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Abstract

In France, uranium ores have been exploited in rural areas with a low population density. The critical
population group which is identified for radiological impact studies lives close to the uranium facilities, at distances
from a few hundred metres to 1 kilometre. Within this range, the radioactivity of the environment is still detectable
amongst the natural background. Mining companies manage surveillance networks according to strict specifications
laid down by the government authorities. For active mining operations it is the exposure to daughter products of radon
222 that forms the bulk of the total effective dose. After closure of a mine and rehabilitation of the site, products such
as uranium 238 and radium 226 in the water can become the major components of the total effective dose.
Surveillance networks are built to allow direct measurement of the radon daughter products critical to the alpha energy
and measurements of the water activities for uranium 238 and radium 226. Annual limits for the effective individual
doses are given and determined by the authorities. The industry must manage effective annual doses of the order of
1 mSv. The natural exposure which is not part of the regulation is of the same order (1 mSv) as the exposure created
by the industry. The results given are therefore lacking in clarity for the public. The Office de Protection contre les
Rayonnements Ionisants (OPRI) and ALGADE are developing methods which allow differentiation between natural
phenomena and man-made phenomena. It has been recognised that for a region where mining activities have taken
place, the isotopic signature of uranium, radium and radon can clearly be recognised from the same product of natural
origin. In the case of radon, for example, the industry produces only radon 222 while natural emanations are
composed of radon 220 and radon 222.

1. FRENCH REGULATIONS RELATING TO ENVIRONMENTAL PROTECTION AT
URANIUM MINES

1.1. Historical background

In France, the legal document specifically covering environmental protection around uranium
mines, ore treatment plants, storage plants for mining waste and solid waste from treatment is Decree
no 90-222 of 9 March 1990. The decree was published in the Official Journal of the French Republic
of 13 March 1990, and was introduced into the general regulations governing the extractive industries
brought into force by Decree no 80-331 of 7 May 1980.

Arrangements for monitoring waste disposal and measuring the exposure of the general
population to ionising radiation were progressively put into place by the producers from the beginning
of the 1970s under their own initiative, the design of these arrangements being based on the
recommendations of international organisations in force at the time. For the most part, the above
document ratifies these arrangements.

Among the documents used as reference material by those drafting Decree no 90-222 were
AIEA SS no 43 of 1975 [1] (which laid down the objectives of surveillance networks) and ICRP
Publication no 43 [2] of 1984. The latter publication confirmed that the objectives of document SS
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no 43 were sound, clarified a few important concepts, among them that of "critical population
groups" already introduced in ICRP Publication no 26 [3], and endorsed two types of monitoring
strategy: those aimed at qualifying environmental impact via a determination of sources and transfers,
and those aimed at direct estimates of the exposure of populations.

1.2 The key points in Decree no 90-222

Decree no 90-222 is based on the concept of "critical population groups". Its objective is to
limit the fraction of their annual exposure attributable to the "industrial" discharges of mining
companies and plants that depend on them.

The "critical population groups" are identified during the radiological study of the site carried
out prior to the establishment of the surveillance network, taking into account the sources and critical
transfer routes of the radionuclides significant for radiological protection. Specific Prefectorial Orders
specify the frequency and siting of the sampling points in the environment and the methods of
measurement to be used.

As regards the radioactivity contained in drainage water discharged from mines and in liquid
effluent from industrial plants, the decree introduces the principle of optimising radiological
protection. The limits for discharge are fairly severe as regards both the dilution provided by the
waterway receiving it and the possible transfer routes. If there is a demand that a radium or uranium
purification station is necessary, the operator must use the best available technology leading to the
smallest possible discharge.

1.3. Annual dose limits introduced in the circulaire d 'application (memorandum of application)

A circulaire d 'application lays down the limits to be complied with as regards the effective
dose equivalent added by industry to that of natural origin for the same radionuclides and the same
exposure routes. Except for special cases, the effective dose is determined by taking into account the
exposure to gamma radiation, the inhalation of short-lived daughter products of radon isotopes and
of long-lived alpha emitters in radioactive dust, the consumption of water at the site and the local food
produced.

