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ABSTRACT 

Radiation parameters associated with the open pit mining of a small 
(10,000 tonnes), but high grade (2 per cent) uranium deposit at Nabarlek, 
N.T., have been investigated in detail by a Laboratory field team. External 
radiation levels, radon emanation rates and radon daughter levels were 
measured systematically during the development of the mine, and are correlated 
with ore grade, properties of the host rock and atmospheric conditions. 

Significant radon daughter concentrations were observed only under stable 
atmospheric conditions, usually during the night and were invariably 
associated with thermal inversions. The mean cumulative exposure to radon 
daughters was estimated from the measured levels to be 0.065 Working Level 
Months for employees working in the pit for the entire four and a half months 
of mining. The mean cumulative external gamma ray exposure for the same 
employee group was measured using thermolum* ascent dosimeters to be 2.3 mSv 
(230 millirem). For most other employees however, exposures were much lower. 

Data on long lived radionuclides in dust and on particle size distribution 
are also presented. 



1. INTRODUCTION 

The development during 1979 of a relatively small, but high grade (10,000 
tonnes uranium at an average grade of 2 per cent), uranium ore body at 
Nabarlek in the Northern Territory (cf. Figure 1) offered an excellent 
opportunity to obtain detailed radiation data for an open cut mine operating 
during the dry season. 

The ore body (Queensland Mines Limited-1979), which was completely 
extracted in a period of four and a half months, consisted of a vein type 
deposit dipping at 30 to 45 degrees and contained a central core of 
pitchblende in massive and irregular pods, surrounded by lower grade fine 
grained disseminated pitchblende. Mineralisation extended from the surface to 
a depth of 72 metres over a length of 230 metres with an average but variable 
thickness of 10 metres. Ore near the surface had been heavily weathered and 
complex secondary minerals were formed which had dispersed from the main 
vein. Typical sections through the ore body and the pit outline are presented 
in Figure 2. 

Mining was carried out with large earth moving equipment. Overburden and 
weathered surface ore were removed initially with scrapers. At greater depths 
bulldozers were used to rip and assemble ore and rock at each level, and these 
v-ere removed by large trucks to the ore and waste rock stockpiles. Where 
necessary, blasting took place during shift changes each evening. Mining was 
essentially continuous with two ten hour alternating shifts working for 
thirteen days out of fourteen. At the completion of mining a relatively small 
excavation (335m x 185m x 70m) remained, and this will serve as a tailings 
repository during the milling phase. The mine site layout of evaporation 
ponds open pit mine, stockpile and mill is shown in Figure 3. 

2. FIELD MEASUREMENTS 

The inhalation of radon daughters, arising from the radioactive decay of 
radon gas is well established (Archer et. al. 1973) as a potential hazard in 
the uranium mining industry. Control over radon and its daughters to ensure 
that recommended exposure limits (Commonwealth Department of Health 1975) are 
not exceeded is achieved by providing adequate ventilation, and under normal 
circumstances natural ventilation from an open pit should be sufficient. 
However, during the dry season it is not uncommon for stable atmospheric 
conditions, with little horizontal air movement, to develop - particularly at 
night - and significant radon daughter concentrations may accumulate. 
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Throughout the entire mining period measurements were therefore made of 
radon ana radon daughter levels at representative locations within the pit and 
on the ore stockpile as it developed. Initially these measurements were 
carried out manually, using the Rolle method for radon daughters, end Lucas 
scintillation cells or a two filter tube (Leach and Lokan 1979) for the 
determination of radon. For the latter half of the period however, a 
continuous recording instrument, developed within the Laboratory (Saddlier, 
Osborne and Leach 1980) was used to provide a detailed record of radon 
daughter levels within the pit. At the same time, continuous readings of wind 
speed and direction, and vertical temperature gradient between 10 and 30 
metres were recorded on a 30 metre meteorological tower, situated 800 metres 
from the pit. 

