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SUMMARY

The weather parameters of air pressure, temperature, rainfall and wind speed affect the rate of radon-222
emanation from the surface of mine tailings. A second set of conditions which form cracks or fissures in tailings
and their covers, will also affect the radon flux density and they must be considered in the design of any cover for a
rehabilitation program. The Olympic Dam mine expansion program, beginning in 1995. involves a substantial
increase in the size of the copper/uranium tailings. As part of monitoring and progressive rehabilitation of the
tailings, we have begun measuring the rate of emanation of radon-222 (or "radon" i from tailings' surfaces, with
and without the gross defects of cracking. Theoretical predictions and measurements made in (he U.S.. are
compared with rates of emanation from a cracked surface which we have modelled as homogeneous, with
additional surface area due to cracks.

1. INTRODUCTION

The Olympic Dam copper (2.5%) and
uranium (0.06-0.08 % U^OR) mine commenced
production at Roxby Downs. 560 km north-west of
Adelaide, in 1988. In 1995 expansion programs
began, with plans to quadruple the current mine
production, with a consequent increase in tailings
from the current 2.7 Mt to 6.6 Mt (at 0.2 Ml.y"'
copper production). The present tailings storage
facility, of area about 1.8 knr. is also planned for an
increase to I I km": both the site integrity and the
emanation of radon from it have environmental
consequences.

Our work at Roxby Downs currently involves
measurement of the local weather conditions and the
radon exhalation rate from the surface of a test plot of
200 nr. on cell 3 of the tailings storage facility. One
of the surface features we observed was a remarkable
pattern of cracks, which are caused by the drying of
the slurry as the liquor drains and evaporates.

Figure I shows the pattern, from which we
estimate the width at about 5 to 10 cm. the
periodicities at about 0.02 cm'1 and 0.009 cm ' in
orthogonal directions and the ratio of the crack depth
to its spacing at about 1:5 and 1:10 respectively, in
the same two directions.

Grab samples in Lucas Cells and Integrated
samples in charcoal canisters yielded divergent
results for measurements of radon flux density.

We are therefore considering numerical
models by Hoi ford et.al. 11 ]. to establish a theoretical
basis for these divergent results, in terms of the
influence of cracks and the weather - especially the
air pressure and wind speed. We will continue to
monitor the weather and the radon flux densities at
Olympic Dam. in preparation for the design of a
prototype tailings cover.
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Figure 1. Pattern of Cracks on the surface of cell 3 of the Tailings Storage l-acilily. Olympic Dam.
(The Hammer Head in the second picture, is about 10 cm in length i

2. THE EFFECT OF WEATHER

Air pressure, wind speed, temperature,
rainfall and soil moisture all affect the radon (lux
density from the surface of mine tailings. A summary
of their effect is presented in Table 1. as measured by
various workers and reported in the literature, over
the last 20 years. While a variety of techniques were
used in numerous locations in the U.S.. some clear
trends emerge.

Radon flux density is primarily sensitive to -
and follows an inverse, possibly linear relation with -
changes in air pressure. It is less sensitive to - and
follows a direct relation with - the wind speed,
temperature, rainfall and soil moisture. Changes ol a
percent or less in pressure, produce substantial
percentage changes in the (lux density, of two orders
of magnitude. Percentage changes in the other
parameters produce comparable percentage changes
in flux density.
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3. THEORY OF RADON FLUX DENSITY
FROM A CRACKED SURFACE

3.1 Holford et.al.'s system of partial differential
equations.

In their recent paper, Holford et.al. [1]
describe the transport of radon in dry, cracked soil by
a pair of partial differential equations applied in
orthogonal directions. For both directions, the
equation's are derived from continuity equations,
based on the conservation of radon mass per unit
volume and of soil-gas mass per unit volume.

The rate of mass transport of radon, per unit
bulk volume of soil djnC). equals the

dx
production rate per unit volume nf, less the amount
decaying per unit volume L(nC) and the amount lost
by transport dF. Thus:

dx

d(x\C) = nf-L(nC)-gflF
dx dx

(1)

where C is the radon gas concentration in
soil-gas, nC is the mass of radon per unit bulk volume
of soil, f is the radon production rate, n is the soil
porosity. L is the radon decay coefficient and F the
flux density.

Similarly, the rate of change in the mass of
soil-gas per unit volume, equals the rate of fluid flow
into that volume, thus:

dim) = d(\T)
di dx

(2)

where r is the soil-gas density and v the Darcy
velocity of radon in the soil gas.

