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Abstract

We describe a new method based on differential gamma spectrometry for on site determination of some of
the parameters which are relevant for the production of radon 222 in soil gas and its transfer from soil to indoor and
outdoor atmospheres. This method is investigated in the context of a 3-year Slovenian-French cooperation programme,
the PROTEUS project. We are currently using a germanium detector of 100 cm3. The height of the 20° collimated
detector above the soil surface is from 1.5 to 3 m when using a tripod. This arrangement provides results which are
representative of soil areas ranging from 1 to 4 square metres. Routine measurements would require larger detector
volumes. The main objective is to provide technology and methodology for an efficient mapping of zones with
potential for being the source of a high level of indoor radon, eliminating the need for soil sampling followed by
laboratory analysis. The feasibility of an airborne mapping laboratory flying at low altitude will be investigated.
Another objective is the rapid measurement of radon profiles across covers used to reduce exhalation rates from the
surface of a pile of tailings, with characterisation of the influence of humidity content of the top layer. Airborne
survey would allow for measuring exhalations from surfaces of slurries not otherwise accessible.

1. INTRODUCTION

We have identified two requirements for the measurement of radon in the environment which
appear to us to be poorly covered by current methods.

1.1. Requirements for mapping zones of high radon risk in premises

The Office de Protection contre les Rayonnements Ionisants (OPRI: the French Radiological
Protection Board) is a technical organisation set up two years ago under the Ministry of Health and
the Ministry of Labour. OPRI's sphere of competence includes the exposure of the general population
to ionising radiation of natural origin. The increase in these inescapable exposures of natural origin
may be caused by industrial practices, lifestyles or the type of dwelling. The management of such
humanly created increases in exposure to radiation of natural origin is a matter of paramount
importance to OPRI.

With the prospect of new European Union directives on radiological protection coming into
force in the near future, OPRI is at the stage of developing a strategy for identifying, monitoring and
decontaminating premises used professionally in which workers would be exposed to significant radon
levels. The annual effective dose equivalent for a worker exposed for 2000 hours to a radon
222 volume activity of 1500 Bq m"3 is of the order of 10 mSv.
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The health risks associated with the exposure of the population in premises used as dwellings
are certainly not lower than those which will have to be managed within the rules laid down for
workers. The annual effective dose equivalent for a person exposed for 7000 hours to a radon 222
volume activity of 600 Bq m'3 is of the order of 10 mSv. For the sake of consistency, OPRI thus
envisages extending the strategy of radon risk management to all buildings in France. For some very
good reasons, the French health authorities have not so far been very active in the management of
potential health risks associated with high exposures to radon 222 of domestic origin.

The envisaged strategy is based on a set of laws which have existed in public health
regulations since 1971, and which aim at eliminating insalubrious dwellings. A new criterion of
insalubrity would be introduced into a list already containing 12 such criteria. The dwelling would
be declared insalubrious when the mean concentration of daughter products of radon 222 in living
rooms exceeds a statutory limit. The latent defect in such a dwelling would then be brought to light,
and it could no longer be sold without prior decontamination.

The value of the statutory limit is planned to be quite high (of the order of 1000 Bq m~3), so
that the proportion of buildings concerned is statistically an anomalous fraction of them. The levels
of concentration of domestic radon in a given region are generally distributed in a lognormal fashion,
the median being of the order of 50 Bq m"3, and the geometrical standard deviation being 2. The
fraction with levels above the limit is therefore not part of the general distribution. Maps currently
available that show the distribution of exposure levels in the French departements [1] describe only
the general distribution and do not allow this anomalous fraction to be geographically located with
sufficient precision, since there are not enough measurements. In the proposed strategy, it is
envisaged that the mechanism for declaring insalubrity would be initiated only in a limited number
of communes: those with the highest probability of finding insalubrious dwellings. From the
information provided by France's neighbours and from our own results, this probability could be
significantly greater than 1% in some communes with unfavourable geology.

With the proposed statutory limit, the only mechanism that could lead to insalubrity in the
legal sense would be an intake of radon through the aspiration of air from the soil due to a reduction
of pressure indoors. It is known that this mechanism occurs only for certain combinations of radon
222 concentration in the porous volume and the permeability of the soil under the foundations.
Various indices for characterising the soil according to its propensity to release radon have been
proposed using these two quantities. The parameters underlying them are those dependent on the
geology and the properties of the local soil.

Other mechanisms not related to the soil under dwellings, such as radon from walls or from
the water in showers, would not be sufficient to cause the 1000 Bq m"3 limit to be exceeded. It is
therefore quite possible to produce maps showing the radon potential of the soil. Such maps would
be useful for the management of both professional risk and domestic risk. The production of such
maps on a regional and then on a cadastral scale is a major feature of the strategy envisaged in
France. A map (not generally distributed) of the radon potential on a scale of about 1/1 000 000 and
with a 500 m x 500 m grid, mainly concerning land with crystalline geology, has been produced for
the Ministry of the Environment by BRGM [2].

A similar analysis has been carried out for Slovenia by the Josef Stefan Institute in Ljubljana
(JSF) [3]. Maps of uranium and thorium concentrations in the soil based on radiometric and
geochemical measurements in Slovenia have been drawn up for Slovenia by the Ljubljana Institute
for Geological Research [4].

The production of maps showing the "potential radon risk" forms part of the proposals
recommended by ICRP Publication no 65. This recommendation is now applied in several countries
and many papers have been published on it. We quote here a leaflet intended to inform the general
public in the USA [5], which includes a selection of US publications.
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1.2. Requirements for evaluating surface emissions of radon 222 from mines

Modelling the atmospheric transfer of the radon 222 emitted by radium-bearing surface
deposits is an essential step in evaluating the environmental radiological impact of projected mine
workings and that of mines not covered by an appropriate monitoring network. This exercise has been
carried out by JSF for the Zirovski mine in Slovenia [6, 7].