3. RADON EMANATION RATES 

It is evident that radon and radon daughter concentrations depend on the 
grade, or more particularly, on the surface radon emanation rate of the ore 
which is exposed. Accordingly, as the mine progressed, detailed measurements 
were made of both of these quantities. The surface emanation rate of radon 
was determined for each ore bench as it was exposed by placing an extended 
array of canisters, filled with freshly degassed activated charcoal, face down 
on the ore for a known time. These canisters, which had previously been 
calibrated in *he Laboratory, adsorb radon with high efficiency, and the total 
radon adsorbed is measured after retrieval by detecting the gamma rays from 
the trapped radon daughters (Countess 1977). 

At the same time, as each canister was placed in position, a measurement 
of the local ore grade was made for each location. This was achieved with a 
calibrated sodium iodide scintillation detector, adjusted to detect the 609 

214 keV gamma ray from the isotope Bi, a decay product of radium. Finally, 
measurements were made of the radiation field 1 metre above the surface, with 
a gamma ray survey meter*, which was calibrated in the Laboratory. 

* Studsvik : Model 2414 GAMMAMETER 



The relationship between the scintillator count rate and ore grade was 
determined by comparing the scintillator output with the gamma monitor, and 
relating the latter measurements to ore grade (Thompson and Wilson 1980). 

It was observed that while emanation rates and ore grades varied widely, 
the ratio of emanation rate to ore grade was in general fairly stable. A plot 
of this ratio is presented as a function of depth below the original surface 
in Figure 4. For most observations, the ratio is constant at a value of 80 Bq 
-2 -1 m s per unit ore grade, where ore grade is expressed as percentage of 

U,0g. At the surface however, where the ore was weathered, the ratio was 
about a factor of three higher, and at two particular depths, where high grade 
pitchblende was being removed, it was wery much lower. This was not 
unexpected as earlier Laboratory studies of drill core samples from Nabarlek 
had indicated that the emanation coefficient (the fraction of radon produced 
within the ore which escapes from the mineral particles) decreases with 
increasing ore grade. Details of the latter measurements are provided in 
Appendix I. 

It is of some value to apply the measured values of surface emanation 
rate, and the Laboratory measurements of volume emanation rates to obtain a 
simple estimate of the "effective emanation thickness" or diffusion length for 
the exposed ore. At the 32 metre level for example, in a set of measurements 
for which the ore grade was 0.9 per cent the corresponding surface emanation 

-2 -1 rate was 72 Bq m s . Laboratory measurements on crushed ore of this 
grade, taken from the same depth indicate a volume emanation rate of 97 Bq 

3 1 m s (cf. Figure 8). Thus, for this example, the effective depth of 
ore contributing to the radon observed to be emerging from the surface is 
72/97 = 0.74 metre. 

A more formal theory for the diffusion of radon through porous media (see 
Appendix II) demonstrates that the surface (E) and volume (B) emanation rates 
are related to each other through the expression -

where D is the diffusion coefficient, s is the porosity of the medium and \ 
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(2.1 x 10~ s~ ) is the radioactive decay constant for radon. The value 
obtained in the Laboratory for the porosity of the corresponding ore samples 
is 0.11. Inserting these values into the above expression yields a value for 

-7 2 -1 the diffusion coefficient of 1.3 x 10 m s . Representative estimates 
of the diffusion coefficient for a number of materials are presented in Table 
1, and it is apparent that the present value is quite typical for rocks of 
this order of porosity. 

By the completion of mining, all ore had been transferred to a 10 metre 
thick stockpile of area 2.9 hectares, from which the mean radon emanation rate 

-2 -1 was observed to be 130 Bq m s . The total emanation from the stockpile 
at this time is thus estimated to be 3.3 x 10 Bq (8.8Ci) per day from a 

13 total production rate of 2.3 x 10 Bq (607Ci) per day. Subsequently, the 
stockpile was covered with 0.5 - lm of ferricrete to prevent erosion and to 
provide some radiation shielding. The mean emanation rate observed above the 

-2 -1 capping was 38 Bq m s , corresponding to a total emanation of 
9.25 x 10 Bq (2.5 Ci) per day, and indicating that the capping material 
has a y/ery similar diffusion length to the ore itself. 