The radon flux density F is the sum of two
terms; the diffusion flux density Fd, described by
Fick's Law,

Fd = - D,

while the advective flux density Fa. is described by
Darcy's Law,

dx

By using Fick's Law. equation (1) becomes:

dC = ^(DdC/dx) - dJyCIn) - LC + f (3)
dx dx dx

By using D a r c y ' s Law. equat ion (2)
becomes:

ndP, = d [k/u(PdP)] + f/.[(k/u)rgP)]
dx dx dx dx

(4)

where k is the permeability, u the dynamic viscosity.
P the absolute air pressure and g the gravitational
acceleration.

The transport equation for radon in the
cracks, derives from eq. (3) when f = 0.

Thus Holford et.al. have formed a
multidimension diffusion-advection theory for radon
gas transport in a laminar air flow.

They use a numerical solution to equations
(3) and (4), which generates a pattern of pressure
gradients in the soil and in the cracks, due to ambient
pressure changes. This is simultaneously done in two
dimensions, until the soil gas concentrations of radon
satisfy the boundary conditions.

3.2 Boundary conditions.

The boundary conditions for this model are
the same as for an "uncracked"- or homogeneous -
soil, with radon transport in one dimension, in which:

(i) the concentration of radon at the open soil-
air interface is maintained at C = 0, by natural
circulation of the air and:

(ii) the concentralion is constant at depth, where
the rate of radioactive decay is balanced by the
production rate. This means that:

<J£= (JC = (\
dx dx

so that eq. (3) reduces to a constant concentration of
C = f/L, at depth.
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3.3 Solutions.

Holford et.al.'s model generates numerical
solutions for two cases:

analytical solutions; the radon concentration gradient
is greatest near the surface and approaches an
asymptotic value with depth, of f/L. (see Figure 2).

Case (i). the steady state condition of constant
pressure, and Case (ii). linearly decreasing and
sinusoidally varying atmospheric pressure, for
varying crack dimensions and soil properties.

Holford et.al. quote the analytical solutions
prepared by others, to the problem of radon transport
in one dimension.

They find that the concentration gradients
from their numerical solution are in accord with the

Holford etal. used a value for air pressure
typical at Socorro. New Mexico, where they had
performed some measurements of tlux density, (see
Table 2). Under these conditions, the model presented
a range of pressure and concentration gradients,
according to the crack dimensions, soil properties and
time since the pressure began decreasing. These
results are presented in Figures 3(a) and 3(b) and
summarised in Table 3. Figures 3a and 3b depict the
pressure and gas concentration gradients,
respectively.
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Figure 2. Steady state concentration (Bq.l1) for soil with cracks 4 m deep, 6x 10'4 m wide and 8 m apart
(dashed line is crack boundary, width exaggerated 160x). The concentration profile reaches an asymptotic-
value of 52.5 Bq.l"1 with depth, which is equal to f/L. (from Holford et.al. [ I ])
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Figure 3a. Effect of decreasing barometric pressure at a rate of 90 Pa.h '. on gas pressures (kPa)
in soil with cracks 4 m deep, 6xlO"4 m wide and 8 m apart (dashed line is crack boundary, width
exaggerated 160x). Subsurface pressure gradients increase rapidly at first, eventually reaching a steady
state, (a) 0.25 hr, (b) 0.5 hr, (c) 6 hr. Note the pressure "draw downs" towards the cracks: see text, section
3.4 for details, (from Holford et.al. [ 1 ])
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Figure 3b. Effect of decreasing barometric pressure at a rate of 90 Pa.h"1. on radon concentrations (Bq.l"')
in soil with cracks 4 m deep, 6X10"4 m wide and 8 m apart (dashed line is crack boundary, width
exaggerated 16x). Concentrations in the crack increase with time, enhancing radon flux from the soil, (a)
0.25 hr, (b) 0.5 hr, (c) 6 hr. (from Holford et.al. [1])
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3.4 The Effect of Crack Dimensions.

Deeper cracks intercept higher radon gas
concentrations, which produce greater flux densities
at the surface. However, concentration gradients
eventually reach maxima of f/L. so this trend to
greater flux densities reaches a limit with crack
depth. The contrast over uncracked soils is + 4.6 7c at
2m depth and + 3.9 % at 8 m.