The ALGADE company, a service subsidiary of COGEMA, specialises in the radiological
monitoring of uranium ore workings, and is developing a numerical 3D program simulating the
transfer of radon 222 for complex mountainous terrain. This development has revealed the need for
the precise measurement of the global emission of radon from the surface of radium-bearing tailings
piles: the sampling procedure and the measuring equipment must lead to an accuracy in the value of
the "source" terms matching the sophistication of the numerical simulation.

2. INADEQUACIES IN CURRENT TECHNIQUES FOR MEASURING RADON 222
EXHALATION FROM SOILS AND COVERS

2.1. In maps showing the potential radon risk in dwellings

The production of maps showing the propensity of the soil to release large quantities of radon
222 into houses depends on the procedures used for marking out the grid and on the measurement of
a certain number of soil parameters, either on site or on soil samples in the laboratory. In the US
Department of Commerce document [8], which we have used as a reference, these parameters are
identified and some observational techniques, procedures and methods of measurement are described.

We should point out that the cost of producing these maps is proportional to the fineness of
the grid used for them. Moreover, the area of soil covered by each measurement is very much less
than a square metre. As soon as the surface geology and the soil characteristics are variable,
therefore, it seems to us a risky undertaking to guarantee that the map will be a good representation
at an appropriate scale, with not too expensive a grid and with measurements made on relatively small
areas of the mapped region.

The geostatistical problems encountered in producing potential radon maps of the soil have
been studied in the case of the English Midlands [9]. The variogram drawn up using the method of
regionalised variables [10] for measurements of radon concentration of the soil with a 10 m grid over
distances from 10 to 10 000 m is one characterised by the "pure nugget" effect. In other words, no
spatial dependency occurs for measurements made over distances greater than 10 m.

The result of a measurement is valid for the point at which the measurement is made and for
a surrounding region with a diameter significantly less than 10 m. Standard kriging methods could
therefore not be applied to such terrain.

Evidently, to have a radon map that is representative and not too expensive to produce is not
an easily obtainable objective.

As a result, we considered using on-site gamma spectrometry. With a 20° collimated detector
at the top of a mast 3 metres above the soil, the area sampled is 3 m2, at 10 m it is 37 m2, on a
helicopter at 25 m it is 230 m2. This is the ground area of a dwelling.

A review of the methodological and practical aspects of on-site high resolution gamma
spectrometry was carried out by the Environmental Measurement Laboratory of the US DOE in 1994
[11]-
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The conclusion of this article supports the expectations of our Franco-Slovene team that on-
site gamma spectrometry will overcome the problems of cost and of the statistical representativeness
of the ground measurements required to produce a map and isointensity curves for the potential soil
radon. The article specifies that, for differential measurements of the intensities of the gamma lines
from emitters in the uranium chain for soils with a mean terrestrial background level, a Ge detector
of large volume and with an efficiency greater than 75 % would produce results in a counting time
of less than 30 minutes. A measurement can be made in a few minutes with a relatively small detector
if the soil activity is greater than 1 Bq g"1.

2.2. IN THE MEASUREMENT OF RADON FLUX AT THE SURFACE
OF RADIUM-BEARING TAILINGS PILES AND THEIR COVERS

This is a matter of calculating the total emission by integrating the results of measurements
of the surface radon flux, using a representative grid, made in less than a day or, more precisely,
within a period of stable weather conditions.

The current method is based on measurements of diffusive radon flux by plenum chambers
covering at most a few tenths of a m2 over a grid which in practice cannot be smaller than the 20 m
x 20 m grid. The question arises of how statistically representative this is.

In addition, the method does not provide a result with a sufficiently short time constant,
bearing in mind the time variations of the flux if the weather is changeable.

Above all, however, it assumes that it is at least possible to go on foot over the surface of the
deposit. Now it is impossible to set foot on wet tailings without getting stuck in them. As a result,
the method cannot be used in many cases. The need for a method of measurement that could be
operated from a helicopter thus becomes evident.

The problems of the cost of the determination of the source term and the statistically
representative nature of the measurements here again justify the interest in on-site spectrometry.
Moreover, the inaccessibility of the surface of muddy piles of fine tailings necessitates the use of an
airborne laboratory, and high resolution gamma spectrometry has been tried and tested for such use.
In France, the helicopter method (Helinuc system) has been developed mainly at the Commissariat
a l'Energie Atomique (CEA, Centre d'etudes de Valduc, 21120 Is/Tille, France) with a view to the
recovery of small radioactive sources. An application of this system to post-accident gamma
cartography is described in [12].

3. PROGRESS MADE IN THE RESEARCH PROGRAMME

The Franco-Slovene programme (the PROTEUS project on the characterisation of the
propensity of soils to produce radon 222 anomalies in dwellings) was planned to last for three years
and started at the end of 1994. We now describe the progress made in the work.

3.1. Theoretical aspects

Fig. 1 illustrates the principle of the spectrometric method of measuring the rate at which
radon 222 is produced in the porous volume of soils and its diffusive transfer to the atmosphere. The
theoretical aspects of the method are dealt with in Annex 1. It is shown that, with an appropriate
processing of the line spectrum of gamma emitters in the uranium chain, it is possible to obtain
independently the activity of radon 226 per unit of mass (Bq g'1) , the emanation coefficient of radon
222 and the product of its diffusional relaxation length (m) in the porous volume and the soil density
(g cm'3). The diffusive flux is deduced from this. The theory assumes that the soil properties are
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uniform over the volume of soil measured by the detector. The radon diffuses into the porous volume
vertically (one-dimensional assumption). Annex 1 also deals with the measurement of the flux emitted
by the covers on radium-bearing tailings piles. Theoretical support for the processing of the data
provided by the measurements on calibration blocks using 20° collimated detectors and for the
laboratory validation of the method is also described.

