
45 
Chapter 4. External Fxposure from Gamma Radiation in 

Uranium Mines 

Or. J. E. Thomson 
Australian Radiation Laboratory 

Abstract. Radiation doses received by workers in a high ore grade uranium 
mine are compared t„ those of other radiation workers and the need to be able 
to calculate the exposure rate from an ore body is indicated. The uranium-238 
decay chain is presented and particular reference is made to the m a m gamma 
emitters and secular equilibrium of the members of the chain. Difficulties in 
dealing with a self attenuating volume source, in which scattering is 
important, are pointed out and traditional methods of solution are mentioned. 
It is shown that in the special case of an infinite ore bench a simple 
solution may be obtained using the energy conservation principle. A 
straightforward method for calculating the exposure rate from an arbitrarily 
shaped ore body is given and corrections due to air attenuation, different 
soil types and possible lack of secular equilibrium are dealt with. The gamma 
ray spectrum from the ore is discussed with specific reference to the 
selection of suitable exposure monitors and the calculation of transmission 
through shields. 

INTRODUCTION 
Exposure to gamma rays from uranium ore bodies represents a significant 

radiological health hazard to employees involved in the mining of high grade 
ore. It is often necessary, particularly when planning operations associated 
with these mines, to make estimates of the exposure rates from ore bodies of 
various ore grades and geometric configurations. The main aim of this chapter 
will be to show how these exposure rates can be calculated in a 
straightforward manner without the use of a computer and with an accuracy 
sufficient for radiological protection purposes. 

The material covered here will deal specifically with exposure experienced 
in uranium mines. The evaluation of exposure rates from thorium bearing ore 
in thorium mining may be made in an identical manner simply by changing the 
parameters of the specific source material. 

Many of the specific details of the calculations presented in this work 
are contained in AKL report No. 14 (Thomson and Wilson 1980). 
DOSES TO URANIUM MINERS COMPARED TO THOSE OF OTHER RADIATION WORKERS 

before dealing with the calculations let us put the doses experienced by 
Uranium Miners in perspective by comparing them to doses experienceo by 
members of other occupations dealing with ionizing radiation. Table 1 shows 
the doses received, on average, for various radiation workers in Australia. 
The data was taken from the 1977 UNSCEAR report (UNSCEAR, 1977). The 
important features to note are the doses experienced by those who work in 
radiology, radiotherapy and some industrial -adiographers. These represent 
the highest average doses to people occupationally exposed. The doses to 
these groups are less than 2.5 mty with the exception of nurses who handle 
patients with in situ sources ano receive on average 4.4 mGy. 
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The largely unavoidable average dose of about 1.5 mGy/year to a member of 

the public is shown at the bottom of table 1. This data is presented solely 
to give perspective to the size of occupational doses. In general the 
occupational doses are not more than a factor of 3 greater than this dose to 
general population. 

Table 2 presents data on miners from tne Nabarlek. This open cut mine, 
with a high average ore grade of 2°/o, probably does not represent a typical 
mine in Australia. Nonetheless the dose rate to all members of staff present 
at the mine, 2.3 mGy/year, are in the high group for occupational exposure and 
those for the miners, 6.1 mGy/year, were higher than average doses in any 
other occupation. Included also in table 2 are a few high individual doses 
that were received and what these would result in had the same exposure rate 
continued for a full year. Note that these are far higher than most other 
occupational doses. 

The above indicates that high exposure rates can be associated with 
uranium mines and the need for radiological protection to be considered at the 
planning stage of the mining operation. 

Having established that exposure to external y-rays in mines represents a 
significant radiological protection problem let us now discuss some of the 
general features of radioactive decay and the transport of gamma rays through 
materials which lead to a gamma ray field in a uranium mine. 

Table 1 
Occupation 

Radiology 
Radiologists 
Radiographers 

Radiotherapy 
Dermatologists 
Radiotherapists 
Nurses of patients with in situ sources 

Nuclear Medicine 
Average all workers 

Dentistry 
Dentists 
Assistants 

Veterinary 
Vets, and assistants 

Researchers 
(Electron microscopists, physicists etc. 

