Y-rays for both uranium ana 
thorium series; more complete listings are available elsewhere (e.g. Eratmann 
and Soyka, 1974). Selection of a detector for Y-spectrometry of these 
radionuclides in environmental materials must take account of the abundance of 
the Y-^ays of interest - many are less than 15°/o - ana the efficiency of 
the detector for the particular sample geometries desireo. This problem will 
be discussed elsewhere. In general, for sample geometries of interest in 
environmental analysis, maximum measurement efficiencies of about 10°/o are 
the best that can be expected for either type of detector, falling to less 
than l°/o in less favourable energy regions. However, this does not 
preclude precise or sensitive measurements given the accurate calibration of 
the detector using an identical geometry and a standara matrix of similar 
density to that of the field samples. 

Although the principal Y-emitters listed in Table 3 have short half-lives 
eg. daughters of " 6 R a a n C| 228j n, these can be used satisfactorily to 
determine the activity of their long-lived parents once it is certain that 
radioactive equilibrium has been established. Examples of long-lived nuclides 
which can be determined through their short-lived daughters are:-

238u (from 234 T h), 226 R a ( 2 1 4 P b f 2 1 4 B 1 ) 

228 R a (228 A c ) a n 0 228Th (224 R a, 212p b, 2l2 Bi, 208 T1) 
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Table 3 

Useful v-ray energies for the analysis of the major long-lived 
radionuclides within the Uranium and Thorium series. 
(Lederer and Shirley, 1978; Erdtmann and Soyka, 1974) 

Radionuclide Half-life Photon Energy 
keV 

Abundance 
Photons/100 decays 

238u series 

234 Th 

234t 

230 
226 
214 

Th 
Ra 
Pb 

214 Bi 

24.1 d 

2.48x10 y 
7.7xl04y 
1.6xl03y 
26.8 m 

19.9 m 

210, Pb 20.4 y 

63.3 
92.4 
92.8 
53.1 
67.7 
186.0 
241.9 
295.2 
352.0 
609.4 
768.4 
934.1 
1120.3 
46.5 

3.90 
2.57 
3.00 
0.68 
0.38 
3.28 
7.47 
19.2 
37.1 
46.1 
4.89 
3.17 

15.0 
4.00 

235y series 

235. ,8 

227 Th 

223 Ra 

7.04x10 y 143.8 
163.4 
185.7 

18.5 d 50.2 
236.0 

11.4 d 144.3 
154.3 
269.6 

10.5 
4.70 
54.0 
8.50 
11.2 
3.24 
5.58 

13.6 
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Table 3 (continued) 

Radionuclide Half-life Photon Energy Abundance 
keV Photons/100 decays 

232fh series 
2 2 8Ac 6.13 hr 209.4 4.55 

338.4 12.0 
463.0 4.64 
794.8 4.84 
911.1 29.0 
968.9 17.5 

2 2 8Tn 1.91 y 84.4 1.19 
2 2 4Ra 3.66 d 241.0 3.90 
2 1 2Pb 10.64 h 238.6 43.1 

300.0 3.27 
2 1 2Bi 60.55 m 727.2 11.8 

1620.6 2.75 
208 n 3.1 m 277.4 6.50 

510.7 22.5 
583.1 86.0 
860.5 12.0 

Standard sources are used to determine the efficiency of the 
Y-spectrometer, over the energy ranye of interest. These can be prepared in 
one of two ways depending on the use to be maae at the spectrometer. 

(i) Where the Y-spectrometer is to be a general purpose facility, fitted 
for use with any ^-emitting radionuclide, a set of pure raaioisotopes 
of accurately known activities and y-ray abundances - each emitting 
one or at most, few >-rays - are incorporated into a matrix which is 
as similar as possible to that of the sample. With the standard 
material in an identical geometry to that of the sample, an 
efficiency curve is generated covering the full energy range of 
interest. Detector efficiencies can then be interpolated for any 
Y-energies observed in the sample spectrum, 

(ii) Where the Y-spectrometer is to be dedicated to measurements for U and 
Th series radionuclides a standard reference material containing each 
of the radionuclides of interest and with accurately known 
concentrations can be used to calibrate the spectrometer. Uranium 
and thorium ores would be suitable for this purpose. If it is 
certain that true secular equilibrium exists then the activity of all 
the daughter nuclides could be calculated from the concentration of 
the uranium or tnorium parent. Again, the conditions of identical 
matrix and geometry between standard and sample must be met. 

Some of the advantages and disadvantages of Y-spectrometry for 
environmental analysis can be summarized:-
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Advantages 

(i) rapid analysis, particularly useful for screening samples, or in 
emergency situations 

(ii) large sables can be analysed 
(iii) non-destructive analysis is possible 
(iv) multi-element and multi-isotope analysis is possible. 

Disadvantages 
(T) expensive and delicate detection systems 

(ii) computer-based data processing is required if many samples are to be 
assayed, 

(iii) comparatively insensitive compared with a and e-counting and 
a-spectrometry. 

SAMPLING PROCEDURES AND SAMPLE PREPARATION 
J&) Sample collection 

It is not possible to formulate a set of standard sample collection 
procedures because of the variability in the requirements of surveillance 
programs ana of local conditions. Several of the references in the 
Bibliography discuss the problem and give details for the collection of 
environmental samples of various types. Given that the sampling stage is the 
most important part of environmental programs there is a number of points to 
be considered. 

(i) In order to have an efficient sample collection program, considerable 
effort must be put into the planning stage, oefining the objectives 
of the surveillance program, the sampling schemes and the data 
analysis strategies. 

(ii) The sampling locations selected must be representative, 
(iii) The samples collected must be representative of the material being 

sampled. Non-urnforr:iity present in environmental media gives rise to 
the largest uncontrollable source of variability in monitoring data 
ana can be offset only by multiple sub-sampling. 

(iv) The analyst should be directly involved in the sampling procedure in 
order to be fully aware of the nature of the field material to be 
analysed, to ensure that the samples are representative and that no 
significant change i< imposition occur during sampling, transport 
ana storage. 

Sample size will be dictated oy a number of considerations -
(i) The sample size will be determined by the minimum detectable 

concentration of the radionuclide oy the analytical methods 
available. The detection limit of a particular methoa shoula be 
better than 0.1 of the aerived limit of concentration of the 
radionuclide in air or water, 

(ii) The ease with which the sample can oe transportea to ana processed in 
the laboratory, 

(iii) The number of analyses to be performed and the number of sub-samples 
to be taken. 

Typical sample sizes for measurement of low activities of natural 
radionuclides in the environment are, 

water 1-10 litre 
soil 
sediments 

50g (for chemical analysis) 
- up to 300 g (for ^-spectrometry) 
- as for soil 

vegetation 
dietary items 

- up to 1kg 
- variable, possibly up to 1kg 
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Sailing frequency will be dependent on a number of conditions: 

(i) requirements of the regulatory or supervising authority 
(ii) frequency of effluent releases 

(iii) ataospheric 
(iv) the nature of the environmental aedia 
(v) coaplexity of the preparation and analytical program 

(b) Saaple storage and preparation 
Obviously, when a sample is received at the analytical laboratory it is 

often not in the appropriate physical fora for analysis. Throughout the 
preparation stage, the saaple aust be handled in such a way that a significant 
change in coaposition does not occur before the analysis is carried out. If 
the saaple is to be stored, it aust be in a condition sucn that loss of 
radionuclides does not occur during storage. For exaaple, water is acidified 
to prevent adsorption of radionuclides on the walls of the container and 
biological saaples are frozen to prevent degradation of material. The extent 
of the saaple preparation is very auch dependent on the analytical program to 
be carried out. The over-riding requirement is to render the field material 
homogeneous without selective loss of any component and without 
cross-contamination between samples. This will ensure that any sub-sampling 
undertaken will produce representative material for analysis. If a 
non-destructive technique such as -y-spectrometry is to be employed, no further 
saaple treatment will be necessary. 

Those saaples containing a large proportion of organic material eg. 
vegetation and dietary items, will often have to be reduced in bulk and in 
addition this will facilitate achieving homogeneity. Several techniques are 
used:-

(i) wet ashing using oxidizing acids, typically nitric acid with 
perchloric acid or hydrogen peroxide. This is a tedious approach, 
particularly for large samples, although loss of radioactive material 
is kept to a minimum, 

(ii) Dry ashing in a muffle furnace at temperatures up to 450*C or in an 
oxygen plasma at temperatures below 150°C. The former method can 
lead to significant loss of radioactive components particular 210pb 
and 210p O f but, it is the best for large samples, 

(iii) Freeze drying, also known as lyophilization or vacuum freeze drying. 
This involves pre-freezing the sample and drying under vacuum in a 
frozen state. 

Sample preparation steps can be summarized as follows. 
Solid samples eg. soil, sediments, vegetation, fish ana other dietary items. 
T. Bulk sample treatment 

- drying 
- fragmentation 
- pulverization 

2. Homogenization 
- grinding, mixing, blending, mincing 
- homogeneity testing 
- ashing (for organic material) 

3. Sub-sampling 
- consideration of the optimum sub-sample size 
- dividing into smaller portions by weight or volume 
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4. Acid dissolution 

- using HF if necessary to destroy silica 
- fusion to solubilize refactory components 

(Air filters containing dust samples will probably only be subjected to 
step 4 ) . 
Liquid samples eg. surface or ground water, mill tailings 
IT Separation of suspended solids 

- filtration or by centrifuging 
2. Preconcentration 

- evaporation or precipitation 
3. Sub-sampling 

- by weight or volume 
(solids from step 1 will be treated as above). 
RADIOCHEMICAL ANALYSIS 

In a number of situations it is sufficient to analyse an environmental 
sample by ^-spectrometry to obtain information regarding the radionuclide 
content. In other cases, however, the low concentrations of activity in the 
sample will preclude the use of this technique, and the element(s) of interest 
will have to be separated from the sample matrix, and prepared with compact 
geometry to allow measurement by more sensitive techniques e.g. a-spectrometry 
or 0-counting. 

Radiochemical analysis incorporates both classical analytical techniques 
and procedures which are specific to the minute amount of the substance (<yg) 
likely to be present. Common techniques used in the analysis of actinides and 
their daughters are: 

(i) Precipitation using carriers 
(ii) Solvent extraction 
(iii) Ion exchange 
(iv) Electrochemical Deposition 
(v) Radioactive Tracers 

(i) Precipitation using carriers. 
Because the mass of the substance being determined is so small, it 

generally will not be possible to carry out chemical operations which depend 
on mass, such as precipitate formation. In these cases, it is necessary to 
increase the mass of material so that it may be handled by standard chemical 
techniques. Two approaches can be taken, one of which involves the addition 
of a known quantity, usually in the milligram range, of the inert form of the 
element Deing determined, i.e. a 'carrier'. The other situation arises where 
it is not possible to add an inactive carrier which is isotopic with the 
substance being determined. This applies to the Uranium and Thorium series 
radionuclides, except for 210p D. The way to overcome this problem is to add 
a carrier of another element whose chemical behaviour during separation is 
sufficiently similar. Examples are the use of stable Lead or Barium in an 
analysis for Radium or Thorium. It may be advantageous to use a single 
carrier for a group of elements eg. Iron as ferrous hydroxide can be used to 
co-precipitate Uranium, Thorium and Radium from water samples. Both 
approaches may present difficulties due to 
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1. a significant mass of the element in the radioactive measurement stage may 

lead to self-absorption problems in both a and B-counting and 
o-spectrometry. 

2. isolation of the radionuclide in pure form from a chemically similar 
element may require difficult ana lengthy procedures. 
e.g. Separation of Barium from Radium by ion exchange. 

3. The chemical being used as carrier may contain trace quantities of some of 
the radionuclides under study. 

(ii) Solvent Extraction 
Together with ion exchange, this represents the most generally applicable 

technique for the separation of actinides in environmental samples. The 
advantage lies in the fact that solvent extraction is independent of the 
concentration of element involved in the extraction. 

The technique has as its basis the formation of organo-metallic complexes 
in aqueous solution, which are then extracted into an organic solvent which is 
immiscible with water. The distribution of the metal complexes is governed by 
the Nernst Distribution Law for the particular species, 

L C A L 
D = 

L C A L 

where L A ] is the concentration of the species A in the organic solvent, s. 

L CAj is the concentration of the species A in the aqueous phase, W. 

and D is termed the distribution ratio. 
By the choice of a suitable extracting or complexing agent, it is possible 

to remove a particular element or group of elements from an aqueous solution 
which may contain a large number of potentially interfering elements or 
species. The element(s) under analysis can then be back-extracted into an 
aqueous solution using particular acid conditions or water-soluble complexing 
agents. 

Examples of this technique are the separations of 
(i) Uranium using Aliquat-336*/Toluene 
(ii) Thorium using HEDHP*/Toluene 

(iii) 210p D using DDTC* in chloroform. 
(iii) Ion Exchange 

Ion exchange is defined as the exchange of ions of like charge between a 
solution and a solid phase in contact. Many substances (e.g. d a y minerals 
ana inorganic compounds) aisplay ion-exchanging ability. However, the most 
widely used exchangers are the synthetic polystyrene-based polymers which 
contain sulphonic acid groups (cation exchangers) or quaternary ammonium 
groups (anion exchangers). The technique is based on the replacement of the 
cations in the original sample with hyarogen ions (H +) supplied by the 
strongly acidic cation resin, or anions in the solution being bound to a 
strongly basic anionic resin. Ion exchange can be applied in order to 

HEDHP ; Bis(2-ethyl hexyl) phosphoric acid 
Aliquat-336 ; Trioctylmethylammonium chloride 
DDTC ; diethyl ammonium diethyldithiocarbamate 
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1. remove interfering ions 
2. concentrate the radionuclides unoer analysis 
3. separate mixtures of radioactive elements 
4. separate anions from cations 
(iv) Electrochemical deposition 

Reiiable determinations of the alpha-emitting nuclides require 
well-prepared sources. Although these sources may be prepared by evaporation, 
electrodeposition is the method most commonly used to obtain undegraded energy 
spectra and good chemical yields. 

The technique involves the electrolysis of a solution containing both the 
radionuclide of interest and suitable electrolytes. Under the conditions of 
the electrolysis, cations of the radionuclide and trace impurities are 
deposited as hydroxides, peroxides or oxides on a stainless steel or platinum 
disc which serves as the cathode. The anode of the cell usually consists of a 
platinum wire or gauze. 

Electrodeposition must be preceded by the complete isolation of the 
element of interest from the sample matrix and other elements. Deposition 
yields, under the right conditions, will be greater than 90°/o. 

(v) Chemical yield determination using radioisotopes 
Losses occur during chemical procedures as a result of the need to obtain 

adequate removal of the large number of contaminants. 
To determine the chemical recovery or yield for the separation method, 

several approaches are possible: 
a. the average of a series of samples to which a known amount of 

radionuclide has been added. This is the least desirable approach as 
it does not allow for variation in technique during analysis of field 
samples. However this problem can be reduced if 'spiked1 samples are 
analysed with the batch of fiela samples 

b. By the addition of a known amount of stable isotopic carrier to the 
sample and the determination of the amount of carrier present upon 
completion of the radiochemical separation. Generally this involves 
gravimetric assay by UV/visible or atomic absorption 
spectrophotometry. The drawback of this approach is that the sample, 
e.g. soil, may contain appreciable amounts of the element chosen as 
carrier. 

c. The best approach is to measure yield by radiometric methods. In 
this case a different, usually artificial radioisotope of the nuclide 
being determined is added to the sample and the yield is based on 
measurement of the isotope activity before and after the 
radiochemical separation. The added radioisotope is termed a 
radioactive tracer. 

A list of commonly-usea isotopic tracers for the radiochemical analysis of 
uranium and thorium series radionuclides in presented in Table 4. Three 
important points must be made. 
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It is most convenient if the tracer yield can be determined by the same 
radioactive measurement technique as that employed for the nuclide under 
analysis. This, however, is not always possible e.g. 234jh (8, t)» 
being used for 232ih (a, T ) , 2 2 8 T h (a, y), 2 3 0 T h (a, y). 

The tracer should preferably be short-lived. Tracers with greater 
activity than the radionuclides unaer investigation are introduced to 
allow for rapid and accurate yiela determination. Contamination problems 
are reduced with the use of short-lived tracers. 
It is essential that the tracers undergo chemical equilibrium with the 
radionuclides being assayed so that the tracers accurately reflect their 
chemical form and behaviour. Tracers are generally added at the 
commencement of the analysis and the sample is fused to allow this 
equilibration to take place. 

Table 4. 
Common tracers used in the analysis of Uranium 

and Thorium series radionuclides. 
(Erdtmann and Soyha, 1979; Lederer and Shirley, 1978) 

Tracer Principal Half Method of 
Radionuclide used Emission of Tracer Life Preparation 

( /o abundance) 

a 0 
MeV keV 

Y 
keV 

Uranium-series 
238 u 2 3 2 u 

Uranium-series 
238 u 2 3 2 u 5.321 - 72yr Commercially 

(68.6) 
5.264 
(31.2) 

available 

2 3 4 u 2 3 2 u as above 
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Table 4. (Continued) 

Tracer Principal Half Hethoo of 
Radionuclide used Emission of Tracer 

(°/o abundance) 
Life Preparation 

« 
HeV 

t 
keV 

T 
keV 

2 3 0Th 2*Th 198.5 63.3 
(3.9) 

24. Id from natural 
uranium 
salts 

2 2 7Th 5.757 
(20.3) 

- 50.2 
(8.5) 

daughter of 
2 2 7«c 

5.978 
(23.4) 
6.038 

236.0 
(11.0) 

18.7d 

2 2 6 R . 2 2 SR« 

2 2 3 R , 

(24.5) 
2 2 6 R . 2 2 SR« 

2 2 3 R , 

- 320 40.0 
(29.0) 

14.8d daughter of 
229 " Th 

2 2 SR« 

2 2 3 R , 5.608 - 269.6 11.40 daughter of 
(26.0) 
5.716 

(13.6) 227. Ac 

2 1 0Pb 2 1 2Pb 
(53.7) 

2 1 0Pb 2 1 2Pb - 331 238.6 10.6h from natural 

(alternatively 
(43.1) Thorium 

salts or ore 

2 1 0PO 
stable Pb) 
2 0 8PO 2 1 0PO 
stable Pb) 
2 0 8PO 5.110 - - 2.90y artificial 

(100) 20,Bi(p,2n) 
Thorium-series 
2«Tb 

2 2 8 R . 

234 
2 2 7Th 
2 2 5 R , 
2 2 3 R . 

as above 
as above 
as above 
as above 

2 2 8Th 234 " Th 
227 "'Th 

as above 
as above 
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RADIOACTIVE MEASUREMENT TECHNIQUES 
Ta~j o-spectrometry 

Most of the long-lived radionuclides within the natural uranium and 
thorium series emit o-particles with high abundances and energies within the 
range of 4 to 8 KeV. Where the relative occurrence of the a-active 
radionuclides in an environmental material is known, a sample of that material 
need be measured only for its total o-activity in order to determine the 
concentration of each nuclide. However, if the composition of the o-activity 
is not known, high resolution o-spectrometry using silicon surface barrier 
detectors is carried out. Because the potential absorption of o-energy both 
within the source itself and due to the air layer between the source and 
detector will lead to degraded spectra, measurements are carried out with 
electrodeposited sources and under vacuum. 

Efficiency is essentially independent of energy and is determined by 
source-detector geometry. Efficiency is usually in the order of 10°/o for 
geometry affording adequate energy resolution. For a fully-optimised system, 
an energy resolution of approximately 20 keV is readily achievable with a 
well-prepared source; however, optimization necessitates greater separation 
of source and detector, with a reduction in efficiency to approximately 
3°/o. Alpha-spectrometers have extremely low backgrounds, allowing for very 
sensitive detection of o-emitting radionuclides. 

Standards for both a-counting and o-spectrometry can be prepared by 
evaporation of an aliquot of a standard solution of an isotope, with 
a-energies within the range specified above, on to a stainless steel disc. 
Evaporated sources suffer from two disadvantages for this purpose 

it is difficult to duplicate source dimensions with the evaporating 
film and 
there is some degradation of energy resolution from that achievable 
with other sources 

Better practice is to employ electrodeposited sources, of the correct 
dimensions, which have been calibrated by absolute activity measurements. 
(b) o-counting 

Several types of detectors are in use for routine analysis of samples by 
tot?, i a-counting. These include gas detectors - such as ionizations chambers 
and proportional counters. Scintillation detectors using an activated zinc 
sulphide phosphor or a liquio organic scintillator and solid-state silicon 
surface barrier detectors. 

Although most of these methods enjoy high efficiency and low background 
count rates self absorption within the sample can have a major effect upon 
efficiency - for example, using a scintillation detector with an activated 
zinc sulphide phosphor an upper limit of 1 mg/cm2 in the surface density of 
the o-source should be maintained. For this reason electrodeposited sources 
are to be preferred. 
(c) B-counting 

Low activities of B-emitting radionuclides can be determined using several 
different types of detectors. End-window Geiger-Muller tjbes and the internal 
or external gas flow proportional chambers are the most common types, although 
plastic scintillators have some advantages in terms of low background and high 
efficiency. 

The sample for measurement usually consists of a low-mass precipitate 
containing the radionuclide to be analysed, mounted in a metal planchet. For 
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low 0 energies, ultra-thin or electrodeposited sources will be required or 
liquid scintillation techniques should be used. Calibration is carried out 
with standard sources containing known activities of the radioisotope of 
interest in the same geometry as the sample. 
SPECIFIC METHODS FOR THE ANALYSIS OF URANIUM AND THORIUM AND THEIR LONG-LIVED 
RADIOACTIVE DAUGHTERS. 

A selection of published methods for specific elements and radionuclides 
is presented. These have been chosen to represent, in general, precise and 
sensitive techniques and to be examples of different approaches to analysis of 
uranium and thorium and their long-lived radioactive daughters. 
(i) Radiochemical determination of isotopic uranium. 
1. Environmental Measurements Laboratory, USA (Harley, 1972). Uranium from 
acid-leached dry-ashed materials and soils is equilibrated with 232u tracer, 
and isolated by ion-exchange chromatography and mercury cathode electrolysis. 
The separated uranium isotopes are electrooeposited for o-spectrometry. 
2. Sill and co-workers (Sill and Willis, 1977; Sill, 1977, a, b). Following 
total acid decomposition of the sample and a pyrosulphate fusion, uranium is 
precipitated by selective reduction on barium sulphate. Uranium is extracted 
into Aliquot-336/Toluene, and at low concentrations electrodeposited and 
analysed by o-spectrometry. 232u i S used for yield determination and 
average recoveries of uranium are reported to be greater than 95°/o. 
3. McDowell and co-workers: (McDowell, 1975; McDowell et al 1980). Uranium 
is extracted from an acidic solution of the sample using trioctylphosphine 
oxide. The uranium is stripped from the organic phase and selectively 
extracted into a scintillator solution. The uranium is then counted in a 
high-resolution liquid scintillation spectrometer. Uranium recovery is 
determined by standards and is stated to be, on average, 99°/o. 

The sensitivity of these techniques is claimed to be - for o-spectrometry 
3xl0 _ 4Bq (0.009 pCi) for a 60,000 sec. count and - for liquid scintillation 
counting, 1.5xlO-4Bq (0.004 pCi); this activity in lg of sample is 
equivalent to 0.01 Mg 2 3 % . 

The methods can be applied to all types of environmental materials 
following a suitable sample decomposition or volume reduction procedure. 
Analysis times range from 1 hr. to 1 day. Alpha spectrometry can be replaced 
by total o-counting if tne isotopic composition has been established. 
(ii) Total elemental uranium analysis 
1. Fluorimetric methods (Environmental Measurements Laboratory (Herley, 

1972), A.S.T.M., 1978 b ) . 
This is the most sensitive of the chemical methods for determination of 

the total uranium content. Following isolation of the uranium from the sample 
matrix, the solution is evaporated to dryness, then fused with sodium fluoride 
using e'ther a Meker burner or a muffle furnace. The fluorescence from the 
N«iF pellet is measured on a spectrofluorimeter and the concentration of 
uranium is determined from a calibration curve. Sensitivity of the method is 
of the order of 1 ppb (ie. pg/1 or ng/g) Uranium. Analysis time is 
approximately 5 hour per batch. 
2. U.V. spectrophotometry. 

There are numerous organic compounds which form highly coloured complexes 
with uranium in splution (Sandell and Onishi, 1978). These generally have 
absorption spectra in the visible region and this property can be used to 
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measure the concentration of uranium in solution, via the direct relationship 
between optical absorbance and concentration (Beers Law). 

The basic method involves isolation of uranium from the sample matrix, 
addition of the organic complexing agent and measurement of the optical 
absorbance of the solution on a UV/visible spectrophotometer. The 
concentration of uranium is determined from a calibration curve. One such 
method (Florence et al. 1971) employs bromo-PADAP* as the complexing agent, 
the absorbance of the uranium complex being measured at a wavelength of 585 
nm. Sensitivity of this procedure for jranium is approximately 1 ppm (1 ug/ml 
or 1 Pg/g). 

These techniques are commonly very sensitive to the prescence of 
contaminants which also form coloured organo-metallic complexes. 
3. Laser-induced fluorescence (Robbins, 1976). 

This method, introduced commercially in recent time, is based upon the 
laser-induced fluorescence from the uranyl ion, U0£+, in solution. A 
pulsed nitrogen laser irradiates the solution with 337 nm light and the 
fluorescence from the solution due to the uranium is monitored. A reagent is 
added to the solution to enhance the uranium fluorescence. Fluorescence due 
to natural organic compounds in solution is allowed to decay before the 
uranium fluorescence is monitored. The method is only applicable to water 
analysis but requires minimal sample preparation. A detection limit of 0.05 
pg/1 is claimed. 
(iii) Radiochemical Determination of Thorium 

(a) Ion exchange method - Environmental Measurements Laboratory (Harley, 
1972). 

Thorium is separated from the main constituents of the sample by 
co-precipitation with calcium oxalate. Purification of the thorium fraction 
from radium and other o-emitters is by ion-exchange. Thorium isotopes, 
"2jh, 228jh a n c| 230jh are determined by o-spectrometry after 
electrodeposition. Thorium recovery is measured by e-counting the 234yn 

tracer. 
(b) Solvent extraction (Sill, 1977 a,b, Percival and Martin, 1974). 
The sample is decomposed by wet-ashing and pyrosulphate fusion. Thorium 

together with radium is precipitated on barium or lead sulphate. Thorium is 
extracted into an organic solvent using an extractant such as HDEHP or Aliquat 
336. As above, the thorium isotopes are determined quantitatively by 
o-spectrometry after electrodeposition. 234-rn i S u s e ( j f 0 r chemical yield 
determination. 

(c) Liquid scintillation eg. McDowell, 1975; McDowell et al. 1979). 
A procedure similar to that described for uranium is usea. 
High-resolution liquid scintillation spectrometry is employed to determine 
the thorium isotopes. 

* bromo-PADAP; 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol 
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(iv) Total elemental Thorium 

Photometric methods are most commonly used for the analysis of total 
thorium in an environmental sample. Thorium, like uraniurn, forms a large 
number of coloured complexes with organic dyes and these can be used for the 
analysis of thorium by determination of the absorbance of the complexes at 
specific wavelengths (Sandell and Onishi, 1978). 

Typical procedures involve the extraction of thorium from the sample 
matrix and the decontamination by chemical techniques. An organic compiexing 
agent is added to the final solution and the measurement of the absorbance is 
carried out on a U.V./visible spectrophotometer. Typical dyes used for this 
analysis are Thorin, Morin, Chrome Azural S and Arsenazo III. Detection limits 
for the photometric determination of thorium lie in the range, 1-10 yg thorium 
in lg of sample. 

(v) Measurement of Radium ( 2 26Ra) by the Emanation method (Blanchard, 1964) 
22flRa is determined by measurement of its short-lived daughter ^ " R n . 

The sample is reducea to a solution containing the radium fraction which is 
then left for 2-4 weeks to allow for the ingrowth of 2 2 2 R n . After 
equilibration, the 2 2 2 R n gas is removed from the solution by bubbling with 
Helium or Argon carries gas and then captured on activated charcoal. The 
radon is then transferred to a vessel coated with zinc-sulphide (Lucas, 1957) 
for o-scintillation counting, after allowing a further 200 mins for the 
ingrowth of Radon ( 2 2 2Rn) daughters. 

The method is very sensitive, (for water, the lower limit of detection is 
approximately 0.10 pCi/1 for a 10000 sec count), with a minimum of sample 
processing. Problems arise with higher activities of 2 2&Ra in the sample 
(>50 pCi). Equipment required includes a high vacuum emanation rig and 
a-counters. The technique is specific for 2 2 6 R a a n d may be applied to any 
sample which can be reduced to a homogeneous solution. C.ie drawback is that 
it is not possible to use an internal tracer for yield measurement. 
(vi) g-spectrometric measurement of Radium 226 

A number of methods are available (Smith and Mercer, 1970; Koide and 
Bruland, 1975) for the determination of 2 2 6 R a in environmental samples by 
o-spectrometry. These methods involve a complete chemical separation of 
22*>Ra from other o-emitting radionuclides in the sample using barium as 
carrier. 2 2 6 R a is electrodeposited following ion-exchange separation of the 
barium and radium. The methods are as sensitive as the emanation procedures 
and have an advantage that 2 2 i >Ra can be used to determine the chemical yield 
of the analysis. One disadvantage is the tedious chemical separation that is 
required to produce a purified radium source for o-measurement. 
(vii) Liquid scintillation techniques for measurement of 226fta 

In recent years an alternative method for the determination of radium has 
been developed (Darrall et al., 1973; Parks ana Tsoboi, 1978; Pritchard et 
al., 1978). Liquid scintillation counting has been demonstrated to be a 
sensitive technique for the assay of radium in solution. The methods, are 
based on the high solubility of 2 2 2 R n in toluene or xylene. 2 2 2 R n is 
transferred from an aqueous phase to a toluene or xylene based scintillant 
solution by a variety of methods. 

(1) by trapping radon gas on silica gel and transferring the gel to a 
scint;i ation vial, (Darrall et al., 1973). 