Flux density increases with crack width and
the contrast is greatest'at + 17 %, when depths are of
the order of metres for a crack depth to spacing ratio
about 2:3. For larger ratios - or smaller spacing -
Holford et.al. reason that the pressure 'draw downs'
between adjacent cracks will interfere, (see Figure 3a.
for "pressure draw downs", especially after 6 hours of
falling barometric pressure). The overlap reduces the
pressure gradient, the Darcy velocity and so the tlux
transport. Also, the cracks in themselves are clearly
not a source of radon, so the flux must diminish, if
the space due to cracks increases too much and
exceeds the optimum.

3.5 The effect of soil properties.

An increase in porosity produces enhanced
tlux densities, by ""allowing" rapid propagation of
changes in soil-gas pressure gradients. Cracked soil
enhances the flux density, with about + 8 % contrast
over uncracked soil.

A smaller diffusion coefficient means the
concentration of radon in soil gas is greater which is
transported to the surface by the cracks as a greater
flux density. The contrast of + 30 % at the smallest
diffusion coefficient underscores this effect, compared
with only + 0.5 % contrast at the largest diffusion
coefficient tested.

Larger permeabilities mean that the
propagation of changes in pressure gradient, the
Darcy velocity - and hence the surface flux density -
are all greater for uncracked soil. However, when the
soil is cracked, the greatest contrast of + 16 7c
appears at the lowest soil permeability. It is the
constant permeability of the crack, which provides for
the greatest pressure gradients across the soil-crack
interface; hence the greater contrast.

The intermediate permeability of 2.7xl012

m : yields the greatest tlux density (but not the
greatest contrast) for the cracked soil. Holford et.al.

claim that changing the soil permeability is analogous
to changing crack spacing; with their "base case" an
optimum condition (see Table 2). So. any change to
crack permeability is like altering the crack spacing,
thereby reducing the advective flux density from its
present optimum.

3.6 Field measurements and predictions of flux
density variation with pressure.

From Table 3. Holford et.al.'s numerical
solution predicts greater flux densities when the
pressure is falling, than when it is rising, especially
for the largest pressure change of 270 Pa.h '.

They argue that subsurface pressure
gradients, which are directed to the surface, will
increase as pressure falls. In turn the Darcy velocities
increase, driving up the gas concentrations. Since the
radon is advected more rapidly and has less time to
decay, the flux increases with falling pressure.

Rising air pressure may reverse the pressure
gradients - pumping gas into the soil - but the gas
concentration gradients remain directed to the surface
and oppose this effect, with diffusion bringing radon
to the surface.

Holford et.al. summarise these observations,
by introducing a sinusoidally varying pressure, the
most notable case at a period of 0.2 hours and an
amplitude of + 0.\CA. about a mean of 850 hPa. Table
3 shows, that while a + 0.1 7c pressure fluctuation
produces a + 12 7c change in tlux density for
uncracked soils, it produces a + 68 7c and a - 9.8 7c
change for cracked soils.

Therefore, a fluctuating air pressure over the
tailings surface, will induce a net enhancement in
tlux density.

The predictions of the model are in good
agreement with field measurements at Socorro. New
Mexico. Although the model underestimates flux
density, the prediction is an improvement over that of
an uncracked soil. Holford et.al. suggest that
fluctuating wind speeds affect the air pressure, and so
influence flux density. Indeed, the effect of wind
speed has been observed elsewhere, e.g. by Kraner
et.al. [2| (see Table 3).
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4. SURFACE AREA APPROXIMATION

Holford's numerical solutions apply to what
are best described as hairline-fissures rather than
cracks, his typical "base case" for cracks being a
width of 0.6 mm, depth 4 metres and spacing 8
metres (see Table 2). Unfortunately, this model is
inapplicable at Olympic Dam, where the cracks are
about 5 to 10 cm wide and 10 cm deep, with a
periodicity between 0.017 to 0.0091 cm '.

While the shallow cracks at Olympic Dam
may not collect high concentrations of radon as a
source for the flux density, it may be constructive to
examine the possible influence of this additional
surface area.

Consider Figure 1, where the surface appears
as a pattern of 'flagstones' of average length and
width, say L and W respectively. The cracks
surrounding each 'flagstone' have a depth d and
width w. so the surface area of a crack along the
flagstone's length L is (2h + w)L. The area of the
'flagstone' is LW.

