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SUMMARY

This study assesses the impact on health of an aircraft accident resulting
in the release into the atmosphere of the reprocessing product PuOg.
The consequences associated with the inhalation of the initiai cloud, the
passage into suspension of the powder deposited on the ground and the
contamination of the food chain were therefore evaluated as a function of
the quantity released. It was deduced that the risk of inhalation is by far
the greatest.

The countermeasures likely to be implemented during emergency action
were subjected to analysis, tn particular, it appeared that the impact of
the first cloud couid not really be mitigated but that it was possible to take
effective action against the other consequences.

Research was undertaken to establish tolerable release quantities which
could if necessary be used as acceptance criteria for packaging tests.
This indicated that a release in the range 10-100 g would give rise to
controllable consequences, at least in a rural environment.

The calculations relating to the estimation of the acute toxicity associated
with the inhalation of Plutonium and details of the emergency action plan
are given in appendix.
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INTRODUCTION

Part of the Plutonium resulting from the reprocessing of pressurized
water reactor (PWR) fuel is transported by air in oxide form. In
accordance with the current regulations of the International Atomic
Energy Agency (IAEA), the material is transported in "type B" packages,
the most common model found in France being the "FS-47", used by
COGEMA.

An aircraft accident could lead to the rupture of this packaging, causing
release of this Pu mixture1 and subsequent exposure of the population.
This exposure would be due first of all to the inhalation of Pu during the
passage of the atmospheric cloud, and then to the contamination of the
soil following the deposit of the Pu, wet or dry, contained in this cloud.

The aim of this report is to analyze the implications of a severe transport
accident by identifying and evaluating the various consequences
associated with such an accident and then envisaging the
countermeasures which could be implemented. To achieve this, the
different phases of a post-accident will be described and the extent of the
consequences and the appropriate countermeasures will be evaluated
as a function of the activity released. This method embraces a double
objective. For the purposes of risk evaluation, it involves describing post-
acddent sequences in order to arrive at a quantified estimation of the
consequences and, where possible, proposing measures for countering
weak points in the arrangements. In accordance with a more regulatory
safety approach, efforts will be made to establish a hierarchy for the
various release levels in order to see if it is possible to consider a
threshold below which intervention would effectively control tho risk.
Such a threshold could then be used as an acceptance criterion for
stringent tests representing very rare accident conditions.

For this purpose, we will distinguish between the virtually immediate
impact of the passage of the atmospheric cloud and the deferred impact
associated with the deposit of the plutonium contained in this cloud.

1In the remainder of the report, the product transported, ie, the mixture of oxides of the
various plutonium and americium isotopes, will be designated by the terms Pu, Pu mixture
(or powder) or oxide.



1. THEPOST-ACClDENTSlTUATION

1.1 State of the scene and state of the packaging

In order to describe the consequences of an aircraft accident
involving the transport of Plutonium we must restrict the possible
scenarios to those accidents in which there is a risk of damage to
the packages.

Apart from the very specific scenario of a major kerosene fire, we
may suppose that the wreck of the aircraft will be some distance
from an emergency centre and that the occupants will be dead.

Another point seems probable: the wreckage will be spread over
a wide area. Wreckage often covers distances of one kilometre,
sometimes three or four. The packages will therefore be
scattered over several square metres, or even much more if the
aircraft has started to break up in the air (structural failure,
collision or attack). In general, there is no major conflagration but
several outbreaks of fire occur, depending on the dispersion of
the fuel and flammable materials.

Other factors are more variable and are nevertheless of great
importance to the conduct of the intervention and the radiological
consequences. The accident can occur in a deserted area or an
inhabited one. The French territory comes into the second
category. This implies that the number of individuals exposed to
risk is not negligible as the average population density in France
is 100 inhabitants per square kilometre, or 200 if areas such as
the Massif Central are excluded. In these circumstances, it can
be assumed that rescue workers would arrive on the scene very
quickly as the country is very closely covered by the police and
fire service. It. is the duty of the latter to make ,their way to the
scene of an accident as soon as they are informed of it, whether
this is by the official channels or by telephone calls from eye
witnesses. Finally, the circumstances of the accident will be very
different according to whether it occurs in an urban or a rural
area.
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The condition of the packagings themselves can vary greatly
(cf. Figure 1), depending on the extent to which they have lost
their functions. The loss of containment, with accompanying
powder release, is the first hypothesis which comes to mind. We
must however make a distinction between bursting of the
packaging, significant rupture and slight leakage through tears,
cracks or damaged joints. These are the only direct and
immediate dangers for the public and the rescue workers.
Another series of dangers is associated with the actions of the
first persons to arrive on the scene.

We should mention here the case in which a rupture is closed by
the object which created it, a plausible situation. We must also
mention the case in which the biological shielding is lost and,
finally, the case in which the rescue workers gather the packages
together. In fact, although the compaction of the powder is
insufficient to render an isolated package "critical", this is not
necessarily true for a group of packages, especially in the event
of rain. It is unlikely that the packages would be handled so
carelessly after the arrival of the radiological emergency teams.
However, there could well be a period during which the first
rescue workers remained ignorant of the nature of the cargo.
There is also reason to fear that the latter might spread the
contamination, or that they might even assist the product to pass
into suspension in the air. As regards the case of fire, it is
possible that the packaging may have lost its thermal protection
due to the impact. Lastly, it is reasonable to suppose that the
package may have buried itself in the ground, as tests on soft soil
have shown. The danger in this case arises if the package is
allowed to overheat.

The loss of a package is a matter of grave concern as it contains
sensitive material and considerable radioactivity is involved. In
theory, a type FS 47 packaging can be traced by detection
systems carried on aircraft. These can detect a Pu 239 activity of
approximately 1 microcurie over 1 m2 due to 7 emission of
500 keV. The diminution caused by the packaging does not
prevent detection of the 40,000 Ci of this isotope present inside.
However, this operation is difficult in rugged terrain or particularly
if the packages are submerged.

1.2 Transported oxide

In this study, the plutonium oxide transported will be assumed to
have the characteristics of an oxide processed at La Hague from
PWR fuel irradiated at an average combustion rate of
33,000 MWj/t After the usual periods allowed for cooling and
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storage (approximately three years after leaving the reactor); the
isotopic composition in terms of activity is as follows: Pu 238
(1.9%); Pu 239 (0.25%); Pu 240 (0.40%); Pu 241 (97.2%);
Pu 242 (e); and Am 241 (0.25%); the isotopic composition in
terms of mass being: Pu 238 (1.5%); Pu 239 (55.1%); Pu 240
(24.3%); Pu 241 (13.25%); Pu 242 (4.85%); and Am 241 (1%)
according to [1]. these are, of course, reference values, as any
variation in combustion or storage time can result in a
modification of the values. However, there is relatively little
change in the radioactivity provided plausible hypotheses are
adopted.

The particle size of the powder is another important
characteristic. This depends on the manufacturing process. It
appears that the French, American and British processes differ
from each other in this respect. In the United States and France
the particle size is much lower than in Britain. According to the
American study [2] on the transport of Plutonium, the median
aerodynamic diameter is apparently 10 |im. For France, a
sample examined in La Hague gave similar results [3], whereas
an analysis reported by SGN gives an even lower particle size
(5 |im) [3]. On the contrary, the powder at Windscale included
practically no particles less than 100 (im [5]. These particle sizes
are shown in Figure 2. It is observed that there is relatively little
spread in these figures. In any case, it is clear that the release
conditions modify the particle size of the powder in suspension in
the air. If the packaging bursts, there is very little change in the
granulometry. If the release occurs through cracks or joints, a
filtering effect must be allowed for and the release, which is much
less in terms of quantity, is also much finer.
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Figure 2: PuÛ2 particle size distribution (range as a percentage)

1.3 Emergency action objectives

Emergency action is designed to reduce the harmful
consequences of the accident. These belong to widely differing
domains. The consequences affecting the health of the
population are often given priority consideration, but they are not
the only ones.

The dangers associated with the product are alt radiological in
nature: external irradiation, criticality and external contamination
(skin) or internal (inhalation). Properly conducted emergency
action should eliminate the first two and minimize the third,
whatever the releases. The remaining danger is therefore
inhalation.
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As far as the radiological effects are concerned, a distinction must
be made between two types — acute and stochastic — and two
exposure modes — immediate, at the time of passage of the
cloud, and deferred, due to the transfers resulting from
contamination of the soil after the accident. The emergency
action should be such as to limit the doses associated with the
contamination of the soil by avoiding the corresponding acute
effects and thus reducing the deferred effects. However, the
acute effects still remain possible with the passage of the initial
cloud as there is then no means of controlling the situation. The
acute effects are threshold-related and they imply the estimation
of the number of individuals exposed to doses superior to fixed
thresholds. The stochastic effects are conventionally expressed
on the basis of the collective dose.

The effects on health are not the only ones. The second aim of
the emergency action, and the initial measures must allow for it,
is restoring the economic and social conditions prevailing prior to
the accident, ie: land returned to its former use, displaced
persons allowed to return to their homes, production units put
back into service etc. The manner in which the emergency action
is carried out can also, to a certain extent, limit the psychological
impact of the accident and the damage to the image of the
nuclear industry which can be expected after a release of
contaminating product.

In severe cases, the attainment of these objectives could require
extensive use of resources for treating the soil, entailing
considerable cost. These costs, or resources rather, could
sometimes exceed the short term response capacities of the
country or, in any case, exceed the price attached to the
economic and social impacts mentioned above. In all cases, the
restoration work represents a supplementary impact due to the
accident.