(2) by passing the radium containing solution through a small cation -
exchange column and transferring the resin to the scintillation vial 
(Prichard et al., 1980). 
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(3) extraction of radon from water by toluene, then separating phases and 

placing the toluene in a scintillation vial with the necessary 
scintiHants, (Horiuchi and Murakami, 1981) 

(4) addition of a small volume of aqueous solution containing 226R a to 
an emulsion scintillator and allowing 222Rn ingrowth after purging 
the mixture initially, (Parks and Tsuboi, 1978). 

The methods require an ingrowth period for the 222Rn from 2 2 6 R 9 , 
however, there is the advantage of nearly 100°/o counting efficiencies for 
o-particles. Detection limits are approximately 0.2 pCi/1 for water for a 
5000 sec counting period. 
(viii) Determination of Lead (210pD) 

Lead (2l0p D) emits ^-particles of very low energy (maximum 18 keV) 
making its direct determination very difficult at environmental levels. Most 
analytical methods involve measurement of either its 5.01 day half-life 
bismuth (210f}i) daughter which emits a y&ry energetic 1.17 meV 0 (half-life, 
5.Old) or its a-emitting daughter 210p o (half-life. 138d). The activity of 
either daughter is related to tnat of the parent, 210p D by the appropriate 
growth and decay relationships. Measurements based on 210gi are to be 
preferred because of its more rapid ingrowth after purification of the 210pb 
parent. 

Typical published methods (Sill, 1977b; Sill and Mil lis, 1977), separate 
Lead and Bismuth from the sample matrix by solvent extraction using 
aithiocarbamate or Aliquat-336 as the complexing agent. Two to three weeks is 
allowed for equilibrium to be established and the 210pb and 210|ji are 
separated from each other using dithizone or precipitation reactions ana the 
210BJ counted using a low-background e-counter. Sensitivities for these 
types of analysis are approximately 0.2 pCi for a 20000 sec counting period. 
(ix) Sequential Analysis of Actinides 

If the environmental monitoring program requires a knowledge of each of 
the long-lived radionuclides in the Uranium or thorium series, it is 
advantageious to carry out the full analysis on the same sample. This 
involves sequential separation of the radionuclides of interest by 
radiochemistry followed by radioactive measurement of the isolated fraction. 
This approach maximizes sensitivity and precision when only small samples are 
available, eg. air dust samples. In addition, the possible effects of sample 
inhomogeneity are eliminated. There are several published methods which 
incorporate sequential analysis. (Sill et al. 1974; Sill, 1977a,b; Percival 
and Martin, 1974). 
QUALITY ASSURANCE AND CONTROL 

Quality assurance can be defined (Oakes et al. 1980) as the planned and 
systematic actions necessary to ensure accuracy of techniques and analyses by 
determining errors and minimizing them. Quality control involves those 
quality assurance actions which provide a means to control and determine the 
characteristics of measurement equipment and processes to meet established 
requirements. 

It is essential to carry out quality assurance within any environmental 
program to ensure that the data obtained is both reliable and precise so that 
any decisions concerning environmental quality are based on valid and 
comparable oata. (Harley, 1978). 
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The quality assurance provisions should apply to all stages of the 

environmental surveillance program. Most emphasis is usually placed on 
quality control within tne analytical and measurement stages, where control 
can take place at several levels. 

(a) Batch analysis containing spiked ana blank samples usually as 
'blinds'. Blanks are used to assess whether procedures are 
introducing cross-contamination within the batch. Data from spiked 
samples will indicate the accuracy of the method and a measure of the 
analyst's skills. The spiked and blank samples must be prepared from 
material as nearly identical as possible to the field samples. 

(b) Analysis of standard or reference material containing accurately 
known concentrations of radionuclides, eg. availability from the 
National Bureau of Standards, USA., International Atomic Energy 
Agency. 

(c) Inter-laboratory comparison programs. These are either carried out 
using replicate field samples or reference material distributed to 
each laboratory. In order to accurately assess the results of 
intercomparison exercises these samples must be introduced into the 
analytical program as unknown samples. 

The total effort devoted to quality assurance programs should be of the 
order of 20-25°/o of the total laboratory effort. 
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Chapter 12. Assessing Radiological Impacts (Exposures and Doses) 
Associated with the Mining and Milling of Radioactive Ores 

J. E. Cook 
Environment and Public Health Unit 
Australian Atomic Energy Commission 

Abstract. Sources of information on occupational exposure to airborne 
raoioactivity and external radiation in the mining and milling of uranium 
ores, in oeach sano mining and in thorium ore upgrading are reviewed, together 
with oata relevant to assessment of such exposures, in order to give some 
quantitative guidance on possible occupational aoses, in terms of ore and ore 
product grade. 

Factors influencing the diffusion of radon within and from radium bearing 
materials are discussed, ano some simple theory reviewed, in order to show 
what field measurements are required for the determination of rates of release 
of radon to atmosphere from a uranium mine or mill. 

Experience overseas and in Australia of measurable increase in 
environmental exposure to radon daughters and other raoiological parameters 
associateo with past uranium mining and milling activities are reviewed. 

Factors determining the exposure of .Timbers of the public from releases of 
radioactivity to the environment are discussed. Atmospheric dispersal is 
described in some detail. Liquid effluent discharges and seepage are reviewed 
in more general terms. 

Examples of uranium mining and milling radiological impact assessments are 
reviewed and compared, one assessment being described in detail. 

Finally, the requirements of the Australian Cooe of Practice on Protection 
in the Mining ano Milling of Radioactive ores in terms of raoiological impacts 
are considered. 

INTRODUCTION 
The mining and milling of radioactive ores involve actual or potential 

exposure of both workers and members of the public to radiation and 
radioactivity. As excessive exposure to radiation leaos to an increased risk 
of cancer, regulatory authorities require that n.ines and mills processing 
radioactive ores are operated in such a fashion as to control exposures. This 
may involve, for example, control to ensure that exposures are reduced to the 
lowest practicable levt'i \or are as low as is reasonably achievable) and that 
individual exposures and doses are less than appropriate limits, as 
recommended in national or international standards (NH and MRC 1980, ICRP 
1977). 
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In order to comply with these regulatory requirements it is necessary to 
know something of the parameters which influence or determine the doses 
workers and members of the public might receive* and something of the 
relationships between these parameters. Identification of relevant parameters 
and knowledge of their inter-relationships is also extremely useful, in some 
cases essential, in those cases where doses to individuals cannot be measured 
directly and must be assessed by indirect means. 

A number of difficulties immediately present themselves to anyone who sits 
down before the event to assess exposures and doses in some specific case: 

review of the literature may suggest that not all of the relevant 
parameters have so far been identified; 

similarly, it may be found that inter-relationships are not known or 
poorly quantified; 

numerical values for the appropriate parameters may not 
be known for the case in hand; 

there may be a wide range of numerical values applying 
to various sub-regions of the case in hand, complicating 
application of what is known of inter-relationships; 

the whole thing gets so complex tnat quantitative 
assessment is abandoned. 

It will be understood therefore that at present it is just not possible to 
give a complete set of instructions which will enable even reasonably accurate 
predictions to be made for all of those cases of interest to the mining and 
milling of radioactive ores. Nevertheless, a good deal of information is 
available and relevant, despite the above qualifications. This material is 
presented in what follows. 
ASSESSMENT OF OCCUPATIONAL EXPOSURE 

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 radon daughter exposure problems are not nearly so severe 
and external radiation becomes relatively more significant, in neither case 
is airborne ore dust a major problem. In beach sand mining exposures are 
relatively less significant. 

The milling of 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. It may also concentrate those radionuclides 
which are the major source ot external radiation in the ore ano leao to a more 
significant external radiation hazard. 
Uranium Mines and Raoon Daughters 

Parameters which might be expected to influence the concentration of raoon 
uaughters in an underground uranium mine include ore grade, absolute ano 
relative surface areas of ore and rock exposed, ventilation rate, rate of 
emanation of raoon from ore and rock surfaces. Other factors which influence 
concentration 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. (Although the French claim 
some success in this area, as presented by Fagnani and others (1976)). 

Nevertheless, some perspective can be gained by looking at some figures or 
predictions averaged over mine life and workforce. For example, the average 
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exposure-rate of U.S. miners over the period 1952 to 1968 was about 7.5 ML 
(from Table 19 of NIUSH, 1971), or about 90 WLM per year. The average ore 
grade for major US mines for this period was probably 0.2 percent (U3O8) 
from figures from radium in inactive tailings piles in the US, DOE 1976, 
1977). One might therefore conduce that on average miners in poorly 
ventilated underground mines receive about 500 WLM per year per percent 
uranium in ore. As noted above the figure for any actual mine could differ 
considerably from this. 

As a reference figure it is however supported by comparison with levels of 
exposure to natural background. UNSCEAR (1977) concludes that average radon 
levels in buildings are of the order of 1 pCi/L, or, at a radon daughter 
equilibrium factor of 0.5, a daughter concentration of 0.005 ML. This 
exposure level is associated with an average natural uranium concentration in 
soils and rocks (of which many buildings are constructed, directly or 
indirectly of 0.7 pCi/g or 2 ppm. At 1 percent uranium the exposure level 
would be, assuming proportionality, 25 WL. If this same level oDtainea in an 
undergrouna mine, equating normal ventilation in builaings with that in poorly 
ventilated mines, miners woulo receive 300 WLM per year per percent uranium in 
ore. 

The surprising degree of agreement between this figure ana that in the 
previous paragraph may just be fortuitous. However, there is a considerable 
degree of averaging involved in Doth tne U.S. mines data and in the UNSCEAR 
assessment, ana it may be that, in consequence, agreement is not really so 
surprising after all. 

Either figure clearly shows that a considerable increase in ventilation 
and control of access to areas of high radon daughter concentration are 
required in underground uranium mines in order to ensure annual exposures ao 
not exceed 4 WLM, as required by the Australian Code of Practice (AGPS 1980). 

Radon daughter concentrations in the U.S. open cut mines were much lower 
than in underground mines in the 1950-60 period, and were considerea 
insignificant (NIOSH 1971, p. 31). Exposure of employees working in th<> open 
pit at Nabarlek, N.T., was estimated to be 0.065 WLM over four ano a naif 
months (Leach, Lokan and Martin, 1980). The average ore grade was 2 percent, 
so this corresponds, for a full year, to just under 0.1 WLM per year per 
percent uranium ore. This is an exposure per unit ore grade factor several 
thousand times smaller than that for poorly ventilated underground mines. 
This major difference is attributable to natural ventilation of an open cut by 
atmospheric turbulence. 

UNSCEAR (1977) adopts 0.1 pCi/L and a radon daughter equilibrium factor of 
0.6 as typical of continental air, reducing to 0.01 pCi/L tor coastal areas 
and islanos, and of the oroer of 0.001 pCi/L over oceans ano arctic areas. 
These differences arise because the rate of emanation of raoon from the land 
surface is, on average, about 300 times greater tnan that from tne oceans 
(UNSCEAR 1980), and because tne half-life of radon (3.8 days) is less than 
global mixing times, although comparable with continental meteorological event 
durations. As an open cut mine is effectively a small island it would oe not 
unreasonable to use the natural background figure of U.01 pCi/L (from 2 ppm of 
uranium) for coastal areas ano islands as an upper limit to expected average 
concentrations in an open cut mine. At an equilibrium factor of O.b this 
natural background figure corresponds to 0.3 WL per percent uranium in ore, 
or, for exposure 2000 hours per year, 4 WLM per year per percent uranium in 
ore. 
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The argument from the natural background leads to the conclusion that 
annual exposures to radon daughters in an open cut sine are likely to be less 
than 4 ULM per year per percent uraniua in ore, while in practice exposures 
have been found to be 'insignificant* (NIOSH, 1971), or of the order of 0.1 
ULM per year per percent uranium in ore (Leach, Lokan and Martin 1980). 
Uranium Mines and Airborne Dusts 

ICRP (1977) says 'Protective techniques generally used in uranium mines 
reduce the airborne dust to low concentrations and it is very unlikely that 
annual exposures of the workers coulo approach three-tenths of the operational 
limit' 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 Mere less than 1.3 alpha Bq/m3 (35 alpha 
pCi/m3) and 97 percent taken elsewhere less than this figure (which is useo 
by Leach et al as the maximum permissible concentration for insoluble ore 
dust, in terms of long lived alpha activity of the samples). The results were 
reported in decade intervals. Taking the log mean for each decade as its 
average the arithmetic averages for the pit and for other sites were 0.40 and 
0.48 alpha Bq/m3. Aerodynamic particle size distributions were also 
measured at the edge of the pit. The aerodynamic mass median diameter varied 
from 3.8 ^ 3.3 to 19.05 ± 4.1 micrometres, the average being about 10 ̂  4. 
Less than 20 percent of material with aerodynamic mass median diameters of 
this order is deposited in the pulmonary region of the lung (ICRP 1966), the 
critical tissue for long lived insoluble radionuclides. It may be concluded 
that the average effective concentration of respirable airborne dusts at 
Nabarlek was of the order of 0.09 alpha Bq/m 3 or less, or 0.04 alpha Bq/m3 
per percent uranium in ore. 

A concentration in air of 1.3 alpha Bq/m 3 of uranium ore in equilibrium 
with its long-lived daughter products corresponds, for 2 percent uranium in 
ore, to a dust loading of a little less than 1 mg/m 3. The average 
respirable dust loading in urban areas is about 0.1 mg/m 3 (UNSCEAR 1977), 
which corresponds, for one percent uranium in ore, to an ore dust 
concentration of 0.001 mg U/m 3 or, at 5 long-lived alphas per disintegration 
of uranium-238 and 1.2 x 10* Bq/gU, 0.06 alpha Bq/m 3 per percent uranium 
in ore. 

It is apparent that average ore dust loadings in or around an open-cut 
mine may be of the order of 5 percent of the MPC for ore dust per percent of 
uranium in ore, given that 1.3 alpha Bq/m3 is the appropriate maximum 
permissible concentration. 
Uranium Mines and External Radiation Coses 

Thomson and Wilson (1980) have reviewed information on gamma ny 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/hr per percent uranium (At higher ore grades the factor 
reduces, due to differences in gamma absorption and scattering as the 
effective atomic number of the source increases relative to air. At 100°/o 
the factor is reduced to about 3 mR/hr per percent uranium). They refer to 
three other calculations and one measurement, giving 6.6, 6.2, 8.25 and 5.7 
mR/hr per percent uranium in ore. The above authors also very usefully 
provide information on solid angles as a function of source geometry, enabling 
exposure rates in specific situations to be calculated. 

UNSCEAR (1977), in its discussion of exposure rates from natural activity 
in soil, uses a factor of 1.58 microrad/hr per pCi uranium-238/g soil. This 
is equivalent to 5.2 mrad/hr per percent of uranium in soil. 
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If source geometries, occupancy factors (fractions of total working tiae 
in contact Mith ore) ana shielding factors (as generated by ore truck bodies, 
etc) are neglected the above figures suggest that annual exposures, assuming 
2000 working hours per year, might be 13 R/year per percent uranium in ore. 
Using the approximate relationship that an exposure of 1 R of penetrating 
gamma radiation gives a whole body dose equivalent of 1 rem, this is 
equivalent to 13 rem whole body/year, or nearly three times the limit of 5 
rem/year. 

Taking into account the various factors neglected above suggests lower 
doses. Appendix 1 gives details of some estimates for the Nabarlek operation, 
prepared before the event. It mas concluded that whole body doses over 26 
weeks of mining might fall in the range 0.05 to 8 rem with a mean in the range 
0.6 to 1.3 rem. In the event the average over the whole work force was 0.85 
mSv (0.085 rem) and the average for miners only was 2.3 mSv (0.23 rem) over a 
period of 20 weeks. Amongst the largest doses were 5.55, 7.17 and 9.63 mSv 
(0.5 to 1 rem) (Leach, Lokan and Martin, 1980). Annual dose rates for 1 
percent ore, on the basis of the Nabarlek experience, might average about 0.1 
rem (1.0 mSv) with a maximum of less than 1.5 rem (15 mSv) per year per 
percent uranium in ore. 
Beach Sana Mining 

Radiological problems in the mining phase of the beach sana industry are 
generally trivial in Australia because of the low concentration of monazite 
(typically 0.5 percent) ana the low fraction of thorium in monazite (generally 
less than 10 percent). Secondary treatment can proouce high grade concentrate 
containing 90 percent monazite. Radiological problems do arise with this 
material (Holmes and Stewart 1966) and are discussed below under milling. 

UNSCEAk (1977) data on the natural radiation oack-grouno provide some 
indication of the possible levels of exposure associated with the mining of 
thorium ores. 
Thorium Ores - Thoron Exposures in Mining 

UW5CEAR (1977) tentatively assigns values for thoron (radon-220) 
concentrations out of ooors (continental air) and indoors of 0.001 ana 0.01 
pCi/L respectively, for an average thorium in soil and rock concentration of 
0.7 pCi thorium-232/g soil. Because thoron has a short half-life, 55 seconds, 
the concentration out of doors must be cue to thoron released from immediately 
adjacent surfaces. It is therefore appropriate to use the continental air 
average concentration per unit of activity in an ore body as the factor for an 
open cut situation. At 1 percent thorium-232, rather than 0.7 pCi/g or 7 mg 
thorium/g soil, one would therefore expect in an open cut situation a 
concentration of 0.001 x 0.01/7 xlO-6 0 r 1.4 pCi/L ana in an unoergrouna 
mine ten times this. An exposure of 1300 pCi h/L corresponos to 1 wLM for 
thoron (UNSCEAR 1977), so the annual exposures in hypothetical tnorium mining 
situations (assuming exposure for 2000 nours per year) become approximately, 
0.2 WLM/year per percent thorium for open cut mining ana 2 wLh/year per 
percent thorium for underground mining. 

Dust Exposures in Thorium Mining 
Using the UNSCEAK (1977) figure of 0.1 mg/m3 for ousts in the urban 

environment as an indicator of average respirable oust levels in mining 
suggests, for a 1 percent ore, average concentrations of 1 M9 thorium/m3 p e r 

percent thorium in ore. 
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Thorium Gres - External Radiation Exposures In Thorium Mining 
Using the UNSCEAR 1977 figure of 2.45 mrao,'.,. per pCi thorium-232/g soil 

suggests, for 2000 hrs per year of exposure adjact to ore at 1 percent 
thorium-232, an annual whole body dose of the order of 5 rem/year per percent 
thorium (the specific activity of thorium is 0.105 pCi/g). 
Uranium Milling 

The extraction of uranium from uranium ore results in the production of 
yellowcake (U3O8 with less than 1 percent by activity of radium-226 and 
thorium-230, and generally no more than 0.1 percent of radium-226) and 
tailings, containing the remainder of the activity in the uranium decay chain 
at approximately the concentration in the original ore. 

The isotopes uranium-238 and uranium-234 in yellowcake are accompanied by 
the short-lived daughters of uranium-238, thorium-234 with a 24 day half-life 
and protoactinium-234m with a 1.17 minute half-life. None are major gamma 
emitters. Protoactinium is an energetic beta emitter, maximum energy 
2.3 MeV. Urarn'um-234 decays to long-lived, 80,000 year, thorium-230, which 
therefore builds up very very slowly and is insignificant compared with that 
which is already present. 

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 o f yellowcake production drying and calcining, 
release yellowcake dusts to atmosphere. All other stages involve wet 
processes which minimise oust release, although radon release can still 
occur. Exposures to airborne contaminants in a mill depend strongly on tne 
adequacy of control procedures. It is therefore extremely difficult to 
quantify possible annual doses in a generic way. 

Past experience with inadequate controls shows that derived limits for 
airborne concentrations can be exceeded. Metzger (1975) reports that in 
selected U.S. mills in 1969, in the winter months, raoon and thorium-230 
concentration limits were exceeded. However, whole body counting of selected 
operators showed no detectable retention of long-lived radionuclides. 
Simpson, Stewart, Yourt and Bloy (1958) report that 5 percent of uranium in 
urine results for crusher house operators at Beaver Lodge, Canada, exceeded 
100 wg/L. Archer (1976) examined the causes of dsath of 104 uranium mill 
workers and found a possibly significant excess of deaths from malignant 
disease of lymphatic and haematopoetic tissue other than leukaemia (4 observed 
versus 1 expected) and speculated that these deaths might have been due to 
exposure to thorium-230 in excess of derived limits. 

External radiation exposures are not apparently significant in milling, 
although exposure or dose-rates can exceed derived limits. In particular 
gamma radiation dose-rates on the surfaces of drums of yellowcake are of the 
order of 2 to 3 mrem/hr and, because of extended source geometry, may be 0.2 
mrem/hr at 20 metres from a stockpile of yellow-cake. Beta radiation levels 
are not normally excessive, although surface dose-rates for exposed yellowcake 
are probably of the order of 170 to 200 mrem/hr, as the surface dose-rate for 
uraniui.i metal is reported to fall in the range 20U to 240 mrem/hr (Cember, 
1969; Warren, 1968>. 
Thorium Processing 

Holmes and Stewart (1966) measured gamma radiation dose rates ano dust in 
air concentrations associated with beach s.:nd mining upgrading processes. 
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Gamma dose-rates were around 5 to 8 yrem/hr over unworked beaches and 
tailings, up to 20 ^rem/hr over ore surfaces and in primary separation plants, 
up to 0.2 mrem/hr over primary concentrates, up to 1 mrem/hr over separation 
equipment in secondary concentration plants, up to 8 mrem/hr in concentrate 
handling and bagging areas, up to 15 mrem/hr over monazite stockpiles and 2.5 
mrem/hr over foundry grade zircon stockpiles. It is apparent that control of 
access is required for some areas. Long-lived alpha activity in air at 
various locations in the plant ranged from 1 to about 30 alpha disintegrations 
per minute per m3 (0.02 to 0.5 Bq/m3), although at the monazite bagging 
station a value of 5 Bq/m3 was obtained. 

Evans and Goodman (1940) report thoror. concentration measurements in a 
thorium mantle factory. Although this operation is not representative of 
thorium handling operations in general the fact that thoroi. concentrations in 
the range 200 to 4000 pCi/L were measured, or about 30 to 500 WL (assuming 
equilibrium for the daughter products) suggests that consideration should 
always be given to the need for good ventilation and containment procedures 
for thorium operation. 
Summary of Occupational Dose Estimates 

Estimates of average annual exposures or doses which might be received 
from various sources in the mining of uranium ore are summarised in Table 1, 
below. It should be noted that, except for the final entry for external 
radiation, the estimates are averages over the work force. Some individuals 
will receive doses well in excess of the average. This is illustrated by 
comparing the maximum dose per unit ore grade from external radiation, based 
on the Nabarlek experience, of 1.5 rem/y per percent uranium in ore, with the 
average, of 0.1 rem/year. Comparison of the estimates of Table 1 with annual 
dose and exposure limits gives some indication of the degree of control 
required to meet the limits for the circumstances considered. Note that even 
if an average, without control, is below a limit, there may still be 
individual circumstances and conditions requiring special attention. 

Estimates of average annual exposures or doses which might be received 
from various sources in the mining of thorium bearing ores are given in Table 
2. None of these estimates are based directly on experience and should 
therefore be treated with even more caution than those for uranium ores in 
Table 1. Taken at face value the figures suggest that control to meet the 
appropriate individual limits is less onerous than for uranium mining, with 
external radiation being the most significant source of exposure. 

It is not possible to summarise exposures and doses in the milling of 
uranium and thorium ores. Past experience suggests that potential doses and 
exposures in uranium mining relative to appropriate individual limits are 
generally less than in mining, particularly exposure to radon daughters. In 
the processing of thorium bearing ores external radiation ooses from stocks of 
product enriched in thorium are likely to be such as to require control, as 
are thoron daughter exposures if products enricheu in thorium are handed 
under poorly ventilated conditions. 
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Table 1 
Occupational exposure, uranium mining. Estimates of 

average annual exposures and doses per percent uranium in ore 

Source of Circumstance Estimate of Basis for 
exposure or average annual estimate 
dose exposure or 

dose per per
cent uranium in 
ore. 

* 

Radon Underground 300 WLM/y natural back
daughters mining, no 

significant 
control of 
exposure 

ground, pro-rata 

•I n II II II 500 WLM/y past U.S. 
Experience 

H H open cut mini 
no control 

"9 < 4 WLM/y natural back
ground, pro-rata. 

H ii open cut mini 
with control 

ng 0.1 WLM/y Nabariek, N.T., 
experience 

Ore dusts n H H H 0.05 MPC natural back-
ground, pro-rata 
and Nabariek, N.T. 

External 
gamma 
radiation 

open cut mining, 
no control 

open cut mining, 
with control 

13 rem/y 

0.1 rem/y 
(maximum 
1.5 rem/y) 

natural back
ground, pro-rata. 

Nabariek, N.T. 
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Table 2. 
Occupational exposure, thorium bearing ore mining 

Tentative estimates of average annual exposures and 
doses per percent thorium in ore 

Source of 
exposure 
or dose 

Circumstance Estimate of 
average annual 
exposure or 
does per per
cent thorium 
in ore 

Basis for 
estimate 

Thoron 
daughters 

Underground mining 2 WLM/y 
no significant 
control 

natural back
ground, pro-rata 

•I •• 

open-cut mining, no 
significant control 

0.2 WLM/y •I H H 

Ore dusts open cut, no 
significant control 

1 ug thorium 
3 per m in air 

H ii H 

External 
gamma 
radiation 

underground or open 5 rem/y 
cut, no significant 
control. 

H II II 

THE DIFFUSION OF RADON 
Radon produced by the decay of raoium in a material may or may not be free 

to move significantly from its point of origin. In a liquid all the radon 
produced is free, will experience molecular diffusion and can escape from a 
surface to atmosphere. In a solid some of the radon atoms will be trapped in 
the mineral grains in which they are produced. Others will end up in air or 
water filled voids or spaces within and between grains and may then diffuse 
out of the soil, ore, tailings or whatever the material may be. 

The fraction of radon formed which is free to diffuse through and migrate 
out of the bulk material is known as the emanating power or emanating 
rcefficisnt of the material. The rate of production of free raaon may be 
referred to as tr>e volume o> iwss; emanation rate (in becquerels/m3 0 r pCi/g, 
for example). The flux across the surface of the material is usually referred 
to as the surface emanation rate (in Bq/m2 sec, for example). 
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Tanner (1964) reviews information to that time on the diffusion and 
migration of radon in the ground. In his preliminary discussion he points out 
that the initially charged radon atom produced by the alpha decay of radium 
has a range of about 3 x 10-&m in minerals of normal rock density, about 
10- 7m in water and from 6 x 10-5 to 9 x lQr$m in air, depending on the 
isotope. 

If the parent radium is uniformly distributed in the mineral under 
consideration and the mineral grain sizes are significantly greater than the 
radon recoil range (say 1 micron, l(H>m, or more) most of the radon atoms 
will come to rest in the grain in which they are produced. The rate of 
diffusion of such atoms from the grains is very low, diffusion coefficients 
(see below) being less, probably much less, than 10-23m2/sec. The 
emanating power of such materials is low, less than 1 percent. If the parent 
radium is adsorbed on the surface of the grain the chances of escape are 
greater. However, in either case, those radon atoms which escape from one 
grain will almost certainly end up in adjacent grain if the space between 
grains is air filled, because their range in air is relatively so much greater 
(60 to 90 microns). If the material is moist, so that the pores and small 
spaces are filled with water, the radon atoms are much more likely to come to 
rest in the water, their range in water being about 0.1 micron. In a thin 
water film radon is much less likely to be trapped indefinitely, the molecular 
diffusion constant being about lO-V/sec. 

This effect of moisture on emanating power is observed experimentally. 
For example Levins and Strong (1979, 1980) report that the emanating power of 
Jabiluka ore rises from 8 per cent at less than 0.5 per cent moisture to 23 
percent at 1 percent moisture or more, while that of tailings went from nearly 
10 to 28 percent over the same moisture content range. 

Leach, Lokan ana Martin (1980) report emanating coefficients for Nabarlek 
ore in the range 2 to 20 percent for moisture contents mostly in the range 1 
to 2 percent. They noted that the higher the ore grace the lower the 
emanation coefficient. They also presented the same data as volume emanation 
rate. The relationship between ore grade P (percent U^Og), emanating 
coefficient f (per cent), density p (te/m3) and volume emanation rate B (Bq 
radon/np of sample second) is B = 2.18 Ppf. (The derivation of tne 
numerical factor is left as an exercise for the reader). Numerical values of 
B/f obtained were in the range 10 to 120 Bq/m3 sec per percent U3O3, 
with lower values at higher ore grades. 

It should be noted that emanating coefficient or emanating power is a 
measure of the fraction of radon in the material which is free to migrate. It 
is not a measure of what actually escapes from the material into the 
atmosphere. This is the surface emanation rate. Levins and Strong observed 
the following values of surface emanation rate for Pancontinental tailings in 
the laboratory: 

Table 3. 
Surface emanation from Pancon tailings 

Tailings Surface emanation rate 
(Bq/m?. sec). 

oven dried (0.2"/o H 20) 9.7 
moist - no free water (5.65°/o H^O) 38 
saturated with water 0.86 
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When the tailings are dry much of the radon proauced is trapped in the mineral 
grains. When they are moist raaon is initially trapped in the thin water 
layer on the grains, then diffuses into the air spaces and thence diffuses 
out. When they are saturated they are again trapped in the water, but because 
the oiffusion coefficient for raaon in water is low compared with that in air 
(about lO-7m2/sec compared with about 10-3m2/secJ the surface 
emanation rate is much reduced. 

It is worthwhile looking at the consequence of some simple theory relating 
emanating power, volume or mass emanating rate, surface emanating rate and 
diffusion co-efficient, since this is presented from time to time in the 
literature. Unfortunately, there is no uniformity of expression, particularly 
in the symbols used (see, for example, Tanner (1964), Culot, Olson ana 
Schiager (1976), Edwards ana bates (1980), Stranden ana Berteig (1980) ana 
Leach, Lokan and Martin (1980)), nor even in the definition of concepts (see 
discussion in Culot, Olson and Schiager (1976)). In what follows the symbols 
and definitions of Leach, Lokan and Martin (1980) are adopted. 