At present (May 1996), the annual limit for the effective dose equivalent for people belonging
to the critical population group is 5 mSv. It is assumed in the calculation that 5 mSv corresponds to
the inhalation of a potential alpha energy (PAE) of 2 mJ due to the daughter products of radon 222,
6 mJ due to those of radon 220, 170 Bq due to ore dust, and to the ingestion of 7000 Bq of radium
226 and 2 g of natural uranium.

In the near future, the circulaire a"application will in all probability have to legalise a limit
on the effective dose equivalent of 1 mSv per year averaged over 5 years, a limit that the EU is
preparing to introduce officially into its directives. The value of 1 mSv will correspond in particular
to the ingestion of a PAE of 0.73 mJ from radon 222 daughter products. This quantity is inhaled by
a person exposed for a year to an equilibrium radon 222 concentration of 18 Bq m'3, the concentration
expressed as a PAE being about 100 nJ m3.
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2. PROBLEMS ENCOUNTERED BY THE OPERATORS IN APPLYING
DECREE NO 90-222

2.1. Current situation

After discussion, operators have accepted and implemented the arrangements included in the
Prefectorial Orders for the monitoring of discharges and the surveillance networks. It turns out that
the value of the effective dose equivalent corresponding to the combination of "industrial" and
"natural" exposures is in general less than the annual limit of 5 mSv. Everything is thus fine, and
there are no problems still to be solved.

In order to recover the contribution of "industrial" origin, the operator subtracts a fixed value
for the "natural background" from the total. Since even the total dose falls within the legal limit, the
operator is not very particular about the way in which this natural background is determined. To ease
matters, he adopts values measured relatively distant from the industrial sources, which are more
representative of the regional background than of the local background at the mine workings being
monitored and thus possibly too low. This could lead to an overestimate of the industrial component.

2.2. The current annual limit of 1 mSv

The total exposure at mines leads in general to an effective dose for populations of more than
1 mSv per year. With the present arrangements for monitoring discharges and the release of solid
waste by containment facilities, it might be impossible at some sites to comply with a limit on the
industry-related annual effective dose equivalent of 1 mSv (with the above-mentioned corresponding
value for radon 222) for all critical groups.

The operator should clearly improve his containment facilities, and he is in fact quite prepared
to do this provided, however, he is convinced that in his case the limit is not complied with. The
operator sees that the natural background is of the same order as the statutory limit and is often
greater than the legal industrial contribution. He will have to produce sound arguments for the natural
background values that, at the moment, he will have calculated at most just before subtracting them
from the total values.

The introduction of a stricter limit reveals a problem which has not existed so far: that of
discriminating between contributions from natural sources and those from industrial sources in the
total effective doses. In the case of mines, using the regional background is not in general adequate.
This is because the radioactive atmospheric load of radon 222 due to its exhalation from local soils
varies considerably on a local scale, depending as it does on the ventilation capacity and the weather
conditions. High values obtained at a station do not necessarily indicate that it is marked by radon of
industrial origin. It could simply be a case of a station installed in a poorly ventilated location.

Similarly, the radioactive load of natural origin in underground and surface waters, observed
in the catchment area of the mine, corresponds to a geological formation which contained an
anomalously high uranium concentration. Such a radioactive load of natural origin may be very
different from that observed in another catchment area nearby having the same geology but never
having contained a uranium deposit. It is therefore essential to find a method of discriminating
between the two contributions which is based on measurements made on the scale of the site being
monitored and not on any measurements made elsewhere.