4. RADON DAUGHTER LEVELS 

As indicated earlier, the concentration of radon and its daughters in the 
atmosphere is strongly influenced by air movement. This is well illustrated 
in Figure 5, where radon daughter levels above the ore stockpile and over 
waste rock in the open cut mine are plotted together with the vertical 
temperature gradient, which is a good index of atmospheric stability. In fact, 
conditions where the temperature gradient reached values as high as +0.1 *C 
per metre were unu"ual and occurred only occasionally at Nabarlek. Generally 
much smaller gradients were observed, corresponding to conditions much closer 
to neutral equilibrium in the atmosphere. 

Similarly, within the pit the normal pattern of events was that during 
daylight hours very little radon was observed, but at night, and particularly 
during the hours just before dawn, the air would frequently become still, and 
significant accumulations of radon daughters were encountered. Figure 6 
illustrates the dependence of radon daughter concentration on atmospheric 
stability, as represented by the vertical temperature gradient (lapse rate). 
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In this figure, which summarises the entire set of data obtained within the 
pit for occasions when the temperature inversions occurred, the time average 
of the radon daughter concentration during the inversion period (typically 4 
to 8 hours), divided by the surface emanation rate is plotted against the same 
time average of the temperature gradient. Thus, for example, at a gradient of 
+0.04 *C m the mean observed value for WL/E is 0.0004. For Nabarlek ore 
of 2 per cent U, 0 n, when the average emanation rate is 2 x 80 = 160 Bq - 2 - 1 m s (cf. Figure 4), the expected radon daughter level is then 0.0004 x 
160 = 0.06 WL. 

For conditions not too far from neutral equilibrium one may write for the 
vertical transport of radon the following differential equation (Ta-Yung Li 
1976) 

kr £ § ( l ) - - E (1) 
where E is the surface emanation rate, k represents the eddy mass diffusion 
coefficient for radon and jj£(z) represents its vertical concentration gradient. 

az 

Equation (1) is analogous to the thermal diffusion equation 

kh i f - - * f c < J > 
where H,/>and C are the heat flux, density and specific heat of air 
respectively, k. represents the eddy thermal diffusion coefficient and >fr the 

az 
potential temperature gradient. The potential temperature 0(z) is related to 
the environmental temperature T(z) through the expression 

0(z) = T(z) - T z (3) 

where T is the adiabatic lapse rate, and is equal to -0.01 *C m for dry 
air. 

Combining equations (1) and (2) and setting k /k. = » one obtains 

aC(z) * p C E i£ (4) 
3Z -nr 3z 



- 6 -

Integrating with respect to z, and expressing 0(z) in terms of 
environmental temperature 

:'z) - C(o) « pCpE ( T ( Z ) - T(o) - rz\ 
He * ' 

(5) 

If the environmental temperature gradient is a, we can write 
T(z) - T(o) = oz and equation (5) becomes 

C(z) = C(o) • p C £ f a - r j (6) 

Thus the radon concentration decreases from its value at the surface 
(under inversion conditions the direction of heat transfer is downwards, so 
that H is a negative quantity) and at seme particular height z', becomes 
negligible. Then we can write for the surface concentration 

o = - pci z« ( a - r ) 
Hfl V / 

C(O) = - pC^E Z« f a - T ) (7) 
HB 

Finally, the surface radon concentration may be related to the radon 
daughter levels by noting that generally the "age" of the air, measured by the 
modified Tsivouglou method was small (approx. 5 mins), so that only the first 
daughter, RaA is important. 

Under these conditions the relationship between Working Level (WL) and 
surface level radon concentration C(o) is given by (Evans 1969). 