After the accident, the persons directing the intervention must
control and weigh up all these aspects, as well as the question of
physical security, but it is- also necessary to take them into
account when defining the safety approach. This is one of the
objectives of the analysis undertaken it here.
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2. IMPACT ASSOCIATED WITH THE PASSAGE OF THE
ATMOSPHERIC CLOUD

2.1 Evaluation of the risk

2.2.1 Inhalation of the plume

Following an aircraft accident the wreckage can be scattered
over an area exceeding one square kilometre. If one or several
packages are cracked or split open, part of the Pu will escape
almost instantaneously and will be dispersed into the
atmosphere long before the arrival of the emergency services.

We are then in the presence of a source term containing particles
of different dimensions and partly inhalable. In this section we
will give particular attention to the part dispersed in the
atmosphere (part of the Pu remains on the ground) and
potentially inhalable. The "inhalable" fraction, ie, that part
reaching deep into the lung, is given by the CIPR [6] in
accordance with a granulometry indicator, the AMAD (Activity
Median Aerodynamic Diameter).

The radiological impact of this emission will depend on the
quantity of pollutant released and the atmospheric conditions.
The BATEX programme [7], based on the DOURY gaussian
dispersion model, is used to determine the ido-concentration
curves and the areas with a contamination greater than or equal
to a given concentration. These evaluations are a function of:

• the inhalable quantity released (whatever),

• wind speed (1 to 10 m.s*1),

• nature of the diffusion (low; normal),

• dry deposit rate (O to 5 cm.S'1),

• height of release (O to 500 m),
• washdown rate (O to 10'3 s"1).

The most standard risk is that of the stochastic effects, expressed
by the dose associated with the inhalation of this cloud. Thus, if
we consider the case of a dispersion into the atmosphere of
100 g of a Pu mixture with the CIPR granulometry reference
(AMAD = 1 |im) coming from PWR reactors and in relatively
negative atmospheric conditions (wind speed: 1 m.s-1; tow
diffusion; dry deposit rate: 1 cm.S'1; release height and
washdown rate zero) we obtain the following isodose curves
(effective dose engagement).
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It is thus possible to know, as a function of the quantity released,
the maximum distance at which a dose greater than or equal to a
given dose H is observed and the area with a dose at least equal
to H. Thus, for a release of 100 g and the relatively negative
diffusion conditions given for Figure 3, we obtain the following
results.

Table 1: Maximum distances and areas exposed to a gfven dose
level H for a release of 100 g

Dose H (Sv) Maximum distance (km) Area (km2)

10 0.434 0.05
1 1.29 0.52
0.1 3.29 4.11
0.01 7.31 24.3
0.001 14.3 110

It is clear that a significant radiological impact is observed over
considerable distances, several tens of kilometres for the
standards of protection of the public. At 0.5 Sv, a value often
considered in accident cases, the area concerned reaches
approximately 2 km in a leeward direction. It is of course
important to consider the variation in in distances and areas as a
function of the quantity released. The areas presenting a dose
level of between 0.1 mSv and 10 Sv for release values of 1; 10,
100 and 1,000 grammes of 1 |im AMAD are given in Figure 4.
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dos* (mSv)
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Figure 4: Ares» exposed to a given dose level (inhalation of the
initial cloud) as a function of the quantity released

These dose levels will be observed at the following maximum
distances.
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Figure 5: Maximum distances exposed to a given dose level
(inhalation of the Initial cloud) as a function of the quantity
released

These values obviously depend on the meteorological conditions
used and the situation adopted here is a negative one. However,
there is no fundamental variation in the orders of magnitude.With
normal conditions of diffusion the distances could be halved, with
strong winds they will obviously be greater.

2.1.2 The non-stochastic effects

For significant quantities of released Pu, non stochastic effects
could theoretically be observed following inhalation of the initial
cloud. A synoptic of these effects and the hypotheses adopted to
establish threshold levels for them is given in appendix 1. We
must therefore consider these thresholds for which death is
virtually certain to follow exposure; the periods can, however, be
relatively long (1 month for pulmonary oedema, three to five
years for pulmonary fibrosis, even longer for cancer), but
generally after a prolonged period of morbidity. For values c lose
to these thresholds, we could also reach doses for which lung
cancer becomes very probable. By adopting this latter value, ie,
the quantity inhaled for which cancer is very probable
(corresponding to 100 Sv)1 we can take a threshold for direct
mortality associated with an incorporation of 0.05 mg of powder
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1000
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of 1 jim AMAD and 0.25 mg of powder of 10 |im AMAD (similar to
the oxide transported).

As a function of the quantity released, for these two
granulometries, these effects can be observed at a maximum
distance given in Figure 6 and over an area given in Figure 7 for
the diffusion conditions described for Figure 3.

•"" 0,2Smg

— 0,05 mg

100

Figure 6: Maximum distances exposed to a lethal dose level
(100 Sv), as a function of the released quantity of powder of
1 nm AMAD (threshold = 0.05 mg) or 10 jim (threshold =
0.25 mg).
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Figure 7: Area exposed to a lethal dose (100 Sv) as a function of
released quantity of powder of 1 (im AMAD (threshold = 0.05 mg)
or 10 jim (threshold 0.25 mg)

To estimate to the nearest order of magnitude the number of
persons liable to be subject to a lethal effect (pulmonary fibrosis)
we can assume the population density in the vicinity of an
accident to be 100 inhabitants per km2 (average value for
France). We then obtain the following theoretical results for a
powder of 1 or 10 u,m AMAD.



22

Table 2: Impact of the initial cloud for a'given release

Quantity
released

(O)

10

50

100

500

1000

1

Lethal
distance

(m)

25

73

115

300

430

I »im POWDER
Lethal
area
(m2)

210

1610

3790

24400

50400

Number
of effects

e

0.2

0.4

2.4

5

10 \m POWDER
Lethal

distance
(m)

<10

25

40

115

180

Lethal
area
(m2)

25

210

510

3790

8720

Number
of effects

e

e

0.05

0.4

0.9

These results depend on the meteorological situation. Thus, if
we assume normal (not weaker) diffusion conditions, all other
things being equal, we obtain the following results in the case of
a powder of 1 urn:

Table 3: Impact of the Initial cloud for normal and weak diffusion
conditions (1 jim powder)

WEAK DIFFUSION
Quantity
released

(O)

10

50

100

500

1000

Lethal
distance

(m)

25

73

115

300

430

Lethal
area
(m2)

210

1610

3790
24400
50400

Number
of effects

e

0.2

0.4

2.4

5

NORMALDIFFUSlON
Lethal

distance
(m)

13
34

50

130

190

Lethal
area
(m2)

70

•400
860

4950
10500

Number
of effects

e

e

0.1

0.5

1

These theoretical results are only indicative however as the use
of an average population density has little meaning for such
limited areas.
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These results therefore relate to populations living near the
scene of an accident, but we must include any occupants of the
aircraft who may have survived, although this seems very unlikely
as the shock resulting in cracking of the packaging would be a
very considerable one. We must also particularly take into
account the first rescue workers to arrive on the scene who may
intervene without being aware of the presence of the Pu in the
aircraft and may inhale the Pu deposited close to the aircraft after
passing into suspension.

The risk of inhalation is not, moreover, the only one to be
considered in relation to these rescue workers. During the
course of their rescue work they may tread on the Pu deposited
on the ground, subsequently dispersing it and causing it to pass
into suspension. They may also deposit it on their clothing and/or
skin, thus rendering themselves susceptible to internal
contamination.

The risk of such contamination should however be considered a
minor one compared to the risk of inhalation, unless these
persons decide, for example, to move open packages in order to
facilitate access to the injured, without realizing that the
packages, which perhaps no longer b<?ar any special labeling,
are dangerous.

2.2 Reduction of the risks associated with this cloud

In order to mitigate the consequences of an accident of this type
as much as possible, an intervention plan is established. The
intervention comprises three phases. The first, known as the
reflex phase, corresponds to the emergency actions: evacuation
of the injured, isolation of the accident area. The second, called
the stable stage, is designed to stabilize the situation in order to
prevent any additional contamination. The last, known as the
restoration phase, is devoted to returning the contaminated
zones to their original state. In the case of aircraft accidents,
there is an additional phase, known as the "zero" phase,
corresponding to the period preceding realization of the Pu risk.
A brief description of the possible programme of this intervention
is given is appendix 2.

In general, it will be virtually impossible to act after the accident to
limit the risk associated with the passage of the atmospheric
cloud containing the Pu and the risk of contamination of persons
persent in the immediate vicinity of the wreckage.

As regards the risk of inhalation, the two possible
countermeasures are, in theory, the evacuation or sheltering of
persons situated in the path of the cloud. In a recent publication
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[9], the ClPR recommends evacuation for exposures greater than
a dose range of 50-500 mSv and sheltering for doses above
5-50 mSv.

If we again consider the case of a release of 100 g, under weak
diffusion conditions, and with a wind of 1 to 5 m.s-1, we observe
(see Figure 8) that the cloud arrives after a very short time lapse.
Thus, even with a low velocity wind (1 m.s"1), persons exposed to
doses of 50-500 mSv would be affected 30 minutes to an hour
after the accident, which is too short a period for any
countermeasure to be taken. Moreover, the quantity transported
by air could not be known soon enough for a decision to be taken
concerning this measure which entails significant risks and
negative effects and it can nrt be assumed that the whole of the
package (150 kg) is released, this hypothesis being much too
conservative. The transport accident differs in this respect from
the accident on-site where the delayed release makes
evacuation and containment measures oossible.

dos» (Sv)

10,000

1.000 *—* ^-
— 1m/s

— Sm/s

0,100

0,010

O1OOI
20 40 60 • BO 100 120

Figure 8: Time lapse before passage of the initial cloud for a
release of 100 g and velocities of 1 and 5 m.s'1

There remains the practice of pulmonary washing which, in
theory, removes the contamination. However, this operation
requires specialized equipment and trained doctors. It efficiency
is limited, however, only 50% of the Pu being removed and the
surgery itself is delicate: general anaesthetic, hazardous
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operation. It should therefore be reserved for a limited number of
persons who have received a very high dose, the intervention
resources being limited.