3.2. Programmes of measurement

3.2.1. Procedures

Some of the measurements were made in France on the crystalline terrain of Limousin and
in Slovenia on sedimentary land and on piles of mine tailings1 or fly ash.

20° collimated detectors of relatively small volume were used (an Ortec HPGe detector with
a height of 49.8 mm and a diameter of 53.7 mm with 17% efficiency, and a Canberra HPGe detector
with a height of 55.2 mm and a diameter of 54 mm with 36% efficiency). The detector was placed
on a mast 3 m above ground level.

Measurements were also made on calibration blocks. Four cylindrical blocks of diameter
48 cm and heights of 7 cm, 22 cm, 35 cm and 63 cm were made from metal drums fitted with a
watertight cover and a device for scavenging the porous volume. These heights cover the absorption
lengths of the gamma lines used. The height of 63 cm is of the same order of magnitude as the
expected value of the radon relaxation length. The drums were filled with finely crushed uranium ore.

When the covers are closed, and after radioactive equilibrium has been established between
the radon and its daughter products, intensity measurements on the various gamma lines give the
output from the collimated detector as a function of the energy of the chosen lines. The R a ^ line at
186.2 keV and that of Pa1"^ at 1001 keV serve as references for the other lines, using the known
uranium concentration of the ore for verification.

When the covers are withdrawn, and after establishing the profile of the radon diffusion, new
measurements lead to the calculation of the emanation coefficient and the relaxation length. The ore
in place has quite a low saturation level of less than 30% in the porous volume. The air in the porous
volume is then scavenged. The ratio of the gamma lines of the daughter products of radon to those
of the radium provides a new measurement of the emanation coefficient.

If necessary, these blocks could be used to produce experimental values of the gamma photon
absorption coefficient for samples of soils forming the basis of a gamma spectral mapping.

3.2.2. Results

The ground results are currently being analysed, as are those relating to the calibration blocks.

The method is illustrated using the results obtained on the piles of tailings from the treatment
of uranium ore from the Zirovski mine (BORST site) in Slovenia. The results presented in Annex 2
are those provided by the CARTOGER procedure from processing raw spectrometric data in Excel 5.

We should like to thank the management of Rudnik Zirovski Vrh who kindly allowed us access to their
installations
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4. WORK IN PROGRESS

A great deal of work remains to be done in analysing the ground measurements already made
and those now being made. The possibility of taking into account the saturation levels of the water
in the porous volume of the soil and its spectrometric determination is still to be studied.
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FIG. 1. Strength of emission Sv of g photons of radium 226, of lead 214 and of bismuth 214 as a
function of soil depth z.

5. PROVISIONAL CONCLUSIONS

The proposed method undoubtedly has potential applications, but we still have to define its
limitations, the conditions under which it can be used and its cost. As regards characterising the
propensity of the soil to produce radon 222 anomalies in premises, the method should be able to
provide the intensity of the production of radon in the porous volume and characterise its diffusion
to the soil-atmosphere interface. On the other hand, the method does not seem capable of providing
a characterisation of the soil permeability, which is the other factor involved in the problem of
domestic radon anomalies. As regards the measurement of flux at the surface of covered or uncovered
waste dumps, the method should lead to a good characterisation of the exhalation flux, which is of
diffusive origin.
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ANNEX 1

Theoretical Aspects

P. ZETTWOOG
Auffargis, France

DESCRIPTION OF A METHOD OF MEASURING THE FLUX
OF RADON 222 EXHALED BY SOILS FOR DIFFUSION

1. SUMMARY

We describe a method of distance measuring the flux of radon 222 at the soil-atmosphere
interfaces, based on the use of a high resolution gamma spectograph. This method only functions for
diffusive flux. The radon atoms are transported under the effect of a gradient of the concentration of
the radon atoms in the pore spaces of the soil in the vicinity of its interface with the atmosphere. The
gas which fills the pore spaces is itself at rest, there is no convective flux. The method uses the values
of the intensities of the gamma radiation emitted during the radioactive decay of radium 226, parent
of radon 222, and of two of its short-lived daughter products, bismuth 214 and lead 214.

According to the energy of the different radiations, the measurement takes into account the
varying thicknesses of the soil. Since we know the characteristics of the soil for the absorption of
gamma radiation, we can deduce the value of the parameters which come into the calculation of the
diffusive exhalation flux, with a hypothesis of the uniformity of the physical properties of the soil.

2. INTRODUCTION

This method is based on the measurement of the intensity of the radiation of the gamma
emitters in the U 238 chain of the soil obtained by a high resolution spectrometer. Exploitable gamma
emitters are to be found in table I.

We can distinguish the peak Ra 226 + U 238 at 184.08 KeV on the one hand, and all the
peaks of the daughter products Pb 214 and Bi 214 of Rn 222 on the other hand. That is 70 the
photons of the first peak and 7, those of the daughter products.

The number of photons per second received by a detector in a peak i coming from the layer
of soil between z and z + dz is:

i H'

dCi = ocair x A^ x Ri x e v dz x fx x f (HD, E, z)xQx

Length of attenuation in the soil for 7i (cm)

If x'A is the distance where half the photons have interacted ;

x

Y1 ~ 0.693

Ara : Soil activity concentration of Ra 226 per unit of volume (Bq.m"3)
fi : Number of photons per desintegration of emitter i
Ri : Efficiency of the detector for 7i
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Table 1
List of the exploitable gamma emitters of the uranium 238 chain.