-6 0.85 
WL « 6.21 x 10 t C(o) (8) 

where t is the "age" of air in minutes. 
Then, for t * 5 minutes -

WL - -24.4 x lo" fiCnz' ( ° - r ) (9) 
-6 
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Numerical values 

p ~ 1.3 kg m 
H « -70 Watt m" 2 (Sutton 1953) 
C - 10 3 Joule kg' 1 f C ) " 1 

and assuming reasonable values of M 1 (Monteith 1973) and z = 10m 
we obtain 

(.-r) UL = 5 x 10 (a - T ] (10) 

Thus the ratio UL/E varies linearly with the environmental temperature 
gradient a, going to zero when a becomes equal to the adiabatic lapse rate. 
Figure 6 demonstrates that experimentally this behaviour is followed very 
closely, with a measured slope for the curve of 9 x 10~ J. In view of the 
uncertainties in some of the numerical parameters. »*is may be considered to 
be very good agreement. 

An alternative approach is to estimate the radon concentration from 
equation (1) through estimates of the variation of the eddy diffusivity with 
height for the strong inversion category (Pasquill 1974). By substitution of 
K (z)=0.03z into equation (1) and integrating from 0 to 10 m the 
estimated concentration of radon at ground level is about 21IE Bq m if it 
is assumed that the radon concentration is negligible at 10 metres. For 5 
minute old air this corresponds to WL/E = 0.005 for the strong inversion 
category. The correspondence between the different stability categories 
(Table 6, De Marris 1978) and the conditions encountered at Nabarlek are shown 
in Fig 6 and it is clear that the strong inversion result above should be 
applied in the region of the highest working levels; the above estimate is 
higher by a factor of 5 and suggests that the higher diffusion coeffficients 
which apply to the neutral category may be more appropriate. 

From the record of radon daughter levels as a function of time, it is a 
straightforward matter to estimate the total radon daughter exposure for an 
employee who worked in the pit for 70 hours per week for the life of the mine 
on alternate weeks of day and night shifts. The value obtained is 0.065 WLM, 
which is in reasonable agreement with company estimates of 0.05 WLM 
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(Harrington 1980). Under the Code of Practice for Radiation Protection in the 
Mining and Milling of Radioactive Ores (Commonwealth Department of Health, 
1975) the maximum permitted annual exposure to radon daughters is 4 ULN. 
However, because it was recognised that the Nabariek deposit would be mined in 
a period of not more than six months, this limit was pro-rated to 2 ULM, and 
the figure of O.C65 ULM thus corresponds to about 3 per cent of the authorised 
limit. 

5. EXTERNAL RADIATION EXPOSURE 

The measurement of whole body exposure to external gamma radiation at 
Nabariek was accomplished by providing personal thermoluminescent dosimeters 
to employees. These dosimeters consist of plastic badges containing a 12 mm 
diameter disc of teflon, loaded with CaSO.(Oy), sandwiched between two 
copper discs of 2 Hsn thickness to reduce their sensitivity to low energy 
radiation (Boas et. al. 1980). These badges, which are available to all 
uranium mining and exploration companies, are normally exchanged e^ery four 
weeks and then returned to the Laboratory for assessment. The dosimeters are 
routinely calibrated using a standard caesium source. 

The distribution of doses for the entire mining period, for all Nabariek 
employees wearing ARL badges is presented in Table 2. The mean thole body 
dose for all employees is 0.85 mSv (85 millirem), but this includes a large 
group of employees involved in occupations such as construction, 
administration, maintenance and other services, for whom there was no 
significant occupational exposure to external radiation. Excluding this 
group, there were 142 employees, who were directly involved in some way with 
the removal and storage of uranium ore. For these employees, the mean total 
dose is 2.3 mSv (230 millirem), which should be compared with a pro-rated 
limit for 6 months of 25 mSv (2500 millirem). 