Industry 
Radiographers 
Users of tracers 

Chiropractic 
Chiropractors 

Average Annual Dose (mGy) 

1.60 
1.94 
1.00 
1.60 
4.40 

0.80 
0.10 
0.10 

0.18 
0.10 
2.40 
0.60 

0.30 
General Population 

Natural Background (UNSCEAR 1977) 
Medical and dental procedures (Swindon et al. 1980) 

0.85 
0.65 TT5U 
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Table 2 

Uranium Miners at Nabarlek 
(Leach et al. 1980) 

Average all personnel 
Average miners only 

Drillers Assistants (high dose) 
Ore Spotters (high dose) 
Geologist (high dose) 
Metallurgist (high dose) 

Dose for the mining Dose Extrapolated 
period (41/2 months) to an annual dose 

mGy mGy 

0.85 2.27 
2.30 6.13 

9.63 21.40 
7.17 19.12 
5.55 14.80 
4.75 12.66 

THE URANIUM DECAY CHAIN AND SECULAR EQUILIBRIUM 
The emission of gamma rays from uranium ore arises predominantly from the 

decay uranium-238 through its daughters to lead-206. Table 3 shows the decay 
chain for uranium-238 which consists of 8 alpha particle decays and 6 beta 
particle decays. Most of the daughters have fairly short half lives with the 
exception of 234 y (2.5xl05y), 230jh I8xlu4y), 2 2 6 R 3 (I602y) and 
possibly 210pb (21y). All the rest of the daughters have half lives less 
than one year. The only gamma rays that make any significant contribution to 
the exposure in a mine come from that part of the decay chain below 2 2 6 R a 
which is shown in table 4. Small contributions come from the 190 keV ?-ray 
from radon-222 and the three y-rays at around 300 keV from the decay of 
2 1 4 P b . Well over 90°/o of the gamma ray field, however, is generated from 
the decay of bismuth-214. The abundant gamma rays from this decay span the 
energy range from 0.6 MeV to 2.5 MeV. These energetic gamma rays are highly 
penetrating and have a minimum mean free path in soil of about 5cm or 2 
inches. Their mean free path in air is of the order 100 metres. 

In order to make calculations of the gamma ray field we need to know not 
only which gamma rays are contributing but also how much of the isotope which 
leads to them is present. For example if we have a kilogram of uranium ore 
which contains 3°/o uranium-238, what is the activity of bismuth-214 which 
is present? In general the activity of each member of the decay chain at a 
given time is governed by a series of first order simultaneous differential 
equations. Fortunately in most cases dealing with uranium ore we can assume 
that each member of the decay chain is in secular equilibrium with the parent 
uranium-238. This occurs whenever all of the members of the decay chain have 
short half lives compared to that of the original parent and the system has 
been undisturbed for a time longer than the half life of the longest lived 
daughter. The result of secular equilibrium is that the activity of any of 
the isotopes present is the same as that of the initial parent. 

To understand how secular equilibrium comes about consider a system of 
uranium-238 and the first two members of its aecay chain namely thorium-234 
and proactinium-234. The half lives of these are 4.5x109 years, 24 days and 
1.17 minutes respectively. 

U238 (4.5xl09y) — > Th234 (24 days) — > Pa?34 (I.l7m1ns) — > 
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Table 4. Decay chain of U from Ra to °Pb. 



50 
At first we have pure uranium-238. Over a period of time comparable to 

the half life of the thorium-234 very little uranium-238 is used up and 
therefore the production of thorium can be considered to occur at a constant 
rate. As the amount of thorium-234 increases, the decay rate of thorium-234 
to proactinium will also increase. The decay rate of thorium-234 will in fact 
increase until it is equal to its production rate which in turn is equal to 
the decay rate of uranium-238. After the thorium-234 has reached equilibrium 
it will be decaying at a constant rate and this will lead to a buildup of 
proactinium-234 until its rate of decay is equal to its production rate. 
Therefore at equilibrium the decay rate of proactinium-234 will be equal to 
that of thorium-234 which has been shown to be equal to the decay rate of 
uranium-238. A similar argument can be used for all the other members of the 
decay chain. 