From A. Canet and R. Jacquemin, Methods for measuring radium isotopes : Gamma spectrometry. AIEA - TRS No. 310, The Environmental
Behaviour of radium, Vol. 1, Chap. 3 - 4

Emitters

Ra226

Pb214

Bi214

Lines
(keV)

186.2

242.0
295.2
351.9

609

1120
1764
2448

Emission
fi (%)

3.3

7.4
18.7
35.8

45

14.9
16.07

1.57

Remarks

Interference with the line 185.7 keV of U235, emission of 2.5 % ', try to use the line
1001.03 keV of Pam 234 to calculate the concentration of U238, then of U 235.
There is no equilibrium between U 238 and Ra 226 in the soil.

Interference with the line 351.0 keV of Bi 211, its contribution may be calculated
from line 270 keV of Ra 223.

Reference line for the measurement of Ra 226, after placing at equilibrium.

Reduction in the effectiveness of the detectors.

1 The value 2.5 % takes into account the isotopic composition or natural uranium, 99.28 % of U 238 and 0.72 % of U 235.
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Q : Solid non-collimated angle
a : Surface of the detector
f (HD, E, z) : A function which takes into account the disappearance of radon 222

by emanation and diffusion (description of the divergence at the
equilibrium between Ran 222 and Ra 226 in the vicinity of the soil)

HD, E : Length of diffusional relaxation of radon in the pore space and
emanation factor of radon

a^ : Attenuation in the air over the soil-detector surface

For the peak of radon 226, we have :

0 H

dCo = a^y x A^ x Ri x e T dz x f0 xQxa

We suppose that the radium concentration is uniform ;

We have :

Ci = f" dCi for the peak i
Jo

Co = \ dCi for the peak readium 226
Jo

With the help of measurements carried out on a large enough number of peaks, we can, with
a hypothesis on the form of the function f(HD, E, z), determine the parameters HDand E, taking into
account the lengths of attenuation for the peaks considered.

3. ESTABLISHMENT OF A CALCULATION FORMULA FOR DIFFUSIVE FLUX

A soil includes heterogeneities of a more or less random nature, large stones, roots, tunnels
dug by burrowing animals. If we place ourselves on a large enough scale, the three-dimensional
aspect introduced by these heterogeneities finishes by disappearing.

We can then consider that the physical properties of the soil depend only on the depth z.
Pedologists differentiate in a soil several types of "horizons", or layers parallel to the surface, situated
between the surface and the non-modified rock situated at the base of the soil, called "horizon R".
These layers, horizons A, B, C, and their subdivisions, are of variable importance depending on the
type of soil. Briefly, the A layers, the most superficial, contain a notable proportion of organic matter
and are impoverished in clays. The C layers, above the horizon R, correspond to the alteration of the
subjacent rock, but the constituents do not derive from the pedogenetic processes which individualise
the horizons above. The B layers make the transition between the A layers and the C layers, and are
richer in clay. Organic matter and clays are capable of absorbing radon and slowing its migration.

If the physical properties of the soil according to these different horizons are known according
to depth, we may establish the equations which describe at each depth z the emanation of radon and
its diffusion in the pore space. We may deduce from that the concentration profile N(z) in radon and
therefore the flux according to the equation :
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with

0 : exhalation flux, atom.m^.s"1

e : porosity
D : coefficient of diffusion in the pore space, m2 .s '
T : tortuousness, to take into account the lengthening of the migration lines

in relation to the vertical
N(z) : concentration of the atom radon 222 in the pore space

If the soil is an artificial soil placed as a cover over a stock of solid radium-containing
residues, we know the physical properties and the thickness of the layers making it up, we know how
to calculate N(z) and therefore the flux according to equation (1).

In what follows, we suppose, both as an example and as a first approximation, that the
properties of the soil are uniform. In particular, that the activity concentration of radium 226 A ^
(Bq.nr3), porosity , the coefficient of diffusion D and tortuousness T are constant.

In the pore space, diffusion is described by :

R f i t e ^ O (2)
T dz

We calculate that the concentration profile is described by :

The flux being equivalent to :

= ^226 * E X HD

with

\r 226 -3 /c\
v̂ = atonie.m \J)

X222t
\m= the decay constant of radon 222, 2,1 x 106 s1

, length of relaxation (jri)
A222

This formula is valid for a stock of non-covered uranium milling wastes.

If the wastes are covered, we may consider that, in the pore space of the covering, atoms of
radon 222 coming from the wastes are far more numerous than those emanating from the traces of
radium 226 in the materials opf the covering.

In the covering, the equation (2) is reduced then to :
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T dz2
= 0 (2bis)

The solution is of the form :

N(z) = N* h z/HD, N* being a value of the concentration such that the continuity of the real flux of
radon be ensured at the interface waste-covering z = He, that is the continuity of :

f (f (equation 1)

The indices R and C designating the waste and the covering, we

Z-Hc

have:

that is:
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z*Hc

-j— (from equation 2)
NR(z) = N oo- (Wm -N*) e DR

Nc = N* Sh —^— (from equation 2bis)
HDC

- N* *cPc N*

*il HDR W . - * *) = €C ^DC * * C A - ~

XT XT R UK

TV* = w #„ (6)
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4. THE DISTRIBUTION OF GAMMA EMITTERS ACCORDING TO DEPTH

We shall use the following gamma lines:

the line of Ra 226, at 186.2 keV. In the vicinity, we also find the line of U 235.

the lines of Pb 214 and Bi 214, those that provide the most easily readable peaks being those
of Pb 214 at 242 keV, 295.2 keV, and 351.9 keV, and those of Bi 214 at 609 keV, 1120
keV, 1764 keV and 2448 keV.

According to the hypotheses above, we know that:

AKaZi6 not depend on z and is equivalent to zero in a covering ;

e, HD, E, are constants specific to the soil ;

N" is a constant specific to the respective thickness of the stocks and the covering and of
their physical properties.

The emission constants f0, f; of the gamma lines of the radium 226, bismuth 214 and lead 214
emitters are to be found in Standards (see Table I).