The Theory of Radon Diffusion 
Consider a medium, say air, carrying some readily identifiable foreign 

atoms or molecules, the concentration of these atoms per unit volume of air 
not being constant. In the case where there is no mechanical turbulence of 
the medium and diffusion occurs simply as a consequence of molecular or atomic 
kinetic energy, it is observed that the flux of atoms per unit area at some 
particular time is proportional to the concentration gradient normal to the 
area under consideration. The constant of proportionality is known as the 
diffusion coefficient and the relationship 

E = - 0 dc 
dx 

is known as Fick's law. In this equation E is the flux or number of atoms 
crossing unit area in unit time, D is the diffusion coefficient ana dc/tix is 
the gradient of concentration c, atoms per unit volume in the medium, in the 
direction x. The minus sign expresses the fact that the observed flux is in 
the opposite direction to increase in concentration. 

The following table gives some numerical values for radon (from Tanner 
1964). Note that the diffusion coefficients in dry, air filled porous media 
are not much less than those of air. Tanner also notes that the product of 
radon diffusion coefficient in air, the porosity of a medium and the factor 
0.66 gives fair values for the radon diffusion coefficients of dry soils. 

Consider a porous, air filled, medium in which raoon is produced at the 
rate of B units of activity per unit volume of the medium per unit time, in 
which the ratio of pore space to total volume (the porosity) is denoted by S 
and in which the radon concentration varies in one direction only, denoted by 
x. Let the concentration of radon in the pore space be C activity units per 
unit volume of pore space and the decay constant of radon be x per unit time. 
Then, in any volume element of the medium of unit cross sectional area and 
thickness AX, the rate of change in the air space, S.AX volume units, of the 
number of radon atoms, (c/x)S. AX, of this volume element has three components: 

loss of radon atoms by decay, CS.AX atoms per unit time 
input from the medium (b/x).Ax atoms per unit time 
flux difference across the planes x ana x + AX, given by D a 

(d2(c/x)/dx2)g>.Ax atoms per unit time. 

(where g is a geometrical factor converting volume porosity to areal porosity 
and D a is the diffusion constant for radon atoms in air) 
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Table 4. 
Radon diffusion coefficients 

Medium Radon 
Diffusion coefficient 
(m2/sec) 

air 1.0 x 1(T 5 

dry fine sand 6.8 x 10~ 6 

alluvial-detrital deposits of 
granidiorite 4.5 x 10" 

alluvial-detrital deposits of 

granite 1.5 x 10" 

loam 8.0 x 10~ 7 

mud, 37.2 percent moisture 5.7 x 10" 

mud, 85.5 percent moisture 2.2 x 10" 
water 1.1 x 10 

Restricting consideration to equilibrium conditions it follows, for there 
to be no change in the total number of radon atoms present, that 

-ACS + B + Da(d2c/dx2)gS = 0 
As it is usual to express diffusion coefficients in terms of the 

dimensions of the medium rather than geometrical factors and the diffusion 
coefficient of air we note that the product D agS is a reasonable 
approximation to D, the diffusion coefficient of radon in the medium, so that 
the above expression becomes 

-ACS + B + D(d2c/dx2) - ° 
Allowing for differences in use of symbols, etc. this is the form of the 

equation governing the one dimensional distribution of radon in a medium 
normally given in the literature. 

The equation can be used to derive the distribution of radon vertically 
through a simplified model tailings pile, of uniform radium concentration, 
porosity and water content, ignoring the effects of meteorological variables. 
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Let x be zero at the surface. Assume the concentration at the surface is 
zero, due to rapid removal of radon by meteorological turbulence (not zero in 
practice, of course). Deep in the pile the concentration is constant. These 
constraints are satisfied by an equation of the form 

C = (B/Sx) (1 - exp(-x(Sx/D)0-5)) 

For large values of x the concentration in the void spaces becomes equal 
to the volume emanation rate times the mean life (the reciprocal of the decay 
constant) divided by the pore volume per unit volume of the medium, B/Sx. 

For x = (D/Sx)0.5c nas the value 1 - 1/e or 63 per cent of that at large 
values of x. The length (D/Sx)0'5 is sometimes referred to as the 
relaxation length. The following table gives some numerical values for a range 
of diffusion coefficients ana porosities: 

Table 5 
Relaxation length as a function of porosity ana diffusion coefficient 

Relaxation length, metres 
Diffusion Porosity or fractional void space. 
coefficient, 0.05 0.1 0.2 0.4 
2 

nr/sec 

-9 0.1 0.07 0.05 0.035 

10" 7 1.0 0.7 0.5 0.35 

10" 6 (3.2) (2.2) i.6 1.1 

3 x 10" 6 (b.b) (3.9) (2.7) 1.9 

Values greater than 2 metres are bracketted as the relationship for a dry 
medium D = D aj rgS with g equal to 0.66 (see above) implies that the 
combinations of diffusion coefficient annd porosity to which these values 
apply are not realised in practice. On the other hana low diffusion 
coefficients ana high porosities are conceivable in moist or wet media. Tne 
above figures indicate that any radon emitting medium greater than 1 or 2 
metres thick is effectively infinitely thick as far as radon emanation is 
concerned. 

A further prediction from the simple theory is that the surface emanation 
rate is given by 

E = B(D/Sx)0.b 

This follows by applying Pick's law, E = -D (dC/dx) at x = 0. 
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The surface eaanation rate is given by the product of volune emanation 
rate and relaxation length. Leach, lokan and Martin (1980) reported that the 
Measured surface emanation rate for Nabarlek ore in situ was of the order of 
80 Bq/m2 sec. per cent U3O8. Their measured figures for volume 
emanation rate have a mean and standard deviation of 53 + 32 Bq/m3 sec. 
percent U3O3. The implied relaxation length is thus 80/T53 ± 32) or 1.6 ^ 
1.0 metres. 
Application of Theory to the Prediction of Radon Source Terms 

As noted in the introduction it would be extremely valuable to be able to 
sit down and derive radon source terms for a proposed mine or mill from some 
simple theory and measurements of relevant parameters from a few well chosen 
samples. This is just not possible. Local inhomogeneities, in either a mine 
or in tailings, complicate both the theory and the sampling for input data. 
In addition theory has to be extended to cover the effects of meteorological 
parameters. For example, Pohl-Ruling and Pohl (1969) report that radon 
concentration in underground mines is strongly dependent on atmospheric 
pressure, rising as pressure drops and falling as pressure rises or stays 
constant. Falling pressure draws air out of the pores and fissures of the ore 
and rock surface. This effect has beer, treated theoretically most recently by 
Edwards and Bates (1980). 

Inhomogeneities of distribution of uranium or radium in the source 
material may be significant, even in tailings. Si 1 leer, wogman, Thomas, Carr 
and Heasler (1979) found radium-226 concentrations varying by factors of up to 
5 over vertical distances of a metre or so in tailings they investigated. They 
solved the radon diffusion equation numerically for the source term variation 
they observed and obtained reasonable agreement with observation of the 
distribution of radon as a function of depth, by choosing appropriate values 
for the emanating coefficient and the diffusion coefficient. 
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Average Figures for Surface Emanation per Unit Activity of Source 
The following tables list s o w numerical values of surface enanation rate 

per unit activity of source Material: 
Table 6 

a) Surface Emanation Rate per Unit Activity of Source - Ores 

Material Surface emanation 
2 

Bq/m. sec per percent 
U3°8 

Reference 

Nabarlek ore 

Yeelirrie ore (0.2 
percent) 
Koongarra ore 
(crushed, 0.44 
percent 
Koongarra, waste 
(0.015 percent) 

80 

210 

130 

Leach, Lokan and 
Martin, 1980 
Gan, Leach and 
Solomon (n.d.) 
Davy, Dudaitis 
and O'Brien, 1978 

Davy, Dudaitis and 
O'Brien, 1978 

b) Surface Emanation Rate per Unit Activity of Source - Tailings 

Material Surface Emanation 
2 Bq/m . sec per percent 

Ra-226/g 

Reference 

U.S. tailings, 
various. 

Ranstad, Sweden 

Port Pirie 

Rum Jungle 

0.003 to 9 
(arithmetic mean 0.9) 
(log mean 0.3) 
0.4 to 1.6 

0.1 

0.08 

U.S. DOE 1976, 
1977. 

Snihs and Agnedal 
1978 
Davy, Dudaitis and 
O'Brien, 1978 
Davy, Dudaitis and 
O'Brien, 1978 
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At equilibrium material at one percent U3O8 contains 104 Bq/g of 
radium-226, so the figures for ores in Bq/a?. sec per percent U3O8 "*y 
be compared with those for tailings in Bq/m?. sec per Bq Ra-226/g by 
multiplying the latter by 100. It is seen that there are wide variations in 
surface emanation rates for ores and tailings, even when normalised to unit 
source strength. The number of results is insufficient to show whether there 
is any intrinsic difference between tailings and ores. 

There is one further figure with which the above numbers may be compared. 
UNSCEAR (1977) estimates that the world average radon surface emanation rate 
is 0.42 pCi/m? Sec for an average uranium (and approximately radium) content 
in soil and surface rock of 0.7 pCi/g. These figures give a surface emanation 
rate per unit source strength of 0.6 Bq/m2. sec per Bq Ra-226/g. 

The above figures suggest that a reasonably conservative number to use for 
preliminary impact assessments of both ores and tailings would be 1 Bq/m2 
sec per Bq Ra-226/g (or 100 Bq/m2. sec per percent l^Og). As there are 
obviously factors which can result in significantly modifiea surface emanation 
rates (moisture content, and non-uniformity of activity in ore or tailings) it 
is obviously important to obtain measured values for acurate assessment 
purposes. 
ASSESSMENT OF EXPOSURE Of MEMBERS OF THE PUBLIC 

Exposure to radiation of members of the public from past uranium mining 
and milling operation is, in the main, associated with the residual tailings. 
Past Experience Overseas 

In the U.S. it was discovered in the mid-1960s that large quantities of 
uranium mill tailings had been used as fill material for construction-related 
purposes in the Grand Junction area, Colorado. This resulted in high radon 
and gamma levels in homes and public buildings. About 50 per cent of 
properties surveyed exceeded 0.01 UL and 65 properties exceeded 0.05 UL with 
gamma radiation exceeding 0.1 mR/hr in 30 (Clark 1974). A Federal-State 
remedial action program was authorised in 1972 (Biles 1974). At that time 
remedial action was recommended for 519 properties, out of nearly 15,000 
investigated. 

A similar situation has arisen in Port Hope, Ontario, Canada, where a 
number of homes with radon levels in excess of 3 pCi/L, some in excess of 30 
pCi/L, have been identified (Canadian Nuclear Association 1976, Marshall 
1976). For comparison, UNSCEAR (1977) estimates world average indoor radon 
concentrations to be of the order of 1 pCi/L (at a daughter equilibrium factor 
of 0.5, 0.005 WL), and the Australian Code of Practice (1980) recommends a 
derived limit for exposure of members of tne public to radon daughters in 
excess of the natural radiation background of 0.01 WL lAGPS I9b0). 

More recently it has been suggested that some of tne nigh levels are not 
associated with the use of tailings but are due to naturally occurring levels 
of radium in the soil of the area. Similar high levels not associated with 
tailings, have arisen in new housing near the Elliot Lake uranium mine 
development, despite efforts to avoid the problem. (Anon 1979). 

Apart from the past use of tailings as fill for construction purposes, 
tailings from mill sites, if not adequately managed, may also lead to exposure 
of members of the public by direct radiation, by inhalation of wine-blown 
particulate material., by inhalation of radon daughters from radon diffusing 
from the tailings and by contamination of ground and surface water following 
leaching from the tailings. 
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In the U.S. potential problems of the above kind were recognised in the 
1960s because practice to that time was often to dump tailings at the nearest 
convenient spot to the uranium mill. Shearer ana Sill (1969) reported results 
of radon sampling on ana near four tailings piles in the U.S., taking aiumal 
and seasonal variations into account. They founa average radon levels over 
the tailings ranged, at different locations, from 3.5 to 16 pCi/L, while for 
44 locations within 2 miles but not over the tailings only two averaged 
greater than 1 pCi/L. 

Gamma raaiation levels were also surveyed and reported (Douglas and Hans, 
1975) for 21 inactive uranium mill sites, mainly to oetermine the actual 
extent of tailings, using 10 and 40 pR/hr contours as indicators. 

The Comptroller General of the U.S. reported to the U.S. Federal 
Government in Hay 1975 on the efforts of the U.S. Energy Researcn and 
Development Administration ana the U.S. Nuclear Regulatory Commission to 
control the radiation hazard from uranium mill tailings (U.S. Comptroller 
General, 1975). This report was concerned with both the problems arising from 
the use of tailings as fill and the more general impacts of unstabilised 
tailings. It recommended continuing action to determine public health impacts 
and remedial action. 

At about the same time the U.S. Energy Research and Development 
Administration (now the U.S. Department of Energy) began a program to 
determine the radiological impacts nf z> inactive tailings sites ana to 
determine what action might be taken to reduce these impacts in the short and 
long term, (see, for cxamnle Haywooc4, Golasmith, Puraue, Fox ana Shinpaugh 
(1976) and DOE (1976, 19//;). Only in one or two cases were raoon 
concentrations in excess of background at distances of more than 2 miles or 
gamma raaiation levels in excess of oackgrouna at nore than 2 miles. The 
major concern is the long term nature of the problem, oue to the 80,000 year 
half-life of thorium-230, the parent in the tailings of 1620 year raaium-226. 
A generic study of the raoiological impacts of these inactive tailings piles 
was issued in 1976 (Swift, Haroin and Calley 1976). 

Another potential exposure route for raoiological impact is contamination 
of ground or surface waters. This route appears not to have been of much 
concern in the U.S., where uranium mines ano mills drtt generally locateo in 
semi-arid areas, although levels up to nearly 5 pCi/L have been recorded 
(Eadie, Fort and Beard, 1979). In Canada however leaching of raaium from 
tailings is considered a significant problem. Dissolved radium-226 in surface 
waters in the vicinity of Canadian mines has increased from 1 to 2 pCi/L to 
more than 10 pCi/L ir some cases. Local municipal water supplies remain at 
0.4 to 0.6 pCi/L however (Hyers ana Stewart, 1979). Radium ana uranium levels 
are reported to be elevated in rivers in Czechoslovakia contaminated oy 
uranium mining and milling wastes. Radium-226 levels over the years 1966-1967 
averaged 2.5 pCi/L, compared with 1.2 ^ 1.0 pCi/L in other rivers. Uranium 
levels averaged 11 »g/L compared with about 1.0 ± 0.5 pg/L in non-contaminated 
rivers. (Havlik, 1970). For comparison note that the derived limits for 
members of the public in .he Australian Code for radium-226 and uranium in 
drinking water are 10 pCi/L and 2000 pg/L respectively. (Direct cc* pari son is 
not really appropriate, as intakes of these nuclioes by ingestion in aquatic 
foodstuffs may be greater than those by ingestion of the water, if the 
foodstuffs concentrate either to any significant extent). 

There were one or two cases in the 1950s where mine ano mill effluents 
significantly affected aquatic environments downstream ot their discharges, 
particularly the Animas River below the Uurango Processing Mill, Colorado. 
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(Sigler, Helm, Angelovic, Lynn and Martin (1966) review earlier work of others 
and report their own observations). Host of the environmental degradation 
which was alleviated after alternative waste disposal methods were aoopteo, 
appears to have been aue to chemical toxicity. Studies on radium after 
remedial action snowed sediment levels up to several hundred times background, 
decreasing to about three times 5 years after remedial action, in water five 
to nine times background and in fish 10 to 15 times background. 
Past Experience in Australia 

There are currently in Australia four cases where remedial action is 
contemplated to reduce actual or potential adverse impacts from residual mill 
tailings material, namely Rum Jungle, Hunters Hill, Port Pirie and Radium Hill. 

The major cause of adverse impact at Rum Jungle, site of a workeo out 
uranium mine, is leaching of heavy metals (copper, manganese and zinc) from 
the tailings. Oavy (1975) has reported tne results of environmental studies 
in the area, which include measurements of radium-226 in surface and ground 
waters. No radon in air measurements are given. Radium-226 levels in surface 
waters adjacent to or in the area range from 0.1 to 12 pCi/L. Groundwater 
results range up to about 3 pCi/L, as do springs. Levels in the Finniss 
River, downstream from the site average about 0.3 pCi/L. 

Hunters Hill, Sydney is the site of a small factory which extracted radium 
for medical purposes 60 or more years ago. Part of the site was subsequently 
used for housing. The NSW authorities have decided that radon levels in two 
or three properties are such that they should be demolished, the site cleared 
of tailings materials. 

Tailings from processed uranium ore from Radium Hill, S.A. is held near 
Port Pirie, S.A. adjacent to other tailings material. It is understood that 
the South Australian authorities are considering whether action is required to 
reduce airborne radon and dusts released from these tailings. 
GENERAL CONSIDERATION WHEN ASSESSING THE RADIOLOGICAL IMPACTS ON MEMbEKS OF 
THE PUBLIC OF RELEASES OTRADlOACTlVITY fROH THE MINING AND HILLING OF 
RADIOACTIVE OftEST 

The above anecdotal account of observed or inferred impacts of releases of 
radioactivity from the mining and milling of radioactive ores, although it 
introduces the subject, does little to enable impacts *rom specific projects 
to be determined. A more general approach is required, giving a 
methodological framework which can be adapted to specific situations and which 
should ensure that significant factors are not overlooked. 

Exposure Pathways 
The significance of releases of radioactivity to the environment, in 

relation to the development of environmental survey programs, was discussed by 
the ICRP in 1965 (ICRP 1969). The ICRP provided simplified diagrams of the 
possible pathways by which radioactivity released to the environment could 
ultimately cause radiation exposure of persons. 

The same pathway diagrams are used in a much more recent ICRP publication 
concerned with the assessment of doses to man from the release of 
radioactivity to the environment (ICRP 1973). The diagram for release to 
atmosphere is given in Figure 1 and that for release to soil or water in 
Figure 2. The ICRP notes that the diagrams are not exhaustive, but illustrate 
the principle types of pathway which usually occur; that one, or at most a 
few, pathways are the major sources of exposure in any given situation; and 
that it will be generally appropriate to confine attention to these critical 
pathways. 
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Fig. I. Simplified pathway* between radioactive material* released to atmosphere and man. 
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h'ig. 2. Simplified pathway!! between radioactive material* released to ground or Mirlacc water* 
(including ocean*) and man. 

It is important 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, yellowcake or product dusts and possibly tailings dusts. 
The most direct route for exposure is inhalation, but, as shown in Figure 1, 
there may be Intakes by ingestion if foodstuffs become directly or indirectly 
contaminated and there may be external radiation exposure from airborne or 
deposited material. From what has been said above it is apparent that 
exposure to airborne radon is the major exposure route for releases to 
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atmosphere in mining and milling; doses via the ingestion pathway or by 
external radiation from deposited material may not be insignificant however. 
These routes are considered in more detail below. 

In relation to releases to surface and ground water the ingestion of 
radium, either directly or indirectly, has received the most attention to date 
in published assessments. 

Some Terms, Transfer and Other Factors 
in order to maice quantitative assessments of the significance of various 

pathways it is necessary to know such factors as the rates at which 
raoioactivity are released to the environment (or, for one-off event, unusual 
in the mining and milling of radioactive ores, the total release); the rates 
of dispersion of releaseo material in the environment so that concentrations 
at various locations can be assessed: the rates of transfer from the inanimate 
environment to foodstuffs, animal or 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 ano 
the exposure rate per unit of activity in these components; and, last, the 
doses (dose-equivalents or effective dose-equivalents) per unit intake, either 
by ingestion or inhalation, as a function of age preferably. 

Assessments may be carried out for either steady-state conditions or for 
time varying impacts to the environment (ICRP 1979). The latter requires 
information on the rates of transfer of radioactivity from one compartment of 
the environment to another, whereas the former uses only steady state ratios 
for concentrations in two related compartments, (for example, the 
concentration of radium in fish per unit activity in water). Steady-state 
calculations are much simpler to carry out, but may be inappropriate where 
strong seasonal variations occur (in stream annd river flows, for example) 
unless the factors used are based on measurements averaged over such 
variations. 

Transfer rates and concentration factors can only be based on measurement; 
it is important, given an opportunity, to collect as much relevant information 
in the field as possible, to ensure that factors used in preliminary 
assessments are appropriate and to provide data for others. 

Steady-State Conditions - The Natural Radiation Background 
As in the occupational exposure case, available information on dose to man 

from naturally occurring radionuclides in the uranium ano thorium decay chains 
provides some perspective on the relative impacts of the various nuclides. 
Table 7 shows the major exposure pathways ano estimated annual effective dose 
equivalents from nuclides of the uranium and thorium decay series in areas of 
normal natural background, with some relevant environmental and transfer 
parameters. The exposure pathways are those identified by UNSCEAR (1977) as 
the most significant for the nuclides listed. The effective dose equivalents 
have been derived from the estimated annual tissue absorbed doses from natural 
sources in normal areas given by UNSCEAR (1977), converted to oose equivalent 
by multiplying by a quality factor of 20 for alpha particles where 
appropriate, and then by summing the tissue dose equivalents obtained, 
multiplied by the appropriate effective dose weighting factors of ICRP (1977), 
to give effective dose equivalent. In this summation tissues not listed by 
UNSCEAR (all soft tissues) were assumed to receive the same oose equivalents 
as the gonads. The average concentrations and daily intakes are those given 
by UNSCEAR. 
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This table is included to illustrate the relative significance of the 
various nuclides in the uranium and thorium decay chains where these nuclides 
are widely and uniformly distributed. Note that the actual numbers given are 
subject to considerable uncertainty and that two figure accuracy has only been 
used to retain the relativities given in UNSCEAR (1977). 

Points to note are that the major contributor to effective dose equivalent 
is exposure indoors to radon and its daughters, followed by external radiation 
and intake in diet of lead-210 and polonium-210. It is also of some interest 
to note that effective doses from intak of uranium, radium, thoriua-230 and 
thorium-232 are all of the same order (about 1 mrem/y), although the 
significant intake routes for uranium and radium are diet while that for 
thorium is inhalation. This arises because the fractional transfer of ingested 
thorium to body tissues is very much lower than that of uranium or radium. 
The case of lead-210 and polonium-210 is an interesting one. Although these 
nuclides occur in soil from the decay in-situ of radium-226 they are also 
present in air, from the decay of radon, deposit onto surfaces and enhance the 
level in surface soil as inoicated. Some of the leao-210 and polonium-210 in 
diet is derived from the soil, suae from deposition onto leafy vegetables. 

The relativities of Table 7 will not apply to doses received by members of 
the public from releases of radio-activity to the environment from a mine or 
mill, becuase the distribution of the discharged radionuclides is very 
non-uniform in space and also becuase the various nuclides discharged are not 
necessarily in secular equilibrium with one another. In assessing specific 
situations it is important to consider each nuclide or chain of nuclides (if 
appropriate) separately and to determine the likely distribution of the 
discharged (nuclides in the atmosphere, on the surface and in waterways as a 
function of distance and direction from the point of release before exposures, 
intakes and doses to particular groups of individuals, utilising the 
environment in some specific way, can be assessed. 

Atmospheric Dispersal 
Two major mechanisms determine the atmospheric dispersion of airborne 

material. These are wind and atmospheric turbulence. 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 perioo of 
observation for averaging is extended the variations become less significant, 
although there will be diurnal variations and there may be seasonal variations 
(for example in prevailing wino directions) and there will be geographical 
variations due to climate and to the effects of topography. For continuing 
discharges the long term dispersal pattern is the major concern, but as this 
is derived by averaging over the distribution of short-term patterns the 
latter are given first consideration. 

Atmospheric Stability and Turbulence 
The existence of atmospheric turbulence is shown by the fluctuations in 

direction of a wind vane or by the movement of successive volumes of smoke 
from a factory chimney. In the latter case both variations in direction taken 
by successive volumes and a general increase in volume of successive parts of 
the plume may be observed. The degree of turbulence is related to atmospheric 
stability, which is a function of wind speed, ground roughness and the rate of 
heat exchange between the ground and upper atmosphere. 



TABLE 7 Major exposure pathways and estimated annual effective dose equivalents from 
the uranium and thorium decay series in areas of normal natural background, 
with some relevant environmental and transfer parameters. 

Nuclides (parent and 
that part of the decay 

Major Estimated 
exposure effective 
pathway dose 

equivalent 
mrem/y 

Average concentration 
of parent nuclide 

Assumed daily 
intake of parent nuclide series contributing to 

the annual dose). 

Major Estimated 
exposure effective 
pathway dose 

equivalent 
mrem/y 

soil 
pCi/g 

air ~ 
pCi/mJ 

diet 
pCi/d 

inhaled 
pCi/d 

U-238 + ...Po-210 external 
radiation 

8 0.7 

U-238 + ... 0-234 diet 1.0 0.7 7.10"5 0.4 ID"3 

Th-230 inhalation 0.7 0.7 7.10"5 0.1 10-3 
Ra-226 + ...Po-214 diet 1.2 0.7 7.10"5 1 10-3 
Rn-222 + ...Po-214 inhalation 

20% outdoor 
80% indoor 

3.7 
73 

0.7 
0.7 

10c 
' 500 _ 400 

8000 
Pb-210 + Po-21C diet 14 0.9 0.014 3 0.3 
Th-232 + ...Tl-208 external 

radiation 12 0.7 
Th-232 inhalation 0.7 0.7 7.10 - 5 0.1 ID"3 

Ra-228 + ...Tl-208 diet 2.2 0.7 7.10"5 1 10-3 
Rn-220 + ...Tl-208 inhalation 

20% outdoor 
80% indoor 

0.24 
9.6 

0.7 
0.7 

1 
10 -

4 
160 
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The lower atmosphere nay be stable, neutral or unstable. A neutral 
atmosphere has a vertical temperature gradient such that the adiabatic 
temperature change of a vertically displaced volume of air equals the 
temperature difference over the displacement. Such a condition develops at 
any Mind speed when there is uniform cloud cover and equilibrium heat transfer 
between ground and cloud. Atmospheric turbulence between the ground and the 
cloud is then a function of ground roughness and wind velocity. In a steble 
atmosphere the adiabatic temperature change exceeds the temperature difference 
over the displacement. If the temperature gradient is positive, i.e., 
increases with height the condition is known as an inversion. Such conditions 
develop with clear skies at night, particularly at low wind speeds; the ground 
temperature falls by radiative heat loss, the adjacent atmosphere cools and a 
positive temperature gradient is set up. Inversion conditions only persist by 
day when there is sufficient smog or fog to adsorb the sun's heat at the top 
of the inversion rather than at ground level. In such cases the inversion 
breaks up from the top. 

Unstable atmospheres occur by day when solar heating at grouno level leads 
to a strong negative temperature change with height. Strong winds under such 
conditions tend to reduce the thermal gradient and give atmospheric conditions 
nearer neutral stability. 

Thus the least stable and most turbulent conditions occur by day with 
clear skies and low wind speeds and the most stable and least turbulent 
conditions occur by night with clear skies and low wind speeds. Because of 
the unpredictability of low velocity air movement under such conditions it is 
not possible to make useful predictions of dispersion for strong inversions. 

Prediction of Dispersion 
As a result of experimental and theoretical studies of atmospheric 

turbulence, diffusion and dispersal it is possible to make reasonable 
predictions of the degree of dispersion in open, level country for airborne 
material released at or above ground level (as from a stack), except for 
strong inversion conditions (Sutton 1953, Pasquill 1962, Slaoe, 1968, Reiter 
1978, Clark 1979, IAEA 1980). The following points may be noted about 
concentrations at ground level downwind of an elevated continuous point source: 

(i) Concentrations are a function of sampling time, decreasing as 
sampling time increases. 

(1i) Concentrations are inversely proportional to wind speed, 
(iii) Close to a stack the grouno level concentration is zero, increases to 

a maximum as the dispersing plume reaches the ground downwind and 
then decreases with distance. The greater the stack height the 
further downwind the position of maximum ground level concentration, 

(iv) The greater the stability of the atmosphere the further downwind the 
position of maximum grouno level concentration, 

(v) For a given wino velocity the maximum grouno level concentration is 
relatively independent of the degree of atmospheric stability. 

A Gaussian function is generally used to describe crosswind concentration, 
2 2 varies as exp (-y /2o ) where y is a distance normal to the plume axis, o is 

a function of distance and stability. 
The basic equation for an elevated point source is as follows: 

C(x,y,z) - (Q/2irUozo )exp(-(y2/2cjy - (z-h)2/2o?j where C - the air 



concentration (Bq m-3) OI its tine integral (Bq s m-3) 

release rate (Bq s-1) or total amount released (Bq) 

wind speed (n s-1) 

standard deviation of the vertical Gaussian distribution (m) 

standard deviation of the horizontal Gaussian distribution (m) 
(along the wind direction (m) 

rectilinear co-ordinates (cross-wind (m) 

(above ground (m) 
effective release height (m) 

The origin of the co-oroinate system is at ground level beneath the discharge 
point. In the derivation it is assumed that diffusion in the x-direction, 
i.e., in the direction of the wind, can be ignored since for releases which 
last a finite time the diffusive component is of negligible importance. 