As regards the contamination risk, it is principally due to the fact
that during the "zero" phase the existence of the Pu is not
realized. Therefore no countermeasure for this risk can be
planned and it can be assumed that as soon as the presence of
the Pu is known, the contamination risk will be more or less
circumscribed.

If we are to limit the consequence of the passage of the
atmospheric cloud, we must therefore act principally on the
quantity transported by air. The only way of doing this is to limit
the source term (increase the strength of the packaging for
example), but this does not concern the intervention. We can
consider the possibility of placing around the container enclosing
the Pu an envelope containing a viscous product capable of
limiting its dispersion. If we exclude the fire scenario, the
presence of this product would fix the Pu on the ground and limit
its passage into suspension in the air. The feasibility of this
solution is not however proven.

3. IMPACT ASSOCIATED WfTH THE DEPOSIT

3.1 Evaluation of the risk

3.1.1 Contamination of the soil

The plutonium contained in the atmospheric cloud will be
deposited progressively on the ground. This deposit will
contaminate the earth and will subsequently migrate into the soil
and plants. This will lead to contamination of cultivated products
and, through the food chain, of man. Furthermore, part of the
deposited Pu will pass into suspension in the air, causing
atmospheric contamination.

The BATEX programme [7] gives the leeward areas and
distances contaminated at a given concentration as a function of
the quantity of pollutant released and of the meteorological
conditions. Thus, for these releases (and here it should be
pointed out that in this case we consider the total quantity
transported by air whether the particles are inhalable or not) of 1,
10, 100 or 1,000 g of Pu mixture, with the same atmospheric
conditions as those assumed for Figure 3 (weak diffusion, wind
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velocity: 1 m.s-1, dry deposit rate: 1 cm.s-1, washdown rate and
release height zero), we obtain the following results:

contamination

1000,0 -

100,0

10,0

1.0

0,1
0,01

{/"••/«*)

-R5

0,10 1,00 10.00 100.00

Figure 9: Area exposed to a given level of contamination as a
function of the quantity released

Thus for a total release of 1 kg, an area of approximately 1 km2,
soil contamination will be 1 milliCi/m2; the corresponding figure
for 8 km2 is at least 100 nCi/m2; for 40 km2, it will be at least
10 nCi/m2 and for 175 km2 at least 1 jiCi/m2.
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Figure 10: Maximum distances exposed to a given level of
contamination as a function of the quantity released

3.1.2 Contamination of the food chain

In order to assess the risk to the critical group resulting from these
deposits we will consider as reference case a soil contamination
of 10 u,Ci.rn2.

For the risk associated with the deposit, we will consider the
doses received by the ingestion of food products cultivated in this
soil. We then assume that a person may feed himself entirely on
products coming from the contaminated zone, a relatively
negative assumption. The principal contributors to this dose are
cereals and green vegetables. For a continuous deposit of Pu or
Am during one year, corresponding to a rate of 1 Bq nr2 s-1, the
concentration found in these plants has been evaluated at
2 x 10s Bq/year/kg for cereals and 8 x 104 for Bq/year/kg for
green vegetables [11]. Given that the standard man consumes
an average [12] of 90 kg of cereals and 110 kg of green
vegetables per year, a deposit of 1 Bq nv2 s*1 over one year
corresponds to a total annual ingestion of (90 x 2 x 10s), +
(110x8 >: 104) » 268x105 Bq.
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This ingestion is associated with a total annual deposit of
1 Bq m-2 s'1 x 3.15 x 107 s/year, ie 3;15 x 107 Bq nv2 over the
year. For a concentration of 10 jiCi/m2, ie, 10 x 10'6 x 3.7 x
1O1O Bq/m2= 3.7 x 10s Bq/m2, we obtain a total annual ingestion
of 268 x 105/3.15 x 107 « 3.15 x 10s Bq of mixture.

The dose equivalent received by ingestion for the incorporation
of a unit activity, expressed in Sv/Bq is calculated from the CIPR
30 [B] values given in Table 4 for the mixture composition studied.

Table 4: Dose equivalent received for a unit activity mixture
Incorporation due to contamination of the food chain

Radlonuclide

Pu
Pu
Pu
Pu
Pu

238
239
240
241
242

Am 241

% Activity

1.9
O
O

97
O
O

.25

.4

.2

.0014

.25

Dose factor Contribution of element
(Sv/Bq) Sv/Bq of mixture

1.478
1.

1.
2.
1.
5.

576

576
49
492
94

E-8
E-8
E -8
E-1Û

E-8
E-7

2
O

O
2
O
1

.808

.394

.63

.42

.002

.485

E-10
E-10
E-10
E-10
E-10
E-10

Mixture 100 7.74 E-10

1.478 E-8 means 1.478 x 10*, ie, 0.000 000 01478

For a contamination of 10 jiCi/m2 we therefore obtain an annual
ingestion of 3.15 x 105 Bo/year of mixture, ie a received dose
equivalent over 50 years of 3.15 x 10s x 7.74 x 1O-10 *
2.4 x 10-* Sv, ie, 0.024 rem.

Figure 11 gives the areas exposed to a given dose level during
the first year following an accident as a function of the quantity
released and assuming the ingestion of food products to be the
only means of contamination.
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Figure 11: Areas contaminated at a 9^n dose level assorted
with the ingestion of food products for given quantises of release

313 Passage into suspension
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Table 5: Dose equivalent received over 50 years for a unit activity
mixture Incorporation due to the passage Into suspension

Radionuclide

Pu

Pu

Pu

Pu

Pu
Am

238
239

240
241

242
241

% Activity

1.9
0.25
0.4

97.2
0.0014
0.25

Dose factor Contribution of element
(Sv/Bq) Sv/Bq of mixture

8.
8.

8.
1.

8.

2

91

91

559
47

1.411

E-5

E-5

E-5

E-6

E-5

E-4

1.558
0.223
O
1

O

O

.356

.515

.001

.353

E-6

E-6

E-6

E-6
E-6

E-6

Mixture 100 E-6

For a contamination of 10 mCi/m2, we therefore obtain an annual
inhalation of 3,500 Bq of Pu mixture, to which corresponds a
dose equivalent received over 50 years of 3,500 x 4 E-6 =
0.014 Sv, ie, 1.4 rem. The following figure represents the areas
exposed to a given dose level (received value calculated over
50 years), associated with the inhalation of particles passed into
suspension.
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Figure 12: Areas contaminated at a given dose levé! associated
with passage Into suspension, as a function of the quantity
released.

If we exclude the non stochastic effects, we can compare the risks
associated with three modes of transfer (passage of the initial
cloud, food chain, passage into suspension) fay means of the
surfaces exposed to a given dose level. For a dose level of
50 mSv we obtain the following results for given quantities of
release.
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Table 6: Areas exposed to more than 50 mSv for each of the
transfer modes for given quantities of release

Area (km2) exposed to a dose of 50 Sv or more:
Quantity
released

1
10

100
1000

First cloud

0.1
1
7

40

Food chain

e
e
0.06
0.55

Put back into
suspension

e
0.3

2.5
15

It is clear from this table that the risk of inhalation is the major risk,
internal contamination by the food chain being much less
significant. The two inhalation risks are of the same order of
magnitude, but the exposure periods are very different.

3.2 Reduction of the risk associated with the deposit

Unlike the risk associated with inhalation of the initial cloud, it is *
possible to limit the risk associated with the deposit by having
recourse to countermeasures. As the principal risk is the
passage into suspension of the deposited powder, these
countermeasures will generally involve the fixation and/or
recovery of this powder. These operations will be carried out
during phases 2 and 3 of the post-accident intervention
(cf. Appendix 2).

We now have considerable experience relating to these
countermeasures. The choice will depend on the nature of the
ground contaminated (town, forest, water, grass, tillage etc.) and
on the level of contamination:

Before all else, the contamination must be located and measures
taken to prevent its dilution by water. To establish the
cartography of the pollution, a helicopter situated at Valduc and
which can be on the scene 12 hours after the start of operations
can be called upon. It can then cover 500 hectares in
1 tot 1/2 hours (duration of autonomy of the apparatus) and
detect a contamination of approximately 10'6 Ci/m2.

Once the areas of pollution have been identified, covers can be
applied in order to limit the risk of passage into suspension, and
especially to prevent rain dispersing the contamination. The
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groundwater must also be protected as, if it is contaminated, no
effective countermeasures can be applied.

3.2.1 Decontamination of an urban zone

Several countermeasures can be considered in urban zones.
These all vary in terms of effectiveness, execution time and cost
and an analysis must therefore be undertaken to establish the
most appropriate countermeasure for a given contamination. The
simple countermeasures include, in particular (according to [15]):

• Sweeping which results in the recovery of 50% of the particles
at a velocity of approximately 6 m2/s; 70% at 3 m2/s and 90%
at 1 m2/s. This system which is relatively inexpensive leads to
a minimum of waste but its efficiency is limited and the area
must be accessible. In addition, sweeping causes
considerable passage into suspension.

• The water hose varies in efficiency depending on the type of
surface. The decontamination factor, DF, is 10 to 12 for
asphalt, 4 to 40 for other surfaces. This is a rapid procedure
but it produces a large quantity of contaminated water and is
generally only used when it is agreed that this waste is of
sufficiently low activity to be evacuated as it is.