A consequence of secular equilibrium is that in most cases with uranium 
ore, if we have a curie of uranium we will also have a curie of each ana every 
member of the decay chain. Detailed calculations of the activity (Sp,) of 
uranium-238 per unit mass of the ore are made in A.R.L. report 14 (Thomson and 
Wilson, 1980). The results of these calculations are 

Sm = 2.83x10-6 milli-curie/gm per °/o ore grade 
where percentage ore grade means the percent by mass of u^Og present or 
alternatively, 

^ = 3.34x10-6 milli-curie/gm per °/o Uranium-238 by mass 
These quantities are constant for all ore and are the same for each isotope 
providing secular equilibrium is established. 
DIFFERENCE BETWEEN ORE BODIES AND A POINT 1S0TK0PIC SOUkCE 

Consider a point at a distance r cm from a point isotropic source of 
activity S milli-curies which emits gamma rays of energy fc. The exposure rate 
at this point will be given by the inverse square law as 

I = P S Roentgen/hr 

where P is the specific exposure factor for gamma rays of energy E in units 
of R-crri2 hr -* mCi -*. Values of P can be lookeo up directly in the 
Radiological Health Handbook (1970) or worked out from the energy absorption 
co-efficient for air at the gamma ray energy E. 

There are three factors which make the calculation for ore bodies more 
complicated than the above expression. First, the ore body is not a point 
source and any method of calculation must either explicitly or implicitly 
integrate over all the source material. Second, the path between the source 
particle and the point of interest contains matter which will attenuate the 
emitted gamma rays. Thirdly, some of the gamma rays "'ill scatter rather than 
be absorbed and the scattered gamma rays will make a contribution at the point 
of interest. 

The first two of these complications involves the integration of the 
contribution of small volume element over the whole of the source body. The 
exposure rate at a point outside the body may be written as 

I - f fsv e " p w civ 
Y J 2 

vo1ume r 
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where Sv is the source activity per unit volume, r is the distance of the 
volume element dV and the point of interest, u is the linear attenuation 
coefficient of the source material and w is the distance from the volume 
element dV to the boundary of the source along the direction r. 

For simple bodies it is often possible to perform the integration 
analytically and for more complicated ones the integral can always be 
numerically solved by computer. In all but the most simple cases, however, 
the evaluation of this integral is both time consuming and complicated. 

The effect of the scattering has been traditionally handled by introducing 
a constant buildup factor by which the unscattered exposure rate from the 
above integration is multiplied to give an estimate of the total exposure 
rate. Unfortunately the buildup factor is usually chosen for a rather 
arbitrary depth below the surface and does not in general represent the true 
integration of the scattered flux throughout the body. In some more 
sophisticated calculations, computer programs have been used to obtain 
approximate solutions to the Boltzmann transport equation and so obtain 
estimates of the exposure rate at a point outside a volume source. Examples 
of this type of solution can be found in several of the reports by the Health 
and Safety Laboratory at Oak Kidge (O'Brien 1957, Beck et al 1968, Beck et al 
1972). 

CALCULATION OF EXPOSURE RATES ABOVE AN INFINITE ORE BODY 
It is appropriate at this point to consider the special case of an 

infinitely thick infinite plane of uranium bearing ore. It is possible to 
make an estimate of the exposure rate at a point above this plane by 
considering the principle of conservation of energy and without the evaluation 
of any complex integrals. The argument goes as follows. 

Consider an infinite body of uranium ore. The energy absorbed per unit 
mr.ss within this body must be equal to the energy produced per unit mass since 
',o gamma rays escape from the body. In other words if we consider a small 
mass element in the body then we can work out the absorbed dose rate (energy 
deposited per unit mass per unit time) by calculating the gamma rays energy 
released per unit mass and per unit time. The absorbed dose rate in the body 
is therefore given by 

D * - S m 2 A Y EY 

where A y and E Y are the abundances and energies of gamma rays from the 
uranium decay chains and S m is the number of disintegrations per unit mass 
per unit time. (Specific source activity). 