In the case of soils or non-covered stocks, the activity concentrations of radon and its daughter
products in the pore space on the one hand, in the mineral space on the other, are at equilibrium. The
activity concentration of radon is evaluated in relation to the activity concentration of radium by :

A222 = A226 x f (z, E ,

f(z,E,HJ = (1 - E + \\ - e
z

A222 = A226 xf (z, E, HJ = \\ - E e

In the case of a covering, the activity concentrations of radon and its descendants are at
equilibrium and are given by :

A 2 2 2 = X222 N(z) = \222 N* Sh-1- (6bis)

We are in fact neglecting the radium 226 activity of the materials of the covering.

The number of disintegrations per second and per unit of volume of each emitter is, by
definition, equal to its activity concentration.

The number of photons per disintegration, according to the different energies, fj is provided
in Table I.
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5. FLUX OF PHOTONS TO THE SITE OF THE DETECTOR OF THE GAMMA
SPECTOGRAPH

The flux of gamma photons <j> (number of photons per cm2 and per second) received by a
target at a point P situated at a distance R from a source S (photon, s"1), is such that :

(7)
4 * R2

Let us consider a detector situated at P at a distance a from the soil. Either all the emitters
of the annulus dV situated at the distance R from P between the depths z and z + dz and of rays
between r and r + dr, or between R sin 0 and R (sin 0 + d0) (see Fig. 1).

The volume of this element is (2 x R sin 0) (R d ) dR, with :

D a + z j D dz
cos 9' cos 6 '

i.e. dV 2n R
cos 6

That is S'v, the number of photons of energy i emitted per unit of volume and per second in
the plane z.

The flux of photons received at P, coming from dV is, according to (7), and neglecting air
gamma absorbtion:

4>< = - J i *x
2 cos8

(8)

onzontal section at elevation z

FIG. 1. Diagram showing integration of the flux of photons received by the detector.
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Here we have introduced the term :

e cos e

which represents the fraction of photons reamining in the direct flux between dV and P after
passing through the thickness:

z
cos 9

in the soil.

Us, characterises the soil's properties of absorption for the photons of energy and the quantity :

represents the fraction of photons which have undergone an interaction with the matter and
which have left their initial path.

Moreover, is equivalent to A m fi, A ^ being provided according to z by equations (6) or
(6b), fi emission constant.

As far as radium 226 is concerned, which has only one line which is can be exploited, at 186

keV, it will be given the exponent or the index zero.

We have

A ^ does not depend on z.

The values of fo and of the fi's for the most easily exploitable lines of bismuth 214 and lead
214 are given in Table I.

We can write then, according to the problem,

In the case of soils and non-covered wastes (6)

*')fix 551 "_ E e*')fix - 5 5 1 e « » dd dz
' cos 6

In the case of a covering (6bis)

/ 1 XT \ V-'s Z

d2 A." - (X™N* 5A _z_) ^ sine - s n d e - (8bis)
{ 2 HDy cose

N* is given by (5).
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For the photons from radium 226, we have :

o

J 2 A/ "̂ 226 /• sin 6 ~TZ~B Ja , (8ter)
d* <p' = fo x e cosa dd dz

2 cos 9

We suppose that the gamma photons coming from wastes are absorbed in the covering if there
is one d2 4>° is then of no use.

5.1. Radium 226 gammas

The equation (8ter) is immediately integrated, the limits of integration being, for z, zero and
infinite, and for 0, 0 and 0,, 0, being the collimating angle of the receiver (opening 2 0,).

Let us integrate d2 <t>° at z then at 0.

This gives rise to :

= f" d2 d>* = ^ i ^ s i n 6 dd
Z*° (9)

1 d #> = A™t.{i - cose,)
r\ 0

We note that (j>° is independant of the distance a. For a small enough 0,,

±o A226f°t

4 tf

In so far as the distance a is over 10 m (spectograph on board an aircraft), we must however
take account of the absorption of the photons by the molecules of the air, characterised by, for the
photons of radium 226. We have :

sin Q dQ
2 \isOJo

If 0! is small enough, we have, to within the second order in 0 :

(9ter)

We can see that half the photons of the line 200 keV is absorbed over 25 metres and half the
photons of the line 2,5 MeV is absorbed over 110 metres.

208



5.2. Bismuth 214 and lead 214 gammas, on a stock of covered waste

We obtain :

/ ,o COS0

The first integral is equivalent to

dQ dz _ E

o COS0

sin 6 dQ

The second integral is equivalent, putting down :

cos0 Hr
Z = X

sin 6 dQ
cos 0

cos e Hr

r d'x dx =
J o

From which, for d 0' :

U _ A226 fi i -

sin 6 dQ

cos 0

COS 0
sin 0 dQ

From which for :

•'" =

(J)' = f * d <J)'
J 0

(1 - cos QJ - (E »', HJ log
cos 0j

If 0] is small enough, we may write, to within the second order

• ' • =
•tfi*i (1 - E
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5.3. Coverings

We suppose that the ground noise due to the radium 226 of the covering is negligible.

Equation (8bis) gives, by integrating only over the thickness of the covering for the ranges
of Bi 214 and Pb 214, which correspond to the radon 222 of the wastes which have diffused into the
covering :

X222 N* fi ss m

2 cos 6

*fi

dO dz

•i»i

r
o cos 6

rHC 5 f t z dz

There are no difficulties in the calculation of the two integrals, but the expression obtained
for is less concise after integration than after, and we did not carry it out.

6. EXPLOITATION OF THE SPECTOGRAPHIC MEASUREMENTS

6.1. Soils and non-covered wastes

The method leads to the calculation of the exhalation flux of radon 222.

The spectograph gives, after taking into account the Ri and Ro detection efficiency for the
energies of index i and zero, the counting rates C and C/ which are in the ratio :

£L - fi m Hl
C° ~ fo Ro H°

1 -
Hi + Hr

We introduce :

which are lengths such that after having covered them, the direct flux of photons is divided
by e = 2.718. By covering 0.693 H7 the flux is divided by 2.