The maximum individual doses recorded were associated with employees whose 
tasks required them to spend substantial times standing on the orebody or the 
stockpile and their doses are presented in Table 3. 
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6. Aiasosne DUST 
Throughout the Mining phase, health physicists from the company made 

routine Measurements of long lived airborne alpha particle activity for each 
shift. Oust control was exercised by watering the working areas on a regular 
basis, and the Measured airborne activities were used to determine the 
required watering rate. Data for the pit are summarised in Table 4, where the 
frequency of occurrence of different concentration ranges is presented 
(Harrington 1980). The maximum permitted concentration of long lived alpha 
particle activity in insoluble form, arising from an equilibrium mixture of 
uranium and its daughters is 1.3 Bq M , and the table indicates that 
this was exceeded for 4 per cent of shifts. These occurred invariably on 
occasions when watering was inadequate or delayed. 

In order to determine the average size of dust particles a cascade 
impactor (Anderson 1966) was installed on the southern rim of the pit, and 
aerodynamic particle size distributions were obtained continuously throughout 
the mining period. The results ire presented in Table 5, where it is seen 
that mean mass and activity diameters (hatch 1929) ranged from 3.8 to 22 
micron. The smaller diameters occurred during the early part of mining when 
laterised soil horizons and dispersed ore were being excavated. The 
mechanical process of ripping, working and loading Material from the Main ore 
body generally produced coarser dust. The highest concentrations of dust 
occurred in fact during the later stages of Mining, and were associated with 
these larger diameters. Particles of this size (> 10n*) *re normally 
deposited in the upper respiratory tract, in the nasopharynx region in 
particular, where the clearance times *re shortest (ICRP 1966). 

* Calculated for secular equilibrium, where the lung is the critical 
organ for insoluble uranium. It is generally considered that the insoluble 
limit is appropriate for airborne dust (ICRP-24 1977). 
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TABLES 

Tabic 1 Typical radon diffusion coefficients 

Table 2 Distribution of external doses 

Table 3 Some individual doses 

Table 4 Distribution of concentrations of dust in air 

Table 5 Mean dust particle sizes 

Table 6 Pasquill categories 

Table 7 Radon emanation rates from core samples 



Table 1 

Typical Radon Diffusion Coefficients (m? %-l) 

Soils Moist 40 per cent porosity 
Dry alluvium grass cover 
25 per cent porosity 
Alluvial-detrital 

M u d 85 per cent H 90 2.2 x 10 

Rocks Mineral grains solid 
6.2 per cent porosity 
7.4 per cent porosity 
12.5 per cent porosity 

Sandstone 20 per cent porosity 

Concrete Set with varying amount 
cement 

1.69 to 3.08 x 10" 9 

Polyethylene Sheets 4.0 x 10" 1 1 

Mylar Sheets 2.0 x 10 

2.0 x 10"° 
1.0 x 10~ 5 

4.5 x 10" 6 

10" 2 5 to 10" 6 5 

2.0 x 10 
2.7 x 10 
5.0 x 10 
3.0 x 10 

-7 
-7 
-7 
-6 



Table 2 

Distribution of txternal Doses 

Range No of Employees 
(mSv) 
0.0 - 0.5 339 
0.5 - 1.0 47 
1 - 2 35 
2 - 5 49 
5 - 1 0 11 

Mean : 0.85 mSv 
"Miners only" : 2.30 mSv 



Driller's Offsider 9.63 
Ore Spotter 7.17 
Geologist 5.55 

Table 3 

Some Individual Doses 

mSv (mSv/week) 

(.64) 

(.65) 

(.27) 



Table 4 

Distribution of Concentrations of Oust in Air 

NUMBER OF OBSERVATIONS 
Long-Lived Open-Cut Mine 
Alpha Particle Activity Only All Sites 

(Bq nT 3) 

Range 
0.01 - 0.10 151(63*) 527(65) 
0.1 - 1.3** 78(33) 254(34) 
1.25 - 10 9-

10 - 100 
K4) \(3) 

1-* 6-* 

* (63) Numbers in brackets indicate the percentage in each range. 

_3 
** 1.3 Bq m is the maximum permissible concentration for insoluble ore 

dust. 