• Vacuuming has a DF of 3 and enables the powder to be
gathered up directly. This operation will often be used to
remove the major pan of the contamination and can be
completed by some other countermeasure. Vacuuming can be
carried out at a rate of 2,000 m2/hr. There are, in addition,
lorries which can be used for washing a road and vacuuming
the waste. This mixed technique is useful in the case of roads
which are only slightly contaminated and can cover 2,500 m2

in 2 hours (autonomy of the tank).
• Scraping the surface to a depth of several centimetres is an

efficient method (DF -10) must relatively expensive. This
measure, which is generally restricted to areas of loose soil,
requires bulldozers.

When the contamination is too great, more sophisticated methods
must be used, such as:

• hammering, by which total decontamination of a wall can be
achieved when 1 to 2 cm of stone is removed. This measure is
however slow and costly — 50 $/m2 approximately.

• removable paints which fix the radioactive dusts and enable
thorough decontamination of a road or a wall. This technique
which is relatively expensive is developing and has already
proved itself. However, it can only be used for small areas
(100 m2 maximum).
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3.2.2 Decontamination in a rural zone

Radioactive aerosol fallout is mainly trapped by vegetation. A
significant part of these deposits can be eliminated by early
removal of this vegetation if this is done before it rains. The
amount eliminated will depend on the season and the nature of
the vegetation.

Provided the waste produced is appropriately managed, this
countermeasure will be beneficial as it results in a reduction in
subsequent exposure due to the deposits and indirect transfers.
This operation can be carried out with non-specific equipment
(mechanical scythes, silage makers etc.) which is widely
available. On the other hand, equipment used in harvesting
(harvesters etc.) is not suitable.

In forest areas it is possible to create passageways from which
defoliants and suction devices can be used to recover part of the
deposit. The wood cut down is then transformed into slabs by
means of "chip harvesters".

Intervention is more difficult if a pool or pond is involved as
pumping for the storage or evaporation of large volumes of water
is not easy. For smaller volumes of water, automatic-hardening
foam can be used.

As regards the treatment of the soil, several countermeasures
can be considered:
• frequent sprinkling in order to dilute the contamination;
• tillage to varying depths. After the accident at Palomares in

1966, this measure was widely used. This limits the passage
into suspension but does not eliminate the contamination
which is trapped at a deeper level;

• fixing by the spreading of oil prevents the passage into
suspension but requires subsequent removal of part of the soil.
This technique eliminates the contamination of the site but
creates a large volume of waste;

• spreading of trapping substances (bitumen, plastics,
removable paints, automatic-hardening foam) which fix the
radionuclides; a considerable part of the deposit is recovered

, • : • • by the subsequent removal of these substances; •-
" • the incorporation of chemical substances (chalk, sodium

carbonate and chelating products) into the soil modifies the
interaction between the medium and the radionuclides and
thus facilitates migration.
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3.2.3 Waste management

Most of the methods described above result in the production of
waste, the management of which is a factor in the decision
concerning their implementation.

a) Vegetation

The temporary storage of waste requires knowledge of the
management of animal feed storage or silage making. The
creation of ditches, the use of welded plastic sheets and
appropriate bacterial innoculaton should not present any
particular difficulty.

The treatment of the waste after storage must still be carried
out integrally. The emphasis should be on accelerated
fermentation leading to solutions (contaminated), with a
minimum of solid waste. The incineration of vegetation in
installations which must be adapted or specially created
would seem to be difficult (protection of workers and gaseous
releases into the environment).

Burying of the vegetation is a possible method, provided the
consequences on the transfer channels towards plant life and
groundwaler are correctly assessed. This question must be
studied in order to establish the practical conditions of
application.

Temporary waste storage would appear, a priori, to be
envisageable. The principal characteristics and resources
required could therefore be established. However, it is not
possible today to specify the definitive future of these wastes.

b) Removal of soil

Removal by means of mechanical devices has been used for
limited areas (case of chemical or radioactive pollution). This
results in considerable volumes which very quickly become
prohibitive. As regards know-how, this technique belongs to
the domain of sub-surface waste storage.

c) Soil treatment •

The sprinkling and sweeping of the soil with accompanying
suction of the solutions, used, and the spreading of trapping

. solutions which harden automatically and can be recovered
are methods which must be qualified, their main interest being
the fact that liquid radioactive effluents, which can be treated
by the usual methods, can be obtained.
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d) Waste recovery and storage

Waste with a concentration of less than 2 x 10'3 Ci/t can be
considered as inactive. Alpha waste should in no case be
stored in bulk. For solid waste, the Basic Safety Rule defines
the standards for definitive surface storage:

• average value 0.01 Ci/t

• maximum value 0.1 Ci/t.

Deep storage must be envisaged for waste of activity greater
than 0.1 CiA. For waste containing more than 20 g of Pu per
drum, the recovery of the Plutonium is economically possible.

Liquid waste can be stored in a vessel or a tank. The
disposal possibilities are as follows:

<10"7Ci/m3 release into the environment
possible

from 10'7to 10*3Ci/m3 processing (evaporation, solidifica-
tion) in order to reduce the volume,
in a centre of the Saclay type

from 10'3to 10'2Ci/m3 processing possible in the absence
of chloride

> 10'2 Ci/m3 no destination possible

These constraints and the related costs must be taken into
account when implementing the countermeasures. As an
illustration, it can be noted that following the accident at
Palomares, 100 m3 of plant debris and 283 m3 of soil were sent
to the Savannah River site in the USA for permanent storage.

4. THE CHOICE OF COUNTERMEASURES

In order to choose the most appropriate countermeasure for a
given contamination, recommendations have been made either
by international organizations or, more informally, by the persons

. directing the intervention. These values have evolved over time
and are given either on the basis of an intervention level or in

: : terms of Pu 239 (and not PuOa mixture) concentration which is at
- the origin of almost the entire risk in the case of a weapon

accident.
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4.1 The CtPR recommendations

The CIPR recommends post-accident intervention levels in
Publication 40 [9]. It fixes an upper level above which the
countermeasure envisaged should be implemented and a lower
one below which it is not required. Between these two levels,
which are separated by an order of magnitude, an optimazation
procedure is recommended to determine whether or not the
countermeasure should be implemented.

The levels are expressed in terms of dose equivalent delivered
during the first year following the accident and not in terms of
dose equivalent over 50 years. These levels are as follows:

Dose equivalent 1 year (mSv)

Countermeasure Upper level Lower level

Evacuation 500 50
Confinement indoors 50 5
Control of food products 50 5

Thus, as regards the first phase, the population must be
evacuated for levels above 500 mSv, but this measure is not
necessary below 50 mSv.

4.2 The reference values for the Pu 239

Although they are not of an official nature or published as such,
there exist derived intervention values, expressed in Ci/m2 and
used to establish the choice of post accident countermeasures for
weapon accidents (and therefore Pu 239 accidents).

In urban zones, evacuation is implemented above 10'5CiAn2

(Pu 239), confinement indoors above 10-6CiXm2 (Pu 239, value
corresponding to the helicopter detection threshold), advice is
given to the population regarding dust above 1O*8 Ci/m2 and no
measures are envisaged below this value.

This system is compatible with the one proposed by the CIPR. In
fact, the value of 10'5CiXm2 adopted for evacuation corresponds,
after passage into suspension, to a concentration of 10'11 Ci/rn3
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(cf. 3.1) and an inhalation of 3,500 Bq of pure Pu 239. With a
received dose factor over 50 years of 8.9 x 10'5 Sv/Bq for Pu 239,
we obtain a received dose of approximately 300 mSv, which lies
between the upper (500 mSv) and lower (50 mSv) levels
adopted by the CIPR for evacuation.

For a rural environment, the fixing of the decontamination and
then the removal of a layer of approximately 10 cm is undertaken
above 1Q-6 Ci/m2 (Pu 239), deep tillage (30 cm) above 10-7Ci/m2
(Pu 239) and nothing below this value. Both of these measures
relate to the risk of inhalation after passage into suspension and
contamination of the food chain. It can be assumed that tillage is
sufficient for the inhalation risk, but only removal of a layer of soil
can limit the risk of contamination of the food chain.

The values adopted: 1O-7 Ci/m2 for inhalation and 10'6 Ci/m2 for
ingestion are also compatible with the recommendations of the
ClPR. In fact, 10'7Ci/m2 for inhalation corresponds to 3 mSv, a
value which is close to the lower level of the CIPR. Moreover,
lO^Ci/m2 corresponds (cf. 3.1) to an ingestion of 3.15 x 10s Bq
of Pu 239. The dose factor for ingestion for the Pu 239 being
1.576 x 1O-8 Sv/Bq, we obtain a received dose of approximately
50 mSv which is equal to the upper level of the ClPR for the
contra! of food products.

We can therefore assume that these values are satisfactory and
can be used as a basis for those to be adopted for the mixture.

4.3 Reference values for the mixture

The toxicity of the mixture is not the same as that of Pu 239 and
this must be taken into account in fixing the reference values.
The dose factor of the Pu 239 is approximately 20 times greater
than that of the mixture: 1.576 x 10'8 instead of 7.74 x
10-10 Sv/Bq, ie 20.4 times greater for ingestion; 8.91 x 1O-5

instead of 4 x 10'6 Sv/Bq, ie 22.2 times greater for inhalation. We
can therefore assume that the concentrations are 20 times
greater for the mixture. We thus obtain the following values for
the PuU2.