3. DISCRIMINATION BASED ON THE DIFFERENCE BETWEEN ISOTOPIC SIGNATURES

The Office de Protection contre les Rayonnements Ionisants (OPRI) is a technical organisation
under the Ministry of Health and one whose main task is the measurement of exposures of populations
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whether of natural, industrial or medical origin. It is currently concerned, in collaboration with the
ALGADE company, a service subsidiary of COGEMA specialising in the monitoring of mines, with
the development of a method for making a rigorous measurement of each of these two components.

3.1. Principle of the method of isotopic signatures

We examine the possibility of discriminating between the environmental load due to
radionuclides of natural origin and those of industrial origin from their isotopic signature. The
principle of the method is simple. Assume that, on the scale of the area being monitored and in the
various physical compartments covered by the measurement network (atmosphere, surface water,
underground water, soils and sediments), the isotopic signature of naturally occurring radionuclides
in the relevant medium is always the same. This means that the atomic concentrations of the different
isotopes may vary from one point to another over the area but that the ratios of these concentrations
remain constant. It will be appreciated that this situation can occur if the uranium and thorium
concentrations in the local soil and geological formations on the one hand, and the processes leading
to the release and transport of radionuclides in the receiving media on the other hand, vary little on
the scale of the area being monitored.

If the area being monitored is large enough for there to be some zones where it is certain that
no industry-related contamination exists, then the isotopic signature of the natural radioactivity may
be established there for all the media sampled. It is then assumed that this signature is the same in
those zones of the area which are marked by industrial waste. The industrial component can then
legitimately be constructed from the measurement of the distortion it has produced in the signature
of the natural component.

3.2. Progress made in validating the method

Our intention is to examine to what extent the isotopic signature method can solve the problem
raised, and to investigate the conditions under which the associated assumptions are valid, for the case
of French mines. Where the terrain is uncomplicated, as in the sandy clay and calcareous clay plains
of the Paris basin, the method works. However, the concentrations of radionuclides of natural origin
are almost constant over the whole area, and simply subtracting the uniform background recovers the
industrial component quite easily. In fact, in most French mines, the situation as regards natural
radioactivity is less simple, the background varying at least in absolute value from one end of the area
to the other. It is our objective to identify those sites for which the method of recovering the industrial
component from isotopic signatures is valid.

We describe the research in progress and the results obtained. As regards the impact of
atmospheric discharges of radon 222, the method appears to us to be valid for at least three sites
characterised by very pronounced relief (differences in height above sea level of a few hundred
metres, existence of several waterways, variable soil roughness). As regards the impact of the
discharges and releases of radium and uranium into aquifers, our research has only just started.

4. RESULTS OF THE METHOD FOR RECOVERING THE RADIOLOGICAL IMPACT OF
INDUSTRIAL RADON 222

The networks used by ALGADE for measuring the radiological impact of atmospheric radon
222 have the special feature that they measure not only the atomic concentrations of radon 222 and
its daughter products but also those of lead 212, a daughter product of radon 220. It is thus possible,
for each station in the network, to calculate the ratio A between the concentrations of radon 222 and
lead 212 of natural origin. Lead 212 atoms replace equal numbers of radon 220 atoms exhaled by the
soil a few minutes earlier. The ratio A is therefore interpreted below as giving the ratio of exhalations
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of radon 222 and radon 220, such exhalations having been weighted on the regional or continental
scale according to the case.

Reference [4] examines the theoretical conditions under which we might hope to obtain a
constant value for A, the ratio of the atomic concentrations of radon 222 and lead 2121 in the air
sampled by all the stations in the surveillance network.

In practice, our confidence that it is valid to apply the method was based on the small
dispersion in the values of A measured for a sufficient number of background stations covering the
monitored area adequately, including both poorly ventilated stations with high radon loads and well
ventilated stations with low radon loads.

Table I shows the values of the ratio < A > we have obtained over several sites in France and
in a few African countries. For the sedimentary areas in the table, it can be seen that values of < A >
lie in the range 280 - 300 except for Languedoc, which is outside the range with < A > = 860. For
crystalline terrain, the values of < A> extend from 500 to 5200. The ratio of the atomic flux of
radon 222 to that of radon 220, in a simplified scheme, is given by:

[K.a226j £322 ^1D222^L^-^224J *-̂ 220

HD222, HD22o are m e diffusional relaxation lengths of the radon isotopes.