Table 5 

Mean Dust Particle Sizes 

Week 
Number 
of year 79 

Date 
Aerodynamic Mass 
Median Diameter 
AMMO (wm) 

Aerodynamic Activity 
Median Diameter 
AAMD Urn) 

23 - 25 2/6 - 20/6 3.8 • 3.3 4.6 + 2.0 
28 * 6/7- 13/7 7.2 + 2.4 6.0 + 3.8 
29 14/7 - 22/7 7.2 + 2.9 5.7 + 2.5 
30 22/7 - 28/7 11.0 + 2.0 22.0 • 3.7 
31 28/7 - 4/8 9.5 + 2.7 12.0 + 1.6 
32 4/8 - 11/8 18.5 + 3.3 20.5 + 3.3 
33 11/8 - 18/8 19.5 +4.1 5.8 + 2.5 
34 18/8 - 25/8 10.7 + 4.1 7.4 + 4.9 
35 25/8 - 1/9 12.5 • 1.2 16.5 + 3.0 
36 1/9- C/q 9.5 + 3.8 15.5 + 3.4 
37 8/9 - 21/9 8.7 + 2.8 9.4 • 2.6 
39 21/9 - 29/9 7.3 + 3.2 12.7 + 2.8 
40 29/9 - 6/10 10.0 + 2.9 14.5 + 3.1 



Table 6 

Pasquill Categories 

A - extremely unstable 

B - moderately unstable 

C - slightly unstable 

D - neutral 

E - slightly stable 

F - moderately stable 

G - extremely staDle 



Table 7 

Depth In situ Apparent In situ Ore Radon Emanating Powdered Ore 
Description Moisture Specific Dry Porosity Grade Emanation coefficient Samples 

Content Gravity Density ( /o) ( /o) Rate ( /o) Radon Emanation 
(°/o) 9/ml (Bq/s.kg) Rate (Bq/s.kg) 

29.5-30.5m Cherty schist with 1.3 2.85 2.61 ) 8.4 2.0 0.067 15.1 0.111 • 0.010 
red weathered 1.1 2.85 2.64 )2.63 8.0 
inclusion 

32.5-33.0M Cherty schist 2.9 3.14 2.68 ) 14.7 20.0 0.196 4.4 0.253 • 0.016 
3.4 2.87 2.41 )2.55 19.0 

31.79-32.3* Dark cherty schist 2.2 3.25 2 .91) 10.5 10.1 0.156 7.0 0.188*0.020 
2.2 2.98 2.72 )2.82 9.7 

17.13-17.63* Dark cherty schist 0.7 2.79 2.46) 11.9 0.59 0.015 11.4 0.030*0.003 
(mudstone texture) 1.6 2.86 2.46 )2.46 16.4 

30.5-36.6* Dark brown First sample crumbled when weighing underwater 
weathered scMst 6.1 2.84 2.14 32.8 0.19 0.004 - 0.023*0.005 
(very friable) ~ 

24.69-29.52* Micaceous schi St 0.5 
1.1 

2.84 
2.78 

2.65 
2.53 )2.59 

6.6 
9.8 0.41 0.019 20.4 0.027 • 0.001 

14.9-16.0* Micaceous schi St 0.8 
0.7 

2.82 
2.80 

2.46 
2.48 )2.47 

12.7 
13.0 0.20 0.007 16.d 0.020 • 0.004 

14.94-15.59* Dark cherty 
schist 

2.5 
1.7 

2.79 
2.78 

2.24 
2.25 )2.24 

19.9 
23.7 1.05 0.015 6.4 0.024 • 0.004 

16.76-17.37* Cherty schist 1.3 
1.5 

2.79 
2.74 

2.55 
2.47 )2.51 

8.4 
11.1 5.25 0.078 6.7 0.085 • 0.012 

23.5-24.0* Dark schist 1.6 
1.3 

2.80 
2.80 

2.57 
2.59 )2.58 

8.2 
8.2 15.0 0.063 1.9 0.080 • 0.009 

13.0-13.5* Cherty schist 1.7 
2.1 

2.93 
2 . % 

2.55 
2.57 )2.56 

12.8 
15.1 4.0 0.100 11.3 0.100 • 0.015 

33.9-34.4* weathered cherty 3.2 2.81 2.46 12.6 3.0 0.030 4.5 0.070 * 0.007 
schist ~ 

http://29.5-30.5m
http://32.5-33.0m


FIGURE CAPTIONS 

Figure 1 Location map for Nabariek, NT. 