We write, supposing that 0, is small enough :

C° fo Ro H°y

1 -
E Hr

HD

Let us introduce the soil mass absorbtion coefficient aTi (cm2 g). n\ is given by the product
aTl x psoil , p ^ being the soil mass density (g cm'3). The software associated with the spectrograph
allows us to introduce, on lign, the parameters fi, Ri, fo, Ro so that we obtain directly the ratio :

, _ C IfiRi _A' =
C° I fo Ro oTl

1 - Psoil HD

+ Psoil HD

(10)
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In this formula, E and the product (pMU x HD ) are the two unknown quantities to be
determined, the aT] being given by Standards, see for instance British Standards Institution, B. S. 4094
Part 1, 1966.

By exploiting the various peaks i, we obtain i equations of type (10) for the two unknowns
which allows us, by using an appropriate process, to improve the precision of their calculations.

Moreover, the spectograph gives, as an absolute value, after taking into account f0 and the
detection efficiency for the peak Ro, the quantity :

F = Ai26 (1 - cos 6,)(
2 Psoil °W

We deduce A1"^ , which is the soil activity concentration per unit of mass (Bq g"1), by:

Am = ^ 2 2 6 = aT0To

226 ' i - cos e,

which, associated to p ^ HD and to E, allows us to calculate, according to (4), the flux of
radon 222 by

*„ = A226 xExHD=A?26xEx (Psoil Hd) d D

Construction of a calculation chart to determine E and HD (assuming p^ = 1.56 g cm'3)

Let us consider, among all the possible lines, the 2 lines :

7L : Pb 214 : 242 keV
78 : Bi 214 : 2448 keV

with as a reference y0 : Ra 226 : 186 keV.

In Table II we give the mass absorption coefficients for these 3 lines, and we calculated the
corresponding H7' values assuming p ^ = 1.56 g cm"3.

With the enclosed calculation graph, Figure 2, we obtain values of HD and E corresponding
to a given couple of A1 and A8 , according to equation (10) and the values of Table 2 for the H r

The calculations are made with p ^ = 1,56 g.cm"3 , which is obtained in a standard soil with
porosity 0.4.

To be noted is that the subsequent calculation of the radon 222 flux is not dependant of the

soil'here assumed value for pMU, that is p ^ = 1,56 g.cm"3, as indicated by equation (11).

6.2. Coverings

We are dealing with the case of the single layer covering with uniform properties.

What we are looking for here is the value HDC, which characterises the covering. The factor

211



3,5

2,5

1,5

0,5

0,2 0,4 0,6
A1 (Line 242 Line 186)

0,8 1,2

Eo: 186 keV
E,: 238 keV
E8 2448 keV
The 7 Hd values in this graph are: 5 cm; 10 cm; 20 cm; 30 cm; 50 cm; 75 cm; 100 cm.

FIG. 2. Chart for determination of E and HD using the 7 most exploitable gamma emitters and
assuming pSBil= 1.56 g.cm3.
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HDC

Hr

of reduction of the flux of radon is approximately equal to

Supposing that cos 6X = 1 et sin 6X ~ 0,, we have from (8bis)

dz

[d 4>'L
The ratios are are functions of HDC tabulatable according to Hc /zs", ns>. The

measurement of anyone of these by the spectograph allows us to calculate HDC, knowing Hc, /xs', jts
J.

We can then calculate N*. We deduce from that the exhalation flux of radon by

-c "DC

At the same time we have a value close to the coefficient of reduction of the flux due to the covering,

"DC
Hr

that is

6.3. Calibration pads

These pads are made up of a cylindrical bed of ore in the form of a homogenous powder of
thickness Hp with a measured uniform density p ,^ , the length of diffusional relaxation being HDP.
The bottom section of the pad is seen under the angle 6X by the detector placed in the axis of the
cylinder.

obtain:
The concentration profile of radon 222 is obtained by the resolution of equation (2). We

(z) = Nm

Ch-
j _ Dp_

HDp

which allows us to respect

dN
NM=0et\—£\ =0

\ & Jz-S,
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We have (see above),

^222 " ^226

Ch-

1- E-
HDp

HDp

S1 = Fi A,27•222

2 cos6

e1

0 0

Ch-

\-E 3L

Ch-
HDp J

s i n e e ' ^
cos e

dZ

A 6l

2*f
">

2 Jo J cos 6

From these countings on the radium line, we obtain (see above) the value of A ^ (or of A"1^).

From the 7 ratios up to (see Table II), we may then determine

E and HDP for the ore.

Moreover, the experimental set-up allows :

either the scanning of the pore space of the bed by fresh air, which gives :
A ~— A i 1 — p \

over all the thickness of the bed, and allows for an independant determination of E,

or the putting into place of an airtight lid which gives, when the radioactive equilibrium
between radium 226 and radon 222 is obtained,

A222 = A226,

which comes down to considering E = 0.

We have then :

e H n̂
sin 6 "^Te^222 f f

1 2 J J2 J J cos 0
dd dz

The ratios obtained are leading to the experimental determination of the values of /xs" and
therefore of the products ffTi x pmkl
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Table 2
Values of HY for the 7 most easily exploitable gamma emitters, assuming psoi| = 1.56 g.cm'3

N° of line
0
l
2
3
4

5 ( 1 )

6
7
8

Emitter
Ra226
Pb214
Pb214
Pb214
Bi 214

Pam 234
Bi214
Bi214
Bi 214

Energy (keV)
186
242
295
352
609
1001
1120
1764
2448

CTT (g c m " )
0,134
0,120
0,109
0,098
0,083
0,067
0,062
0,050
0,040

HY (cm)
4,78
5,36
5,38
6,54
7,72
9,57
10,33
12,82
16,03

(l) This line is not used for E and HD determination but for checking the U 238 concentration.