.,. . ; URBAN ZONE: V ...
1;'.' ' • Evacuation above 2x10-* Ci/m2

• Confinement above 2 x 10'5 Ci/m2

• Advice to the population above 2 x 1O-7 Ci/m2

- • Nothing below 2 x 10'7 Ci/m2
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RURALZONE:

• Fixing and scraping above 2 x 10'5 Ci/m2

• Deep tillage above 2XlO - 6 Ci/m2

• Nothing below 2 x 10-6 Ci/m*

4.4 Practical recommendations regarding the Intervention

The choice of the type of countermeasure, decided according to
the cartography of the concentrations, leads to implementation of
the response most appropriate to the risk. In order to reduce the
consequences of the accident as much as possible, allowance
must in addition be made for the various particularities
associated with the fact that the product is transported by aircraft
and that it constitutes a mixture of Plutonium. Special attention
must be paid to the following points during each phase of the
intervention.

a) Phase zero

By definition, no action can be taken during this phase which
precedes the instant at which the existence of the Pu becomes
known. However, measures should be taken to ensure that
this phase is as short as possible and that its consequences
are as limited as possible. This involves first of alt very careful
monitoring of the aircraft carrying the mixture. It seems
desirable therefore that the air traffic controllers should be
aware of the presence of the Pu and the the aircraft be subject
to special monitoring throughout its journey. This implies
collaboration between the different countries whose airspace
is traversed and the application of exceptional monitoring
procedures.

After the accident has occurred, allowance must be made for
the fact that the persons on the ground are not aware of the Pu
risk, unlike the case of a road accident where the escort can
immediately initiate the first emergency measures. It should
therefore be ensured that the transmission of the message is
as efficient and as rapid as possible.

b) Phase one

Firstly, all persons who are not essential to the intervention
must be prevented from approaching the zone of assumed
contamination. In addition, the populations in the vicinity of
the potential risk must be warned against any "accident
souvenirs" which they may have picked up. It must be
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remembered for this purpose that the aircraft wreckage may
cover an area of several km2.

A rapid identification must be made of persons liable to be
contaminated, or requiring surveillance in view of the phase
zero period. Finally, intervention resources must be made
available as rapidly as possible. Consideration could be
given to the possibility of communicating details of each flight
to the regional authorities over whose territory the aircraft is to
fly. However, this solution is not entirely satisfactory as the
aircraft could crash at a distance of several tens of kilometres
from its normal flightpath, in a county which it was not
intended to cross. In addition, it would be desirable for the
helicopter used to establish the risk cartography to be in a
state of pre-alert so that it can reach the scene of the accident
as quickly as possible.

c) Phase two

The rescue workers must be monitored and a nasal sample
taken from each person coming from the contaminated zone.

In order to circumscribe the risks, all contaminated fragments
must be recovered by searching an area up to 5 km beyond
"zero" contamination line corresponding to the detection limit.
AfI plants liable to harbour a fragment will be cut down.
Special attention must be paid to the problems of passage
into suspension and to the avoidance of any unnecessary
helicopter flights over the area, for example.

d) Phase three

Priorities must be borne in mind; it is not necessary to focus
too much attention on the contamination of the food chain but
special vigilance must be given to atmospheric transport.
Thus, lor example, wind direction and velocity must be taken
into account when the plants cut down during phase two are
incinerated.

The contaminated waste must also be divided up in order to
limit the volumes as much as possible.

However, we now have at our disposal considerable
resources for dealing with these problems and the current
development of programmes such as Ressac will extend the
frontiers of our knowledge even further.
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5. SUMMARY OF IMPACTS AND CONTROLLABLE ACCIDENT

5.1 Radio-Induced cancers and genetic effects: the collective risk

The probability of observing radio-induced cancers and genetic
effects is directly proportional to the dose received. In a given
area, this dose is more or less proportional to the quantity
released with the result that all these effects vary linearly with the
quantity of plutonium oxide released into the atmosphere. K is
therefore pointless to try to identify a limiting factor for this impact
for a "manageable" quantity of release. On the other hand, it is
probable that the effect of the low doses would constitute the
essential impact of the accident. The impact is measured
uniquely at the collective level as the probability of it affecting any
individual is very low.

Assuming that the intervention would not affect the impact
associated with the passage of the cloud, but would however
eliminate the doses associated with a passage into suspension,
the collective dose can be calculated with the diffusion models for
various meteorological conditions. For a fine particle size
(1 u,m), three sets of meteorological conditions were tested (wind
velocity 1 m.s'1 with normal and low diffusion conditions, wind
velocity 5 m.s"1 with normal conditions). If the population density
is 100 inhabitants pre km2, the collective doses per gramme
released will be as follows: 2.5 m.Sv with low diffusion (wind
1 m.s-1) and 1 m.Sv with normal diffusion (wind 1 and 5 m.s-1).
As the collective dose is also proportional to the population
density, we can obtain an analytical expression based on
average meteorological conditions:

(1) H = 1.5 x 10-2 d.q

where:

H = collective dose (man Sievert)

d = population density (inhabitant/km2)

q s quantity released in grammes (AMAD 1 jim)

If the granulometry of the quantity released is similar to that of the
original powder, ie, 10 ̂ m, the following expression will be used:

(V) H = 0.3x10-*d.q
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The dose-effect'reîationship of the ClPR is used to deduce the
number of radio-induced effects (cancers and genetic effects in
the first two generations). 1.65 x 10'2 effects per m.Sv are
assumed.

The total number of effects is therefore the following:

(2) D = 2.5x10~*d.q

where D is the number of stochastic radio-induced medical
effects or, if the granulometry is assumed to be 10 ̂ m:

(21) D = Q.5x1(Hd.q

To allow for the filter effect associated with very low levels of
release (1 g represents approximately 3/10,000 of a box or
0.7/10,000 of a FS 47 package) we suggest assuming that the
particle size is if 1 urn for released amounts of less than 10 g and
10 um for amounts above 100 g, with linear interpolation
between these two values. Thus, for example, the release of 10 g
in a zone with a population density of 100 inhabitants.knr2 would
give a value of 0.25 for the radio-induced medical effects. The
corresponding figure for an average urban area
(6,800 inhabitants.knr2 would rise to 17. For 100 g the values
would only be doubled in view of the granulometry.

These effects relate to large populations-, approximately
200,000 persons in the case of a release of 10 g over a
population density of 6,800 inhabitants.km*2 if we only take into
account individuals receiving more than 1 m.Sv. Out of this
population, we would observe 17 radio-induced cancers which
could appear between 10 and 40 years after irradiation.
Although the order of magnitude of the collective impact is not
zero, it is certain that individual impact is very low and that it
would not be possible to identify the manifestation of this risk.
Even lor 1 kg released in an urban environment, the sanitary
impact, which is however a real one (340 cancers) would be both
deferred and difficult to identify (15,000 cancers expected for this
population of 200,000 persons). These effects must therefore be
considered at a collective level and must be distinguished from
those which an individual might receive.

5.2 The Individual risk

The individual risk, or more generally in this case, the impacts
perceived by the individual or judged significant at this level by
experts are associated with thresholds. These thresholds can be
objective or normative. Deaths and non-stochastic morbidity, and
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exposure to zones considered sensitive by the radioprotection
experts, can be distinguished. Finally, the inconvenience
associated with evacuation must be considered.

The very probable risk of death following inhalation was
discussed in Section 2. There is a relatively close connection
between this and morbidity. The lethal areas are very limited. Up
to a value of approximately 100 grammes in the environment, it is
not realistic to assume that the average population density
applies. The question is rather to establish whether or not there
would be people in these areas liable to inhale these quantities.
The extent of the areas involved is not of any great significance
and neither therefore is the exact quantity released provided it
does not exceed 100 g. The critical factor is the behaviour of the
persons involved in the emergency action.

Table 7: Areas and number of persons subjected to non-
stochastic effects or significant doses following the passage of
the initial cloud (for 100 inhabitants/km*).

Non-stochastic effect

(1mm)lg
(1mm) 10 g
(10 mm) 100 g
(10 mm) 1kQ

m*

<10
210
510

8720

Number

e
0.02
0.05
0.9

* 0.5 Sv
Km*

0.01
0.1
0.2
2

Number

1 ..

10
20

200

£0.05 Sv
fetl

0.1
1
1.5

15

Number

10
100
150

1500

The question of non-stochastic mortality is thus not critical unless,
of course, we consider cases in which the quantities released are
close to the total load. For. 100 kg in the atmosphere we thus
approach the km2, but this value is far from realistic. In the tests,
even burst packages do not release the entire contents into the
atmosphere.

On the other hand, the 0.5 Sv threshold can be reached by a
considerable number of individuals. Even with only 1 g released
into the atmosphere, it is not possible to prevent a person being
contaminated at this level. The figures of Table 7 relate to the
general population. The persons involved in the emergency
action would thus very probably be subjected tc these doses,
which are considered as a limit in the case of accident. These
doses are associated with the passage of the cloud and it has
already been pointed out that the periods involved are too short
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to allow for the protection of persons (evacuation or even
confinement indoors), in the case of very large quantities, 100 kg
for example, the release scenarios are far from realistic, but the
area is such (almost 20 Km2) that we can assume that measures
could be taken.

One final dose criterion is given for interest. In the event of
accident there could be a psychological threshold, or even a
legal one if compensation is sought (this must be considered
seriously in the United States). This threshold corresponds to the
maximum annual exposure value for workers (0.05 Sv). A
significant number of persons would be subjected to this dose in
the event of accident.