Reflections from the Ground and Inversion Layers 
When material is discharged from an elevated source the plume will spread 

vertically until the lower part eventually reaches the ground. There is then 
a bar to downwards diffusion. The actual vertical distribution of activity is 
well represented by assuming that the plume is reflected and effectively 
dispersed as from a virtual source at a distance h below the ground. In this 
situation the air concentration at ground level below the axis of a plume 
(z = 0, y = o) is given by 

C = (Q/wuozoy) exp (-h2/2oz) 
Inversion conditions occur at varying heights; where an upper level 

inversion exists the dispersed material would be trapped between this 
inversion and the ground. Reflections will occur, in this case, both at the 
ground and at the top of the mixing layer which is the inversion. The 
following expression, where A is the depth of the mixing layer, adequately 
predicts ground level concentration below the axis of the plume 

C = (Q/irUazoy) (exp(-h 2/2o 2) + exp (-(2A • h) 2/2o 2) 

+exp(-(2A-h)2/2o2)) 

Cross-Wind Diffusion Parameters 
The cross-wind diffusion parameters oy and o z are strongly depenoent 

on atmospheric stability and distance from the source. Pasquill (1962) 
provided a scheme for classifying atmospheric stability in terms of wind 
speed, insolation and cloud cover, and also gave empirical values for his 
dispersion parameters in terms of stability category and distance. A major 
proDlem has been, and still is, that of measuring atmospheric stability. 
Modifications to PasquilTs method are in use extensively ano are oescrioeci in 
the more recent references given above for dispersion predictions (see also 
Gifford (1976) ano Smith (1973), quoted in Clarke (1979)). Pasquill's method 
is described here as it serves to introduce the whole subject, and also as the 
author hasn't caught up with current methods. (Complex computer codes exist 

Q -

u = 

Oys 

' ) -

' ) • 

z ) 

h = 
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and have been useo for predicting dispersion around proposed aines and ail Is 
in Australia - see, for exaaple, Clark (1977) and Steedaan (1978). One 
advantage of coaputer aethods is that they readily perait calculation of 
dispersion froa extended sources such as tailings piles). 
An Exaaple of Dispersion Predictions 

Pasquill's empirical relationship for the ground level concentration 
downwind of a point source is 

X « (2.8 x 10-3/ud oh) exp (-2.3 H2/h2) 
where X * downwind ground level concentration in units/aetre3 for a release 

rate froa the source of 1 unit/ainute 

u - wind speed in metres/second 

d = downwind distance in kilometres 

• = lateral spread of plume in degrees measured as the angle subtended 
at the source by an arc at distance d of length defined by the 
lateral concentrations either side of the piume axis equalling one 
tenth of the axial value 

h = vertical spread in metres at distance d measured from the axis of 
the plume to the vertical concentration one tenth of the axial 

H = effective height of source above ground level, in metres. 
Pasquill shows how o and h can be derived from observations of horizontal 

ana vertical wind fluctuations over the period of sampling. Alternatively, 
and herein is the usefulness for the non-meteorologist, he gives tentative 
empirical values of o and h as a function of d for various stability 
categories (applicable to sampling times of a few minutes and distances 
between 0.1 and 100 km, shown in Figure 3) and also gives a key to stability 
categories as a function of wind speed and cloud cover. This key is 
reproduced in Table 8. 

Table 8. 
PASQUILL'S STABILITY CATEGORIES 

Insolation Night 
Surface wind 
speed (at 10m) Strong Moderate Slight > /8 clouo < /8 cloud 

metres/second 
<2 A 

2-3 A-B 
3-5 B 
b-6 C 
>6 C 

A-B B - -
B C E F 

B-C C D E 
C-U L) U D 
D D D 0 
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Category A specifies the most unstable condition, category D neutral 
stability (which should be assumed, irrespective of wind speed, for overcast 
conditions during day or night) and category F, inversion conditions. Clear 
skies at night with wind speeds less than 2 metres/second are associated with 
strong inversion conditions, indicated by the dashes, for which, as noted 
above, no reliable predictions are possible. 

Pasquill's empirical values were based on dispersion experiment data 
available up to about 1957. Subsequent experimental data has supported the 
choice of values and the applicability of the method as a whole, at least for 
distances of up to 10 km or so. Note that Pasquill does not include a very 
precise allowance for mixing layer effects. 

A graphical presentation of the Pasquill predictions has been given for 
each stability category and effective release heights from zero to 250 metres 
(Bryant, 1964). Clarke (1979) similarly provides graphical presentation, 
being an update of Bryant (1964). Examples are given in Figures 4, 5, 6 and 
7, which give the curves for extreme unstable conditions (category A, wind 
speed 1 metre/second), neutral conditions (category D, wind speed 5 
metre/second) inversion conditions (category F, wind speea 2 metre/second) and 
for the long term average, including the average overall wind directions, 
appropriate to the derivation of long term average discharges. This last 
curve is based on the spectrum of meteorological conditions prevailing in 
Great Britain, for which the mean wind speed is about 4 m/sec. It may be 
shown that this curve is not strongly dependent on the stability category 
frequency distribution and that it may be taken to be proportional to the mean 
inverse wind speed. 

These curves may be used in two ways; either the average concentration for 
a given release rate may be derived (the product of the exposure ;actor in 
seconds/metre3 and the release rate in curies/second gives a concentration 
in curies/metre^) or the time integral of concentration for a given release 
may be obtained (the product of the exposure factor in seconds/metre^ and a 
release in curies is the time integral of the airborne concentration in 
(curies/metre3) x (seconds)). Note that these results apply to measurements 
of concentration over a few minutes or to releases over a few minutes, except 
when using Figure 7 which relates to measurement or release over periods of a 
year. For measurements or releases over 30 minutes or so it is the convention 
to divide the factors for the inversion case, Figure 6, by three, to allow for 
the effects of swing of the wind over the longer period. 
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SHORT RCLCASE CATEGORY A 

Figure 4 Axial concentration - short release - category A 
Wind speed Im/sec. 
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Figure 5. Axial concentration - short release - category D 
Wind speed 5m/sec. 
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Figure 6. Axiol concentration - short release - category F 
Wind speed 2m/sec. 
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Figure 7. Weighted mean concentration - continuous release -
Great Britain. 
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Surface Deposition 
Deposition of airborne radioactivity to surfaces may be important, 

particularly for the estimation of uptake via fruit, vegetables ana animal 
prooucts. Experiments ana measurements of actual situations have shown that 
deposition to surfaces occurs for most airborne materials simply by retention 
on contact rather than deposition under gravity (which, as noted above, is 
only applicable to relatively large particles, say 10 microns diameter or 
so). It is still useful however to categorise deposition by a parameter known 
as the deposition velocity, which is the ratio of the surface density of the 
deposit to the time integral of the airborne concentration producing the 
deposit (Chamberlain, 1960). It is unusual to find aeposition velocities much 
below 0.1 cm/second (except for inert gases, such as radon which do not 
interact with most environmental surfaces): this is an appropriate value to 
use for submicron particulate in the absence of measured values. For reactive 
vapours, a value of 1 cm/second is representative. In some circumstances 
deposition due to washout by rain or other precipitation may have to be 
considered; discussion of the problem may be found in the literature (see, for 
example, Reiter (1978)). 
Cloud Depletion by Deposition 

Where inhalation is the exposure route of main concern depletion due to 
deposition may be ignored over the distances usually of interest for 
determining exposures and doses to individuals from releases to atmosphere. 
Where interest is in collective dose, depletion by aeposition (and 
resuspension) are factors to be taken into account. 

Allowance for Effects of building Turbulence 
As noted above the expressions for downwina concentrations are not 

applicable at distances less thar. 100 metres, due to the uncertain effects of 
building generated turbulence. For major sources of airborne effluent wina 
tunnel measurements are desirable. Such studies are also of use in the design 
of suitable stacks. There are two 'rules of thumb' which derive from 
industrial airborne pollution investigations (Bryant 1964). One is that a 
stack, to be effective, must be at least 2l/2 times the height of the 
associated building (for a stack height to building height ratio of 1.5 the 
effective height of release is the building height). This effect of builoing 
turbulence is known as downwash. The second is that the concentration at the 
foot of a building for a release on the top of the building is typically given 
by the expression 

P s = 2/L2 seconds/metre^ 

where L is the length of trajectory from the point of release to the position 
of interest. The long term average concentration at the foot of a building 
may be taken to be 

Pi = 0.1/1.2 seconas/metre^ 

Three otner factors which cause the effective height of release to differ 
from the actual height are stack generated turbulence, causing downwash, ano 
the effects of thermal lift, or buoyancy, ana efflux velocity. 

Downwash may be avoided in the design of stacks by ensuring that efflux 
velocity is 1.5 times normal windspeeas. The effects of thermal lift, in 
practical cases to date, are considerably more significant than those of 
efflux velocity. In most situations relating to airborne nuclear waste 
however little or no excess heat is being aischargea and such effects are 
negligible. Slae (1968) contains experimental ana theoretical information. 
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Preuictions of Concentration of Airborne Material over an Extended Source 
The discussion so far on atmospheric dispersion considers methods for 

predicting concentrations of airborne material at distances of 100 m or more 
from point sources. Methods for calculating concentrations immediately over 
extended sources, such as tailings or an open-pit are not well developed. 
Leach, Lokan and Martin (1980) discuss the relevant parameters, showing 
theoretically, with some reasonable assumptions, that one migh expect to find 
radon duaghter concentration over an extended source of surface emanation rate 
E Bq/m2. sec to be linearly proportional to the product of E and the 
difference between the prevailing atmospheric temperature gradient or lapse 
rate and the adiabatic lapse rate. With the temperature gradients measured in 
*C/m they expected the constant of proportionality to have the value 5 x 
10-3. They also had sufficient experimental data to check their prediction 
and found linearity over the range 0.01 to 0.10 *C/m (atmospheric stability 
categories E, F and 6) the experimental constant of proportionality being 9 x 
10-3. 

Given a knowledge of E and the frequency of occurrence of the possible 
atmospheric stability categories or lapse rates this relationship could be 
useful for predicting time average concentrations in an open pit or over 
tailings. However, further experimental investigation is warranted. 

Assessment and Measurement of Rates of Release to Atmosphere 
In order to assess long term average exposures to airborne material 

released in the mining and milling of radioactive ores it is necessary to know 
with some degree of accuracy the likely or actual rates of release of, for 
example, radon, ore dust and product dust to atmosphere. 

Where airborne materials are discharged to atmosphere via ventilation 
extracts it is possible in principle to measure by sampling the concentration 
of each nuclide of interest in the discharged air and also the volume flow 
rate and thus derive the rate of discharge. For example, in the Ranger 
Environmental Impact Statement the rate of discharge to atmosphere of 
yellowcake dust from the calciner and packaging plant was estimated to be 
about 2 kg per day, on the basis of reported airflows, measured dust 
concentrations and scrubber efficiencies in similar plant elsewhere (Ranger 
Uranium, 1974). Or radon may be measured in underground mine ventilation air 
exhausts. Jackson, Perkins, Schwendiman, Wogman, Glissmeyer and Enderlin 
(1979) report measurements made in the Grants, New Mexico, area of the U.S. 
On the basis of their measurements they estimated that radon emission averaged 
4300 Ci for eyery 245 te U 3 0 8 produced, with an additional 215 Ci per 245 
te U3O8 from the mine surface. Total release rates from mines varied from 
just under 4 to 13 Ci/day. 

Where -eleases are not controlled by ventilation extracts, as for example 
radon diffusing from surfaces exposed to the atmosphere, either in an open cut 
mine or from tailings, preliminary assessment may be based on experience 
elsewhere, conservatively applied (for example the use of a notional figure 
for radon release rate per unit ore grade or per unit of activity of parent 
radium-226 expected in tailings, such as tne figure of 100 Bq/m2 sec. per 
percent U3O0 suggested above). Greater difficulty is experienced in the 
case of dust released by open-cut operations, which fortunately appear not to 
be a major soiree (Leach, Lokan and Martin, 1980). (The figures adopted in 
thj Ranger Environmental Impact Statement were not rejected by the Ranger 
Inquiry (RUEI, 1977) and have tended to be accepted as reasonable. It 1s 
obviously important to collect field data in this area). Measurements of 
raaon emanation rates are also bery necessary, not only for the ore and 
tailings but also for the area of the mine before operation. 
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Sampling of Airborne Activity Discharges 
Measurement of airborne activity discharges via ventilation extracts 

requires sampling devices which will remove the activity frum a known fraction 
of the total volume of air discharged. In order to ensure that the sample is 
representative of the discharge the following requirements need to be met: 

The sampling point should be as close to the Discharge point as is 
practicable, with no further bends in ducts between the sampling 
point and the discharge, in orderto avoid possible effects due to 
deposition between the sampling point and the discharge point with 
consequent over-estimation of the discharge. 

Similarly, the distance between the point of removal of the sample 
air stream from the main airstream and the actual sampling device 
should be as short as practicable, without bends. 

The sampling orifice area and sample air flow rate should be adjusted 
to give the same linear velocity in the sample stream as in the 
discharge stream, and the sampling orifice should face the discharge 
stream. This is necessary to avoid inertial fractionation effects 
when sampling particulate materials, although if the discharge has 
been fine filtered such effects will be small in the remaining 
particles of generally less than one micron (10 - 4 cm) diameter. 

Sampling may be continuous or intermittent (grab sampling). Considerable 
care should be exercised in any intermittent sampling program to ensure that 
the sum total of samples will be representative. There may well be diurnal or 
seasonal factors influencing discharge or release rates. This is particularly 
true of radon. Jackson, Perkins et al (1979) show very clearly the dependence 
of rate of radon discharge from an underground mine on rate of atmospheric 
pressure change; in one extreme case the rate of discharge doubleo at a time 
of rapid pressure drop. Operational factors may also introduce diurnal, 
weekly or seasonal factors which have to be taken into account. 
Liquid Effluent Discharges and Seepage 

Because the consequences of the discharge of radioactivity in liquid 
effluents or the transport of radioactivity reaching groundwater from seepage 
depend so strongly on local circumstances it is difficult to give general 
guidance. Some simple observations may be of some help. 

Where radioactivity is released at a steady rate into a stream or river 
whose flow does not vary through the year or from year to year the 
concentration in the river, after mixing is complete, is given by the quotient 
(input rate/flow rate). However, for many radionuclides, even before mixing 
is complete, there will be significant transfer from the water to sediment. 
If the sediment is in suspension downstream transport will continue. If not, 
much of the activity will deposit out near the point of input. If the flow 
rate varies through the year the initial concentration will also vary, being 
higher during periods of low flow. If sediment transport occurs at some times 
and not at others that which has been deposited out initially near the point 
of discharge may be carried Ion*, distances. It is obviously not possible to 
give any simple model which will cover all these possibilities. A study, over 
one or two years, of natural activity transport and distribution in the 
various components of tse aquatic environment is the best source of 
information for specific cases. 
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Where seepage occurs human exposure may result if ground water is used for 
drinking or irrigation or if the seepage eventually reaches a stream. Rates 
of migration of specific nuclides through soil and rock are generally very 
slow, but because of the long half-lives involved these pathways need to be 
considered in long term assessments. 

SOME EXAMPLES OF RADIPL061CAL IMPACT ASSESSMENTS 
In this section the radiological impacts for members of the public 

presented in some current Australian uranium mine and mill environmental 
impact statements are reviewed, reference is made to the findings of the US 
Nuclear Regulatory Commission's generic environmental impact statement on 
uranium milling (NRC 1980) and relatively simple assessments of the impacts 
via various routes of the Ranger operation are used to illustrate the use of 
the material presented here. 

Australian Environmental Impact Statements 
Table 9 shows the source terms for releases of airborne materials adopted 

in some Australian uranium mining and milling environmental impact statements 
and Table 10 shows the estimated doses (in most cases inferred from 
information given on exposures) associated with these releases (RUEI 1977, 
Pancontinental 1977, 1979, Noranda 1978, Queensland Mines 1977, 1979, WMC 
1978, 1979). Radon or radon daughter exposures have been converted to dose, 
where necessary, using the factors 1.5 mrem/y per pCi/m3 of 150 mrem/y per 
mUL. Uranium ore dust and yellowcake exposures have been converted using 
factors 40 rem/y and 1 mrem/y to bone respectively (see below). 
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Table 9. Figures used for releases of airborne material 
to atmosphere in some i Australian environmental 
impact statements 

Radon Uranium 
Project ore dust yellowcake 

Ci/day g U/day g U/aay 

Ranger, 3000 te/y 18 1150 2200 
6000 te/y 24 1840 3800 

Jabiluka open cut 51 1520 765 
underground < 51 340 765 (?) 

Koongarra 14 1060 87 
Nabarlek no data no data no oata 
Yeelirrie 88 1300 140 

Table 10. Estimates of doses associated with releases of 
airborne material to atmosphere in some Australian 
environmental impact statements 

Project Dose, mrem/year to 
lung bone 

Ranger 3000 te/y 250 - 50 100 - 15 
6000 te/y 300 - 70 170 - 30 

(over a distance of 2 to 10 km) 
Jabiluka stated to be less than Ranger 
Koongarra 4 0 - 6 

(5 to 20 km) 
800 
(1 km) 

Nabarlek no data no data 
Yeelirrie (various Directions, 

5 km) 750 - 1500 20 - 120 
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On the whole there is a reasonable degree of consistency in the figures 
for the various projects, although this is no guarantee of any close 
correlation with reality. 

Table 11 gives some numbers used to indicate impact of possible waterborne 
releases of radium-226 from the various proposed projects. 

Table 11. Estimated releases of waterborne raoium-226 in 
some Australian environmental impact statements. 

Project Radium releases Natural levels 

Ranger 50 mCi/y 50 mCi/y in receiving 
creek 

Jabiluka 8 mCi/y 166 mCi/y in receiving 
creek 

Koongarra 2.4 mCi/y < 180 mCi/y in receiving 
(post operation) < 40 mCi/y creek 

Nabarlek no data no data 
Yeelirrie < 300 pCi/L 0.5 to 900 pCi/L in 

in seepage (more 
probable value 
15 pCi/L 

adjacent ground water 

In all cases the argument for the acceptability of the releases is that they 
are of the same order or less than natural levels in the area. In the Ranger 
case it was shown (Davy 1974) that an entirely local diet supported by local 
creek water could lead to an annual intake of 8 nCi of raoium-226, which at 
the time was the ICRP's limit for a member of the public (ICRP 1960). To 
double the load of radium in a local creek would therefore give someone an 
intake, in excess of background, at that limit. (This limit is implicit in 
the derived limit for radium-226 given in the 1980 Code of Practice). 
However, the ICRP has now relaxed the intake limit, to the equivalent of about 
200 nCi for a member of the public (ICRP 1979), chiefly as a consequence of a 
review of the retention functions for radium in man, but also in part in 
changing from the concept of dose limits to critical organs to effective dose 
equivalent limit or non-stochastic dose limit, whichever is the more 
restrictive. Apart from this comparison with Davy's estimate of annual intake 
from a local diet compared with the 1960 ICRP intake limit for the Ranger 
case, no attempt has been made to estimate doses via water borne releases. 

In the Ranger case some account was taken of intakes of airborne material 
deposited onto soil and taken up in vegetation ana transferred to diet. This 
pathway was not found to be as significant as the inhalation pathway. None of 
the other environmental impact statements have explicitly evaluated pathways 
other than inhalation. 
A Ranger Assessment 

Cook (1977) presented a summary of tne steps used to assess tne 
radiological impact of releases of raoon, ore oust and yellowcake to 
atmosphere at Ranger, while Davy and Conway (1974) nave presented arguments 
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used to assess the radiological impact of water borne releases. These two 
assessments are briefly outlined here in order to illustrate in some detail 
the sequence of steps involved. 

Ranger discharges to atmosphere 
Table 12 snows the rates of release of radon, uranium as ore dust and 

uranium as yellowcake used for the assessment of the Ranger 3000 te 
u308/year output proposal. 

Table 12. Source terms used for Ranger 3000 te/y assessment 

Estimated rates of release Source 
radon uranium uranium 
Ci/day (ore) (yellowcake) 

g/day g/day 

5.2 
2.3 97 -
2.3 523 -
1.7 531 2160 
2.6 <97 -

Open pit 
Mining 
Crushing 
Milling 
Stockpiles 
Tailings 3.9 

Releases from mining and crushing occur by day only. Other releases are 
spread over day and night. The radon release figures are upper limits. 

Atmospheric dispersion is a function of wind speed and atmospheric 
turbulence, and annual average concentrations in the environment a function of 
the frequency of occurrence of these parameters, and wind direction 
frequency. Tables 13 and 14 list the data available at that time for the 
Ranger site at Jabiru. 

Table 13. Atmospheric stability categories 

Category 
(very unstable 
to yery stable) 

Vertical 
diffusion 
parameter 
at 10 km. 
metres 

Estimate 
frequency 
of occurrence 
at Jabiru 
per cent 

Mean wind 

m/s 

speed 

day night day night 
A 2000 23 0 2.4 -
B 1200 7 2 3.0 3.2 
C 460 10 6 2.4 2.8 
D 150 8 13 2.7 2.7 
E 75 1 16 1.6 2.0 
F 50 1 6 0.8 2.0 
G 20 0 7 — 1.0 
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Table 14. Hino direction frequencies at Jabiru 

Mind annual frequency mean wind speed 
from per cent m/s 

day 
4 

night 
5 

4 4 
14 10 
12 14 
2 2 
6 7 
4 3 
4 5 

day 
2.0 

night 
1.7 

2.4 1.6 
2.9 2.2 
2.8 2.3 
1.8 1.3 
1.7 2.1 
2.2 1.4 
2.1 1.9 

N 
NE 
E 
SE 
S 
SM 
W 
NU 

As dispersion is inversely proportional to winospeeo the mean wind speeds 
shown in these two tables are the inverses of the mean inverse wind speed. 
The data in these tables is essentially that presented by Clark (1977). The 
vertical diffusion parameter at 10 km is included to illustrate the major 
dependence of dispersion on atmospheric stability. 

The vertical diffusion parameter at 10 km for very unstable conoitions 
(category A) is one hundred times greater than that for very stable conoitions 
(category G). In aodition, the mean wind speeds for yery stable conditions 
are lower than those for the more stable conditions, so that release unoer 
category G conditions contributes to the annual average concentration more 
than 200 times the same release unoer category A conditions. 

Clark (1977) used the above release rates and meteorological data to 
evaluate annual average concentrations as a function of direction out to 10 
km. In practice dispersing ore and yellowcake ousts will deposit out ano 
reduce airborne concentrations. The estimates of airborne concentrations of 
these materials used assume no depletion by deposition; at 10 km the depletion 
factor is estimated to be at least a factor of 5. (Depletion by deposition 
can be incorporated into computer models for dispersion : the problem is the 
choice of appropriate deposition velocity). Similarly oeposition can be 
calculated realistically (given the appropriate data) or conservatively. The 
latter approach was aoopteo for this assessment. 

Conversion of Annual Average Air Concentration Estimates to Pose 
the factors used for converting annual average concentrations to oose are 

shown in Table 15 for each of the radionuclides listed. The figures have been 
obtained by dividing the ICKP's annual dose limits for the organs listed (in 
rem) by the maximum permissible concentrations for continuous exposure, 168 
hrs per week, (in picocuries per metre*) ̂ C R P i960, ICKP 1964). Although 
there are other radionuclides in the natural uranium oecay series their 
exposure-oose factors are smaller than those listed ana make no significant 
contribution to total oose. (The recommendations of the ICKP (1977) ameno tne 
above factors, but they are consistent with the derived limits given in the 
1980 Australian Code of Practice). 
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Table 15. Exposure-dose conversion factors 

Material Rem/year per pCi/m3 (continuous exposure) 
insoluble soluble 

lung kidney bone whole body 
uranium 0.75 0.06 0.30 0.01/ 
thorium-230 5.0 7.5 37.5 1.0 
radium-226 0.75 0.25 3.0 0.25 
lead-210 0.19 0.38 0.43 0.012 
polonium-210 0.21 0.075 0.0025 0.0025 
U as ore 6.9 8.3 41.2 1.3 
U as yellowcake 0.86 0.22 1.1 0.042 
radon-222 0.0015 

The figure for uranium as ore, for each organ listed, is the sum of the 
annual doses per unit exposure of the component radionuclides. For uranium as 
yellowcake the figure is that for uranium plus 2 percent thorium and 2 percent 
radium. 

Figures are given for both soluble ana insoluble forms of the materials 
listed (except for radon, which is assumed to give insignificant doses to 
tissues other than lung). In general ore and yellowcake dusts are expected to 
be insoluble and thus doses to other organs would be insignificant. 
Estimates of Dose from Exposure to Airborne Dusts and Raoon 

Estimated doses at the proposed Regional Centre and at the Mudginberri 
Homestead are shown in Table 16, based on Clark's estimates of annual average 
air concentrations at these locations for the raaon, ore ana yellowcake 
releases of Table 12. In each case two figures are given. For the Regional 
Centre these are based on the concentration estimates of 9 km for the wina 
from the east and the north-east respectively ano for the Mudginberri 
Homestead these are based on concentration estimates at 10 km for the wina 
from the south and south-east respectively. Although tne Regional Centre site 
is west of Jabiru there could be changes in direction of air movement after 
leaving JaDiru which could make the south-east wind direction estimates (which 
are the larger) applicable. Similarly at the Mudginberri Homestead, 
nor-nor-west of Jabiru, the south-west wina direction estimates (the larger) 
or the south wind direction estimates might apply. Hence both sets of 
predictions are given. 

Annual bone dose for chilaren is assumed 4.5 times that for adults, ano 
child lung dose from particulates is assumed 2.8 times that for adults 
(Dunster 1968, Beattie and Bryant 1970). Tne estimates are labelled upper 
limit estimates because, for radon, upper limit release rates were usee, and 
for the ore and yellowcake ousts no account has been taken of depletion by 
deposition, which will reduce exposure at tnese distances. 
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Sunning the contributions from ore, yellowcake and radon gives an 
estimated maximum annual dose to lung of about 45 mi Hire* (for a chila at the 
proposed Regional Centre) and the maximum annual dose to any other organ, if 
the ore or yellowcake were substantially soluble, is about 85 millirem to bone 
(child, Regional Centre). 

Table 16. Estimates of upper limits to annual doses to members 
of the public at the Regional Centre and at th"e 
Huoginberri Homestead: 3000 te/y plant 

Estimated upper limit to annual dose (millirem) 
For soluble particulate For insoluble 

particulate and 
radon 

Lung Kidney Bone "Whole 
Body 

Adult Child All ages Adult Child All ages 

Ore 2.3 5.5-8 2.5-3.5 12-17 55-80 0.4-0.6 
0.6-2.5 1.7-7 0.7-3 3.5-15 17-70 0.1-0.5 

Yellowcake 0.6-0.9 1.5-2.5 0.15-0.25 0.8-1.2 3.5-5 0.03-0.04 
0.2-0.8 0.6-2.0 0.05-0.2 0.25-1.0 1.0-4.5 0.01-0.04 

Radon 22-34 
7-29 

22-34 
7-29 

Note: The upper row of figures in each case refer to the Regional Centre 
and the lower row to the Mudginberri Homestead 

Estimates of Dose from Deposited Ore and Yellowcake Dusts 
Using estimates of the rate of deposition of ore ano yellowcake dusts at 

the southern boundary of the Muoginberri Pastoral lease and at the Muoginberri 
Homestead provided by Clark, the cumulative depositions over the 28 year plant 
lifetime were derived, with the results shown in Table 17. 

Table 17. Estimated annual rates of deposition and cumulative 
deposition of airborne ore and yellowcake at the 
southern boundary of the hudginberri Pastoral Le 
at the Mudgiiiberri Homestead. 

Lease ano 

Annual Deposition 
pCi U-238 per m2y 

Cumulative oepositon 
nCi U-238 per m2 

Boundary 
~28U 

Homestead 
51 

Boundary 
T̂  

Homestead 
C3— ore 

yellowcake 680 132 19.0 3.7 
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Estimates of Dose froa External 6a—a Raoiation 
The gama radiation dose rates over soil containing radiua ana uraniua used 

in the 1976 assessaent Mere 18.4 arad/y per pCi raaiua/g soil ana 6.4 arad/y 
per ng uraniua/g soil, froa UNSCEAR (1958). (These figures oiffer slightly 
froa the UNSCEAR (1977) figures, the latter figure is the oose rate for 
uraniua in equilibrium with its daughter prooucts and is equivalent to 19.2 
arad/y per pCi uraniua-238/g soil; i.e. the contribution froa uraniua alone 
without radiua and its subsequent daughters is no aore than 0.8 arad/y per 
pCi/g. About half the dose rate coaes froa activity in the first 10 ca oepth 
of soil (for a soil oensity of 1.6 g/ca)). 

The deposited activity will be aixeo by natural processes in the top soil 
layer. The annual external gaaaa radiation dose rates for the aaxiaua 
cumulative deposits of ore and yellowcake at the boundary and Hoaesteaa, 
assuming aixing in a 10 ca depth and a density of 1.6 g/ca and that the dose 
rate froa such a distribution will be half that given by the above 
relationships, are 0.5 and 0.1 araos/y respectively. (It will be noteo that 
there are soae assumptions in this assessaent which are not referenceo or 
supported by argument.) 

Estimates of Dose froa Ingestion 
Surveys of naturally occurring uraniua ana raoiua in soils, vegetation ana 

locally produced foodstuffs in the Alligator Rivers area, which incluoes tne 
Hagela Plain, show soil concentrations of the oroer of 0.5 pCi/g ana 1 pCi/g 
respectively, with possible annual intakes in fooa by a hypothetical critical 
group of 2 nCi ana 8 nCi respectively (Davy ana Conway 1974). Applying these 
figures to the estiaated cumulative deposits, using the saae soil 
concentration assumptions as used for the external oose rate estiaate, 
indicates that possible annual intakes coulo be froa 0.1 to 0.7 nCi for 
•rraniua and 0.08 to 0.4 nCi of raoiua, (the lower figures being those for the 
Homestead ana the higher those for the southern boundary). 

Buffalo are harvested for consumption outside the region. Davy ano Conway 
report average levels of 3.4 and 4.8 pCi/kg of uraniua ana radiua in buffalo 
flesh. If these levels are associated with average soil levels of 0.5 and 1 
pCi/g for uraniua and radiua respectively, then cumulative deposits at levels 
of those estiaated for southern boundary could increase uraniua and radium 
levels in buffalo flesh by approximately 1.1 ana 0.2 pCi/kg respectively. A 
consumption of 300 grams of buffalo meat per aay woulo give annual intakes, at 
this level, of 0.12 nCi of uraniua ana 0.02 nCi of raoiua. 

Taule 18. Estiaated radiological consequences of the cumulative 
oeposit of ore and yellowcake ousts from the proposeo 
Ranger plant. 