ANNEX 2

Programmes of Ground Measurements: Application of the
CARTOGER procedure to the Treatment of Results
Obtained at the BORST Site in Slovenia

M. ANDJELOV
Geological Survey Ljubljana, Ljubljana, Slovenia.

P. JOVANOVITCH
Institute of Occupational Safety, 61000 LJUBLJANA, Slovenia

J. CLOUTE-CAZALAA, M. JANOT
Algade, R & D Dept., Bessines sur Gartempe, France

P. ZETTWOOG
Office de Protection contre les Rayonnements Ionisants, Le Vesinet, France

We illustrate the application of the theory of measuring diffusive radon 222 flux in Annex 1
by presenting the results obtained on the pile of tailings remaining from the treatment of ores at the
Zirovski Vrh mine in Slovenia. At the time when the measurements were made, the tailings had not
been covered. The specific activity of the radium 226 expected from the tailings was of the order of
10 Bq g1. This relatively high value for the specific activity compensated for the relatively small
volume of the detector. The assumptions that the medium has uniform properties and that the radon
diffusion is a one-dimensional process are acceptable for this type of deposit.

The spectral data provided by spectrometry are processed using the CARTOGER procedure,
which is an application of the theory given in Annex 1 and which runs in Excel 5 on a portable
computer.

The characteristics of the gamma lines involved and of the detector (geometry, efficiency)
together with the mass absorption cross-section of the soil aTi for the ith gamma line are introduced
using data from the table in Plate 1.

The calculated values of the specific activity (Bq/g) for the 8 gamma lines used appear in
Plate 2.

The specific activities of radium 226 and uranium 238 are derived from measurements on
lines of energy 185.7 keV and 1001 keV. We find:

Specific activity of radium 226 Am
Ra = 12.34 Bq/g

Activity of uranium 238 Am
v = 0.41 Bq/g

The efficiency of the plant's extraction treatment calculated from this is 97%.

These results, altrough optimistic as far as the plant's efficiency is concerned, are not in
conflict with the data from the operator.
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The values of the apparent specific activity for the different gamma lines emitted by the
daughter products of radon 222 are plotted in the graph of Plate 2. These activities show a shortfall
in activity compared with that of radium 226. This is explained by the fact that a fraction of the radon
222 has emanated from the solid phase and diffused towards the atmosphere. We introduce the ratio
Uj between the activity of line i time aTi and the activity of line 0 relative to radium 226 time OJQ. For
the line with the lowest energy, the spectrometric examination concerns only a layer of the tailings
with a thickness of the order of a few cm. To a first approximation, the ratio Uj for this line is
(1 - E). As the energy of the gamma lines used increases, regions at increasing depths are probed.
The concentration of radon 222 and therefore that of its daughter products increase in the porous
volume.

The concentration profile is characterised by an exponential law whose characteristic length
is the diffusional relaxation length for radon 222. This length can be obtained from the rate at which
the apparent specific activities increase with energy, knowing the soil density.

More precisely, the theory presented in Annex 1 showed that, with the assumptions made,
U; is given by:

Ui = 1 - EX/(l/aTi + X)

where X = pMilHD (g/cm2), p ^ (pwaste in fact for this measurement) is the apparent density
of the waste in situ, and HD is the relaxation length.

Having selected 6 lines relating to the daughter products of radon 222 for this analysis, we
have 6 values of U; for the two unknowns X and E. This overdetermination can be used to improve
the accuracy of the results.

In the CARTOGER procedure, we note that the 5 ratios (1-Ui)/(1-U,) involve only the
unknown X. Using tables providing values of aTi for the minerals in the tailings in question, we can
establish the law governing the variation of these ratios with the photon energy 7;.

A least squares method is applied to find the value of X that minimises the difference between
the theoretical and measured profiles. This is illustrated by Plates 3 and 4. For the measurements
made at Borst, this gives X = 35 g/cm2. If we take p , ^ = 1.56 g/cm3, which corresponds to tailings
with a 40% porosity, we deduce that HD = 22.4 cm. This is a very likely value for wet tailings.

Having found the best value for X, we now have to find the best value for E. We have 6
determinations. A least squares method is once again used and gives E = 0.58 (see Plate 5). Such
values have been measured in the tailings from the processing of ore.

The radon 222 exhalation rate can then be calculated. It is:

FR.222 = A™^ x E x (pwaaeHD) (atom s1 cm"2)

We thus have F R ^ = 12.34 x 0.58 x 35 = 251 x 104 atoms per sec per m2, or a radon
222 activity flux of 5.27 Bq s1 nr2.

Figure A.2.1 can be used to compare the measured values of U, with those obtained
theoretically for the above values adopted for X and E.
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SUMMARY OF RESULTS

Activity of radium 226
Activity of uranium 238
X = Pwastt X HD

Relaxation length
Emanation coefficient E
Radon 222 activity flux

12.34 Bq/g
0.41 Bq/g
35 g/cm2

22.4 cm (for pwa

0.58
5.27 Bq s1 m2

= 1.56 g/cm3)

A1:I23

Procedure Cartoger

Plate 1

Treatment of soil measurements

Data

Input data in italics

DETECTOR

Surface of detector (

Angle teta (°)
(1 - oos(teta))

Gamma emission

N° of Line Energy (keV)

0
1
2
3
4
5

6

7

8

185,7
238

295,4
352

609,4
1001

1120,4

1764,7

2448

Dm1)

radian

f,

0,033
0,074
0,19

0,3586
0,45

0,015

0,148

0,166

0,02

22,65

0,349
0,0602

Efficiency

Ri (ajusted)

0,972
0,855
0,715
0,58
0,342

0,21

0,189

0,118

not used

Absorb ti on

on (g/cm2)