If we now slice the infinite body in half, then half the flux which 
crosses the boundary will come from below and half from above. If the top 
half is replaced by air which contains no source material then the flux 
entering this air will be half that present in an infinite body of uranium. 
The absorbed free air dose rate in the air above this 1/2 space of uranium ore 
is then given by 

Dl/2 space " i/ 2 D - ' l ^ i ^ r ^ • 
Using secular equilibrium S m the number of disintegrations per unit mass and 
time can be evaluated per percent uranium in the ore. (See section 3). hy 

and E~ are readily available in the literature (e.g. Lingeman et al. 1969). 
Substituting the relevant numbers gives a result 

1/2 space « O.U56 mGy (free alr)/hr/°/o uranium by mass 
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Using the fact that 0.0086 Gy/hr in air is equivalent to one Roentgen/hr, 

this gives an exposure rate above the infinite plane of 
ly = 6.6 mR/hr/°/o uranium by mass 

This means that if we have an infinite ore bench whose thickness is 
greater than 50cm ana which contains l°/o uranium by mass than the exposure 
rate above it will be 6.6 milli-Roentgen per hour. This result is only valid 
for distances above the ore body which are much less than one mean free path 
for the gamma rays in air (~ 100m). That is to say it is expected to be 
correct only for heights above the ore of up to about 10 metres. The above 
result intrinsically assumes that the mass energy absorption coefficient for 
air are the same as those for the ore bodies. This assumption is valid for 
most ores and generally leads to an uncertainty of less than 10O/o in the 
exposure rate. 

It is important to note that in the above technique the whole aspect of 
scattering is taken into account by the energy conservation principle. An 
example of further applications of this method for evaluating exposure rates 
is given by O'Brien et al. (1957). 

A METHOD OF CALCULATING THE EXPOSURE RATE FROM ARBITRARILY SHAPED ORE BODIES 
This section presents a summary of the method for calculating exposure 

rates from ore bodies which is given in A.R.L. technical report 14 (Thomson 
and Wilson 1980). The important feature of the method is that it splits the 
problem into two parts, one dealing with the magnitude of the gamma ray 
exposure which would be found from an infinite body, and the other which deals 
with the geometry of arbitrarily shaped 'thick' ore bodies 
(i) Unscattered Flux 

It can be shown quite rigorously that the exposure rate due to the 
unscattered flux from a thick ore body (>50cm) is proportional to the solid 
angle subtended by the body at the point of interest. The solid angle is the 
area that the body would project onto a unit sphere whose centre is at the 
point of interest. The unit of solid angle is the steradian (sr). It is 
shown in the above report that the exposure rate from a monochromatic source 
can be written as 

I = Tsm x (Solid angle subtendea by) R/hr, 
Y n m ( the body ) 

where P is the gamma ray exposure factor (R cm-2 hr _l mCi~l) 
Sm is the activity per unit mass of the source. (mCi gm -l) 
vm is the mass attenuation co-efficient of the ore at the gamma ray 

energy concerned 
This expression enables us to immediately write down the exposure rate 

from the unscattered gamma rays provided we know the solid angle subtended by 
the body. The form of the above expression indicates several general features 
of the unscattered flux 

(a) Because the source activity is expressed in terms of activity per 
unit mass, the resulting exposure rate is independent of the density 
of the ore. 
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(b) The exposure rate above an infinite plane is given as 2 * T Sm 

since the solid angle subtended is 2 w. Thus the 
Mm 

exposure rate in this instance is independent of height above the 
plane. 

(c) Polychromatic sources my be treated by weighting the exposure rate 
at each gamma ray energy by its abundance in the source and summing 
these to produce the total exposure rate. The presence of the mass 
attenuation coefficient (um) in the bottom line of the expression 
for each gamma ray energy means that the lower energy gamma rays 
(large M m) will be preferentially absorbed in the body. The 
resulting energy distribution or spectrum will be weighted in favour 
of the high energy gamma rays. Another way as stating this is that 
the observed spectrum will be harder or more energetic than that from 
a point source. 

(i i) Scattered Flux 
The effect of scattering in the source material can be treated by using an 

appropriate form of buildup coefficient. There are many different types of 
buildup coefficient and a good summary can be found in the Engineering 
Compendium on Radiation Shielding (Jaeger 1968). The most applicable buildup 
coefficient in this case is the exposure buildup factor for a point isotropic 
source in an infinite medium. This buildup factor, B(pr), relates the total 
exposure rate at a distance r from the point source to that due to the 
unscattered flux in the following way. 

ly total • B(jir) x (1^ unscattered flux only) 

For certain analytic approximations to B(nr) the integrals to determine 
the total exposure rate from a thick uniformly distributed volume source are 
solvable (e.g. for an ore body). Two such approximations are 
(a) polynomical expansion 