Radiological parameter Quantity 
External gamma radiation dose-rate at 

the Mudginberri Homestead: 0.1 mren/y 
Upper limit for ingestion of uranium 

and raaium in local foodstuffs: 
Upper limit for ingestion of uranium 

and raaium in 300 g. of buffalo 
meat per aay, 

0.1 - 0.7 nCi/y 

0.12 nti U/y 
0.02 nCi Ka/y 
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Using the ICRP (1960, 1964) data for internal dose inoicates that an intake ot 
1 nC; of radiua gives a bone dose coamitaent of 375 area ano an intake of 1 
nCi of uraniua 1.9 area to bone. 

Estiaates of Dose froa Materborne Discharges 
Table 19 gives soae of the assumptions used by Davy ano Conway (1974) in 

coaing to the conclusion that a diet of local foco stuffs could give an annual 
intake of 8 nCi of raoiua-226. 

Table 19. Natural levels of uraniua ana raoiua-226 in water and 
foodstuffs collected in the Magela Plains area, ano 
estiaated annual intakes. 

Natural Level Yearly Intake 
pCi/jf 

Exposure 
Route 
(Ingestion; 

Assumed 
Consumption 
U9/J) U Ra Ra 

Water 730 
Buffalo 200 
Fish 40 
Cultivated 

vegetables 70 
Cultivated 
fruit 20 

Crocodile 15 
Native fruit 5 
Native 

vegetables 5 
Goose 5 
Mussels 2 

0.7 1.7 0.51 1.24 
3.4 4.8 U.b8 0.96 
1.0 19 0.12 U.76 

8 33 0.60 2.3 

2.4 7 0.05 U.14 

0.5 17 0.02 0.26 
3.0 30 0.02 0.15 

13 45 0.07 0.23 
7 1.4 U.04 0.007 

27 1200 0.14 2.4 

The total annual intakes for the assuaeo consumption are 2.2 ano 8.4 nCi of 
uraniua and radiua respectively, or 0.6 ano 2.3 pCi/oay. Tnese latter figures 
are not greatly in excess of the figures assuaeo by UhbCEAK (1977) for intakes 
of these nuclides in diet in areas of normal natural oackcrouno, which are 0.4 
ano 1 pCi/oay respectively (Table 7). Using UNSCEAK's data on annual aose 
from the ingestion of these two nuclides, the diet of Taole 7 woulo give 
annual effective dose equivalent ot 1.5 ano 2.8 mrem/y from uranium ano raoium 
respectively. Davy ano benoun noteo however that the annual limit of intake 
for raoium for a member of the public implied by ICKP (i960) was 8 nCi, giving 
a bone dose commitment of 3000 mrem/y. As alreaoy noteo ICRP (1977) 
significantly amends its dose per unit intake for radium, bringing the factor 
Into reasonable agreement with that implied by UNSCEAK U977). On the basis 



282 

of the earlier ICkP figure, ana on Davy ano benoun's assessment that the net 
annual input of radius to tne hagela Plains is of the oroer of 0.1 Ci, tne 
Ranger Uranium Environmental Inquiry recommenoea that it the Ranger operation 
wtre to discharge radium in liquid effluent to the Hagela Creek the release 
shoulo not exceed 0.05 Ci/year. 
Sumwary of Dose Estimates from all Routes 

Table 20 below summarises the dose estimates of the 197b assessment. The 
bone oose via ingestion is that applicable to total diet originating at the 
Mudginberri Homesteaa, rather that the larger figure for the southern boundary 
as this is judged to be too conservative ano unrealistic assumption. Note 
that although not considered in the 1976 assessment intakes of uranium ana 
raoium, and even of radon, will contribute to whole booy oose. The figures 
for raoium ano uranium, using ICRP (1960, 1964) data are 30 and 0.09 mrem/Ci 
respectively. The whole booy dose via the ingestion pathway corresponaing to 
30 mrem to bone is thus 2.4 mrem. 

Taole 20. Dose estimates from 1976 assessment of radiological 
impact of airborn releases from Ranger operation. 

Exposure r o u t e A n n u a l doses, mrem/y at 10 km 

whole booy lung bone 
Inhalation (chilo) - 4! 85 
Deposition - ext. radiation u.l 

- ingestion - 30 
Total, aoove routes U.l 45 115 

Intakes via ingestion of foodstuffs derived from the hagela Creek and 
floooplain and contaminateo by liquid effluent could be significantly larger 
than those via deposition fro.ii the atmosphere. The radiological significance 
of these intakes appears however to have been exaggerated in the past. 

Note that deposition of leao-210 from the atmosphere, produced by the 
decay of raoon-222, has not been taken into account. Although the 
raoiological contribution via this pathway must be significantly smaller than 
that of radium itself, it would be of interest to determine just what the 
contribution might be. 

The U.b. h.K.C. Generic Assessment 
the United States Nuclear Regulatory Commission has recently published a 

generic environmental impact statement on uranium milling. The assessment 
relates to a mill producing 520 te of U3U0 per year. The mill is assumed 
sited in a semi-ariu region whose principle commercial activities are ranching 
ano mineral extraction. Table 21 snows the oaily release rates assumed in 
this generic assessment, ano Table 22, the annual oose commitments associated 
with these releases. 

http://fro.ii
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Table 21. Daily release rates to atmosphere assumed in NRC 
generic mi 1I assessment. 

Nuclide and source Daily release rate 
Uranium as ore dust 82 g U/day 

Uranium as ye 11 owe alee 1245 g U/day 
Th-230 and Ra-226 (each), 
as tailings dust 330 uCi/day 

Radon from tailings 14 Ci/day 

The daily release rates are of the same order as have been used in 
Australian assessments, except that, as the NRC assessment refers only to 
milling, ore dust and radon from mining are missing, and, as the mill is in an 
arid region, windborne tailings dust, at an assumed 1080 kg/day, is an 
additional source of radium and thorium-230. 

Table 22. Radiological impacts from airborne releases for the NRC 

1 

generic mill. 

1 
Location 

Dose commitments, mrem/year at 2 km 

whole boay bone lung 

Individual at 2 km 
radon and daughters 
other nuclides 

6.7 
3 

6 
45 

190 
30 

Average individual, all 
nuclides (averaged 
over 80 km radius) 0.06 0.50 1.6 

The numbers in Table 22 are not too dissimilar to thse of Table 16. 
Comparison of Estimates for Various Mines and Mills 

Table 23 summarises the data on radon release rates and annual lung doses 
from Tables 9, 10, 21 and 22. The data has been ranked by distance for which 
the annual lung dose has been calculated. Considering the effort taken to 
include local data into the various assessments there is a surprising degree 
of agreement amongst the figures in the final column, bearing in mind fhat 
annual average exposure varies with distance over the above distance runge to 
the power - 1.5 (see Figure 7). Without further investigation it is not 
possible to say whether this degree of agreement (within a factor of 2) is 
fortuitous for tne above cases or whether local factors are less important 
than is generally held to be the case. 
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Table 23. Summary of radon release rates and estimated annual 
lung doseTT 

Source Radon 
Release 
rate 
Ci/day 

Distance 

km 

Annua I 
lung 
dose 
mrem/y 

Annua 1 
lung dose 
per unit 
release rate 
m/rem/y 
Ci/d 

NRC 14 
Ranger 18 
Ranger 24 
Koongarra 14 
Yeelirrie 88 
Ranger 18 
Ranger 24 
Koongarra 14 

2 
2 
2 
5 
5 

10 
10 
20 

190 
250 
300 
40 

1C00 
50 
70 
6 

14 
14 
12 
3 

11 
3 
3 
0.4 

There is however a considerable difference between the NRC assessment of 
the contribution of dose via ingestion and that given for Ranger by Cook 
(1977). Table 20 gives only 0.1 mrem/y whole body dose from ingestion, 
whereas Table 22 gives nearly 10 mrem/y. Adjusting for differences in 
distance and source term still leaves an order of magnitude difference. In 
part this is undoubtedly due to the inclusion of the radon/lead-210/deposition/ 
diet pathway in the NRC assessment. This suggests that the leao-210 diet 
pathway should be included in future environmental assessments, for 
completeness. 

It should be noted that the above discussion of the answers given by 
various assessments is basically completely hypothetical; it would be more 
useful to compare the predictions with observation. Swift, Hardin and Calley 
(1976) present what little evidence was available at that time and show that 
agreement was fair to reasonable. The major practical problem (for radon 
dispersion) seems to be partly that of measuring annual average concentrations 
ana partly that expected perturbations due to mining and milling are small. A 
predicted lung dose of 190 mrem/y at 2 km (Table 22) is attributed to an 
average radon concentration of 294 pCi/m3 j n NRC jgso compared with typical 
natural background values in the range 10 to 1000 pCi/m3. Careful work over 
extended periods is needed if increases above background are to be measured. 

A further difference between the NRC assessment and any Australian 
assessments is that the NRC has included estimates of average doses to members 
of the public within 80 km (Table 22) and also averaged over the entire US, 
North America and Northern hemisphere, even though the resulting average doses 
are small to infinitesimal. These assessments are associated with the 'as low 
as reasonably achievable' criterion of the ICRP and its use in determining 
discharge limits via considerations of total detriment, the relationship of 
detriment to collective dose ana cost-benefit analysis to determine wnat is as 
low as reasonably achievable in terms of control options in any particular 
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case. The NRC has not however supported its recommended criterion for 
long-term management of tailings by the use of cost-benefit analysis, 
preferring to support its conclusions by comparing individual exposures with 
those associated with the natural radiation background. 

THE CRITICAL GROUP 
In 1966 the International Commission of Radiological Protection introduced 

the concept of the critical group (ICRP 1966a) and the critical pathway (ICRP 
1966c). In essence the critical group is that group of members of the public 
receiving the highest doses of any of the public as a consequence of any 
operation or activity, and the critical pathway for any particular 
radionuclide is that environmental pathway giving the highest dose for that 
nuclide. The phrase 'critical group' does not figure largely in the more 
recent recommendations of the ICRP (1977), and is not used in the most recent 
recommendations of the National Health and Medical Research Council 
(NH and MRC 1980). However, the latter recommendations make use of the ICRP 
concept, particularly in the following paragraph taken from the section on 
dose equivalent limits for members of the public: 

"The actual doses received, as a result of a certain use of ionising 
radiation, by individuals within a group of the public may vary, depending 
on such factors as differences in their age, size, metabolism and customs, 
as well as variations in their environment. These factors make it 
impossible to derive reliably the dose equivalents that might be received 
individually. In practice it is acceptable to use, for the purpose of the 
assessment, a group representative of those individuals in the public 
expected to receive the highest dose equivalents. It is recommended that 
the mean annual dose-equivalent limits received by this group do not 
exceed one-tenth of the corresponding annual oose-equivalent limits for 
those occupationally exposed. In any cases where the doses to the same 
individuals could approach this limit over many years it will be prudent 
to take measures to restirct their lifetime dose equivalent to a value 
corresponding to an average annual effective aose equiva^nt of 1 mSv.' 

The implication of this paragraph appears to be that if a critical group 
can be identified and if it can be shown that their annual doses are within 
recommended limits then doses to other members of the puDlic are automatically 
within the limits, and need not be considered. 

In practice the identification of the critical group for any given 
component of a discharge requires considerable inspection and assessment of 
the possible exposure routes and the doses to individuals associated with 
them. Because of the practical difficulties of determining extreme 
consumption rates, occupancy factors assessments often fall back on 
hypothetical critical groups (for example, of the kind illustrated by Table 
19) in order to show that compliance with ir.lividual dose limits will be or is 
achieved. 

REQUIREMENTS OF THE CODE OF PRACTICE 
The Code of Practice on Radiation Protection in the Mining ano Milling of 

Radioactive Ores 1980 was formulated under the provisions of the Commonwealth 
Environment Protection (Nuclear Codes) Act 1978 in close consultation with the 
governments of the States and the Northern Territory. The Code specifies the 
standards, practices and procedures, ano measures to prevent or limit 
radiation risk to employees and to members of the public in uranium mining and 
milling operations. 



286 

Clause 5(3) (c) requires that the appropriate authority be informed in 
writing, prior to operation of the mine or mill, ana thereafter at intervals 
not exceeding twelve months, of: 

(i) the individual processes in the mine or mill that may involve 
exposure to radiation of members of the public, 

(ii) the equipment and procedures that will be usea and the steps to be 
taken to limit such exposure in accordance with the basic radiation 
protection standards ana the recommendations for planneo special 
exposures of the Code and to reduce the exposure of persons to the 
lowest practical level. 

Clause 5(3) (x) (ii) requires that the results of measurements and 
assessments of doses ana exposures of designated employees (those working in 
supervised or controlled areas) are recorded ano retained in a form acceptable 
to the appropriate authority. 

Clause 5(3) (ee) requires that individual employee records of exposure to 
radiation and other relevant radiation ana medical information are provided as 
required to the appropriate authority. 

Clauses 5(3) (x) ana 5(3) (ee) explicitly require that doses and exposure 
of employees be measured or assessed and recorded. There is no explicit 
requirement in the Code that doses and exposures of members of the public be 
measured or assessed ana recorded. However, one could hardly decide what 
equipment and procedures were to be used and what steps were to be taken to 
limit exposure of employees and members of the public in accordance with the 
basic radiation protection standards and recommendations of the Code, as 
required by Clause 5(3) (c) (ii), without making some assessments of exposures 
and doses, including those for members of the public. 

Clause 18 of the Code also implies that assessments for members of the 
public will be carried out. This clause requires that contaminated waste and 
effluent be managed so as to ensure that exposures to radiation of employees 
ana of members of the public are as low as practical ana at all times are 
below the respective limits prescribed in the Code. 

Thus the 1980 Code does not explicitly require that aoses to individual 
members of the public be assessed either before operations begin or during 
operation. However, the requirements that ooses to members of the puDlic 
shall be controlled, and shall be controlled within limits set for individual 
members of the public implicitly requires doses to be assessed quantitatively. 

These notes, although undoubtedly not as concise as is reasonably 
achievable, will perhaps assist those responsible tor this task. 
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APPENDIX 

ESTIMATION OF OCCUPATIONAL WHOLE BODY DOSES FROM 
EXTERNAL RADIATION FOR A PROPOSED OPEN-CUT URANIUM MINE 

SUMMARY 
These estimates are based on the assumptions that the time required to 

extract unit mass of ore is not significantly different from that required per 
unit mass of overburden and waste rock and that employees are not selectively 
exposed to ore rather than waste to any great extent. Table 1 sets out the 
variables involved ana the numerical values used. The subsequent text 
justifies the values adopted. 

Table 1. Calculation of Estimates 

Variables and Dimensions Numerical values used 

Range Arithmetic 
Mean 

2.5 to 7.0 4.8 

1 to 2 1.5 
0.5 to 1 0.75 

400 to 900 650 

0.1 to 0.625 0.36 

External dose rate at 2* geometry 
per unit ore grade (mrad/hr per 
°/o U 30 8) 

Geometry factor (dimensionless) 
Fraction of total working time 
exposed (dimensionless) 
Integral of working time x ore 
grade (hours °/o U3O3) 

Shielding factor (dimensionless) 

Product of the above factors 
(mrad) 

50 to 7875 1265 

Inasmuch as the distribution of products of a large number of factors each 
randomly selected from given distributions is log normal and the median value 
in such a distribution is the g mean of the upper and lower values at 
specified frequency limits, the log mean of the range of the products of the 
above factors, 630 mrad, is taken as an estimate of the median value of the 
distribution of doses. It is recognised that this reasoning applied to the 
above numbers and the assumptions behind them is by no means rigorous. It is 
considered not unreasonable to assume however, on the basis of the above 
table, that whole body ooses from external radiation during the 29 week mining 
phase of the project, if no action is taken to limit exposure, are likely to 
lie in the range 0.05 to 8 rem with a mean in the range 0.6 to 1.3 rem. (A 
dose in air of 1 rad is assumed equivalent to a whole body dose of 1 rem). 
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EXTERNAL DOSE RATE PER UNIT ORE GRADE 
The range of values quoted in Table 1, 2.5 to 7.0 mraos/hr per o/ 0 

O3O8 for 2* geometry was taken from a review of available values given by 
Rafterty (1978 unpublisheo). The arithmetic mean of Rafferty's values is 4.4, 
but as it is by no means certain that the values are all independent, the mean 
of tne upper ano lower values, 4.8, is useo in Table 1. 

GEOMETRY FACTOR 
The values for external dose rate per unit ore grade given above refer to 

the oose rate in air at 1 metre above an infinite flat plane of material of 
uniform ore grade. In practice ore graoes are not uniform nor surfaces flat 
planes. As the present calculation is based on average ore grades over the 
period of mining (i.e. spatial and temporal inhomogeneities are ignored) there 
is no need to correct for inhomogeneity. As surfaces are not flat and 
exposure solid angles could often be greater than 2« an absolute upper limit 
of 4* geometry has been adopted and a geometry factor with values ranging from 
1 to 2 introduced. This factor takes into account not only the surface 
roughness of the excavation but also exposure of truck drivers, etc., from ore 
carried in vehicles. The arithmetic mean is used in the absence of any 
information wnich could modify this choice. 

FRACTION OF TOTAL WORKING TIHE EXPOSED 
Employees will be exposed in the pit, carrying ore and in the vicinity of 

the ore stock-pile. In the absence of specific information it is assumed that 
exposure can occur from 50 to 100 per cent of the time, the latter being an 
upper limit. 

INTEGRAL OF WORKING TIME x ORE GRADE 
Mining will involve removal of an estimated 494,470 te of ore ana 2.32 Mte 

of waste rock or 183,062 m3 0f ore, 40,000 m3 of below grade material ano 
924,194 m 3 of waste rock. The work programme proposed covers 29 weens of 2 
shifts, 10 hrs each per day, b days per week. The first three weeks is taken 
up with site preparation ana removal of 34,500 m3 of topsoil. 

The average rate of removal of ore and other material from tne pit over 
the remaining 26 weeks is thus 1183,062 + 40,000 • 924,194)/(26x2x10x6) = 357 
m 3/hr. The removal of ore therefore takes 513 hours ana of below grade 
material 112 hours. The 183,062 m3 of ore averages 1.84°/o U3O8 at 
O.io/o cut off. The integral, over one shift, of working time x ore grade 
is thus (513x1.84 + 112x0.05)/2, Itaking the average at below grade as 
0.05°/o U 3 0 8 ) , or 528 hours 0/0 U 308-

Some confirmation of tnis figure and of the assumption that the rate of 
removal of ore proceeds at the same rate as that of waste rock was given by a 
statement that all broken ore would be removed curing the aay shift ano that 
this would take 3 hours, i.e., a removal time of 26x3x6 = 468 hours. If 
employees rotate between shifts the integral of working time x ore graae is 
thus 468x1.84/2 - 430 hours °/o U3O8 and if not, 860 hours o/ 0 

U3OJJ for some and zero for others. These figures ignore exposure during 
breaking of ore, to below grade material etc, but this appears to be taxen up 
in the difference between 430 hours °/o u^U^ from this setono approach 
ana the 528 hours o/ 0 u 3 0 g from tne first. 

because of the uncertainties considered above a rangeo from 4U0 to 90U 
hours 0/0 U3Qg i S u s e a f 0 r t n i S variable, and in the absence of any 
further information the arithmetic mean of trie two extremes as the mean in the 
range. Note tnat the lower figure is closer to the overall average provided 
there is adequate rotation Between shifts. 
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SHIELDING FACTORS 
Vehicles used will provide substantial shielding in some circumstance but 

account has to be taken of time spent while not in vehicles. In the absence 
of specific information this is assumed to range from 50 to 100<>/o. This 
factor is incorporated below. 

An examination of specification of vehicles useo in mining (front ena 
loaders, tractor shovels, haul trucks) shows that their masses per unit area, 
unladen, fall in the range 1.1 to 1.5 te/m2 and that for haul trucks tne 
mass per unit area per metre of height is of the order of 0.25 to 0.30 te/m2 
per metre. Further, drivers sit from 1.5 to 4.5 metres from the grouna, with 
loads from 2 to 4 metres distant. Thus absorption thicknesses, in areal 
density, range from about 0.4 te/m2 to 1.4 te/m2. These thicknesses 
correspond to absorption factors in iron for radium gamma rays, the component 
of external radiation from uranium ore, of 0.005 to 0.25 (page 149, 
Radiological Health Handbook, 1971). 

The exposure of a person who is in a vehicle 50 per cent of the time will 
thus be in the range of 0.5 • 0.5 (0.005 to 0.25) or 0.5 to 0.625 of that 
which it would otherwise be, while that of a person in a vehicle 100 per cent 
of the time will be 0.005 to 0.25 of that which it otherwise would be. 
Because of the uncertainties in this lower range a lower limit for the 
combined shielding and occupancy factor of 0.1 has been arbitrarily aaopteo 
and for the upper limit the factor of 0.625, giving a range of values from 0.1 
to 0.625. The arithmetic mean of these two values, 0.36, has been arbitrarily 
adopted as the mean for the range. 

ESTIMATED WHOLE BODY DOSES 
These factors are brought together in Table 1, which shows lower ana upper 

limit estimates of the order of 0.05 to 8 raos (or rems) with an arithmetic 
mean product of about 1.3 rads (or rems). 
POSSIBLE CRITICISMS 

The range of values derived contains contributions from uncertainties in 
tne values of the variables involved, some of which can be reaucea by 
measurement, at least in principle (e.g. aose rates, shielaing factors) ana 
some of which are stochastic (spatial ana temporal innomogeneities in aose 
rate, exposure times). The latter have to a large extent been suppressed or 
inadequately aadressed as they are accommodatea only by the three factors of 
two introduced in working time exposed, integral of working time x ore grade 
and working time exposed not in a vehicle. It is conceivable that 
indiviauals, with particular interests in high grade ores over extendea 
periods, could receive doses during the mining phase of more than 8 rem. 

WORKING LIMITS FOR THE MINING PHASE 
As employees could potentially be exposed elsewhere following the 29 week 

mining pnase, a working limit of 2.8 rem per individual is appropriate for 
this phase (from the 1CRP/NH and MRC/Health Code 5rem/y limit on a pro rata 
basis). 

POSSIBILITY OF ACHIEVING WORKING LIMITS 
Although individual doses in the absence of control could exceed 8 rem, as 

noted above, the estimate of the average aose of 1.3 rem is less than half of 
the suggested working limit of 2.8 rem. This average aose estimate is based 
on an assumption of 75 per cent of exposure time not shieloed by a vehicle 
(implicit in the average shielding factor useo) ana exposure to ore iworking 
time x ore graae) 50 per cent greater than average. These assumptions ao not 
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appear to involve unreasonably low estimates of exposure. With adequate 
control of these factors it therefore appears reasonable to suppose that 
individual doses could be kept well below 2.8 rem. 

CONCLUSION 
It is thought likely that with adequate personal monitoring and control of 

working conditions a working limit of whole body dose from external radiation 
of 2.8 rem for the 29 week mining phase can readily be met. Without controls 
individual doses in excess of 8 rem could occur. 
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Chapter 13. Practical Aspects of Reduction and Control 

of Radiation Exposure 
Peter Greetf 

Roxby Management Services Pty Ltd 

Abstract. Gamma radiation can be controlled or reduced by "shielding". 
This is basically achieved by reaoving the subject from the source or placing 
a shielo between the subject and the source. Various practical aeans of 
shielding as applied to aining operations are outlined in tne paper. 

The general engineering design of a ventilation system is basically the 
saae for -adioactive and nonradioactive aines. Mine design can provide for a 
reduction in radon eaanation. The best aethoo of reducing exposure to radon 
ano radon daughter products is the four-fold approach, namely (i) to suppress 
the release of radon and radon daughters, (ii) to confine the radon and radon 
daughters released (iii) to dilute the radon ano radon daughters which cannot 
be confined and lastly (iv) to minimise exposure of personnel to radon and 
radon daughters uhicn cannot be suppressed, confined or diluteo. Practical 
steps which can be taken to implement the four-fold approach are outlined in 
the paper. 

IHTROOUCTIOW 
Alpha, beta and gaama radiations, as well as non-radioactive contaminants 

constitute safety hazards in aining environments. Radon gas and radon 
daughters as 'pollutants' can be compared with dust, gases, heat, etc., and 
can therefore be controlled in a similar manner. Ionising radiation (gaama 
radiation) cannot be controlled by ventilation and other means aust be applied 
to reduce the health hazard arising from it. 

The magnituoe of the radiation hazard in mining is normally a function of 
the grade (°/o U3O0) of the ore being mined. The design of a particular 
aining system can in some instances be dictated by the presence (or absence) 
of high grade radioactive ore. 

Radiation hazard in aining cannot be taken in isolation ano other 
environmental factors (such as heat, oiesel fumes, etc.) must be taken into 
account as well. Engineering design to alleviate one environmental condition 
might have a negative effect on another. Mien refrigeration is applieo 
undergrouno to solve adverse heat conoitions it is normal practice to reouce 
the airflow. This causes an increase in dust, gas and raoon oaughter 
concentration. On the other nana by simply circulating more air to reduce 
radon daughter WL's, dust concentrations might exceed the prescrioeo limits 
due to excessive air velocities in some airways. 

External and airborne radiation sources behave in two different ways ana 
the design of control methoas must therefore differ. 
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EXTERNAL RADIATION 

Reduction in this type of radiation exposure from an engineering design 
point of view can only be achieved by "shielaing". The best method of 
"shielding" is, of course, physically separating the source and the subject 
being exposed. The separation distance required depends on the source 
strength (grade of U3O8 if secular equilibrium is assumed) and the 
duration of the exposure. 

As stated previously the amount of radiation is a function of the grade of 
ore. The higher the ore grade the larger the amount of external radiation 
that can be received. With a higher grade ore it is economically more viable 
to go to more expense in reducing radiation exposure. It might be 
economically feasible to mine additional low grade material (to dilute high 
grade ore) or use overburden as a shield when mining high grade ore. 

"Shielding" can be achieved by 
(i) removing the subject from the source; 

(ii) placing a shield between the subject and the source (mainly for point 
sources). 

In open pit mining both techniques are applied. Most operations including 
drilling, blasting, hauling, etc., require that the operator be placed in a 
cabin whilst operating the controls. The control cabins are normally located 
on top of the machines. The body of the macnine therefore offers some 
shielding from radiation emanating from the floor and walls of an open pit 
mine. 

Where high grade veins occur it is possible to leave lower grade material 
exposed as a floor or face wall. Lower grade material or waste can also be 
mined with high grade material to 'dilute' the amount of radiation. 

Remote control of mining, machinery has been developed during the last few 
years and has definite application in mining high grade material. This is 
especially so for the drilling, loading and charging up cycles of mining. 
Rotation of workers becomes necessary when none of the above can keep the 
external radiation exposure below prescribed levels. This should only happen 
when all possible alternatives have been examined. In practice it is very 
.seldom necessary to rotate workers working in open pit mining. It should be 
noted that although rotation reduces the risk to an individual, it does not 
reduce the risk to the population. 

External radiation exposure is very easily monitored and its control 
therefore presents nc problems. Accurate records of all employees can be kept 
and the efficiency of shielding evaluated in any open pit operation. 

Underground mining necessitates working and travelling in confined 
spaces. Radiation can be received from the floor, sioewalls, roof ano in some 
instances the working face of the excavation. The confinement of the 
excavations requires that people work or travel close to rock surfaces. Any 
exposed high gr-ide rock wall therefore cause problems if people are 
continuously exposcl to it. 

The choice of <". mining system depends on the orebody characteristics. The 
mining method used for ore recovery, known as the stoping method, depends on 
factors such as -ize, shape and spatial position of the ore deposit. The 
properties of the ore and country (surrounding) rock and the spatial 
distribution of mineral values could also influence the suitability of a 
stoping method. 
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Stoping methods used for mining radioactive minerals could be divided into 

two basic categories. Entry type stoping methods require that the recovery of 
ore be done from within the orebody. The opposite applies to non-entry 
stoping methods. For minimizing gamma radiation it is essential that a 
non-entry type mining method be used. Entry type stoping systems include Room 
and Pillar stoping, Cut and Fill stoping, Shrinkage stoping and sublevel 
caving. Two non-entry stoping methods are open stoping and block caving. 

Room and Pillar stoping is extensively used in North America for mining 
uranium ore. It is suitable for flat dipping tabular deposits. All 
underground openings required for stoping are placed inside the ore. The 
method is illustrated in figure 1. It consists of driving a series of full 
ore width, parallel tunnels, all of equal length. These tunnels are then 
enlarged (stoped) to within a certain distance of the next opened up tunnel 
(stope). 
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Cut and Fill stoping is usea for mining narrow vein, steeply dipping 

aeposits (see fig 2). It consists of mining a tunnel longitudinally along an 
orebody. The ore is removed from the tunnel as mining proceeds, when the 
tunnel has reached a certain distance it is til lea with a waste material to 
within a few hunared millimeters of the top of the tunnel. A secona tunnel is 
then nhnea immediately above and in the same direction and filled afterwards. 
The process is repeated until the top of the orebody or the next haulage level 
is reached. 

THROUGH STOPE 

Figure 2. Cut ana Fill Stoping of Narrow Veins 
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Shrink stoping is basically the sane as cut and fill stoping except that 

only enough ore is renoved during the stoping cycle to allow room for miners 
to w o k . (See fig 3). Instead of using waste naterial as a working floor, 
the broken ore serves as a platform for mining the next "lift". The bulk of 
the broken ore is renoved only after the stope has been nined out. 

Figure 3. Cribbed service raise and back-timberea 
shrink stope. 

Sublevel caving allows a great deal of flexibility and eliminates the neea 
to provide some waste material for filling the cavities left by stoping. 
Mining takes place at several levels (elevations). Horizontal tunnels are 
driven along the orebody and the ore in between are drilled, blasted and 
collected from these sublevels (See fio 4). 
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Drill drives (tunnels) for open stoping can be placed above the ore and 

drives for ore collection can be placed below the orebody (see fig 5). Most 
of the stoping cycle is therefore done outside ore limits and employees are 
not exposed to in situ ore or broken ore stocks. Block caving (fig 6) is 
ideal for ore that will cave under its own weight. A slice is removed from 
underneath the orebody and the overlying ore is then allowed to cave. The ore 
collection points can be placed underneath the orebody. 