The central value of the ratio of relaxation lengths is of the order of 80 for a profile showing
a uniform saturation of the porous volume, but higher and lower values are to be expected according
to whether the soil is dry or wet. The ratio of the emanation coefficients is of the order of 1, except
for special mineralogical features. On the average over the whole earth's crust (but not necessarily
in soils), the activities of the radium in the two radioactive series are of the same order. The mean
expected terrestrial value is thus of the order of 100. The values of < A> in Table 1, which are for
sites where uranium ore is extracted, are 3 to 50 times as great.

4.1. Results for the Limousin network

COGEMA has been mining uranium ores in the Nord-Limousin region for 45 years and
treating them on site. There are several radon 222 sources, including heaps of mining waste and
residues from treatment. The radiological impact of radon 222 emissions is monitored by a network
of 44 operational stations equipped with the exposimeters described in the Introduction.

The region covered by the Nord-Limousin "radon" surveillance network (50 km2) has a relief
consisting of small rounded tree-covered hills, with fairly deep valleys and many lakes. Stations along
hill tops have low exposures because of the large atmospheric dispersion at such sites. Stations in
valleys or protected by an obstacle have high exposures because of the poor air circulation.

The region is characterised geologically by granitic formations (binary granites and biotite
granites) with metamorphic series at the boundaries (mica schists and paragneiss). A geological survey
of Nord-Limousin showed that the uranium content of the soils associated with the granites in the
region covered by the network was significantly higher than that observed on the average for more
distant formations. A programme of airborne gamma-spectrometry enabled a map to be drawn up of

1 More precisely, the sum of the atomic concentrations of lead 212 and bismuth 212 in view of the decay
chain of radon 220. A is therefore the ratio of the sum of the atomic concentrations of the radon 222
series to the sum of those of the radon 220 series as measured by the surveillance network stations at
mines.
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TABLE I. RATIOS < A > OBTAINED OVER SOME NETWORKS EQUIPPED WITH THE
ALGADE ALPHA SPECTRAL DOSIMETER

Network Geology

(1) (2)

Radon 222
volume

activity Bq m"3

(3)

Atomic
concentration
for members
of the radon
222 series

103 atom m3

(4)

Atomic
concentration
for members
of the radon
220 series

103 atom m'3

(5)

Ratio

(6) = (4)/(5)

Paris Basin,
France 1990-

1995

Limousin,
France

1993

Charentes,
France 1992-

1993

Vendee,
France
1993

Forez,
France
1993

Morvan,
France
1993

Languedoc,
France

1991

Mounana,
Haut

Ogooue,
Gabon

Arlit,
Southern
Sahara,
Niger

Kanyemba,
Zimbabwe

1991

calcareous
clay or sandy

clay soil

granites

limestone,
marine

sediments

metamorphic
and granitic

series

granites

granites

sedimentary
and volcanic

permian
sandstone

sandstone and
products of
weathering

sands,
sandstone

sands,
sandstone

11.2

20

6.5

13

11

17.5

15

5340

9520

3100

6200

5240

8330

7140

14 6670

33 15700

8.5 4050

16.5

6.8

9.2

12

10.4

14.4

8.3

18.4

41

13.6

324

1400

285

5170

504

578

860

363

383

298

If such a small dispersion demonstrates that the method is valid, a mean ratio < A > is
calculated by averaging the values of A obtained over the unmarked stations in the area. Since lead
212 concentrations are also measured in stations marked by industrial radon 222, the concentrations
of radon 222 of natural origin can be recovered from this by applying the factor < A > to it.
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the surface concentrations of uranium and thorium in the soil, concentrations which appear to be
roughly proportional to each other.