BUr) - a 0
 + axUr) + a2(yr)2 

(b) Berger form 
B(pr) - 1 + cyre^r 
It is shown in Thomson and Wilson (1980) that using these expressions, the 

total exposure rate from an ore body is given by 

K " Sl" (£n! *n) x Solid angle of body R/hr 
"tn 

if the polynomial form of buildup is used and 
I - Sm T /l + c . ) x Solid angle of body R/hr 
Y ^" I (D-1)2J 

if the Berger form is used. 
These expressions are similar to those for the unscattered flux but have 

additional factors due to the buildup of the scattered flux. A polychromatic 
source material may again be treated by taking a weighted sum of the 
contribution at each gamma ray energy given by the above expressions. 
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Let us now consider an ideal situation in which the following assumptions 

are valid 

(a) The composition of the soil is the same as the average composition of 
the earths crust. 

(b) Good secular equilibrium exists and hence the specific source 
activity S m can be unambiguously evaluated per °/o uranium 
present in the ore. 

(c) The buildup coefficients for ordinary concrete are a good 
approximation to those of the soil. 

(d) The effect of air attenuation between the ore body and the point of 
interest is negligible. 

Under these assumptions the parameters necessary to evaluate the above 
expressions can be obtained fairly uniquely. The specific details of the 
choice of these parameters is described by Thomson and Wilson 11980). 
Substitution of these in the above expressions leads to practically identical 
results for the polynomial and Berger form of buildup The average of these 
gives the exposure rate as 

L = 1.04 x (solid angle of body) mR/hr/o/o uranium by mass. 

This expression yives us a very simple method of evaluating the exposure 
rate at a point providing the solid angle subtended by the body at this point 
is known. Many useful formulae for calculating the solid angle subtended by 
bodies of various shapes together with several worked examples of typical 
mining situations can be found at the rear of the above report. These 
examples illustrate how straightforward it is to make an estimate of the 
exposure rate using this technique. 

The exposure rate above an infinite plane is obtained by using a solid 
angle of 2 ir and this gives a result of 6.5 mR/hr/°/o uranium. This value 
compares favourably with the value of 6.6 mR/hr/°/o uranium which was 
obtained by conservation of energy arguments. Table 5 shows a comparison 
between the above result for an infinite plane and the published results of 
other calculations and measurements. As can be seen the present result falls 
about in the middle of these values. 

Table 5 
Reference Exposure rate per o/ 0 Uranium 

for infinite slab 
mR/hr per °/o U 

Present work 6.5 
H.C. Beck and G. de Planque 

calculation (1968) 6.6 
H.C. beck calculation (1972) 6.2 
J. Swift et al (1976) 8.35 
P.J. Rafferty from a measurement at 

Nabarlek in N.T. (1978) 5.7 
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A word of caution, however, is appropriate at this point. Should any of 

the assumptions listed above prove to be invalid a correction to the ideally 
calculated value must be made. Points to watch are 

(a) Should the soil in which the uranium is distributed contain a 
substantial fraction of high atomic number elements (2 > 30) then the 
ratio of self absorption to density will be greater than for average 
soil. A consequence of this is that for a given °/o uranium the 
external exposure rate will be less. A typical situation where this 
may occur is for very high grade ore where there is a lot of uranium 
in the soil (>5°/o). Figure 1 shows a plot of the exposure rate 
per steradian per o/o uranium as a function of o/o uranium in the 
soil. These values should be used for all ore grades in excess of 
about 5°/o. 

100% OBU. 
Figure 1. Exposure rate factor for uranium ore as a 

function of uranium content. 
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(b) There are many mechanisms by which the secular equilibrium of 

uranium-238 with its daughters may be violated. Since most of the 
gamma rays responsible for the external exposure rate come from 
bismuth-214 particular attention should be paid to any process which 
reduces the activity of this isotope compared to that of 
uranium-238. Table 4 shows that bismuth-214 is a recent great 
grandaughter of radium-226 so that if the activity of radium is 
reduced by ground water leaching, the activity of bismuth will be 
reduced by the same amount. Further, if the fractional reduction of 
radium is known then a good approximation U the external field can 
be obtained by reducing the values calculated as above by this 
fraction. Another way in which the activity of bismuth can be 
reduced is by the emanation of its parent radon-222 from the surface 
ore. The external exposure rate will be reduced in direct proportion 
to the fraction of radon-222 which is released from the top 50cm of 
the ore. In most cases this will be less than 10o/o but in some 
cases where friable soil is concerned this may be as high as 
20°/o. For ore bodies where the loss due to emanation is known to 
be high an appropriate correction should be made when evaluating the 
external exposure rates. 