0,134
0,120
0,109
0,098
0,083
0,067

0,062

0.050

0,040

1 /aT, (cm2/g)

7,46
8,36
9,17
10,20
12,04
14,93

16,12

20,00

25,00

Density (g/cm3)

1,56

Depth H, (cm)

4,78
5,36
5.88
6,54
7,72
9,57

10,33

12,82

16,03
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J1:R47 Plate 2

N° of Line
0
1
2
3
4
5
6
7

Procedure Cartoger

Counting rates in italics

Calculation of specific activities

Measurements Calculation

Site:
Date:

Identification:

BORST
june 1995

001
X = p. Ho (g/cm3)

Ui = 1 - EX/(1/aTi+X)

SITE:

BORST

cps

2.0/5
2,37
5,677
9,844
8,868
0,013
2,252
1,995

"I
Counting

cps/cm*
0.089
0,105
0,251
0,435
0,392
0,001
0.099
0.088

•Source

(VIRi fi dO)
photon/(s cm1)

radium 226 46,04
27,45
30.62
34,68
42,23

uranium 238 3,02
59,00

74,64

| lAmrJ{ 2 OY,)]xUi
[AVl2p.aTi)]xUi

Bq/cm*
46,04
27.45
30.62
34,68
42.23
3,02

59,00

74,64

Figure 1

Am» x U,

Bq/g
12.34
6.57
6.68
6,80
7,01
0.41
7.32
7,46

(U, = 1)

(U, = 1)

Figure 1

Mass activrtyof radium 226

AmR.IBq/g) 12,34

Mass activity of uranium 238

Amu (Bq/gl 0.41
Uranium extraction efficiency

% 97

14 ..

12 •

10

1 -
K

£ 6.

1
4 .

2

0 •

c

Calculated activities according to energy

f

\

\

200 400 600 800 1000 1200 1400 1600 1800

En.rgy(k.V)
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U1.AI31 Plate 3

Procedure Cartoger

Finding X optimal value in view of the 5 values for 5/81
Ui = 1 - EX/(1/<rTi+X) j

2 unknowns.

from measures

u.

1
0,532
0,541
0,551
0,569

1
0,593

0,605

E and X (g/cm»)

1-Uj

0
0.468
0,459
0.449
0,431

0
0.407

0,395

Site: BORST
Date: June 1995

Identification: 001

8|«EX/(1/CTTI

Mesure
0
1
2
3
4
6

7

+ X)

keV

186
242

295,4
352

609,4
11 20,4
1764,7

s,
0

0,46771456
0.45888932
0.44876916
0,43146012

0,407
0.39S

8,/8,
measured

1
0,981
0,959
0.922
0,870
0,845

Try for X

32

s,/s,
32

1,000
0,980
0,956
0,916
0,860
0,839

33

Calculated
33

1,000
0.981
0,957
0,918
0,863
0,842

34

with oT ajusted
34

1.000
0.981
0.958
0,920
0,866
0.845

35

35
1.000
0.982
0.959
0.922
0,866
0,848

36

36
1,000
0,982
0.960
0.923
0,871
0.851

Optimal X value

35 g/cm2

Squares of differences measured and theoretical values
Try for X

X Ig/am1)

2/1

3/1

4/1

6/1

7/1

r

32

0.00000

0,00001

0.00004
0,00009
0,00003

0,00017

33

0,00000

0,00000

0,00002
0,00004
0,00001

0,00007

34

0,00000

0,00000

0,00001
0,00001
0,00000

0,00002

35

0,00000

0,00000

0,00000
0,00000
0,00001

0,00001 I

36

0,00000

0.00000

0,00000
0,00000
0.00004

0,00005



Plate 4

Procedure Cartoger

Looking for the optimal E value

Site: BORST

Date: June 1995

Identification: 001

X optimal: 35 g/cm1

optimal X according to Uj valuaa

[Trylo 0,5 0,55 0.56 0.6

X optimal 35

ICalculatmp:
Try (or E

35

0,4

0,324

0,319

0,314

0,297

0,276
0,200

35

0,5

0,405
0,398
0.392
0,371

0,348
0,324

35

0,55

0,448
0.43S
0.431
0,409

0,380
0,357

35

0,58

0.470
0,482
0,455
0.431

0,401
0,378

35

0.8

0,487
0.478
0,471
0,448

0,415
0,389

Optimal E
0,58

0,«5

35

0,65

0.527
0,518
0.510
0.483

0,449
0,422

1-Ui

MwtiHicnion

1

2

3

4

6

7

Energy

2 3 8

295,4

3 5 2

609,4

1120,4

1784,7

Measures
0,488

0,459

0.449

0,431
0,407

0,395

Calculated
Try for E

0,4

0,324

0,319

0,314

0.297
0,276

0,260

values

0,5

0,405

0,398

0,392

0,371
0,346
0.324

0,55

0,446

0,438

0,431

0,409
0,380

0,357

0,58

0,470

0,462

0,455

0,431
0,401

0,376

0,6

0.487

0,478

0.471

0,446
0,415

0,389

0,65

0,527

0,518

0,510

0,483
0,449

0,422

Squares of

kJWIlifiCBIMMI

1

2
3

4

6

7

differences

Try for E

0,4

0.0206

0.0197
0,0182

0,0180

0,0170

0,0184

0,1118

measured

0.5

0,0039

0,0037
0,0032

0,0036

0,0037

0.0050

0,0231

and theoretical values

0,55

0,0005

0,0004
0,0003

0.0005

0.0007

0.0015

0.0039

0,58

0,0000

0,0000
0,0000

0,0000

0,0000

0,0003

0,0004

0 ,6

0.00O4

0,0004
0.0005

0,0002

0.0001

0,0000

0,0015

0,85

0.0035

0,0035
0,0037

0.0026

0.0018

0,0007

0,0159

AR1:BC47
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