Programmes involving local measurements of radon 222 flux have enabled a map of radon
222 fluxes to be produced from the map of uranium concentrations. These programmes showed that
the local fluxes are about 5 times higher than those obtained for soils associated with more distant
sedimentary formations. These conditions favour the introduction of values for the ratio A that are
relatively constant over the area.

Table II contains the results obtained over the Limousin (France) network in 1993. Thirteen
stations were identified as representative of the background. The table gives for each station the
annual mean value of the atomic concentration of radon 222 and lead 212, the ratio A of these two
values, the potential alpha energy (PAE) and the mean volume activity Av of the radon 222 and its
equilibrium factor F. The means are calculated from the 12 monthly values measured in 1993 by
alpha spectral active dosimeters installed by ALGADE in the stations monitoring mine workings.

TABLE II. ANNUAL MEAN VALUES OBTAINED IN 1993 AT THE "BACKGROUND"
STATIONS OF THE NORD-LIMOUSIN NETWORK

Station
No

8
9
16
19
20
23
27
30
31
35
40
42
43

"Network"
mean over
background

stations

Rn222
106

atom/m3

8.5
8.8
7.1
8.3
5.7
12
6

6.1
11
15

6.2
13
15

<Rn
222 >

9.4

Pb212
103

atom/m3

6 1
6.5 ]
6.8 1
6.2 ]
4.4 ]
10 1

4.6 1
4.9 ]
8.1 ]
9.9 1
3.5 ]
7.8 ]
9.4 1

<Pb212> <

6.8 ]

A
103

[.42
[.35
[.04
[.34
[.30
[.20
[.30
[.24
[.36
[.52
1.77
L.67
1.60

A>

[.39

PAE222
nJ/m3

50
54
41
56
43
57
33
38
61
94
34
68
92

<PAE
222 >

55.5

A.222
Bq/m3

17.85
18.48
14.91
17.43
11.97
25.2
12.6
12.81
23.1
31.5
13.02
27.3
31.5

<Av
222 >

19.8

F

0.50
0.52
0.49
0.57
0.64
0.40
0.47
0.53
0.47
0.53
0.46
0.44
0.52

<F>

0.5

It can be seen that the mean annual values of the background volume activities of radon 222
measured by the 13 stations vary considerably, by a factor of 2.6 between the highest value
(31.5 Bq m'3 at station 35) and the lowest value (12 Bq m'3 at station 20). The method of recovering
industrial exposures by subtraction of a uniform background exposure would be inadequate here.

As regards the monthly means of the activities obtained in 1993 by each "background" station,
the variation is still greater. See reference [4] for more information. The mean value of A over all
the background stations is 1.39 . 103, the highest value being 1.77 . 103 and the lowest 1.04 . 103.
The standard deviation for the distribution of A values is 0.14.
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The isotopic dilution method is validated for the Nord-Limousin network
by the fact that the ratio A is relatively constant over all the

background stations of the network

Icotoplc signature method

nJ/m3

250

200

150

100
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0
•iiill

® Natural PAE
B Mining PAE

• A

N 1 N 12 N 13 N 14 N 22 N 24 N 25 N 26 N 28 N 32 N 37 N 39

FIG. 1. Recovery of the PAEs of industrial radon 222 by the isotopic signature method. The Nord-
Limousin network: 12 stations marked by industrial radon 222. Mean values for 1993.

Since these results are for land showing only a small variation in A, it was assumed that the
criterion for the applicability of the procedure is satisfied. We therefore continued to use the technique
in processing the data for the network.

The Pb 212 concentrations for stations subjected to the effect of COGEMA radon 222 sources
were used to calculate the Rn 222 concentrations of natural origin for these stations by multiplying
by the factor < A > , i.e. 1.39 . 103.

The industry-related radon 222 concentrations could be obtained by subtraction.
Supplementary processing enabled the PAE 222 of its daughter products to be recovered. Here, the
mean value of the equilibrium factor for the "background" stations, 0.5, is used (see Table II).