1 

Drift Or/res 

Cable 
Bofts 

Confmuou€ Trough Undercut 

Trammina and 
Access Drive 

Re/urn Atrwou 

Figure 5. Open stoping of a f l a t , dipping deposit. 
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Figure 6. Block Caving 
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Non entry mining methods allow the placement of openings outside the ore. 

Some openings however still have to be placed in ore. These can, however, be 
minimized with careful planning. 

Whenever it is required to place access and travelling ways in high grade 
areas then these 'hot spots' should be clearly marked. This is to prevent 
lingering near high grade areas, thereby reducing exposure time. 

Shotcrete or gunite (cement paste) is normally applied to rock surfaces as 
support. If shotcrete is applied to cover high grade areas, the amount of 
gamma radiation is reduced, with the reduction depending on the thickness 
applied. In practice it is normally applied up to a thickness of 100 mm with 
25 to 50 mm being an average thickness. 

Underground machinery offers much less protection against gamma radiation 
than open pit equipment. The main reasons for this are the compactness of 
unoerground machinery, the direct exposure of operator to the side walls and 
roof and the limitation of not being able to shield the operator's cabin. 
Remote control operation of underground machinery is widely used in a number 
of situations. This is done mainly for safety reasons, whenever 'hot spots' 
are unavoidable underground then the distance between the operator ano 
radiation source can be maximised by using remote control machinery. 

Rotation or workers is widely practiced in Nortn American mines although 
it is yery seldom necessary for the control of gamma radiation, and is mainly 
used to control exposure to Radon and Radon daughters. Again, this is an 
option only when all other attempts to reduce exposure fail. 

RADON AND RADON DAUGHTER CONTROL 
The general engineering design of a ventilation system is basically the 

same for radioactive as well as nonradioactive mines. The emphasis, however, 
is placed on different design parameters. Ventilation planning in the overall 
mine design carries more weight when mining radioactive materials. In the 
past it has been the practice to design a ventilation system around a mining 
method. With a high grade uranium deposit it is essential that the opposite 
be done. 

Several factors influence the release of radon from ore into the mine 
atmosphere. Some of these are: Area of ore exposed; grade of ore; natural 
porosity of the rock; fracturing due to blasting; water flows and changes in 
barometric pressure. Some factors can be taken into account during the mine 
and ventilation design stage while others cannot be controlled in normal 
mining environments. 

The best approach to reduce radon and radon daughter exposure is to: 
(a) Suppress the release of radon and radon daughters; 
(b) Confine or isolate the raoon ano radon daughters that have been 

released; 
(c) Dilute and remove the radon and radon daughters that cannot be 

confined; 
(d) Mininise exposure of personnel to radon and radon daughters that 

cannot be suppressed, confined or diluted. 
Radon daughter products 'plate out' and about 80 to 900/ 0 are attached 

to dust particles (radioactive and non-raaioactive), diesel fume particles or 
water droplets. It is essential that the concentration of these contaminants 
be kept to a minimum. The threefold approach of suppressing, confining or 
diluting should therefore also be adopted for controlling the various 
'pollutants'. 
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The generous use of water is a most effective tool for suppressing oust. 

Compressed air on the other hand could be a big source of creatine) dus>:. 
Substituting pneumatic with electric/hydraulic equipment could significantly 
reduce the amount of airborne dust. The use of compressed air should 
generally be limited. 

Most control measures for operation of internal combustion engines 
underground are well known. They include proper adjustment of fuel jets and 
air to fuel ratios, the use of low sulphur fuel oil, use of effective air 
cleaners, high quality and regular maintenance and adequate ventilation to 
dilute and remove the effluents. Substituting diesel equipment with electric 
or electric/hydraulic equipment can have a significant effect on reducing 
these effluents. 

The general principles used for the reduction of raoon ano radon daughter 
exposure can and must also be applied for the control of 'pollutants' 
mentioned above. Although these notes concentrate on radon and radon daughter 
control it should be read as to include dust, diesel fumes and otner aerosols. 

(a) Suppression of Radon and Radon Daughters 
If radon is prevented from emanating into the atmosphere then it cannot 

constitute a health hazard. In practice this is of course impossible when 
radium is present in the rock being excavated or in the mine water. Radon 
emanation can however be minimised with careful planning. 

Planning for ore extraction must be done in conjuction with planning for 
raoon daughter control. All intake airways, haulage ways, work places and 
travelling ways should be placed outside ore limits. Workplaces, e.g. 
drawpoints, should be upstream from any exposed ore. The placement of 
openings depends very much on the life of that particular excavation. The 
longer the life the more economical it is to place these openings outside ore 
limits. 

The selection of a mining method can have a big influence on radiation 
exposure. Mining methods that can be classified as non-entry (e.g. open 
stoping) are the best for mining uranium ore. On the other hand large 
openings filled with broken rock (with people working inside the opening, e.g. 
shrink stope) are not suited to mining uranium bearing rock. Mining methods 
that prevent the rock being moved very often must be given preference. 

Mill tailings generally release more radon than an equivalent volume of 
solid rock. The placement of fill in mined out openings, however, channels 
fresh air to the work place and prevents recirculation of fresh air. Large 
open mined-out stopes are very difficult to seal effectively with bulkheads 
and are a source of continuous concern in operating mines. They are ideal 
'breeding grounds' for radon daughters and extremely high concentrations 
result inside these openings. 

whenever intake airways are accioently placed in ore, then snotcreting and 
sealing of the ore is recommended. In some instances sealants are 60 to 
100°/o effective in reducing radon emanation. 

The control of water is very important in controlling radon ana radon 
daughters as well as controlling heat underground. Drain water should run in 
fully enclosed drains or pipes. Water is the main medium of radon transport 
in a number of mines especially non-uranium mines. All efforts should be 
directed at isolating the flow of water into the return airways and away from 
the intake airways. 
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Radon emanation can be suppressed temporarily by increasing the air 

pressure. Unlike methane, radon does not build up its own partial pressure 
and if the increased pressure is maintained, then after a while the emanating 
rate will return to the same level as prior to being pressurised. Radon gas 
is continually being produced within the rock, and therefore, unlike methane, 
does not "bleed off" with time. 

(b) Confinement and Isolation of Radon and Radon Daughters 
In any normal mining operation a number of situations will present 

themselves where rador. emanation cannot be suppressed. Where this is 
inevitable then the next best step is to try and confine or isolate the areas 
that emanate radon. 

Mined out areas should be on the return air side. Non radioactive areas 
should be placed upstream from active areas to prevent contamination of the 
non-active areas. Mining shoula take place on the retreat rather than on the 
advance. 

Stoping areas shoula be segmented, which will result in separate 
ventilation districts for different segments. Fresh air should be isolated 
from contaminated air. Short paths for the different ventilation circuits 
result in the minimum time for radon daughter growth. Fresh air inlets and 
contaminated air outlets shoula be as close as possible to the working areas. 

Mined out stopes should be sealed with effective air tight seals to 
prevent leakage of air containing very high radon daughter concentrations. In 
practice it is very difficult to achieve airtight seals and it is better to 
keep the mined out areas under negative pressure in relation to the fresh 
air. This can be done using high pressure, low volume fans exhausting through 
boreholes or pipes placed behind bulkheads. 

Bulkhead construction should be such that it is able to withstand (a) 
concussion from blasting, (b) pressure from rock and (c) general misuse 
underground. Normal construction incorporates timber or brick with a sealant 
(e.g. polyurethane foam) sprayed onto the outside. 

Crusher stations, tipping and/or transfer points and all locations where 
ore is transferred or reduced should be connected directly to return airways. 
If people are required to work in these locations then effective dust (and 
therefore radon and raoon daughters) extraction systems should be installed. 

In any milling operation it is very difficult to suppress the emanation of 
radon and most efforts are directed towards confining and removing the radon 
and its daughter products. Dust extraction systems are normally part of most 
milling operations especially where rock is transferred or reduced in size. 
Mill design shoula incorporate facilities for the quick and easy cleanup of 
spillage. Most radon proaucing areas in a mill are normally enclosed, which 
assists in confining or isolating the radon ana radon daughter proaucts. 

(c) Dilution ana Removal of Radon and Raaon Daughters 
Once radon has emanatea from the rock or has been released from water it 

must be ailutea ana removed as soon as possible. Mechanical venitlation is 
applied to achieve this. A few decades ago some mines, including uranium 
mines, relied extensively upon natural ventilation. This is normally very 
unreliable, unpredictable ana totally unsatisfactory. All radioactive mines 
must be ventilated by mechanical means if radon daughter concentrations are to 
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be kept below the required limits at all times. Natural ventilation may still 
assist or oppose mechanical ventilation in a number of relatively shallow 
mines. 

In ventilating a radioactive mine the quality of air is as important as 
the quantity. Ventilating such a mine is basically the same as for any other, 
except that more discipline must be applied to the more subtle aspects of gooa 
ventilating practices. Fresh air must be drawn from the purest source and 
must arrive at the working place uncontaminated. Directional and quantitative 
control of ventilation is absolutely essential for the control of radon 
daughters. 

Very often it is found that mines try and solve raaon daughter problems by 
simply circulating more air. In a number of cases it would be much more 
beneficial and economical to utilise the available air better. For a given 
airway the WL can be reduced 3.5 times by doubling the air quantity. However, 
doubling the quantity of air needed in the mine, increases the power 
consuption eight times. Increasing the volume is therefore an expensive way 
of reducing radiation levels. 

The layout and design of a mining and ventilation system for a radioactive 
mine needs a sound engineering approach and proven principles. The 'one pass1 

system, as opposed to series ventilation, is preferred. "One pass" air means 
basically that the air is used only once i.e. each working place is 
ventilated with fresh, uncontaminated air. Air that has come in contact with 
radon producing areas or activities are exhausted directly to return airways. 
Series ventilation on the other hand implies that contaminated air is supplied 
at the inlet to a working place. If the same ventilating air is usea to 
ventilate two or more stopes in succession, then it is referred to as series 
ventilation. Short residence times for contaminated air are a necessity. The 
general mine layout should allow for radon producing activities and areas to 
be located close to return airways. 

The push-pull system allows producing areas to be kept under positive 
pressure in relation to atmospheric pressure and mined out areas unaer 
negative pressure. In addition it offers a great deal of flexibility. Air 
pressures are kept to a minimum, making control of airflow easier. 

Intake and return airways should be as large as economically feasible and 
should not be obstructed. This will allow the passage of adequate quantities 
of air. Openings in ore should be kept as small as possible ana large 
ballrooms should be avoided so as to reduce the area of the radon emanating 
surfaces exposed. Higher air velocities lead to lower residence times. 

The current trend in underground mining is towards mechanisation using 
large internal combustion (diesel) engines. For tnis reason air quantity 
requirements have increased because of the heat, diesel fumes and dust 
generated by these machines. Canadian uranium mines, which are basically low 
grade (around 1 kg U^Os/tonne) have found that if enough air is supplied 
for the dilution of diesel fumes then the raaon daughter concentrations are 
also kept within prescribed limits. This is provided residence times are kept 
within reason because of the growth of radon daughters. 

A ventilation system should be 'over designed' to give it flexibility. 
Almost all mines expand after coming into production and a well designed 
ventilation system will allow for this. Also mining methods, mining sequences 
etc., change all the time and a flexible ventilation system is neeaea to cope 
with this changing demand. 
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In designing a ventilation systea it is necessary to estimate the quantity 

of air required. The design parameters vary froa sine to sine and between 
sections of the same mine. The quantity of air required aepenos on a number 
of factors including emanation characteristics such as porosity, fracturing of 
rock, areas of ore exposed, ore grade, radon carrying water and changes in 
baroaetric pressure. Other factors that aust be taken into account are 
teaperature, huaidity and contaainants such as oiesel fuaes, dust and gases. 
For radioactive Bines the ventilation systea should be designed around 
residence tiaes based on radon eaanation data. The quantity of air per tonne 
mined for uraniua mines can vary froa 7 to 30 tonne of air per tonne of rock 
mined (150 to 600 cfa of air per tonne of rock broken per day). 

Whenever it is required to increase the air quantity for specific airways 
or ventilation districts several alternatives are available including: (a) 
install regulators in 'over ventilated' airways to destroy air pressure, (b) 
install booster fans to increase pressure in 'under ventilated' airways, or 
(c) reduce resistance in 'under ventilated' airways and therefore increase the 
air quantity. It must be remembered that one large airway has a lower 
resistance than two smaller parallel airways of equivalent cross-sectional 
area. 

For a given airway, residence time is a function of air velocity and 
increasing the velocity leads to a direct reduction in residence time. The 
air velocity in airways has practical upper limits depending on the use of the 
airway. Dilution of dust occurs when the velocity of the air is increased to 
2 m/s. Raising the velocity above 4 m/s will reverse the process and create a 
dust hazard. Horizontal intake airways generally have velocities of between 
0.5 m/s to 4 m/s, horizontal return airways between 2 m/s and 10 m/s, vertical 
airways between 5 and 30 m/s. Upcast (return) ventilation shafts should be 
designed for velocities below 7 m/s or above 12 m/s on account of condensation 
of water in upcast shafts. 

Radioactive mines should very seldom rely on auxiliary ventilation and 
through ventilation should be established as soon as practically possible. 
Operating problems such as blasted down ducting, noisy fans that are turned 
off, ducting more than 10 m from a face, recirculation, etc., cause continuous 
problems with radon daughter build-up to above desirable limits. 

Development headings requiring secondary ventilation need to be one pass 
ventilation systems. Some radioactive mines filter the air for re-use. This 
is only recommended as a last resort because raaon gas, unlike radon 
daughters, cannot be filtered out. The filtered air must be used soon after 
filtering because the decay process will cause a fresh build-up of radon 
daughters. 

Clean up systems are very rarely used in practice for airborne discharges 
from underground to the surface environment. The air contaminants are diluted 
by the outside atmosphere. Contaminated water is controlled by the 
construction of special retaining ponds and tailings dams. Underground water 
sumps containing radon should be ventilated independently and the air should 
be exhausted direct to the return airway. From here the water is pumped to 
the containment ponds or tailings dams strategically located on the surface. 
Tailings dams are constructed with an impervious membrane to prevent 
contaminated water from escaping and therefore water can only evaporate. 

(d) Minimise Exposure 
Even if all the previously mentioned steps are taken to reduce the 

radiation hazard in a mine or mill, some exposure will still result. If the 
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hazard cannot be reaoved then it is obvious that the person snoulo be 
reaoved. By reducing the exposure tiae of a person to a radiation source the 
risk and hazard are reduced. 

Rotation of workers is one way of ainiaising exposure to individuals. 
This is not very popular since it has financial and industrial taplications 
and does not lead to an overall reduction in the oose contribution to the 
population. It is better to condition the environaent for a reduction in 
exposure. 

Non-entry type Mining aethods and reaote control Machinery are two ways of 
conditioning the aining environaent and ainiaising exposure. Reaote control 
drilling allows the operator to locate the operating controls away froa the 
operation and therefore the source of radiation. This will result in reduced 
exposure. 

Respirators and airstreaa helaets art co—ercially available ana have 
definite application in special circitastances. These are, however, not very 
popular and only a few uraniua aine* use these extensively. Host operators 
prefer not to wear thea. Soae nines insist that certain jobs require 
respirators to be worn. Soae areas in a aine or ail1 are respirator or 
airstreaa helaet designated areas and all personnel entering the area are 
required to wear a respirator or airstreaa helaet depenoing on the radon 
daughter concentration. With soae operations, such as drawpoint aucking or 
underground crushing it is desirable that operators wear respirators or 
airstreaa helaets. 

It is highly desirable to identify polluted ano 'clean' areas and to 
classify these according to the radiation risks. Entry to restricted areas 
should be prohibited to all but authorisea personnel ana airstreaa helaets 
should be worn by those authorised to enter. Access to restricted areas not 
in use shouia be prevented by weans of well constructed stoppings or bulkheads. 

Raoiation exposure can, with careful planning ana the rigorous adherence 
to safety standards, be kept within prescribed liaits. It requires the 
cooperation of the manageaent as well as of the workforce to be successful. 
Many underground and surface radioactive aines and nil Is have been operating 
for i number of yon without exceeding radiation levels laid down by 
regu1atory author i t i es. 
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Chapter 14. Bioassay and Medical Examinations 

J. E. Cook 
Environment ana Public Health Unit 
Australian Atomic Energy Commission 

Abstract. Methods of bioassay or whole body counting for the assessment 
of exposure to airborne radon daughter products and airborne uranium aerosols 
are reviewed. Methods for airborne radon daughter products are insufficiently 
sensitive for routine application at current exposure limits. Bioassay for 
uranium at or below current limits is practicable but requires care in the 
choice of routine and ancillary sampling programs in order to ensure 
discrimination between intakes of transportable and non-transportable 
uranium. Some medical tests for incipient adverse effects and for the 
assessment of dose and exposure using biological indicators are briefly 
reviewed. 

INTRODUCTION 
The mining and milling of uranium or other radioactive ores potentially 

exposes workers and members of the public to increased levels of otherwise 
naturally occurring radionuclides in air breathed, foodstuffs eaten ano water 
used. Compliance with regulatory requirements limiting exposure is achieved 
firstly by containing radioactivity to minimise escape to the work place or 
environment ano secondly by monitoring concentrations of contaminants in air 
and on surfaces in the work place and by monitoring rates of release to the 
environment and concentrations of contaminants in air, water, foodstuffs, 
etc., in the environment. It is possible in some cases to monitor airectly 
the quantity of a contaminant in an individual, by gamma spectrometry ^whole 
body or partial booy monitoring) or to oerive some estimate of the boay 
content by combining a measurement of excretion ibioassay) with a knowledge of 
rate of excretion per unit booy content. 

In some circumstances gamma spectrometry and bioassay provide reasonably 
accurate estimates of body content such as the measurement of radioiooine in 
the thyroid or of tritiated water in urine. In other cases the accuracy of 
assessments based on gamma spectrometry or bioassay is limited, or is 
dependent on assumptions such as, for example, the location of the nucliae or 
concern in the booy. This is the case for exposure to contaminants generateo 
by uranium mining and milling. Nevertheless, Dioassay, of uranium in urine in 
particular, can provide useful information provioea the limitations are 
recognised. 

Medical examinations may provide warning of incipient aoverse health 
effects, or may detect unexpected aaverse effects. In the U.S. in particular, 
considerable effort has been given to sputum cytology as a means of detecting 
pre-cancerous changes in lung tissue. 
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INTAKE, DISTRIBUTION WITHIN THE BODY AND EXCRETION OF RADIOACTIVE MATERIALS 

If a quantity of radioactivity is swallowed a fraction will be transferred 
from the gut contents to circulating blood through the gut wall. That not 
transferred to blood will be excreted in feces within 24 hours or so. The 
activity taken up in the blood will be circulated around the boay and taken 
up, to a lesser or greater degree, in the various organs of the body. 

Some fraction will be excreted in urine within 24 hours or so of intake. 
As levels in blood drop, activity taken up into the various organs will be 
released, at various rates, back into blood and thence excreted in urine or in 
feces. 

If a radioactive aerosol is inhaled some fraction will be taken up into 
body fluids and transferred to the blood, some will be transferrea to the gut 
and some will be exhaled. The relative proportions, the fractional deposition 
at various locations in the respiratory tract and lung and the rates of 
transfer to blood and gut from the site of initial deposition are strongly 
dependent on particle size and solubility of the inhaled material in body 
fluids (see, for example, ICRP 1979, pp. 23 and following). Larger particles 
are deposited in the nose, throat and tracheo-bronchial regions. The rate of 
transfer of material from these regions is rapid, whether soluble or not, 
although if relatively unsoluble a much larger fraction goes to the gut. 
Clearance is complete within hours or at most a day. Smaller particles are 
deposited in the lower regions of the lungs. Insoluble material deposited in 
these regions, or transferred to lymph nodes from them, is only slowly 
transferred to body fluids and blood; transfer half-lives may be hundreds of 
days or more. Soluble material is again rapidly transferred to blood. Once 
in blood or gut transfer and distribution follows the pattern oescribed for 
ingested material. 

The rate of excretion following an intake of radioactivity is thus 
strongly dependent on the transport and uptake within and the rate of release 
from the organs in which it is deposited. These same factors determine the 
quantity retained in the body, the parameter determined by whole body 
monitoring. A single measurement of excretion rate, or of body content, is 
not therefore very informative. A series of measurements following an intake 
at a known time, both of rate of excretion (urinary and fecal) and of body 
content, provides information which can in general be analysed to determine 
the quantities of radioactivity excreted directly without uptake and those 
retained in various compartments with various release rates. This information 
may then be compared with that collected under similar circumstances elsewhere 
and with the relevant literature generally, in order to equate Dy inference 
the various compartments with specific organs or tissues of the body and thus 
to determine the doses received by those organs in that particular event. 

Rigorous assessments of the above kind are generally restricted to cases 
where intakes are thought likely to have been significant relative to 
recommended annual limits. A great deal of useful information has been 
accumulated over the years from assessments of accidental large intakes, and 
is incorporated in the ICRP's recommendations on limits for exposure to 
radioactivity in air and water (ICRP 1960, 1979). 

More frequently monitoring is carried out in circumstances where small 
intakes occur fairly routinely. In such cases it is often difficult to 
interpret bioassay results alone. If only one organ of the body takes up any 
significant quantity of inhaled or ingested material and if the fractional 
excretion at equilibrium is known, interpretation is fairly straightforward. 
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If two or more organs are involved and the relative distribution of intake 
between the organs is not known accurately interpretation becomes oifficult. 
whole body monitoring, if practicable, greatly assists in such cases. 

Some information relevant to the nuclides of interest to mining and 
milling can be obtained from surveys of natural activity in diet and in booy 
tissues. It is not however possible to determine separately from this oata 
fractional deposition in an organ and mean life, since a given quantity of 
activity at equilibrium may result from a large deposition fraction ano a 
short mean life or from a small deposition fraction ano a long mean life. It 
figures for organ content as a function of age were available it would of 
course be possible, after taking into account any age dependence of intake, to 
determine something about retention times. 

EXPOSURE TO RADON, RADON DAUGHTERS AND UPTAKE UF LEAU-210. 
Amongst the daughter products of raoon are lead-210 (a low energy beta 

emitter, half-life 138 days). Although neither contribute significantly to 
lung dose following exposure to airborne radon and short-lived daughter 
products, lead-210 is retained in bone with a long biological half-life and is 
thus a potential means if monitoring past raoon daughter exposure. Excretion 
of both nuclides in urine and in hair has also been investigated as a means of 
monitoring current radon daughter exposure. 

The potential leao-210 concentration associated with a radon daughter 
concentration of 1 WL is about U.5 pCi/m3 (Fisher 1 % 9 ) . The actual 
conversion factor depends on the age of raaon contaminated air, but this 
figure is adequate for present purposes. An annual exposure of 4 WLM is thus 
associated with a lead-210 intake of 0.5 x 4 x 170 x 10/8 or 425 pCi, an 
average of just over 1 pCi per day. UNSCEAk U977) puts the average daily 
intake of lead-210 from natural sources as 1 to 10 pCi/day in diet, an average 
of 0.3 pCi/oay ay inhalation tor non-smokers ano an average of 1.2 pCi/oay for 
smokers. There is no build up of leao-210 in lung tissue (UNSCEAK 1977), nor 
of inactive lead (ICRP 1975). It is apparent therefore that there is no 
possibility of using lead-210 in uranium miners exposed at or below current 
standards as an indicator of radon daughter exposure because intakes from 
natural sources exceed those from exposure to raaon daughters at the 4 wLfo per 
year limit. 

Leaa-210 ana cumulative raoon daughter exposure 
U.S. uranium miners in the 1950s ana early 1960S were however being 

exposea to raaon daughters at rates averaging of the oroer of 100 WLfo per 
year, black, Archer, Dixon ana Saccomanno (1968) nieasurea leaa-210 in bone 
samples taken at autopsy from 32 miners whose estimatea cumulative raaon 
daughter exposures ranged from 112 to 5135 WLM (average 1940 WLM). Measured 
levels of lead-210 in bone ranyea from that for non-exposed individuals (0.055 
* 0.U20 pCi/g fresh weight) to 9.8 pCi/g rresn weight (average 1.65 pCi/yj. 
The ratio of cumulative exposure to leao-210 in bone ranged from about 200 to 
about 3000, with a mean of about 1000 WLM per pCi/g in bone. Black et al 
(1968) recognised that the level of lead-210 in bone at the time of oeath was 
less than that at the end of mining. They corrected tor this by assuming that 
25 per cent of the bone buraen was retained with an effective half-life of 88 
days ana 75 per cent with an effective halt-life of 1320 aays. (This 
assumption was based on some urinary excretion aata to 3 years ana some 
referenced figures tor leaa-210 in aogs. For comparison ICRP (i960) useo 
effective halt-lives of 2400, 1500 ana 494 aays in bone, liver ana kianey 
respectively). 
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blanchard, Archer and Saccomanno (1969) further corrected for removal over 

the period of exposure, with a significantly improved correlation between 
cumulative exposure and corrected concentration in bone. The correlation was 
not linear however, concentration per unit exposure being higher at large 
exposures than at small. This non-linearity was never satisfactorily 
explained, although a number of authors pointed out there are sources of 
lead-210 in an underground mine other than short-lived radon daughters, 
including decay of radon dissolved in body fluids, ore dust and excess 
lead-210 due to radon decay in the mine, and that the relative significance of 
these sources could have varied from mine to mine (Holtzmann 1970, Raabe 1970). 

Blanchard, Archer and Saccomanno (1969), Blanchard and Moore (1971) and 
Blanchard, Kaufman and Ide (1973) also compared levels of lead-210 in bone and 
blood with cumulative radon daughter exposure finally concluding that, after 
correction for loss of lead-210 in the time between cessation of mining and 
sampling, using an effective half-life in the skeleton of 1320 aays, (but not 
correcting for losses during exposure) a corrected figure of 1 pCi/L in blood 
corresponded, for the mining group studied, to a cumulative exposure of 12.8 
MLM. The data supporting this conclusion are given in Figure 1. 

Figure 1. The relationship between the 210pt> concentration 
in blooo of uranium miners ana their estimated 
cumulative exposure to radon daughter products. 
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Blanchard, Kaufman ana lae (1973) also reportea that the level of lead-210 

in the blood of unexposed persons averaged 2.8 + 0.6 pCi/L. This is in 
agreement with a couple o* measurements from Europe, reported in UNSCEAR 1977, 
of about 2 and 2.7 pCi/kg. It is apparent that the relatively poor 
correlation between cumulative exposure and concentration of leaa-210 in blooa 
and the fact that lead-210 in blood from natural sources other than radon 
daughter exposure is equivalent in terms of the above correlation to an 
effective cumulative exposure of between 25 and 40 WLM, precludes the use of 
lead-210 in blood as a means of bioassay for cumulative radon daughter 
exposure within current occupational standards. 

Lead-210, polonium-210 and rate of exposure to radon oaughters 
Gotchy and Schiager (1969) measured levels of lead-210 and polonium-210 in 

urine, feces, blood, hair and whiskers from 25 people associated with the 
operation of a uranium mine, measuring at the same time (using rauon film 
badges) individual average raaon daughter exposure rates over the sampling 
periods chosen. Because of problems associated with cross-contamination of 
urine and fecal samples in the uranium mine environment and the resistance of 
miners to providing the samples they concluaed that urine and fecal sampling 
was of no practical value. They did however conclude that there were useful 
correlations between estimated mean working levels and concentrations in 
blood, hair and whiskers. 

Savignac ana Schiager (1974) followed up the above study by a further set 
of measurements of radon daughters in uranium mine air ana lead-210 in 
whiskers, with the results shown in Figures 2 and 3. 

* io_ 

? 
0.1 

1.0 _ 

4 
1.0 10. 

CONCINTIATIOM, C, OF **Tb 
IN WMSKIRS |»G/f) 

1.0 10. 100. 
CONCf NTRATION. C, Of 

MP* IN WHIWMS (*C/#) 

Figure 2 Figure 3 

Figures 2 ana 3. Relationship between 480-aay average working 
levels for mine company 1 (Figure 2) ana mine 
company 2 (Figure 3) and 480 aay average 210pti 
concentrations in whiskers. 
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The results clearly show a very poor correlation between the two parameters, 
effectively precluding lead-210 in whiskers as an effective means of bioassay 
for exposure to radon daughters. Savlgnac and Schiager attribute most of the 
scatter In the results to the fact that there are, as discussed above, sources 
of intake of lead-210 In an underground mine other than the short-lived 
daughters of radon In the mine atmosphere. 

Lead-210 body burdens 
Eisenbud, Laurer, Rosen, Cohen, Thomas ano Hazle (1969) reported the 

measurement of lead-210 in the skull of ex-uranium miners using twin crystal 
gamma spectrometry designed to detect the 47 keV gamma-ray from lead-210. It 
was found that a body burden of greater than about 4 nCi coulo be measured. 
The authors estimated that a cumulative exposure of 400 WLN would have given, 
for the uranium miner population studied, a body burden of about 1 n d . It is 
again apparent that whole body monitoring is of no value for the assessment of 
radon daughter exposures at or below current limits. 

BIUASSAY FOR EXPOSURE TO AIRBORNE URANIUM 
Measurement of uranium in urine has been for many years a routine for 

those occupationally exposed to airborne uranium, although more particularly 
for those involved in the upgrading OT mill products ano reactor fuel 
manufacture rather than milling itself. The interpretation of the results is 
based on a large body of animal ano human data. Hursh and Spoor (1973) 
provide an excellent review of the relevant data to about 1970. 

ICRP (1960) adopted effective half-lives u r uranium in kidney, bone and 
lung of 15, 300 and 120 days, and values for maximum permissible organ burdens 
equivalent to 0.9, 75 and 30 mg. The rates of excretion from these organs at 
these levels are 42, 175 ano 175 wg/day respectively, equivalent to average 
mine concentrations (assuming an excretion of 1.4 L/oay, from ICRP (1975)) of 
30, 125 ano 125 vg/L. 