The surface area of the crack Sc, as a
fraction of the surface area of the 'flagstone' Sf, is:

Sc= (2d+_w)L,
Sf LW

which may be re-expressed as:

[2d+ (w+W) - W]
W W W

That is to say,

Sc+ 1 = [2d +(w
Sf W W

So the ratio, Sc + Sf to Sf, equals twice the
depth to spacing ratio R, plus the inverse product of
the spacing W and periodicity P,
i.e.:

Sc + Sf = 2R
Sf

(WP)

At Olympic Dam, we measured the depth to
spacing ratio along the length at 1:10 or 0.1 and the
periodicity at 0.0091 cm"1. The depth is about 10 cm,
so the spacing is 100 cm, giving a ratio of areas for

Sc + Sf : Sf of about 1.3, while the ratio of areas
along the width is about 1.5, i.e. an increase in
surface area, due to the cracks, of about 40 9c

5. MEASUREMENTS AT OLYMPIC DAM

In June this year, grab samples of radon were
drawn into Lucas Cells at 10 minute intervals from an
accumulator hood, to measure radon flux densities of
1.3 and 3.0 Bq.m~2.s'. At a diameter of 50 cm. the
hood straddled approximately 65 9< of a crack.

Twelve months prior to these measurements,
charcoal canisters were used to take integrated
samples from a nearby uncracked area on cell 3. The
flux density was measured at 0.23 +_0.14 Bq.m :.s '.

There is an order of magnitude difference
between these results from 0.23 on uncracked
tailings, to about 2.1 Bq.m ".s1 on cracked tailings.

6. CONCLUSION

Zettwoog et.al. |6]. have measured the radon
flux density from cracked and uncracked surfaces and
quote an order of magnitude change, from about 0.01
to 0.1 pCi.m : .s ' . when cracks are present. While
they do not quote the size of the cracks, they could
not be more than 8 cm deep on their "artificial
tailings site", because they applied the slurry in
layers, waiting for each successive layer to dry before
applying the next, which filled in cracks from the
previous one.

While Hoi ford et.al. do not have surface flux
densities for uncracked soil at Socorro, their model
does predict an enhancement by cracks of 10 to 20 c/<
at most, depending on the soil and weather
parameters.

If the radon flux density at Olympic Dam
increases with the presence of cracks, the ratio of
surface areas will "allow" only about 50% increase at
most, not an order of magnitude. This is comparable
to predictions from Hoi ford et.al. "s model and yet the
cracks at Olympic Dam are more like those on
Zettwoog et.al.'s trial plot.

In addition. Rogers et.al. [8] summarise their
report into the effect of cracks, by observing that 4 %
of an area opened by cracks can halve the effective
thickness of a tailings' cover, if they extend to 759c of
the tailings depth. However, relatively shallow cracks
have only a minor effect on the surface radon.
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Possibly, both Zettwoog et.al.'s and our trial
plots have these 0.6 mm thin, deep fissures, as well as
surface cracking. Then, the mechanisms like those
discussed by Holford et.al. - as well as the effect of
additional surface area due to shallow cracks - may
both apply.

Now, any comparison of grab samples with
integrated samples, must be viewed in terms of the
limited efficiency of the charcoal canister technique
and the limited time scale of the grab sample
technique.

Moreover, we cannot assume that the flux
density from the sides of the cracks is the same as
from the base, given the obvious difference in source
material along these orthogonal directions.

Therefore, subsequent measurements on the
tailings storage facility will include simultaneous
grab, integrated and continuous samples, using
improved charcoal canister and accumulator
techniques.

Simultaneous weather monitoring will also
continue for the duration of the project, to observe
any influence of fluctuations in air pressure and wind
speed, for these and other weather parameters have a
well established influence on radon emanation.

In any event, it is prudent to consider the
effect of (shallow) cracks as well as the weather, for
the latter - and probably the former - will enhance the
emanation rate by many tens of percent.
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Table 1: Meteorological Factors and Radon Surface Flux Density and Radon Soil-Gas Concentration

Factor
(units)

Pressure
(hPa)

Rainfall
(mm.hour"1)

Temperature

In Air

In Soil

Initial
Value

776
779
853
853
855
855
867

0.8
over 57 h
->
i

over 45 h
0.8
over 13 h

11.3
11.3

6.8
6.8

Change

+0.6 %
-0.4
-1.8
-1.8
+1
-0.7
-2

4.6 cm

13.8 cm

1.0 cm

-105 %
-105

-63%
-63

Radon Flux /
(Bq.m2.s')