Figure 1 summarises the results of the recovery procedure by giving the annual mean values
of PAE 222 concentrations of industrial and natural origin for stations located outside the perimeter
of COGEMA plants. Some of these stations are located near critical population groups. It can be seen
that almost all the industry-related values remain lower than the derived limit of 100 nJ m~3, which
over a year corresponds to an effective dose of 1 mSv.

Figure 2 shows the results of a recovery procedure based on the subtraction of a uniform
background over the whole area. It can be seen here that this method falsely identifies 4 stations
where the mean annual industry-related exposure exceeds the derived limit of 100 nJ m'3.

4.2. Selection of stations representative of the regional background of natural origin

It is clear that, in the case of a recovery procedure based on the subtraction of a uniform
background over the whole area, the mean PAE concentrations in the Nord-Limousin network are
underestimated for poorly ventilated stations and overestimated for well ventilated stations. This may
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The variability in the PAE concentrations measured over the background stations
invalidates the method using subtraction of a uniform background in the case of the Nord-

Limousin network
M thod using tha subtraction of • uniform background valu*

nJ/m3

250

® Natural PAE
BMining PAE

N 1 N 12 N 13 N 14 N 22 N 24 N 25 N 26 N 2B N 32 N 37 N 39

FIG. 2. Recovery of the PAEs of industrial radon 222 by the uniform background method. The Nord-
Limousin network: 12 stations marked by industrial radon 222. Mean values for 1993.

result in disputes between the operator, the authorities and the local environmental associations, a
situation that is all the more likely in that some background values will exceed the derived limit if the
basis for this is a value of 100 nJ m3. There is no satisfactory scientific solution in the context of this
method if the background is variable.

The isotopic signature method may provide the solution to the problem of the correct recovery
of industrial values if the ratio A remains constant over the background stations of the network. It
should be pointed out, however, that the operation of selecting a subset of stations to be taken as
background stations of the network is a crucial and delicate operation. Such a subset on the one hand
should be selected to represent all the ventilation conditions in the area and on the other hand should
include only those stations truly unmarked by industrial sources or by local anomalies in radon 220
or radon 222 exhalations.

We select the background stations over a network assumed to be dense enough in comparison
with the orographic and geological complexity of the area, using two indicators: the ventilation index
and the isotopic signature of short-lived polonium, a daughter product of radon 222.

For each background station, the relative ventilation index is defined as the ratio of the local
atomic concentration of lead 212 to the mean atomic concentration of lead 212 over the network. In
the case of Nord-Limousin, for example, we ended up with the set of ventilation indexes shown in
Figure 3, which seemed representative of the orographic variability of the area.

We then use the fact that the alpha spectral dosimeter separately measures the potential alpha
energies emitted during the decay of polonium 218 atoms (energy of 6 MeV) and polonium 214 atoms
(energy of 7.7 MeV) trapped or formed on the sampling filter. The ratio R of the number of alpha
tracks recorded in the channels for these two energies is then calculated, i.e. the isotopic signature
of the short-lived polonium resulting from the decay of radon 222.
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When the radon 222 load of the air masses passing over the network originates only from
exhalations from soils that the same air masses have previously scavenged, the isotopic signature of
the short-lived polonium from the decay of radon 222 is that of the natural background and is well
characterised. An elementary simulation (see [4]) shows that the ratio R varies with the age of the first
load of the air mass according to the law shown graphically in Figure 4. Apart from air masses of
recent oceanic origin, continental air masses have been over the region for more than 2 hours, and
we expect the ratio R to be less than 0.12, the equilibrium factor F being greater than 0.4.

On the other hand, if the air mass has just been loaded by exhalations from a waste heap, the
later evolution of the ratio R to be associated with this radon 222 of industrial origin varies with time
according to the law shown in Figure 5. The air mass reaches the critical groups quite quickly, a time
of less than 40 minutes being a realistic assessment. We should expect R values greater than 0.2 with
F less than 0.2.