Figure 2 Sectional views through Nabariek ore body 

Figure 3 Layout of mine site 

Figure 4 Radon emanation rates, divided by ore grade as a function of 
depth of ore below surface 

Figure 5 Radon daughter concentrations at height of 1 metre above the 
stockpile and the waste rock area in the mine are compared 
with vertical lapse rate. 

Figure 6 Average radon daughter concentrations, divided by emanation 
WL 

rate( /E) as a function of average vertical lapse rate. 
The boundaries of Pasquill stability categories A - G are 
illustrated. 

Figure 7 Radon emanation coefficients (see text) for Nabariek ore 
samples compared with ore grade. 

Figure 8 Radon emanation rates per unit volume for Nabariek ore samples 
compared with ore grade. 
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NABARLEK CORE SAMPLES 1976 
(RADON EMANATION COEFFiaENT V» ORE GRADE) 
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APPENDIX I 

Radon emanation rates of Nabarlek ore samples 

Radon emanation rates for a set of representative ore samples were 
measured in the Laboratory. The core samples were placed in a sealed 
container and the radon gas which accumulated was flushed from the container 
with radon-free air. During this flushing, the pressure in the container was 
monitored and care was taken to ensure that the pressure inside the container 
did not exceed normal atmospheric pressure. The radon was collected in a 
radon analyser (Lucas 1964) which retained the radon in a bed of activated 
charcoal, cooled to -72*C. Radon concentrated in this way was subsequently 
released by heating, and transferred to Lucas cells for measurement. The core 
samples were then crushed to produce a more uniform sample and the radon 
emanation rates redetermined. The results of these measurements are shown in 
Table 7. 

The relationship between radon emanation coefficient and ore grade is 
shown in Figure 7 and it is apparent that the emanation coefficient is reduced 
at higher ore grades. Crushed core samples generally show about a factor of 
two increase in radon emanation rates (cf Table 7). The relationship between 
volume radon emanation rate and ore grade is illustrated in Figure 8. 



APPENDIX II 

The Boundary Solution in One Dimension for Radon Emanation 

The diffusion of radon is governed by Fick's First Diffusion Law (Jost 
1960) 

E = - D !L (1) 
ax 

where E = radon flux 
D = diffusion coefficient through ore 
c = radon concentration gradient in pores 
x = distance below surface 
x = radon decay constant 

For the steady state condition (Fick's Second Law) when there is no change 
in radon concentration with time we can write 

N 2 c + 1 - »c = 0 (2) 
sdx< s 

where B = volume emanation rate for ore 

and s = porosity (volume of voids/total volume) 

The solution to equation (2) is 

c(x) = B_ • kj exp (-x /sT") + kg exp f x / s T ) (3) 
with two boundary conditions defining k, and kp. 
Thus, at x - 0 c(x) = 0 or 

0 » B_ + ki + kg (4) 
s\ 

and as x — > infinity d?c — > 0 and c — > B__ from (2) 
— sx 
dx2 



Thus, from (3), k~ = 0 
Then substituting in (4) k, = -B_ 

sx 
and the solution is 

jVexp(-xyrr) J c(x) = B_ | 1 - exp( -x / s T ] | (5) 
sx 

Differentiating (5) with respect to x 

d£ = B_ /7T exp ( -x /siT J 
dx sx V D V yj IT / 

Then at the surface (x = 0) the emanation rate, from (1) is 
E = -b(«£.\ = _o B_ fsT 

\ a x / x = 0 sx >/D 

E = B 
V sx 