Another impact is associated with the evacuation. The purpose
of emergency action, it will be remembered, is not to avoid the
doses associated with the passage of the cloud, but to remove
the population from areas of too much contamination. In this
case the thresholds do not depend on particle size. The areas to
be evacuated (> 2 x 10-4 Ci/m2) increase at a lesser rate than the
quantities released: 0.06 km2 for 10 g, 0.6 km2 for 100 g and
4.5 km2 for 1 kg. It should be noted that the hypotheses adopted
for atmospheric diffusion in this report do not necessarily lead to
high values in this case. A value other than zero for the release
height would reduce the areas. Here again, if the French
average is taken as a reference, people would certainly have to
be evacuated. If a threshold is to be considered to quantify the
severity of this impact, it cannot be other than a social one. The
evacuation of ten persons is not really a problem. This is no
longer true, however, if we consider the evacuation of
1,000 persons. In addition to the quantity released, other factors
critical factors are the average density and the heterogeneity of
the population. The figures associated with the areas are based
on the hypothesis of a scattered population. Another parameter
which affects this impact is the duration of evacuation. This
depends also on the area to be treated and exacerbates the
effect associated with the number of persons displaced. For
dispersed quantities of less than 100 g. direct use of the figures
given above would be imprudent. The area for initial evacuation
can, in fact, be taken as 1 to 3 km2, as this is the area over which
the wreckage would be scattered. On the other hand, the return
will be more rapid once the contamination levels have been

.established.. • - • • : • • • • • . • • • = - -•'• -•

Whatever the hypotheses, the location of the accident, ie, urban
or rural area, will be of critical importance. In an urban area, the
destruction and the victims resulting from the crash itself will add
to (and partly replace) the ones already described. Fire could
break out and decontamination becomes both more difficult and



more urgent. It is difficult to give an exact figure, the term 'urban
zone" having no precise definition, but these areas may well
represent approximately 1% of the territory.

5.3 The emergency action

Several incidents in France have shown that it is possible to take
effective and rapid emergency action when the quantity released
is not too great. At the other extreme, a major accident such as
Chernobyl shows that it is virtually always possible to take action
whatever the quantities released. There are nevertheless
significant qualitative differences in the logistics of the emergency
action, depending on whether or not external resources other
than the special units are required, whether or not the land can
be returned to its proper use, and the length of time this will take.

As regards the initial phases of the emergency action it seems
that the response can be organized for releases into the
atmosphere of up to several kg. It would probably not be
possible if the entire amount carried by an aircraft was released
(several hundreds of km2} to be evacuated). The limiting factors
come into effect more quickly for the recovery operations.

Table 8: Impacts associated with land recovery

Quantity
transported

by aircraft

ig
1Og

10Og

100Og

Area to be
scraped

km2

0.06

0.5

4.5

25

Area to be
treated

km2

0.5
4.5

25

90

Volume of
waste

m

3
2.5
2.5
1.5

P

103

10«
105

10s

These values (Table 8) are obviously close to each other. It was
considered necessary to undertake scraping from values of
2 x 10'5 Ci/m2 of deposit and to a depth of approximately 5 cm.
The volumes to be treated and stored are probably optimistic as,
in order to ensure removal of 5 cm, scraping must be carried out
to a slightly deeper level and, in addition, the earth is often
somewhat compacted at the bottom.



Decontamination is easiest in a rural environment and in
favourable conditions (meadows, fields etc.). However, it would
appear that the areas which can be treated within a reasonable
period of time (approximately one week) do not exceed several
hectares. The treatment of greater areas requires the installation
of extensive facilities, considerable mobilization of manpower
and the requisitioning and adaptation of equipment. These
operations could take up to a month. A quantity of 10 g
transported by aircraft could cause considerable difficulties in this
respect. On the other hand, the health problems remain under
control and pulmonary washout, for example, is still possible for
the few individuals concerned.

Another limiting factor is the volume of waste to be treated. This
would be contaminated to a level of more than 4 x 10"4 Ci m3,
perhaps to 10'3 Ci m3 on average. The radioactivity should not
cause any particular problem as regards either transport or
storage. The main difficulty is due to the volume to be
manipulated and stored. The total capacity of a centre such as
the one at Soulaines is approximately one million m3. Here we
realize the advantage of techniques such as those using
removable paints which limit considerably the volume of waste,
the removal of 5 cm of earth no longer being necessary. For
quantities of more than 100 g released into the atmosphere, the
use of currently available storage centres thus presents a
problem unless removable paints or tars are u«ed. Here too,
solutions exist and it is always possible to find a site in the case
of necessity. But, once again, the sociological and economic
impact of the accident changes the scale. It thus appears that the
constraints associated with the logistics of the emergency action
are quite restrictive. They are even more so in difficult terrain or
in an urban environment. In the latter case, even with only
several grammes transported, the decontamination efforts would
be extensive although the impact on health would be fairly
limited. The decision regarding their advisability would take into
account the costs and advantages of this action and would very
probably depend on the political context of the moment.

5.4 Identification of a manageable release

The preceding sections have described the various impacts as a
function of the quantities carried in the aircraft. For each of these

.."' ., - impacts there is a corresponding acceptance criterion for a
quantity released. The estimations carried out here referred to

- four orders of magnitude: 1,10,100 and 1,000 g of PuOa mixture.
.In view of the variability of the release conditions and the
environmental conditions it is obviously not reasonable to
examine the question in greater detail. An interesting
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phenomenon was observed in the form of the qualitative
differences associated with variations in the quantity released.
The following hypotheses can be adopted in relation to the
following impacts:

Stochastic effects: They are practically proportional to the
quantity released. Up to 1,000 g they are practically
unobservable, even in an urban environment.

Non-stochastic effects: Below 1,000 g the general population is
very unlikely to be affected. The persons involved in the
emergency action could be aflected, but without there being any
real relationship with the quantity released. This threshold could
fall to 2 or 3 OQ g in the case of small particle size (4 to 5 p.m
AMAD).

0.5 Sv threshold exceeded: Persons would probably be
concerned starting at values of 1 g. Their number could become
significant at values of 100 g.

0.05 Sv threshold exceeded: A priori several persons concerned
in all cases, but difficult to establish an acceptability threshold.

Populations to be evacuated: For 100 g, the order of magnitude is
the Km2 which does not seem to present too many difficulties.
Beyond this, the number of persons evacuated could be difficult
to manage. In an urban environment, the question is a delicate
one in all cases.

Resources Implemented for the emergency action: 10 g seems to
be the upper limit for rapid emergency action (several days to
several weeks). Beyond 100 g, the question of waste is difficult to
manage on a simple basis.

If we restrict ourselves to the health problem, it seems possible to
accept a release of approximately 100 g. In this case, no
immediate effects would be observed except in urban areas.
However, persons involved in the emergency action and
unaware of the danger are still at considerable risk, although this
bears little relationship to the quantity released. The criteria
associated with the ease of intervention are considerably more
restrictive. If emergency action is to be effective and rapid,
approximately 10 g would be a maximum. If the implementation
of more extensive resources is considered acceptable, 100 g
constitute a second threshold. These criteria are relatively
convergent. A release in excess of one kilogramme is not
acceptable from any point of view, unless perhaps that of the
collective dose. Around 1 g, it seems that there is a high degree
of probability of the problems being resolved. If the risk of
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prolonged emergency action is accepted, 100 g can be accepted.
If not, 10 g is a more reasonable limit.

It should however be remembered that in an urban area
difficulties could arise below these limits, but the probability of
such an accident is 100 times less. This notion of tolerable
release is, in any case, associated with the fact that the
probability of the accident has already been reduced to a very
low level. If this release is to be associated with destructive test
characteristic stresses, it is obvious that the packages will be able
to resist very high levels of stress without loss of confinement.

5.5 Mass released and mass carried in the aircraft

Several stages must be considered in order to determine the
"source-term" of a model of atmospheric dispersion (ie, the
quantities used in the preceding analyses) after rupture of a
package.

Failure of the envelopes can result in cracking, creeping, opening
or outright bursting. A certain quantity is then spilt in the
immediate vicinity (several metres) due to the agitation at the time
of impact or the initial velocity. This mass is called the released
mass (M1 ).

A fraction of this mass can be dispersed directly into the air. The
rest is spread out over the ground in a heap or layer. This
remaining fraction is entrained by the wind, or the turbulence due
to a conflagration, at a rate which decreases in proportion to the
decreasing surface concentration. Within a short time (30 min
approximately) we may consider that we have a "mass airbone"
(M2) (cf. Figure 13).

Rgure 13: Mass released and mass alrbone
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This mass will be deposited, thus creating the surlace
contamination. Passage into suspension may occur, but the time
scales are not comparable and this phenomenon can be ignored
in the short term.

The magnitude which can be used in the definition of the test
satisfaction criterion is Mt/MO. The preceding analysis is entirely
based on M2. The relationship to be considered is therefore
M2/M1. This fraction is of fundamental importance but it is very
difficult to estimate. We can consider that the particles of
diameter greater than 20 \i fall very quickly, but this only
eliminates about 20% of the total (according to the +BNWL
particle size hypothesis which seems valid for the Pu of
La Hague, see Figure 2). The limitation to the respirable mass
(diameter < 10 u,m) does not reduce the quantities to any
significant extent (50% of the total).

The main phenomena are therefore the slowness with which the
panicles are lifted up into the air and fall back into neighbouring
fields. The "Pollen Safran" experiments show a deficit of a factor
of 1,000 between the quantities observed and those calculated
using a type Doury model [8]. The release conditions are quite
different however and it is some time since these experiments
were carried out. But this factor shows that there is a
phenomenon to be studied. In any case, the direct relationship
between the quantities mentioned above in order to deduce the
release rates serving as test acceptance criteria leaves aside
these phenomena which constitute an appreciable safety margin.