0,00

N42 N43

FIG. 3. Ventilation index of the 13 background stations in the Nord-Limousin network.

Variation In It it F with the aga of tha tint axhalitlon

T«mp*(e)

FIG. 4. Evolution of the isotopic signature of polonium R and of the equilibrium factor F for the
radon 222 load of natural origin.
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In practice, the stations for which the value of R is on average less than 0.12 are kept as
candidates for selection as background stations; those for which the value of R is on average greater
than 0.2 are identified as stations marked by a local radon 222 anomaly. This may be due either to
an industrial source or an as yet unmined uranium-bearing outcrop.

4.3. Application of the isotopic signature method to other networks

The method works only if there are sufficient stations and if their locations satisfy the
requirements listed above. In the light of this, some networks need to have a higher density.

The mine surveillance networks with a high density of stations will be incorporated into
networks which are less dense but representative on a regional scale and which will be equipped with
the same active alpha spectral dosimetry equipment.

As an example, Figure 6 shows the recovery of the industry-related radon 222 PAE for the
surveillance network of the mine workings run by COGEMA at Lodeve5 (Languedoc network). In
1991, this network comprised 14 environmental stations, eight of which were adopted as background
stations with < A > = 860, the relative standard deviation of the A values being 22%.

5. THE ISOTOPIC SIGNATURE METHOD IN THE CASE OF URANIUM AND RADIUM
INGESTION THROUGH THE FOOD CHAIN

As part of its general task of protecting the population against ionising radiation, OPRI has
long been concerned with the radioactivity of mineral waters. The results of systematic programmes
for analysing the radioactivity of French mineral waters were published in 1968 [6]. A new collection

Variation of R at da F with tha aga of the burst
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FIG. 5. Evolution of the isotopic signature of polonium R and of the equilibrium factor F for a burst
of radon 22 of industrial origin.
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FIG. 6. Recovery of the PAEs of industrial radon 222 by the uniform background method. Languedoc
network: 6 stations marked by industrial radon 222. Mean values for 1991. Isotopic signature method.

of results, mainly concerning the relative abundance of the radium isotopes ^ R a and ^ R a and the
disequilibrium of the uranium isotopes, together with a description of OPRI's physical and
radiochemical methods of analysis, was published in 1990 [7]. The physico-chemical and geochemical
processes capable of explaining the relative abundances and the radioactive disequilibria of the
isotopes of the radionuclides in the uranium and thorium chains dissolved in mineral waters were the
subject of publication [8], while note [9] concerned the disequilibrium states of ^ U and 238U.

Between 1950 and 1980, in the granite massif of Forez in France, COGEMA extracted and
treated uranium ores with uranium concentrations of a few kg per tonne, providing about 15000
tonnes of metal. The waste from the treatment is stored at the surface under water upstream from a
retaining dam, the most granular fractions sometimes being used as pack for the mining works. A
considerable rehabilitation of this deposit is under consideration. A prior study of the radiological
impact of the rehabilitation is planned. If the isotopic signature method is applicable to the case of
environmental transfers of industrial uranium and radium by underground and surface waters, it will
render great service to this complex site from the radiological and ecological points of view, because
the ingestion of uranium and radium through the local food chain will then be taken into account for
certain critical groups around this site.

5.1. Disequilibrium states of ^ U and 23SU

Since the publications of Cherdyntsev et al [10,11], we know that the activities of the W U
and ^ U uranium isotopes dissolved in underground waters are rarely in equilibrium. Results
published in the literature [12,13] show that the ratio of the activities AR = 73*\Hm{5 is in general
greater than 1 and can reach values of 4 or 5, in Vichy water for example (see [7] and [8]).