(c) In situations where the mean distance from the ore to a point of 
interest is greater than about 10 metres, a correction should be made 
for the attenuation due to the air between the ore body and this 
point. Figure 2 shows the reduction in exposure rate due to air 
attenuation as a function of height above an infinite slab of ore. 
In most cases this provides a suitable correction factor for air 
attenuation as a function of distance from the ore body. 

NATURE OF THE GAMMA RAY SPECTRUM 
So far the discussion has been concerned with the calculation of the 

exposure rate from an ore body. Little has been said about the energy 
distribution of the gamma rays. A knowledge of this energy distribution is 
important in the desig.i of protective shields and in the selection of both 
area and personnel monitors. 

There is no straightforward way of calculating the energy spectrum for a 
volume source because of the complex nature of the scattering and multiple 
scattering processes involved. The problem however, has been treated by Beck 
(1972) who uses numerical approximations to the Boltzmann transport equation. 
The spectra resulting from these calculations are shown in figures 3 and 4. 
The former shows the percentage of the total exposure rate for various gamma 
ray energies where as the later shows the percentage of the total number flux 
at various gamma ray energies. 

From the point of view of radiological protection the exposure spectrum is 
more important. The main feature exhibited by this spectrum is the highly 
energetic nature of the emitted gamma rays. Only about 6°/o of the total 
exposure arises from photons with energies below 100 keV and in excess of 
30°/o comes from these with energies above 1 HeV. 
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The high energy nature of the spectrum means that the majority of the 

gamma rays are highly penetrating. In this energy region from about 0.5 MeV 
to 2 MeV approximately 15 cm of concrete or 3 cm of lead would be required to 
reduce the exposure rate to 10°/o of its initial value. These values give 
an idea of the thickness of material that would be required to shield 
personnel from gamma radiation from an ore body. Accurate estimates of the 
exposure rate which is transmitted through a shield may be made by computing 
the transmission at the mid-point of each of the energy groups shown in figure 
3 and summing these in proportion to the contribution of each group to the 
incident exposure rate. The transmission at each energy can be evaluated, for 
thin shields, using simple exponential attenuation. For thick shields (> 2 
mean free paths) it is necessary to multiply the transmission obtained from 
simple exponential attenuation by an appropriate exposure buildup factor so as 
to account for scattering within the shield. 

One of the most important features of the selection of a radiation monitor 
is that its energy response be satisfactorily matched to the energy range of 
the gamma being measurid. In this case the * v should have a fairly flat 
response over the energy region from 100 kew _o Z MeV. The response of the 
monitor to low energy photons is not particularly important and there is 
nothing to be gained by using ones with thin windows. 

Most employees involved in uranium mining require personal dose 
monitoring. In many mining environments the physical and climatic conditions 
are unsuitable for the use of the conventional film badge. Thermoluminescent 
dosimeters offer a viable alternative to film badges. A particularly 
sensitive TLD material which is suitable for use in a mining environment is 
CaS04:Dy. The design of a personnel monitor at A.R.L. which uses this 
material is discussed at length in other chapters of these proceedings. One 
point that is relevant here, however, is the matching of the response of this 
monitor to the spectrum of gamma rays from uranium ore. The response (light 
output) per unit exposure for CaSO^Dy is fairly constant for all energies 
above 100 keV. Below this energy there is an increase in the response per 
unit exposure of anything up to a factor of 10. This enhancement will make 
calibration of a CaSO^Dy monitor impossible unless the spectrum is either 
very accurately known or does not contain any low energy photons. As pointed 
out above only 6°/o of the exposure from uranium ore comes from gamma rays 
below 100 keV. It has therefore been possible to use a copper filter in the 
badge to remove this low energy component almost entirely, when appropriately 
calibrated this filtered TLD badge will therefore yield a reliable estimate of 
the exposure from uranium ore. 
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