6. CONCLUSION

One of the objectives of this study was to assess the impact of an
accident on health. In this respect, no matter how efficiently it is
carried out, the emergency action has no effect on the doses
associated with the passage of the cloud(s) which would
immediately follow the accident. However, by the implementation
of appropriate measures, including the evacuation of persons, it
enables deferred contamination to be prevented. The use of the
collective dose associated with the passage of the cloud
therefore provides an accurate estimation of the impact on health.
For high levels of release, non-stochastic effects on health can
still be envisaged, but they only represent a very low fraction of
the stochastic effects and their inclusion does not change the
order of magnitude of the danger to health.
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The role of the emergency action' has been more or less
established and certain aspects which are not always obvious to
the eyes of non-specialists have been highlighted. In particular, it
Js clear that, unlike the case of reactor accidents, the impact of the
initial clouds cannot really be mitigated. Other objectives remain
to be met: limiting the exposure of individuals in contaminated
areas, returning land to its former use and therefore preparing
this decontamination by means of emergency measures in order
to prevent too great a dissemination and finally, taking charge of
the operations undertaken, a priori, by persons who may be
totally unfamiliar with the problems involved.

A weak point of the emergency action plan becomes evident
here. It must be ensured that the situation is taken in charge from
the beginning by trained personnel. Failing this, passage into
suspension, transport of the contamination, inhalation and
handling errors may occur which is not the case with road
transport, for example. The organization of a pre-alert, of a
follow-up of the aircraft from the ground in real time and of the
retransmission of the information to the police and the firestation
is not, of course, an easy undertaking but it enables errors to be
avoided during the first half hour of the emergency action.

The identification of tolerable releases, which could perhaps be
used as acceptance criteria for very stringent tests, was carried
out. This indicates that 10 g, or perhaps 100 g, of PuOg released
into the atmosphere would give rise to consequences which
would be controllable, at least in a rural environment. In an
urban environment, the threshold is difficult to establish, but the
probability of accident is approximately 100 times less. This
notion of tolerable release remains associated with the condition
that the probability of occurrence of such accidents has already
been reduced to a very low level.
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LEGENDES ORGANIGRAMME RGURE 1

1. Final state

2. Opening: actual or potential release (handling)

3. Loss of heat shielding

4. Loss of biological shielding

5. Compacting

6. Loss of heat sink function

7. Leakage at seals

8. Escape possible

9. Breach

10. Rupture of al! barriers

11. Isolated package

12. Group of packages

13. Puncture in-situ

14. Succession of tears

15. On crack, no other barriers

16. Wet

17. Dry

18. Figure 1 : Possible post-accident states of packages
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1. SENSITIVE ORGANS, DOSE LIMITS AND COUNTER-
MEASURES

The acute toxicity of plutonium is limited to radiotoxicity. In the
event of massive inhalation, the deaths in the short term would
practically all be associated with pulmonary dysfunction. The
most well known effect is pulmonary oedema which occurs within
about ten days and is associated with the highest doses. At
lower doses, death occurs after a relatively long period of time
{100 to 300 days or even several years), and is due either to
respiratory difficulties, generally aggravated by a lymphopenia
(the high dose in the lung ganglions destroys the white globules),
or to pulmonary fibrosis which leads to serious and chronic
respiratory difficulties, sometimes lethal after several years.

Figure 1.1 illustrates the appearance of these symptoms in terms
of the survival times and the quantities inhaled and in relation to
the activity deposited per unit mass of lung (Bq g-1). The data
refers to Pu 239 and is taken from the study carried out by
MrMetivier[1]. .
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Figure 1.1: Survival times, types of morbidity and causes of
mortality

The establishment of thresholds associated with these various
effects (in terms of dose, of inhaled activity or activity deposited
deep in the lung etc.) is a difficult operation. In practice, two
methods are possible. The first involves using the results of



A1.3

experiments on animals. The values can be deduced from
Figure 1.1 or from the work of Raabe and Goldman [2]. The
principal problem is the man-animal extrapolation which applies
both to the sensitivity of the different species and to questions of
metabolism (the time spent in the lung is an important factor), in
fact, it seems that the differences are not very significant (less
than a factor of 2). except perhaps in the case of the deferred
(1 to 5 years) non-stochastic effects [3]. Another difficulty
concerns extrapolation from the effects of Pu 239 and Pu 238 to
those of other isotopes and mixtures as the experiments are only
based on these two isotopes. According to Raabe and Goldman,
the orders of magnitude would be approximately 2 x 107 Bq of
Pu 239 in the lung for a mortality between 10 and 30 days,
2 x 106 Bq for a mortality within a period of 100 to 300 days and
0.85 x 10s Bq for a period of approximately 1,000 days [1].
According to the ClPR 30 [B], the inhaled activity corresponding to
the deposit of this activity in the lung is four times greater if the
Activity Median Aerodynamic Diameter (AMAD) is 1 jim (1 u,m is
the standard value used in the CIPR publications) and it is
20 times greater for an AMAD of 10 u,m. In fact, according to the
CIPR 30, the fraction deposited deep in the lung depends on the
AMAD. It is 0.25 for 1 urn, 0.1 for 5 mm, 0.05 for 10 n.rn and
approximately 0.02 at 20 u,m (cf Figure 1.2 derived from [6]).
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Figure 1.2: Deposit factors In the respiratory apparatus
(according to [6])

The other method involves calculating the doses received by the
different organs for the corresponding periods, using as a basis
the sensitivity of tissues of the mucous membrane type. The
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advantage Is being able to assign parameters to exposure
conditions and dose by considering the general case of
irradiation of the organs and to deal more easily with the question
of inhalation of mixtures of isotopes of differing radiation. In this
case, the compartment models described in the CIPR 30 [6] or the
results published by the NRPB [7] are used. However, this data
must be used with care as the metabolic constants are given for
pure isotopes. Thus the Pu 238 is not considered as insoluble
when it is pure in the form of oxide, whereas it may be when it is
mixed with Pu 239, in low proportions as will be the case here. In
addition, these modelizations are designed to process the
stochastic effects at low doses. Now, at high doses, the
pulmonary clearance is slowed down, or even stopped. Another
source of difficulty is due to the fact that the CIPS constants are
currently being modified. In particular, it seems that one of the
hypotheses which postulates that 40% of the pulmonary load is
eliminated with a biological period of one day has been
abandoned [15].

To carry out an evaluation by this method, threshold levels of
dose received by the organ are required (cf. Table 1.1). There
exist dose thresholds, on which the literature is more in
agreement for short periods of exposure. There is thus
agreement on 10 Gy in approximately one day [8], [9], [1O]. In
approximately one month the threshold would be slightly higher,
if we consider the order of magnitude of the doses required in
general to destroy tissue. Finally, animal experiments indicate
that the dose to be reached for relatively deferred effects would
be 150 Gy, and this would involve fibrosis and emphysema,
relatively independent of the duration, between 1 and 5 years [4]
and [5]. Whereas the first two thresholds are to be considered
"50% lethal doses", the last is derived differently and is close to
the lowest dose at which the effect is observed [4].

The question of the nature of the radiation is very delicate, h is
generally accepted that for this type of effect the a radiation has a
REB (Relative Biological Efficiency) of approximately 3 in relation
to Y rays, perhaps more in relation to p, but this is derived mainly
from in vitro cellular destruction [14]. In the lung this effect is
counterbalanced by the heterogeneity of the deposit of the
particles inhaled. This heterogeneity leads to "dose excesses" in
tissues which are already dead and compensate the effect
observed in vitro or on surfaces (skin). It follows that it is
reasonable to consider the a as equivalent to Y 'n these
conditions. However, they remain more efficient than the P which
are also emitted by the particles inhaled. The thresholds given
for the latter can be 5 times higher [8], [1O]. Here we will therefore
use the values of Table 1.1 directly.
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Table 1.1: Lethal doses for lung vs. exposure time

Exposure time Dose

1 day 10Gy
10-30 days 10 to 20 Gy
More than 1 year Approx. 150 Gy

The method which follows is the method of analytical calculation.
It presupposes knowledge of the doses in the lung of a, [3 and Y.
for each isotope and for various periods. Hypotheses concerning
particle size are also concerned. In the case of very large
particles, there is virtually no deposit deep in the lung and the
only remaining morbidity problems are those associated with the
nasopharynx and the larynx.

The countermeasures are limited. Pulmonary washout is often
mentioned. Up to 50% of the quantity deposited in the lung can
be removed [1]. But the efficiency could be increased by the fact
that the washout increases the heterogeneity of the distribution of
the particles, thus reducing the fraction of the lung affected and it
seems that the oedemas couid thus be avoided. However, action
must be taken rapidly (within approximately.24 hours) and,
although the medical technique is not a complex one, it does not
appear plausible to treat more than about ten persons in France
without prior preparation.

2. ISOTOPIC COMPOSITION OF THE MIXTURE AND PARTICLE
SIZE

The oxide mixture resulting from reprocessing does not have a
fixed composition. This depends on the irradiation rate of the fuel
and the period before and after reprocessing. The reference
composition for this study corresponds to an irradiation of
33,000 MWj per tonne and a cooling time of 2 years. Table 2
gives the isotope proportions in terms of mass and of activity.
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Table 1.2: Isotoplc composition of the PuC«2 resulting from
reprocessing (PWR: 33,000 MWJ.