Several mechanisms are suggested in the literature to explain this disequilibrium. The
difference in mass does not explain the fractionation. A theoretical model of the variation in the ratio
AR with the time of contact between the water and the rock is proposed in [14]. This is repeated for
Stripa granites in [15]. The model takes two mechanisms into account:

the difference in the leaching rate of the two isotopes, due to their different radioactive,
mineralogical and physico-chemical histories,

the ability of 234Th atoms to escape from the crystalline matrices of the host rock. These
atoms descend from ^ U by alpha decay and have a recoil energy sufficient to travel a few
tens of nanometres in the crystal lattice16. They are therefore able to pass into the aqueous
phase if they are close enough to the surface of the uranium-bearing grain.
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The reference time for the period of contact is the radioactive half-life of ^ U : 2.45 x 105

years. For short times, AR is equal to the ratio of the leaching rates. It is only for long times and for
uranium-rich mineralisation in veins that the escape mechanism of the ̂ h atoms through their recoil
energy can predominate. A survey of the published attempts of groundwater dating by uranium
isotopes is made in [17].

The aim of note [9] was to explain the disequilibrium of the B4U and ^ U isotopes by the fact
that U can change from a valency of 4 to one of 6 by radiochemical processes during the radioactive
decay which convert the uranium ion of mass 238 into one of mass 234 in three stages (1 alpha
emission, 2 beta emissions). Uranium with a valency of 6 is more soluble than uranium with a
valency of 4. This note was based on the results of measurements made on underground water in
granitic terrain in the Forez region of France. The ratio of the dissolved activities AR = ^U/^V
was 2.09 with a relative error of 5%, the water-bearing granite being in equilibrium.

It is known that waste from the mining of uranium ores may contain pyrites which, in an
oxygenated medium, leads to the possibility of acid drainage from waste heaps and the in situ
dissolving of traces of uranium. This process can also take place in the residues from treatment stored
in wet conditions, and very often at the surface in lixiviationplants using low-grade ores, which might
well leak in the long term.

An increase in soluble uranium is sometimes observed in the water from boreholes or rivers
located downstream from these deposits, but it is difficult to distinguish between that generated by
natural leaching from undisturbed geological formations already in place and any that may be due to
leakage from industrial plants.

Attempting to discriminate between the industrial and natural components of the radiological
impact on the ingestion of uranium implies that we can measure the marking of an underground
aquifer by any leaks that may occur from the bedrock of a surface deposit containing uranium in
solution.

We make the following two points in favour of using the isotopic signature method for the
marking of underground water by industrial uranium:

(a) The water of underground aquifers has an activity ratio AR = ^ U / ^ U generally greater than
1, which can be measured very accurately in a specialist laboratory.

(b) The isotopes of uranium are in equilibrium in the ores and in the liquid effluent from
industrial plants.

This may be a difficult undertaking, because the water which has percolated from the surface
installations of the mine or plant is also loaded with mineral salts, such as chlorides and sulphates,
with extraordinary pH values. Complex geochemical processes can make the quantitative
interpretation of changes in the isotopic signatures of natural waters very difficult. The chemical load
of underground drainage waters from surface deposits may itself lead to an increase in the natural
leaching of uranium from the water-bearing rocks. One of the key points in our research programme
is to assess the importance of this difficulty.

5.2. Relative abundance of the radium isotopes

The mineralogical, radiochemical, geochemical and adsorption processes accounting for the
relative abundance of radium isotopes in underground and surface waters have been satisfactorily
identified by uranium prospectors and specialists in isotopic dating methods. The effects of the anion
content of the water (chlorides, carbonates, sulphates) and the redox potential are brought out in [8].
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We make the following two points in favour of using the isotopic signature method for the
marking of underground water by industrial radium:

On the scale of a catchment area, the underground and surface waters each have a radium
isotopic signature (^Ra, ^Ra and ^Ra) which can be accurately identified with the
analytical resources at the disposal of OPRI.

Liquid effluent from mines and industrial plants, and the water percolating from radium-
bearing surface deposits discharge only ^ R a into the environment.
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