Note that these figures apply only when an individual has ceased to take 
in uranium. When exposed continuously to soluble airborne uranium a large 
fraction of that inhaled passes into the blood ana is excreted within 24 
hours. It is important in any bioassay program to decide therefore whether 
one wishes to monitor exposure, by taking samples during exposure, or 
retention, by taking samples when exposure has ceaseo. 

It is also important to note that spot measurements ot uranium in urine 
cannot distinguish between that retained in bone, kioney or in lung. Lung 
retention can only be oetermineo by gamma spectrometry using a detector over 
tne chest (see below). It chest counting shows no significant lung buroen, 
bone ano kioney retention may be distinguished by analysis of the rate of 
change of urinary excretion rate with time once exposure ceases. Clearance 
with an effective half-life of 10 to 20 days indicates that fraction retained 
initially in the kidney and clearance with a naif-lite of several hundred days 
indicates bone retention. 

Detection Limits 
Uranium in urine is frequently measured fluorometrically. Quastel, 

Taniguchi, Overton and Abbatt (1970), in a review of bioassay results from 
workers chronically exposed to uranium dioxide, hriefly describe their 
procedure as follows. 

'Uranium. The uranium content of all the samples was 
determined by fluorometric analysis. All ot the samples 
were wet ashed with concentrated nitric acid to reduce 
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organic matter to a minimum. The final solutions were made 
up with HNO3 by volume. High dilutions were required 
with fecal samples which helped to reduce quenching 
interferences. 
A small aliquot of the prepared sample (using 0.20 ml) was 
transferred to a clean platinum fusion dish. This aliquot 
was dried under a heat lamp and the dish then flamed to 
destroy any residual organic matter. A pellet of 
fluorometric grade sodium fluoride (0.6 g) was added to the 
fusion dish. Fusion was accomplished with a modified 
Fletcher burner fitted with a nichrome wire screen upon 
which 14 dishes could be set for simultaneous fusing. 
Thus, for each sample, 6 aliquots of the sample alone, 6 
aliquots of the samples with known amounts of U3O3 
dissolved in nitric acid added as an internal standard, and 
2 blanks were prepared. Fluorescence measurements were 
made using a Model 110 Thurner fluorometer.' 

Note that for each sample six separate aliquots, six spiked aliquots and 
two blanks were measured. The detection limit for fluorometric analysis is 
generally of the order of 5 wg/L or less. (Quastel et al quote standard 
deviations of the order of 1 to 2 ug/day at 10 ug/day total). Quastel et al 
also measured creatinine in urine samples, in order to correct measured 
concentrations to daily urinary excretion rates. Skeletal muscle tissue 
metabolises xanthine as a part of its normal metaoolism and as a by-proauct 
produces creatinine which is excreted unchanged by the kidney (creatinine in 
diet is present only in trace quantities, if at all). The quantity of 
creatinine excreted each day is relatively constant ano independent of urine 
volume. A measurement of creatinine in a urine sample can thus be used to 
determine the daily excretion rate of a contaminant such as uranium provided a 
figure for daily creatinine excretion is available. Standard values of 1.7 
g/day for men ano 1.0 g/day for women will proviae a correction correct within 
a factor of 0.5 to 1.5 :r. 95 per cent of cases (ICRP 1975, p. 354-355). 

The measurement of natural uranium in the lung by gamma spectrometry 
depends either on the detection of the 185 keV gamma of uranium-235, emitted 
in about 54 per cent of the disintegrations of this nuclide, about 1.7 such 
gammas per minute per mg of natural uranium, or on the 63 and 93 keV X-rays 
from thorium-234 (UX I), emi' ,.&•: in about 3.5 and 4 per cent of 
disintegrations respectively, about 2.5 of each per minute per mg of natural 
uranium. Minimum detection limits are of the order of 5 to 10 mg, depending 
on detector system. One of the limiting factors, apart from low count rate, 
is that the gamma spectrum at these relatively low energies contains a 
significant contribution from back-scattered radiation originating from 
sources of higher energy in the subject. It is important therefore to be able 
to obtain the gamma spectrum of the subject before exposure to airborne 
uranium in order to obtain optimum background correction. Quastel et al 
(1970) describe the system they used and results obtained. Standard 
deviations of their lung burden estimates range from about 5 mg at 20 nig or 
less up to 20 mg at 100 mg. 

Recommendations on bioassay at uranium mills 
The U.S. Nuclear Regulatory Commission has publisheo for comment a 

proposed regulation specifying bioassay procedures at uranium mills. (NRC 
1978) but the proposea regulation has not yet (January 1981) been promulgated. 
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The regulation requires routine bioassay for all workers (1) routinely 

exposed to airborne yellowcake of directly involved in maintenance tasks in 
which yellowcake dusts may be produced and (2) routinely exposed to airborne 
uranium ore dust. Baseline bioassays prior to such work are recommended. 
Bioassays are also recommended where exposures to yellowcake in excess of 
40 x 10-10 yCi.h/ml in a period of 1 work week or to ore dust in ?xcess of 
520 x 10-10 uCi.h/ml in a period of a calendar quarter. Urine sampling, 
with a measurement sensitivity of 5 ug/L or less, at two week intervals ana 
lung counting, with a measurement sensitivity of 9 nCi or less (the guid uses 
0.67 alpha pCi/wg for natural uranium, so this is equivalent to a lung burden 
of 13 mg). Urine samples are to be taken after being away from work at least 
2 but not more than 4 days. 

Action levels 
The U.S. NRC's proposed regulations require investigation of uranium in 

urine results in excess of 15 yg/L or lung count results in excess of 13 mg. 
These include:-

(a) repetition of sampling and measurement 
(b) examination of operational air sampling results to see, if the 

bioassay result was unexpected, in what way the air sampling program 
would need to be changed 

(c) determination of the source of intake 
(d) determination of whether others might have been exposed and to take 

bioassay samples from them, and 
(e) consideration of the neea to change work assignment if otherwise the 

level of internal contamination might not come down. 
For uranium in urine results in excess of 30 u9/L continued operation is 

only recommenced if it is virtually certain no other worker will exceed 30 
ug/L. If there are four consecutive samples in excess of 30 wg/L, or one in 
excess of 130 pg/L urine specimens should be tested for albuminuria, to check 
the possibility of kidney damage. For lung burdens in excess of 24 mg access 
to further exposures should be restricted until lung burden has dropped below 
13 mg. Individual case studies (bioassays) should be carried out for affected 
workers. 

Possible impact of ICRP recommendations on annual limits of intake 
The US NRC proposed recommendations above appear to be based on ICRP 

(1960) and ICRP (1964) metabolic assumptions and concepts. The more recent 
ICRP recommendations on limits for intakes of radionuclides by workers 
introduce the concept of effective dose equivalent commitment in determining 
annual limits of intake and, for uranium, moaify the metabolic assumptions 
used in earlier reports and also ignore the limitations imposed by the 
chemical toxicity of uranium. The implications of these changes for bioassay 
programs are discussed by Johnson (1980). Chemical toxicity remains the 
limiting factor. 

Measurement of uranium in hair 
Uranium is found in hair and may be detected by fission fragment etch pit 

radiography. The hair sample is placed in contact with a film of some 
material in which the damage caused by fission fragments can be rendered 
visible by etching with a suitable solvent, irradiated with neutrons to cause 
fission in the uranium-235 present, etched ano examined. Quantitative 
assessment is not easy but the distribution of uranium along the hair provides 
a record of the temporal variation of exposure. This could be a very useful 
technique, in conjunction with urine sampling, as it would provide information 
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on the frequency of discrete intakes or the approximate time of occurrence of 
acute intakes between urine sample dates which could significantly assist in 
interpretation of urine results. (Bentley and Hyatt, 1980). 

MEDICAL EXAMINATIONS 
If an adverse effect of chronic exposure to some harmful agent progresses 

through a number of stages before eventually causing permanent disability or 
death it may be possible to recognise the onset of the effect at an early 
stage ano it may also be possible, by medical means, to halt or reverse 
progression of the effect. Such action is of course no substitute for control 
of exposure to levels at which risk of adverse effects is not significant, but 
could be very valuable in cases where past over-exposures are thought or known 
to have occurred and risks are not small. 

Sputum Cytology 
Recognising that U.S. uranium miners in the 1950s were at risk of lung 

cancer in excess of that for members of the general public, the U.S. Public 
Health Service began a sputum cytology study in 1957. (Archer, 1979). 

Surface or epithelial tissues, such as skin and the lining of bronchi, are 
constantly being renewed by the production of new cells from beneatn ano the 
loss of dead cells from the surface. In the case of the tracheo-bronchial 
epithelium the dead cells are carried out of the lungs in the mucus lining of 
the airways, to the throat, where resultant material, sputum, is swallowed or 
coughed up. Sampling this material provides a means of collecting and 
studying the cells from the bronchial epithelium, including, where present, 
cancerous and abnormal but pre-cancerous cells. 

Epithelial cells in the sputum of U.S. uranium miners have been studied 
over many years. As a result a classification system, categorising the 
progressive changes between normal and active lung cancer has been developed. 
Six categories of abnormal cells, or atypia, are recognised in the U.S. Public 
Health Service Study. The sequence of changes is not necessarily 
progressive: many miners who have mild or moderate atypia never progress to 
cancer. On the other hand, not all lung cancers are preceded by atypia in 
sputum. One U.S. study suggested that no more than half are preceded by 
atypia. Another suggested that 90 per cent might do so. (The above summary 
is taken from Archer (1979)). 

Archer finally concludes his 1979 review by asking what are the potential 
uses of sputum cytology in working groups exposed to respiratory carcinogens. 
At that time he suggested: 

(a) sputum cytology can identity those with early non-symptomatic lung 
cancer and also those at unusually hign risk, so that treatment can 
begin at an early stage. He acknowledges that the effectiveness of 
periodic screening for lung cancer is uncertain. 

(b) it would seem unwise for those with moderate or marked atypia to work 
in areas where exposure to a known carcinogen could occur. Sputum 
cytology might therefore be used to decide job allocations. 

Chromosome aberration Studies 
Studies on human peripheral blooo lymphocytes exposed to ionising 

radiation have shown that it is possible to detect significant levels of 
chromosome damage from an analysis of a few hundred cells at absorbed ooses of 
more than 5 or 10 rads of low-LET radiation. Chromosome aberrations thus 
provide an inbuilt biological dosimeter. Standardised analyses provide a 
means of checking doses received accidentally, if these are suspected to have 
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been more than 5 or 10 rem, and also of monitoring accumulated exposures 
giving doses in excess of this level. (Dolphin, Lloyd and Purrott, 1973; 
Evans, Buckton, Hamilton and Carothers, 1979). 

Studies of chromosome aberrations have also been carried out for persons 
exposed to radon and radon daughters. Brandom, Saccomanno, Archer, Archer and 
Bloom (1979) examined chromosome aberrations in U.S. uranium miners. They 
found a statistically significant increase over the normal incidence in 
persons with cumulative radon daughter exposures ir excess of several hundred 
WLM, although with a plateau in incidence at higher exposures and a decline at 
more than 3000 WLM, which they were unable to explain. Poh-Ruling and Fischer 
(1979) examined chromosome aberrations in members of the public at Badgastein 
in Austria exposed to greater than normal natural radiation background (gamma 
radiation and radon daughters) and persons occupationally exposed to even 
higher levels in the baths of that town. As in the U.S. study, an increased 
incidence at high exposure levels was found, with a plateau at high levels. 
The U.S. and Austrian study results cannot easily be compared because of the 
differences in both the chromosome analysis recording and in expression of 
exposures and doses. 

The results of chromosome aberration analyses for persons exposed to radon 
and radon daughters so far reported suggest that past exposure to radon 
daughters is not readily assessed from an analysis of chromosome aberrations. 
Even if further studies provide an unambiguous relationship it appears that 
the lower limit of detection will be well above that of interest to exposures 
at current occupational limits. 
Respiratory Function Measurement 

Occupational exposure to airborne dusts at excessive levels causes damage 
to lungs and lung tissue and may lead to chronic disability or death. Archer, 
Gil lam, Wagoner and James (1979) also report an excess of deaths from 
respiratory insufficiency in U.S. uranium miners correlated with radon 
daughter exposure. One means of monitoring respiratory function change is to 
measure respiratory vital capacity at regular intervals. Vital capacity is 
the maximal volume of gas that can be expelled from the lungs by forceful 
effort after a maximal inspiration. Vital capacity is a function of age being 
at a peak in the early twenties and declining regularly thereafter (ICRP 
1975). Numerical values and the rate of change with age will of course vary 
from individual to individual, so if monitoring of respiratory function is to 
indicate incipient lung damage consistent and regular (e.g. annual) 
measurements are needed. Examples of the use of this technique in uranium 
mining and milling appear not to be available. 
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Chapter IS. Radioactive waste Management 

with Special Reference to Mining ana Milling of Raoioactive Ores 
Dr. J. H. Costello 

Australian Atoaic Energy Commission 

Abstract. The principles and objectives of general radioactive waste 
manaqemeriTfare outlined. The nature and coaposition of wastes froa aining ana 
milling or uraniua and thorium ores are described; alternative aanageaent 
procedures, engineering technologies ano soae proaising new developments tor 
disposal of aill tailings are oiscusseo. 

International studies on the disposal of uraniua aill tailings are 
described with particular reference to long term performance objectives. Soae 
National proposals of criteria for tailings oisposal practices are oiscusseu. 

Experience of aining and ail ling uraniun ores in Australia is reviewed 
briefly and problems arising from some former practices noteo. The status of 
development of major Australian uranium resources is reviewed together with 
relevant legislative developments and environmental requirements. 

INTRODUCTION 
One of the consequences of the commercial application of radioactivity is 

the production of a wide range of raoioactive wastes which in potentially 
injurious to health. These wastes may contain radioactive materials occurring 
in nature - as in the case of mining and milling of radioactive ores, or 
alternatively may oe produced by nuclear fission reactions in nuclear power 
generation, or in the manufacture and use of radioisotopes for medic*1 ano 
industrial purposes. 

The majority of wastes containing natural radioactivity are oeriveo from 
sources of uranium and thorium, e.g. in the mining and treatment or uranium 
ores or in the mining ana processing of beach sanos containing monazite for 
recovery of thorium and/or rare earths, because of tne ubiquitous 
distribution of traces of uranium and thorium in the earth's crust, wastes 
containing small quantities of naturally occurring radioactivity can also be 
produced from many industrial operations as diverse as the mining and use of 
rock phospnates for fertilizer proouction ano or coal for energy. 

This lecture discusses the general principles ano oDjectives or 
raoioactive waste management, witn specific reference to wastes trom the 
mining and processing of uranium ano thorium ores. 

PRINCIPLES AND ObJECTIVES Of RADIOACTIVE HASTE HAhAGthtNT 
waste Form Characterization" 

Kaoioactive wastes are produced in all physical forms, that is, as gases, 
liquids anu solids and nave an extremely wide range of activities ranging rrom 
near backgrouno levels to several tens of hunoreos of thousands of 
terabecquerels (Tbq) per cubic metre of waste - a ranye or concentration in 
excess or 10 . The raoioactivity is continually reduced as the radioactive 
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nuclei decay into stable isotopes, the rate of reduction being governed by the 
half-lives of the particular isotopes contained in the waste. Wastes also 
have four other features which must be considered in their characterization, 
viz. toxicity, mobility, radioactive half life, and type of radioactive 
emission (o-particle, e-particle, -r-ray or neutron). These characteristics 
govern the choice of management procedures to be adopted. 

Scope of Waste Management 
Waste management includes all activities, administrative and operational, 

which are involved in the handling, treatment, conditioning, transportation, 
storage and disposal of waste. The distinction between storage and disposal 
may be noted: storage is the emplacement of waste in a facility with the 
intent that it will be retrieved at a later time. By contrast, disposal is 
defined as a method of management in which there is no intention to retrieve 
and in which the integrity of the method does not rely on the continued 
provision of human intervention whether this be for monitoring, treatment, or 
restriction of access. 

Principles of Disposal of Radioactive Wastes 
Three basic principles are employed in radioactive waste disposal. They 

are: 
(a) Dilution and dispersion of short-lived or very ailute radioactive 

wastes. The radioactivity may be reducea to acceptable levels by 
dilution in the environment. Quantitative physical, chemical and 
biological data and knowledge of dispersion phenomena ana 
reconcentration factors at the specific disposal site are essential. 

(b) Concentration and containment of long-livea radioactivity. These 
wastes are confined in specially engineered structures; thus uranium 
mill tailings are disposed of into above grouna or sub-surface 
retention systems, and it is intended to dispose of solidified highly 
radioactive wastes from spent reactor fuel by deep geologic burial. 

(c) Delay and decay storage of very short-lived radioactive wastes to 
permit their decay into non-radioactive species. 

These principles are applied separately or in combination, depending on 
the nature and concentration of the radioactivity in the wastes. 

This radioactivity may present only a small portion of the potential 
hazard of the waste, e.g. the chemical toxicity of the element uranium is 
greater than its radiotoxicity, and in the case of uranium mining, 
non-radioactive toxic elements present in the ore may have predominant 
potential for aaverse environmental effects. Treatment ana disposal practices 
for radioactive wastes may therefore include the safe management of 
non-radioactive but highly toxic chemical wastes. 

Objectives in Disposal of Radioactive Wastes 
The basic objective in the disposal of radioactive wastes is the 

protection of man and the environment from unacceptable harm. In effect tnis 
means achieving a sufficient degree of isolation or dilution of the wastes so 
t^at any return of radionuclides to the Diosphere is at a rate ana/or 
concentration sufficiently low as not to present an unacceptable biological 
hazard. A further objective is to achieve the aegree of isolation required 
for long lived wastes without reliance on long term surveillance. 
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Disposal Options for Raaioactive Wastes 

The options available are dependent on tne characteristics of the wastes 
(Section 2.1) ana may be summarised as follows: 

Solids: Above ground retention systems; shallow surface burial; deep 
geologic burial; ocean dumping. 

Liquids: Discharge to waterways, estuaries and coastal waters; 
evaporation. 

Gases and Airborne Particulates: Atmospheric discharge; retention. 
Owing.to the extremely long half-lives of some radionuclides, disposed of 

by isolation, it is necessary to give special considerations to the long-term 
behaviour of the containment system. The important activities related to the 
disposal are the selection of the appropriate disposal location and engineered 
barriers, and the isolation of the waste from the biosphere. A safety 
analysis of the overall system must be performed to show that effective 
isolation will result from the planned disposal, and the safety model must be 
validated by site-specific measurements. Disposal operations involving 
dispersion of the wastes to the biosphere are monitored to ensure that the 
resultant dose to man is kept as low as practicable and within the recommenaed 
limits set by the International Commission on Radiological Protection (NEA 
1977). 

National Attitudes to Radioactive Waste Management 
All major countries having a nuclear program, whether it be nuclear power 

and/or a radioisotopes industry, nave legislation in place to regulate the 
management ano disposal of these raoioactive wastes. National standards for 
protection of human health and the environment differ, but are usually derivea 
from the comprehensive system of aose limitation recommended by the 
International Commission on Radiological Protection 'vICRP 1977), the main 
features of which are:-

(a) no practice shall be adopted unless its introduction produces a 
positiva net benefit; 

(b) all exposures shall be kept as low as reasonably achievable, economic 
and social factors being taken into account; 

(c) the dose equivalent to individuals shall not exceed the limits 
recommended for the appropriate circumstances by the Commission. 

In Australia, the National Health and Medical Research Council has 
endorsed the use of the ICRP System of dose limitation without modification 
(NH and MRC 1960). The most recent statement on radiological protection 
principles in the UK (UKDOE 1979) corresponds closely with the main 
recommendations of the ICRP. 

In the US, jucgements of what is as low as reasonably achievable have been 
taken into account in adoption of standards relating to particular classes of 
installations. The US National Regulatory Commission (USNRC) has issued some 
numerical guidelines to limit the environmental impact of the nuclear fuel 
cycle. These guidelines have been based on the cost-effectiveness of controls 
limiting discharges of radioactivity from specific classes of operations (NEA 
1977/. 

Several countries do not adopt a policy of "complete isolation over the 
hazardous lifetime". Canada, France, Germany and the U.K. dispose of low 
level waste in some or all of the following ways: burial at shallow depths, 
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discharge to the sea and dumping in the North Atlantic Ocean. Japan has 
announced its intention to conduct tests to investigate the safety of dumping 
radioactive wastes at a depth of 6000 metres in the Pacific Ocean. 

Ocean dumping typifies the differences in national attitudes towaras waste 
isolation versus dispersion. Ocean dumping of solid low and medium level 
radioactive waste has been practised from 1946 until the mid-1960s on a 
national basis, particularly by the United States in the earlier part of this 
period and by the United Kingdom. Since 1967 it has been practised by a 
number of European countries under international arrangements operated by the 
Nuclear Energy Agency (NEA) of OECD. Sinv.e 1975, dumping has been carried out 
under the International (London) Convention on the advice of the International 
Atomic Energy Agency (IAEA). The practice is supported by Belgium, Japan, 
Netherlands, Switzerland ano the UK, opposed by Canada, Ireland, Italy, 
Portugal, Spain ana the US, while France and the F.R.G. have adopted a neutral 
stance. 

These divergent attitudes towaras ocean dumping are caused by a varie'y >f 
factors including political considerations, social perceptions, and di: Bering 
technical views on the validity of oceanographic modelling exercises. 

The implementation of uniform waste management policies throughout the 
world is proving to be difficult. While technology exists for appropriate 
disposal methods, and there is no evidence to indicate that the ICkP's 
recommended system of dose limitation has failed to provide an adequate level 
of safety, there is a lack of public acceptance of some of these policies. 

COMPOSITION AND MANAGEMENT OF WASTES FROM MINING ANO PROCESSING 
RADIOACTIVE ORES 
Uranium Ores 

The radioactive decay series for uranium-238 is shown in Table 1. The 
raoiologically significant isotopes in the series are the long-lived alpha 
emitters " 8 ^ 230-rn a n d 226 k n a n (j ^ t s short-lived daughter proaucts; 
ana 2I0pb and 2l0po, the long-liveo aaughter proaucts of 222K n # About 
10 G Bq (0.3 Ci) of each isotope is associated with ore containing 1 tonne of 
uranium if secular equilibrium exists. 

Up to 99°/o of 226f<a a n a 0 f 230j n m a v t,e rejected as insoluble waste 
at the leaching stage; 230j n m a y D e removed in wastes from leaching and 
purification; 21°Pb, 210p o and 2l4p 0 m a y appear in wastes or with the 
uranium concentrate product, depending on the treatment processes. 

Uranium mining wastes and effluents 
Wastes produced during mining of uranium ores are mainly site-specific; 

they depend in quantity and nature on the composition of the ore body and its 
host rock and the method of mining employed. 

Solid waste produced in open-cut mining operations is the earth overburden 
above the orebociy and tne barren rock in which the ore is dispersed. 
Underground mining produces less rock; solution mining, where the ore is 
leached in situ and the solution extracted tor treatment does not produce 
comparable mining waste. 

Initially, was*e rock from excavation, if free from potential contaminants 
such as pyritic material, may be usea for construction of earthworks, 
foundations and roads. Excess rocK is transported to a oump near tne mine. 
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TABLE 1 

URANIUM RADIOACTIVE DECAY SERIES 
(Minor branches not shown) 

Radioelement Isotope Radiation Half Life Remarks 

Uranium i 238 
92 a 4.5 x loV 

• 
Uranium X. 2 3 4 T h 9 0 t h P. Y /4.ld P rays in Uranium X. 2 3 4 T h 9 0 t h 

uranium metal 
Uranium X. 

234-
9 1 P a 

and ore come 
Uranium X. 234-

9 1 P a P, T 1.17 min from these 
+ 

Uranium .11 234 
92° 0, Y 2.5 x 105yr 

* 
Ionium 2 3 0 T h 

9 0 T h 
0, Y 80,000 yr 

Radium 226„ 
8 8 R a 0, Y 1620 yr 

+ 
Radon 2iy a 3.83 d gas 

* 
Radium A 2\y a 3.05 min collects on dust 

+ 
2\y in mine 

Radium- B 
4. 

2 i S h 
8 2 P b 

P, Y 26.8 min p and Y rays in 
mine come from 

Radium C 2 ISi 83 B i Pt Y 19.7 min 
these 

\ 

Radium £ 2 U P o * 84 a 1.64 x 10*4«. collects on dust 
\ 

2 U P o * 84 in mine 

Radium D 2 1 0 P h 8 2 P b P, Y 22 yr 
+ 

Radium £ 2 l 0Bi 83 P 5 d 
+ 

Radium P 210. * 
84 P° a 140 d 

+ 
Radium 0(stable) 8 2 P b • 

| • 

Constitutes tha a hazard in mining, etc . 



32? 
Other solid waste material, separately stockpiled, consists of rock which 
bears traces of uranium below the economic cutoff grade. 

Liquid effluent from uranium mining consists of surface water runoff from 
the waste rock and ore stockpiles, water seepage through the waste rock ana 
ore stockpiles, and water seepage into the mine. This effluent may contain 
suspended solids and dissolved minerals, including uranium and its decay 
products, and will continue to be produced after the mining operation has 
ceased. 

Airborne effluents from uranium mining consist of dusts containing uranium 
ano its decay products, radon-222 released to the atmosphere during exposure 
and breakup of the orebody, ana the combustion products of petroleum fuels 
used by the mining equipment. Radon emanation from the mine and solid wastes 
will, in most cases, continue after the mining operation has ceased. 

Uranium milling wastes from excavated ores 
There are essentially two alternative methods of uranium ore milling; 

uranium is leached from the finely ground ore either by sulphuric acid or by 
sodium carbonate, the choice being determined mainly by the acidity or 
alkalinity of the host rock. Figs. 1 and 2 show, respectively, typical acid 
and alkaline leach processes and waste streams. 

The acid leach process is suitable for the majority of ores, while 
carbonate leaching is applicable to some uranium deposits in Western 
Australia, Canada and the US. These processes extract about 90-95°/o of the 
uranium content of the ore. 

For ores mined by open cut or underground methods, the tailings slurry is 
the major chemical and radiological waste from the milling process. This 
stream is a slurry of leached solid ore and waste solutions from the grinding, 
leaching, uranium purification, precipitation and washing circuits of the 
mill. The solution from an acid leach process contains predominantly sulphate 
ions with quantities of soluble metal ions and traces of organic solvents. 
The sodium removal step in a carbonate leach process also produces a sulphate 
waste solution. The neutralised solid tailings consist of unleached rock ana 
precipitated mineral hydroxides. With little of the parent uranium remaining, 
the short-lived daughters Th-234 and Pa-234 are lost by decay from the mill 
wastes. The remaining 70 per cent of the activity originally present in the 
ore remains in the waste stream (UNSCEAR 1977). Tailings from an acid leach 
process contain about 95°/o of the thorium and up to 99.9°/o of the radium 
originally present in the ore; carbonate leach tailings contain about 98°/o 
of the original radium (Tsivoglou and O'Connell 1963). 

The tailings slurry is pumped into a system designed to retain all 
solids. Management of liquid wastes is very dependent on climate and ranges 
from treatment prior to discharge to almost total retention. 

Radioactive airborne effluents from milling include dusts and radon gas 
released into the air from ore stockpiles, the crushing, grinding and leaching 
operations and from the tailings retention system. Releases of dusts produced 
during crushing and grinding of ore and calcining and packaging of yellowcake 
are reduced by ventilation extract scrubbers. Tailings piles are a continuing 
source of radon gas and radioactive dust after milling operations have ceased, 
the extent of emission being dependent on the rehabilitation measures adopted 
for the piles. 
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Airborne chemical contaminants released to the environment include 

combustion products (oxides of carbon, nitrogen and sulphur) from the process 
steam boilers, sulphuric acid fumes in small concentrations from the leach 
tanks, oxides of sulphur and sulphuric acid fumes from the sulphuric acid 
plant, and traces of vaporised organic reagents from the solvent extraction 
ventilation system. 

Process wastes from solution mining of uranium 
Extraction of uranium from solution mining operations involves chemical 

treatment of leach liquor circulated through and removea from the ore body. 
Residues consist of liquid wastes and sludges, produced as evaporator 
concentrates of small volume, and containing chemical ana mineralogical 
residues. These wastes contain less radioactivity per tonne of uranium 
extracted than from milling of ores mined by mechanical methods, owing to the 
selective leaching processes employed which leave the majority of the uranium 
daughters other than Rn-222 and Th-230 in the residual underground orebody. 
The liquid and sludge concentrates are generally stored in shallow reservoirs 
with low permeability liners to restrict seepage (IAEA 1976). 

Radioactive airborne emissions from treatment of solution mining extracts 
consist of radon gas released from open tanks containing leach solutions, and 
dusts from yellowcake calcination. 

Thorium Ores 
The radioactive decay series for thorium-232 is shown in Table 2. The 

radiologically significant isotopes in the series are the long lived 
alpha-emitter 232y n. s nort lived alpha-emitters 2 2 8 T h ano 2 2 4 R a ; and 
220R n a n a its short lived daughter products. About 4 G Bq (0.1 Ci) of each 
isotope is associated with ore containing 1 tonne of thorium in secular 
equilibrium. 

Thorium mining wastes 
Some thorium ore has been extracted by underground mining operations that 

are comparable to those used for uranium mining, except that the ore is 
generally of a higher grade. The wastes arising from these thorium operations 
are of the same types as those from uranium mining. 

Thorium is usually mined by dredging or excavating beach sands containing 
monazite, a compound of typical composition 9.5°/o Thu^, 28°/o P2O5, 
60°/o rare earth oxides and 0.3-0.4°/o U3O8 and is often associated 
with the mining and recovery of rutile (titanium dioxioe ore), zircon 
(zirconium silicate) and ilmenite (titanium iron ore) (IAEA 197b). 

Thorium milling wastes 
Figure 3 shows a typical treatment process for recovery of thorium from 

monazite. Operations include grinding, acid leaching and solvent extraction 
(ERDA 1976). An alternative treatment process involves digestion of ground 
ore with alkali, and controlled leaching with hydrochloric acid (IAEA 1976). 