Initial
Value

7.4 Bq.l"1

5.0 Bq.l'
0.055 Bq.nr.s
0.63 Bq.l1

1.0
15 Bq.nr.s'
1.0

76Bq.l"'

117 Bq.) '

3.7 Bq.l'

2.5 Bq.nr.s '
0.9Bq.l'

2.5 Bq.nr.s '
0.9Bq.l'

Radon Gas
(Bq.l1)

Change
(%)

-40
+44

' +136
+ 106
-40
+ 12.5
+60

+ 115

+31

+81

-40
-33

-40
-33

Concentration

Ref.

[2|
[2]
[4]
[4]
[3]
[4|
131

[2|

[2]

[4]

14]
14]

14]
[4|

Wind

ALR*
>l o C.100m' 0.013 Bq.nr.s' +34
ALR*
>l°C.100m' 0.036 Bq.nr.s1 +44

Soil Moisture

0.2%
12%

Low

65 units

Low

5.7%
>/= 80%

rise

+115 units

- + 7m.s'

+5.5 %

0.019 Bq.nr.s'

- 10%

~+15

+32

+30**

+350
0

* *
ALR: adiabatic lapse rate greater than 1 °C.100m ' criterion for instability.
+30 means 30 % depletion of soil gas.

[2]

[4]

[5]
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Table 2.

Meaning of Symbols used in Holford et.al.'s Theory and the "Base-Case" Values used in their
Numerical Solution

Parameter Symbol

Air dynamic viscosity

Radon diffusion coefficient in air

Radon diffusion coefficient in soil

Radon decay coefficient

Radon production rate

Crack depth
spacing
width

Soil porosity

Soil intrinsic permeability

Initial atmospheric pressure

Rate of change in atmospheric pressure

Radon Gas Concentration in Soil-Gas C

Mass of radon transported, in dry soil,
per unit bulk volume of soil n.C

Value

u

DA

D

L

f

n

k

P

1.8x10 kg.m '.:

1.0x10 s m 2 . s '

2.6x10" m i s 1

2 . 1 x l 0 \ s '

l.lxlO-4 Bq.l"l.s

4 m
8 m
6 x l ( ) 4 m

0.35

2 .7x10" m :

850 hPa

- 0.009 hPa.h '
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Table 3. Holford et.al.'s numerical solution, for multidimension theory on gas transport, under
varying soil and pressure conditions.

Condition Initial Value Initial Radon Flux Density
(Bq.m2.s')

Crack
Dimensions:

Crack depth: 50 cm

Crack width:
@ 30 cm depth: 3xl0'4m
(depth : spacing
ratio of 2:3)

@ 400 cm depth: 3x10~4m
(depth : spacing
ratio of 2:3)

Change

200 cm
800 cm

lxl0"2m

1x10 2 m

Uncracked Soil

0.055

Soil Properties:
Porosity:

Soil
Diffusion
Coefficient:

Permeability.
<m2)

Change

0.20
0.35
0.50

5.2xl07

2.6x106

1.3xl0"s

l.OxlO13

2.7xlO12

1.0x10 "

0.0305
0.0550
0.0765

0.033
0.055
0.107

0.049
0.055
0.0552

Cracked Soil

Change

+ 4.6 7,
+ 3.9 7<

+ 1.5 7,

+ I 7 7,

+ X.2 7,
+ 7.3 %
+ 7.8 7<

+ 30 9,
+ 9%
+ 0.5 7,

+ 16 <7,
+ 8 7,
+ 17,

Effect on Radon Flux Density with Change in Pressure

Radon Flux Density:
(Initial value: 0.044 Bq.m 2.s ') (Initial value: 0.03 Bq.m \ s ')

Linear @
(hPa.h1)

Sinusoidal @

Field test
Model

+ 30
+ 90
+ 270

- 3 0
-90
-270

+ 0.1 %
-0.1 %

- 2.8 %
- 2.8 %

Cracked
- 6.8 %
- 18%
-41 %

+ 6.8 %
+ 36%
+ 150%

- 9.8 %
+ 68%

Uncracked
- 9 %
- 23 %
- 55 %

+ 4.5 %
+ 25 %
+ 93 %

- 12%
+ 1 2 %

Cracked Uncracked

+ 480 %
+ 370 7, + 240
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