Airborne dusts ano thoron gas are liberated during the grinding stage. 
Some other operations, such as the filtration and drying of thorium 
concentrates and the evaporation of the rare earth extracts may also give rise 
to air contamination. Radioactive liquid wastes produced in the rare earth 
and thorium separation processes consist of filter press and other washings. 
Solid wastes consist of filter cake or sludge from purification steps ano 
scrapped filter cloth and equipment. Waste slurries from thorium milling are 
discharged to solids retention systems. 
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TABLE 2 
THORIUM RADIOACTIVE DECAY SERIES 

Radioelement Isotope Radiation Half Life Remarks 

Thorium 232^ 
9 0 * a 1.4 x 10 1 0 yr 

+ 
Nesothorium I 2 2 8 R a 88 B 5.8 yr Source of 8 and 

+ 
228% 

89*° 

Y rays from 
thorium metal 

Mesothorium II 228% 

89*° B, Y 8.1 hr and ore 
•»• 

Radiothoriura 228_^ 
9 0 * a, Y 1.9 yr 

-»• 

Thorium X 224„ Ra 88 a, Y 3.64 d 

+ 
Thoron 220 * 

86*° a 55 s gas 

••-

Thorium A 216« * 
84 P° a 0.15 s collects on dust 

in mine 
+ 

Thorium B 8 2 P b 6, Y 10.64 hr 0 and Y rays in 

-•• mine came from 

Thorium C 
1 

212 * 
83 B J 

2U • 
84P° 

a, 6, Y 60.6 min these 

collects on dust Thorium C 1 

212 * 
83 B J 

2U • 
84P° 

a, 6, Y 

<04 ns 

these 

collects on dust 
in mine 

Thorium ( :11 208_. 
83 T 1 P . y 3.1 min 

\ 

:11 208_. 
83 T 1 P . y 3.1 min 

Thorium D 8 2 P b 
_ . 

+ (stable) 8 2 P b 

Constitutes the a hazard in mining, etc. 
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SPECIFIC MANAGEMENT METHODS FOR URANIUM MILL TAILINGS DISPOSAL 
Physical Nature of Tailing? 

The slurry of leached rock and uranium ore discharged from the mill, 
sometimes after neutralization, usually contains at least 50°/o solids by 
weight. Some of the tailings liquid may be recycled for use as process water 
in the mill. 

Tailings solids are usually classified as: 

a) sands, consisting of solids of particle size greater than 75 microns 
b) slimes, consisting of solids of particle size less than 75 microns 

The ratio of slimes to sands depends on the nature of the ore and the degree 
of fine grinding in the mill; clay based ores and/or intensive grinding both 
lead to an increased slimes fraction in tailings solias. 
Slimes may constitute typically 20-35o/o of the tailings by weight; they can 
contain 70-90o/o of the radium and gamma emitting isotopes. 

Transport of Tailings 
The tailings slurry is usually pumped through steel or plastic pipes to 

the tailings retention system. The tailings pipe is fittea with pressure 
ano/or flow alarm indicators to warn in the event of pipe blockage or rupture 
and the pipe is usually constructed over a corridor for collection and recycle 
of spillages to the tailings retention system. 

Designs of Tailings Retention Systems 
Tailings may be disposea of either into above ground engineered 

structures, or into below ground excavations which may include open-cut pits, 
or in special excavations. 

Above ground disposal 
Disposal of tailings in above ground retention systems has been the 

conventional practice to date. The retention systems may, in flat terrain, be 
constructed as 4-sided structures with embankment walls 10-30 in high. 
Construction materials may include waste rock and overburden or specifically 
excavated material. Advantages of topography may be taken by construction of 
dams or embankments in naturally undulating terrain (USNRC 1979). 

Seepage of contaminated water from above ground retention systems is 
inevitable. The permeability of the base and walls to liquor seepage may be 
reduced by grouting or lining with material such as clays, which may also be 
selected on their ion-exchange capacity further to reduce egress of dissolved 
radioactivity in seepage waters from the retention system. Clay linings may 
be 0.3-1 m in thickness. 

Toe drains may be constructed to collect seepage waters flowing through 
the sides of embankments and allow their pumping back to the retention system 
during the life of the mine and mill. Rehabilitation of above grouno systems 
would include dewatering and graded cover to inhibit rain infiltration, to 
minimize the degree of seepage after closure of the mine and mill (Fig. 4 ) . 
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Figure 4. Above Ground Disposal of Tailings 

Three methods are available for stagewise construction of above grouna 
tailings retention systems, (a) Upstream Construction, lb) Downstream 
Construction, (c) Centreline Construction. The different principles employea 
(USNRC 1979, Volpe 1980) are shown in Figure 5. 

Upstream Construction 
This is the oldest and most economical method for disposing of 
tailings. A starter dike is constructed at tne downstream toe of the 
ultimate retention system. The crest of the system is raised by 
placing fill materials on the upstream side of the starter dike. The 
centreline of the embankment crest is shifted toward the upstream 
pond area as the height of the dam increases. The downstream toe of 
each subsequent dike is supported on the top of the previous dike, 
with the upstream portion of the dike placed over finer tailings 
(slimes) within the impoundment. The upstream construction method 
has the major disadvantage of potential liquefaction of saturated 
slimes through seismic shock, causing failure of the system; as its 
height increases, the outside shell contributes less to stablility. 

Downstream Construction 
An initial starter dike is constructed at the upstream toe of the 
ultimate dam. The crest of the dam is raised by placing fill 
materials in successive dikes located on the downstream side of the 
starter dike. The centreline of the dam crest is shifted downstream 
as the dam is raised. Each subsequent stage of dike construction is 
supported on the top of the downstream slope of the previous 
section. All of the embankment section lies outside tne boundaries 
of the sediment tailings. Downstream construction features 
controlled placement ano compaction, achieves high shear strengths 
and resistance to seismic shocks, ana has been preferred on safety 
grounds in the US. 
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Centreline construction 
This aethoa is intermediate between upstream ana downstreaa sethccs. 
The crest of the eabankaent is maintainea in approximately the same 
norizontat position as the embankment is raised to is final height. 
The daa is raised by spreading ana compacting successive layers of 
•aterials on the crest, on the upstream shoulder, and on the 
downstream slope. The centreline Method permits the oownstream half 
of the tailing oaa to be designed and constructed to conventially 
acceptable engineering standards; however, certain portions of 
upstreaa slopes rest over the slines ana are therefore vulnerable to 
failure through liquefaction from seisaic shock. 

Below grouno disposal 
Return of tailings to an open cut (Fig. ft) aine aay offer advantages in 

some circumstances. Sequential disposal operations aay be conducted in a 
large open cut, by construction of temporary daas between the back fill ana 
active aining areas. However the finely divided tailings have a packed volume 
generally about 300/o greater than that of the excavateo ore, and it aay not 
always be possible to return all of the material to the original excavation. 
This applies particularly to the case of underground mining. Special problems 
of water inflow and seepage from the filled open cut aay arise in aonsoonal 
areas where the water table fluctuates up to ground level during part of the 
y^v. Lining of the pit with clay type materials may be necessary to reduce 
permeability and seepage (USNRC 1979). 

Developments in tailings disposal 
As noted earlier, the slimes contain the greater part of the 

radioactivity. Separation of the slimes from the sanos is being considered in 
some countries as a possible alternative; slimes could be dried, nixed with a 
solidification agent, e.g. Portland cement or asphalt for burial in 
underground mines or open cuts. This approach could have advantages in 
reducing radon gas emission and leaching of radioactivity from tailings. 

Robinsky (1980) has claimed that thickening of tailings to about 6S°/o 
w/w solids prior to storage in a tailings dam has advantages over conventional 
above ground retention systems including 

reduction in capital and operating costs 
reduction of pollution from seepage ana wind erosion 
facilitation of rehabilitation of the tailings tra. 

Storage of thickened tailings has been in operation at a mine in Ontario since 
1973, and Robinsky claims that twelve other plants have either adopted this 
approach, or plan to convert to it in trie future. 

Burial of dried sanos and slimes without separation is also being 
advocated. Tailings would be dewatereo to a semi-dry cake (20°/o moisture 
content) by equipment such as a vacuum belt filter, followed by a belt 
conveyor for transport of tailings to the burial area. Advantages of 
oewatering tailings have been claimed ir elimination of horizontal seepage 
from the retention system, ana also elimination of the drying out period at 
rehabilitation. These advantages might however be negated in monsoonal areas 
having a high ano fluctuating water table level; the additional capital costs 
of the alternative systems require comparison on a site-specific basis with 
the claimed benefits (Fig. 7). 
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LONG TERM ASPECTS C, URANIUM MILL TAILINGS MANAGEMENT 
Radiological Aspect? 

The radiological concern in long term management (i.e. disposal) of 
uranium mill tailings is the potential for exposure of members of the public 
to radiation through : 

(a) emission of radon gas from the surface of the rehabilitated tailings, 
(b) leaching of radioactivity (e.g. radium) from the solid tailings and 

seepage of water containing radium into ground waters external to the 
tailings site. 

(c) possible long term dispersion of tailings through the action of 
natural forces (erosion, ground movement, flooding, glaciation). 

long half-lives of some 

4.5 x 10 9 years 
2.5 x 10 5 years 4 8 x 10 years 
22 years 

1.4 x 10 years 
1620 years 

Although up to 95°/o of the uranium may be rei.ioved in the milling 
process, the daughter products such as thorium-230 still remain in the 
tailings and continues to generate and sustain the amount of radium-226 in the 
tailings. Radium-226 may be leached into rainwater percolating into the 
retention system and appear in ground waters through seepage processes. A 
proportion of the radon-222 gas generated from radium-226 in the pile may be 
exhaled to atmosphere. The concentrations at which the radionuclides enter 
drinking water courses and the air environment determine the relative hazard 
of these elements to man. 

Meaning of "Long Term" 
The goal of acceptable tailings management is to achieve a "walk-away" 

situation involving no active continuing surveillance or intervention. The 
main issues of the definition of long term apper to be : 

(1) the existence of institutional controls, and the ability to carry out 
remedial measures should they be considered necessary; 

(2) the assumption that the tailings retention system will perform 
substantially as designed through its design life. 

On this basis, "long term" would commence when active (positive, intentional) 
management and surveillance of a rehabilitated site enos. This surveillance 
could be continued until it had been ascertained that the design performance 
objectives of the stabilisation and rehabilitation program had been achieved. 

The duration of the "long term" period for prediction of environmental and 
radiological impacts of the tailings is less clearly defined. In the absence 
of a consensus view, it seems generally to refer to an indefinite period 
extending into the future, although the realistic application of such a 
definition may be considered to be doubtful. 

This concern is intimately linked to the 
radionuclides, e.g. 

U 2 3 8 

U 2 3 4 

T h 2 3 0 

P b 2 1 0 -
T h 2 3 2 -
R a 2 2 6 -
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The absolute containment of tailings either in engineered or natural 

basins cannot be assured over the time periods of concern. However, it is 
possible to design and build containments with a reasonable estimate of the 
time in which some dissemination of the radionuclides could occur, and to 
predict their rates of dissemination and impact over this period. The IAEA 
Technical Advisory Group on Current Practices for Tailings Management has 
considered the "design life" (of a tailings impoundment structure) to be the 
period during which the tailings impoundment performs as designed with respect 
to the rates of releases of radionuclides and the retention of tailings 
material. (Typically of the order of one hundred and several hundred years). 

The group considered "long term" to be the period, beyond the design life, 
for which climatological and geomorphological processes are more or less 
predictable and would not substantially affect the integrity of the 
impoundment system. (Typically of the order of 1000 to 10,000 years.) 

The latter definition her*1 was specifically intended not to include the 
period beyond the quoted period of 1000 to 10,000 years. 

A realistic period for mathematical modelling of impacts from tailings, 
would seem, by the limitation on prediction of the climatological and 
geomorpholocical processes, inevitably to be restricted to about 10,000 years, 
although this point is still under debate. 

INTERNATIONAL AND NATIONAL PERCEPTIONS ON DISPOSAL OF RADIOACTIVE TAILINGS 
International Organizations 

Both the IAEA and the OECD Nuclear Energy Agency are conducting 
complementary programs of work on disposal of uranium mill tailings. 

The International atomic Energy Agency 
In 1976, the IAEA issued a Code of Practice on the Management of Wastes 

from the Mining and Milling of Uranium and Thorium Ores, as a result of a 
request from the United Nations Conference on the Human Environment in 1972. 
The Code of Practice reflected best available technology at the time, and was 
recommended by the Board of the IAEA for reference in formulation of national 
regulations and recommendations. The Agency is currently reviewing practices 
and options for confinement of uranium mill tailings. 

The Agency completed in 1980 a Co-ordinated Research Program on "The 
source, distribution, movement and deposition of radium in aquifers", in which 
Australia participated together with about 8 other countries involved in 
uranium mining. Expressions of interest have been invited by the IAEA for 
participation in a proposed 3 year co-ordinateo program "Environmental 
migration of radium and other contaminants present in liquid and solid wastes 
from the mining and milling of uranium". 

The OECD Nuclear Energy Agency 
The NEA has had an active work program on occupational and environmental 

radiation protection and waste management in uranium mining and milling since 
1976. Three major Scientific meetings held by the NEA were: 

Specialist Meetings in Dosimetry and Monitoring of Radon and Raaon 
Daughter Products (Elliott Lake, Canada, 1976, and subsequently at 
Paris/La Crouzille, (1978) 
Seminar on Management, Stabilization and Environmental Impact of 
Uranium Mill Tailings (Albuquerque, US, 1978) 
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Following the Albuquerque Seminar, the NEA convened a Co-oroinating Group 

on the Management of Uranium Mill Tailings to conduit a 3 year collaborative 
program under the auspices of two main line committees on radiation protection 
and environmental protection. This program is being conducted in co-operation 
with the IAEA and other interantional organizations. Ten countries (including 
Australia) are participating in the program, which has the following 
objectives: 

to study the long-term aspects of uranium mill tailings management, 
to formulate radiological protection and radioactive waste management 
principles for their long-term management, and to aevelop long-term 
radiological protection performance objectives and criteria for 
tailings retention systems based on the ICRP system of dose 
limitation; 

to develop a comprehensive methodology for comparative evaluation of 
alternative tailings retention systems based on the optimisation of 
radiological protection; 

to identify factors and parameters which are generic components of 
the problems, and to identify separately factors and parameters which 
cater for site-specific differences for utilisation in oevelopment of 
national licensing and regulatory policies; 

to review critically the technology of the management of uranium mill 
tailings with performance objectives and criteria for long-term 
disposal in mind; 
to study and recommend what remains to be done in the engineering of 
uranium mill tailings retention facilities in order to meet long-term 
radiological protection performance objectives and criteria; 

to review the techniques of and requirements for physico-chemical 
environmental monitoring which is required for assessing the 
long-term environmental impact associated with uranium mill tailings; 

to consider and make recommendations on the scientific aspects of 
design and operation of such monitoring programs for the purpose of 
ensuring that long-term radiological (and non-radiological) 
performance objectives and criteria are met. 

In addition to co-ordination of the study, the NEA have undertaken: 
an information exchange about developments in both problems ana 
solutions in participating countries; 
co-ordination of research and development on specific projects in 
participating countries; 

organization of Workshops, Seminars ana other Scientific Meetings on 
this subject. 

The work is oirectea towards the proauction of guidelines and state of art 
reports on the long term aspects of management of wastes from uranium mining 
and milling. 
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Some National Attitudes towards Tailings Disposal Practices 

Ihe most recent national views on alternatives for disposal of radioactive 
tailings material were presented at the First International Conference on 
Uranium Mine Waste Disposal in Vancouver, 1980. 

U.S.A. 
Disposal of tailings below ground level, (i.e. returned to open cuts or 

special excavation), is regarded by the US Nuclear Regulatory Commission as 
the "prime option" for most US conditions (USNRC 1979). Examples of 
below-ground tailings management programs in the U.S. have been reviewed by 
Scarano (1980). The Commission recognised however that below ground disposal 
might not be the most environmentally sound approach in all cases, e.g. where 
high quality groundwater sources lay relatively close to the surface and/or 
were not well isolated by overlying soil; also that near surface bedrock 
could lead to impractical costs of excavation. The key point in favour of 
below ground disposal was its relative insusceptibility to natural erosional 
forces. Major requirements from the USNRC Draft Generic Environmental Impact 
on Uranium Milling, (whicn might be considered the US equivalent of the Ranger 
Uranium Environmental Inquiry), were as follows (USNKC 1979): 

Decommissioning and Rehabilitation 
Raaon emanation to be reduced to near background levels in non 
uranium bearing areas (2 pCi m-2 s-'i) (0.7 bq m -2 s _l) by a 
minimum earth cover of 3 metres over tailings. 
Protection of groundwater and minimization of seepage by use of 
liners in the retention system. 
below ground disposal recommenoed to (a) avoid need for active 
maintenance, lb) prevent erosion of tailings, (c) allow 
rehabilitation for unrestricted use. 

Institutional Requirements 
Abandoned mine/mill sites to be government owned. 
A one-time charge of at least $250,000 to be made on each mining 
company before granting mining leases, to provide financial security 
for decommissioning. 

Site Selection 
Objective to optimise remoteness of disposal site from populated 
areas and to optimise hydro geologic and other conditions to isolate 
contaminants from usable groundwater sources. 

Canada 
Control of radon and its daughter products has not been regarded as so 

critical in wet (Canadian) climates as in dry climates; gracual leaching of 
radium-226 from the surface into the centre of the tailings will decrease the 
rate of radon emanation. Clay type materials with natural ion-exchange 
mechanisms for radionuclides in the uranium decay chain probably present the 
best opportunity for ensuring long term control of release rate; of 
radioactivity to the environment. 

Regulatory criteria under consideration by the Canadian Goverment, based 
on minimum acceptable standards in Canada (bragg 1980) include the following: 

The long term durability of alternative disposal systems must be 
evaluated and the degree of maintenance reduced to the minimum 
practical extent; long term performance ana economic guarantees will 
be required. 
Use of natural barriers (e.g. clays, etc.) to control releases from 
abandoned sites; surface water input to sites to consist only of 
direct rainfall without a permanent pool on the area. 
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Limitation of access to abandoned sites to prevent removal of 
tailings or construction of dwellings. 
A cover of 2.0-2.5 metres of soil over the tailings for erosion 
control and reduction of raaon emission to levels in the range 
2-10pCi m-2 s-l (0.07-0.4 Bqm-2s-l); particulate emissions 
from tailings must be virtually non-existent. 
Limitation of gamma radiation flux from the tailings (coverage 
required for erosion and radon control should be adequate). 
Water release following rehabilitation to be less than during 
operation. 

Australia 
As noted later, the appropriate Australian Code of Practice has not 

reached the final drafting stage. Probably Australia's main concern is to 
ensure that international guidelines at present being drafted fully reflect 
the requirements of and management options most appropriate to Australian 
conditions. For this reason, Australia is making a major input to the 
OECD/NEA Collaborative Study on Uranium Mill Tailings Management. 

URANIUM MINING EXPERIENCE AND DEVELOPMENTS IN AUSTRALIA 
Mining and milling wastes have arisen in the past in Australia and will 

arise in large quantities following the development of new uranium mines and 
mills. 

Past Operations 
The quantities of tailings existing in Australia from old mining and 

milling operations are as follows: 
In the Northern Territory three mills, Rum Jungle, Moline and Rockhole, 

processed uranium ores. These operations ranged in size from small to very 
small: 

Rum Jungle - 2990 tonnes of uranium between 1954-1971 
Moline - 440 tonnes of uranium between 1959-1964 
Rockhole - 117 tonnes of uranium between 1959-1962 

and employed essentially identical methods of tailings disposal management. 
Tailings were discharged onto convenient areas where the contained water 
drained off leaving the tailings on the surface. As the amount of tailings 
built up, small earth embankments were built to prevent the tailings from 
entering the local watercourses. These efforts were generally not successful 
(as the structures were insufficiently sized and poorly constructed) and at 
Rum Jungle during the latter stages of operations this method was abandoned in 
favour of discharging tailings into holes left by previous open cut mining 
activities. 

In Queensland, the mill at Mary Kathleen Uranium produced 3500 tonnes of 
uranium from ores between 1958 to 1963. After a shutdown period of 11 years, 
a modified mill was recommissioned in 1974 and had produced about 2250 tonnes 
of uranium to 30 June 1980. The tailings oisposal area consists of two main 
sections: a tailings dam where solids are deposited, and a lower containment 
area where liquid wastes are evaporated. 

In South Australia, uranium ore from the Raaium Hill mine was physically 
beneficiated and transported to a treatment plant at Port Pirie. An amount of 
720 tonnes of uranium were producea during 1954 to 1962. Tailings are 
contained in an earth-clay embankment situated on tidal mud flats. 
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The quantities of tailings generated at the five mills were as follows: 
Rum Jungle - 1,150,000 tonnes 
holine - 128,000 tonnes 
Mary Kathleen - 4,800,000 tonnes 

Uranium 

Radium Hill/ - 970,000 tonnes 
Port Pirie 

No attempt has been made to date at any of the sites to rehabilitate the 
disposal areas either during operations or after tney ceased. Rehabilitation 
of the Rum Jungle site is planned for the early lgSO^s. 

Problems Arising from Some Past Disposal Practices in Australia 
In the Northern Territory, problems arising from disposal of uranium 

tailings have been relatively minor with the exception of the situation as 
regards the Rum Jungle operations. At the three mill sites noteo above, 
uranium tailings were eroded into watercourses adjacent to disposal areas. At 
the Moline and Rockhole mills, the quantities of tailings involved were 
relatively small. At Rockhole, the eroding tailings entered a relatively deep 
waterhole of the South Alligator River. During the monsoonal dry season, the 
concentration of radium-226 in this waterbooy is about 3 pCi L-l and 
increased concentrations of radium in fish and reptiles have been observed. 
It is assumed that the seasonal flushing of the South Alligator River by 
monsoonal floods would limit the geographical extent of the radiological 
impact arising from the tailings at Rockhole. 

At Rum Jungle, however, some uranium tailings were discharged into the 
East Finniss River, ana material leached from the tailings, overburcen heaps 
and open cuts enters the East Finniss during the annual wet season. Surveys 
have found significant levels of raaium-226 in and adjacent to the River for 
tens of kilometres below the mill site. On the land, this contaminant has 
become tied up in grasses and the soil while the concentrations of radium-226 
in waters of the east branch of the Finniss River have, at times, been found 
to exceed drinking water standards recommended by the International Commission 
on Radiological Protection. 

Aside from radioactive contamination, heavy metals and low pH have also 
presented problems. At Moline, tailings containing heavy metals and sulphides 
in high concentrations have caused destruction of vegetation in the tailings 
area and for a short distance below the area. However, this appears to be the 
limit of the gross effects as no fish-kills are known to have resulted from 
the operations. At Rockhole, there was an absence of appreciable quantities 
of heavy metals and sulphides in the tailings; consequently, problems 
associated with these aid not appear. At Rum Jungle the effects of heavy 
metal and pH pollution were, ana still are, quite marked and of major 
significance. Besides the tailings, process liquors (in earlier days) ana 
waste rock dumps have contributed large quantities of heavy metals and acias 
to the pollutant load from the site. This is uue to the nature of the waste 
rock dumps which contain pyritic shales ana other sulphide ores. The 
oxidation of these materials is linkeo to the activity ot thionic bacteria 
which produce ferric sulphate, an aggressive solvent ot sulphiaes. These 
reactions liberate heavy metals from the waste rock which are ultimately 
transporteo into the Finniss River system during the wet season. 

Pollution by heavy metals and sulphiaes contained in the ores processed at 
Kum Jungle caused oestruction ot vegetation ana largely eliminateu aquatic 
life in tne East Finniss River duriny mining operations. Continuing pollution 
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does not appear to be causing further damage to vegetation but fish-kills 
occur at the beginning of each wet season near the confluence of the East 
Finniss River with the Finniss River some tens of kilometres downstream from 
the mine site. 

Finally, at each of the sites mentioned the disposal of tailings (and in 
the case of Rum Jungle, overburden and below-grade ore) created an aesthetic 
eyesore which could remain for many years in the absence of rehabilitation 
efforts. 

The Commonwealth Government has made Budget provision for a comprehensive 
program of rehabiltation at Rum Jungle designed to reduce continuing pollution 
originating from the mine site and to provide for aesthetic rehabilitation by 
landscaping and establishment of permanent vegetation. The Government's 
1980/81 Budget makes provision for a program estimated to cost £12 million 
over four years. Site investigation work to enable preparation of detailed 
design for the rehabilitation program is being planned. 

In the absence of rehabilitation programs at Moline and Rockhole, leaching 
of contaminants will continue on the basis of decreasing yield. Wherever 
contaminants in the tailings do not inhibit re-growth of vegetation, erosion 
of these materials should gradually decrease to some low base value. Eyesores 
will be gradually eliminated as vegetation is able to re-establish itself on 
the tailings area. 

Present Developments and Intentions for Tailings Disposal 
The major Australian uranium resources and the quantities of tailings 

estimated for disposal are listed in Table 3. Development of all the 
resources shown would require the disposal of about 140 million tonnes of 
tailings, together with over 200 million tonnes of waste rock. 

Tailings will be disposed of at the mine sites by storage in surface 
retention dams, in the mine excavation, cr by a combination of both methods. 

An acidic tailings slurry (pH 2.0) is aischarged from the Mary Kathleen 
mill (Queensland), into an abovegrouna disposal dam where solids are 
deposited. Water is decanted from the tailings dam into two surface 
evaporation ponds. Rehabilitation at mill closure may involve allowing the 
ponds to dry, transfer of deposited salts to the tailings dam, followed by 
revegetation. 

All mills in the Alligator Rivers Uranium Province (Northern Territory) 
are required to have a plan of management for disposal of tailings which must 
receive approval from the Government agencies supervising such operations. 
The disposal system employed or contemplated involve sub-grade disposal in 
either abandoned open cut mining pits, or special excavations, above grade 
disposal behind aams, or partial subgrade disposal in special excavations 
supplemented by low dams. However, these systems are subject to three 
important provisos. They must: 

(1) unless discharge is allowed under special authorisation, be capable 
of containing all contaminated water from the mining and milling 
operations areas for the duration of the project; 

(2) provide for rehabilitation either at the end of operations at the 
site, or at intervals during the course of operations; 

(3) be engineered systems which utilise best practical technology and 
have a logical progression considering ana caring for all the factors 
of containment of wastes, control of pollution, safety of operation, 
and contingencies of operations at the mine anu mill. 
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Nabarlek is the only operational uranium mine and mill in the Northern 

Territory at the present time. Neutralised tailings from the Nabarlek mill 
are treated with barium chloride solution to facilitate precipitation of 
radium before disposal of the tailings in the Nabarlek open cut. Tailings 
from the Ranger and Koongarra mills will be neutralised and stored in 
retention aams designed to minimise seepage and remain stable under all likely 
climatic and seismic conditions. Tailings from the retention dam at Ranger 
will be returned to the No. 1 open cut pit unless otherwise mutually agreed by 
the Commonwealth Government, the Northern Land Council, and the Ranger 
Management. It is proposed that, following recovery of golo from Jabiluka 
tailings, about 50°/o of tailings as sanos will be returned to the 
underground excavation as cemented fill, and the remainder as slimes stored in 
a surface retention dam. 

Rehabilitation of surface tailings dams, worked out mines, and some waste 
rock piles containing potential sources of pollution will be necessary at the 
closure of a mine and its mill. This rehabilitation must be designed to 
achieve long term radiological and environmental protection without the need 
for long term human intervention. 

RELEVANT LEGISLATIVE DEVELOPMENTS IN AUSTRALIA 
Code of~Practice for Management of Hastes from Mining ano Milling 
Radioactive Ores 

A draft Australian Code of Practice on Management of wastes containing 
Radioactive Material from Mining and Milling of Radioactive Ores is being 
prepared jointly by the Commonwealth Government, State Governments and 
relevant Statutory Authorities. The Code of Practice is being formulatea 
pursuant to the provisions of Section 7 of the Environmental Protection 
(Nuclear Codes) Act 1978. The Code will address management of contaminated 
waste, airborne and liquid effluents which may contain significant amounts of 
radioactivity as a result of the mining and milling of uranium and thorium 
ores. "Significant" amounts of radioactivity in this context are those 
quantities and/or concentrations of radioactive materials considered to 
contribute a potential hazard to public health and safety, and requiring 
observance of standards specified in the Code of Radiation Protection in the 
Mining and Milling of Radioactive Ores. 

While the details of the Code are yet to be agreed, it is to be expected 
that it will provide guidelines to the following topics:-

Review of Types of Radioactive wastes needing Management Procedures, 
including those resulting from opencut, underground and solution 
mining. 
Procedures for Management of the Radioactive Content of these wastes, 
including the cost effectiveness of alternative Management Procedures 
under conditions likely to be faced in Australia. 

Procedures for decommissioning and rehabilitation of mines, mills and 
tailings retention systems after closure of operations, including 
site surveillance, monitoring procedures and their duration. 
Legal and Financial responsibilities for decommissioned tailing sites. 

Environmental Requirements 
Pending promulgation of the code of practice, large scale development of 

uranium deposits in the Alligator Rivers Region of the Australian Northern 
Territory are proceeding under Environmental Requirements specified 
individually for each development and backed by appropriate legislative acts 
and regulations (OSS 1979). Thus the Environmental Requirements for 



349 
developwnt of the Jabiru ore body (Ranger Uranium Hines, Ltd) were containea 
in an authorization issued by the Minister for Trade and Resources under 
Section 41 of the Atomic Energy Act 1953. Environmental Requirements for 
development of the Nabarlek ore body (Queensland Mines Ltd.) were contained .n 
Special Mineral Lease No. 94, issued by the Northern Territory Minister for 
Mines and Energy. 

These Environmental Requirements stipulate that mining and milling 
operations including management of wastes be carried out in accordance with 
'best practicable technology', defined as "that technology from time to tine 
which produces the minimum environmental pollution ano degreoation that can 
reasonable be achieved" having regard to: 

Comparable levels of achievement in the uranium industry anywhere in 
the world. 
The cost of application relative to the level of protection to be 
achieved. 
Evidence of (or lack of) oetriment after project commencement. 
Physical location of the project. 
Age of equipment and facilities. 
Social factors. 
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