Isotope %mass % activity Bq/g of mixture Radiation

Pu 238
Pu 239
Pu 240
Pu 241
Pu 242
Am 241

1.5
55.1
24.3
13.25
4.85
1

1.9
0.25
0.4
97.2
0.0014
0.25

9.67 109

1.24 109

2.03 109

493 109

0.007 109

1.29 1O9O

a
a
a
P
a

Mixture 100 100 507 109 a+

Apart from the Pu 242 and 241 the orders of magnitude are
approximately the same. The Pu 242 can be ignored. The
Pu 241 must be considered separately as it is the only one
which does not emit a particles. However, its radioactivity is
almost entirely due to the a panicles emitted by its decay product,
Am 24, when the dose is calculated over more than three months.
It is interesting to note that, with this one exception, all these
isotopes emit a particles of approximately the same energy
(5 Mev approximately) and that their periods are much greater
than the biological periods. The distributions in the organs and
the doses over different periods of time are therefore more or less
the same. For this mixture and for the effects studied here, as a
first approximation it is possible to consider all the a emitters as
being the same as the Pu 239 with a mass activity of
14 x 109 Bq g-"1 for the mixture.

r

The particle size of the mixture is another parameter which is
quite difficult to measure. The graph issued by McSweeney, one
of the only ones published, is given here for illustrative purposes
only, the particle size remaining very sensitive to the physical
conditions of manufacture [11]. It seems that the distribution
which it gives is compatible with those of the powders
manufactured at La Hague, the AMAD of which lies between
4 and 10 urn. Here the AMAD (full curve) is ten times greater
than the one associated with the dose coefficients of the CIPR 30.
This assumes however that the statistical distribution of the
aerodynamic diameters has the same shape as the one assumed
by the CIPR.
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; CUTTCU. menons

Figure 1.3: Distribution of particles as a function of their diameters
(according to [11])

3. ACTIVITIES INHALABLE PER ISOTOPE

3.1 The ClPR 30 model

. To facilitate the calculation we will use the tables issued by the
NRPB, the values of which correspond to those of the CIPR 30
which have been published, ie, for received doses for 50 years
(cf [T]). The NRPB figures relate to an AMAD of 1 jim. For each
isotope they give the doses associated with heavy and light
particles respectively, calculated at different intervals of time and
expressed in Gy per Bq inhaled. Separate calculations are made
for adults and children. We calculate here the dose factors and
activities corresponding to possible mortality criteria (cf. supra) for
each isotope of the mixture.

For a better understanding of these calculations, it is interesting
to recall some characteristics of the isotopes considered. In ail
cases, the reference particle size is retained (AMAD « 1 urn) and
corrections must therefore be made when "the powders are
known. Moreover, the values all relate to insoluble forms (class Y
of the CIPR), as we are dealing here with plutonium in oxide form.
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Table 1.3: Characteristics of the Isotopes of a PuOz mixture

Isotope

Pu 238
Pu 239
Pu 240
Pu 241
Pu 242
Am 241

Period
(years)

86
24.400
6,600

14.9
3.8 106

434

Radiation

oSMev
oSMev
aSMev
B 21 kev
aSMev
a 5 Me v

Decay
product

U 234
U 235
U 236
Am 241
U 238
Np 237

Activity
[Bq-Q-I]

6.45 1011

2.27 109

8.37 109

3.72 1012

1.44 108

1.26 1011

The following tables give the dose factors (Gy Bq'1) associated
with the isotopes for the periods involved in the cases of non-
stochastic effects on adults (Table 1.4). As an example, we
present one of the results of the NRPB for children aged ten
(Table 1.5). According to [7], the values corresponding to
children aged one can be deduced from those for children aged
ten (Table 1.5} by multiplying by approximately 2.9. It will also be
observed that those of Table 1,5 (children aged ten) are related
to those of Table 1.4 (adults) by a factor of approximately 2.3, for
all the periods envisaged (7 to 365 days). In view of the precision
of the figures, we can consider the detailed values for adults
sufficient, using these ratios if we need to turn our attention to
other age ranges. However, the difference between children and
adults is based solely on the differences in organ mass and does
not allow for metabolic differences. In these circumstances, the
interpretation of differences is delicate.

Table 1.4: Lung dose factors for adults (Gy Bq-1) (Inhalation of an
aerosol with AMAD of 1 Jim)

Isotope Dose 7 days Dose 30 days Dose 365 days Dose 5 years

9.410-8 2.1010*1° 3.510*7 7JI(T10 3.510'6 7.410'9

8.810-8 1210*1° 3.310'7 4.610-1° 3.310'6 4.610'9

,8.910-8 2.010-1° 3.310'7 7.41O*10 3.310'6 7.410'9

3.410-12 9.010-11 3.010-11 3.410'10 2.610'9 3.310'9

8.410-8 1.710'10 3.110'7 6.210-1° 3.11(T6 6.1 Iff9

9.010-8 9.910-1° 3.010'7 3.310'7 9.11O-7 9.910'9

Pu 238
Pu 239
Pu 240
PU 241

Pu 242
Pu 243

9.710-6 2.110-8
9210-6 W10-8
9.210-6 2.110-«
2.710-6 8.910'9

8.710-6 1.710-8
9.110'7 1.010-8
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Table 1.5: Lung dose factors for children aged 10 (Gy Bq-1)

Isotope Dose 7 days

Heavy particles Others

Pu 238
Pu 239
Pu 240
Pu 241
Pu 242
Am 241

2.2
3.1
3.1
7.9
2
2.1

10-7
10-7
10-7
10-12

10-7
10-7

4.7
2.9
4.7

31
3.9
2.3

10-10
10-10
10-10
10-10
10-10
10-9

On the basis of these factors, we deduce the activities which
would correspond to acute effects using criteria deduced from
hypotheses adopted concerning mortality (cf Table 1.1). The a
particles were assumed to be equivalent to the p and 7 rays
(cf. supra) for the non-stochastic effects. In order to simplify, and
for the a particles, we have therefore adopted 1.5 Gy for 30 days
of exposure and 150Gy in 5 years, this latter figure
corresponding to an appearance threshold for the effect. We also
assume that the survival period and the relevant exposure period
are the same. This is an imprecision factor which it is difficult to
avoid. The results are given in Table 1.6.

Table 1.6: Activities inhaled corresponding to adult mortality
thresholds (AMAO s 1 (im) (Hyp. CIRP 30)

Isotope Criterion 15 Gy in a Criterion 150 Gy in a
ever 30 days (Bq) over 5 years (Bq)

Pu 238
Pu 239
Pu 240
Pu 241
Pu 242
Am 241

4.3
4.5
4.5
4
4.8
5

107
107
107
1010
107
107

1.5
1.63
1.63
4.17
1.72
1.6

107
107
107
1Q9
107
1Q8
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3.2 Correction proposed

The preceding values cannot be used directly as allowance must
be made for the absence of lung clearance at these doses. In
view of the suppression of pulmonary behaviour after a short
biological period (40%, 1 day) the doses per becquerel inhaled
must be multiplied by 1.66. As a simple approximation we can
then take the values proposed by the NRPB for 30 days. This
involves a slight underestimation of the dose factor as a certain
clearance has occurred, but it is negligible compared with those
made elsewhere in this paper. The figure is then multiplied by 60
to obtain the dose over 5 years.

Table 1.7 Activities Inhaled corresponding to the mortality
criteria adopted in the absence of pulmonary clearance

Isotope Criterion 15 Gy in a Criterion 150 Gy in a
over 30 days (Bq) over 5 years (Bq)

Pu 238
Pu 239
Pu 240
Pu 241
Pu 242
Am 241

2.57 107

2.72 107

2.72 107

4.05 101"
2.9 107
2.9 107

4.23 10s

4.49 106

4.49 106
1.7 109

4.78 107

4.89 108

For the Pu 239, we can compare the 2.7 x 1O7Bq inhaled
deduced by this method with the 2 x 107 Bq deposited in the
lungs deduced from the animal experiments [2]. The threshold
deduced from the theoretical calculations for mortality in the
month following inhalation is therefore approximately 3 times less
than that proposed by Raabë and Goldman. If we compare the
value of 150 Sv over 5 years with that associated with the
deferred effects by fibrosis defined for 1,000 days by Raabe, we
find a difference of 30%. The threshold proposed here is
therefore slightly optimistic.
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4. INHALATION OF THE MIXTURE

For the mortality associated with the deep part of the lung, the
doses associated with quantities of inhaled mixture can be
reconstituted using tables 1.2 and 1.4. As an initial step we can
calculate the dose factors for the mixture with the corrections
made here (cf. Table 1.8). The size of the Pu 238 contribution will
be observed. It is then of interest to turn one's attention to the
mass rather than the activity, still assuming an AMAD of 1 urn
(cf. Table 1.9).

Table 1.8: Lung dose factors associated with the Inhalation of the
mixture [(G y (a) per Bq of mixture, aduits (AMAD = 1 u.m)] (After
correction of ClPR 30 model for the absence of clearance)

Isotope

Total
comprised of:

Pu 238
Pu 239
Pu 240
Pu 241*
Pu 242
Am 241

Dose 30 days

1.65

1.11
1.37
2.2
6.1
7.2
1.26

10-8

1C-8

10-9
10-9
10-10
10-12
10-9

Dose 5

1.05

6.74
8.38
1.34
8.57
4.4
7.68

years

10-6

10-7
10-8
10'7

10-8
10-10
10-8

Table 1.9: Lung closes as a function of exposure period (Gy (a)
and Sv per gramme of mixture inhaled)

TARGET Lung dose Equivalent dose
30 days 5 years Effective on entire body*

[Gy per g of mixture] [Sv.g*1]

Adults 8103 5.34 10s 2106

'According to the H values (50 years) of the CIPR 30
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5. SENSITIVITY OF THE NASOPHARYNX

Most of the particles, even the small ones, are stopped at the
level of the first compartment (the nasopharynx, from the nostrils
to the larynx inclusive) defined by the CIPR for the respiratory
system. The proportion is already 30% for an AMAD of 30 nm,
85% for 10 jim and it is assumed to be close to 100% when the
AMAD exceeds 30 urn. This set of organs therefore plays an
important role in protecting the lungs but we must ensure that
they do not become target organs for large particles and at high
doses. The biological period which, at 0.4 days, is very low,
renders the role of the nasopharynx negligible when we consider
the stochastic effects due to the inhalation of plutonium as in this
case we are considering the dose for 50 years. If everything
occurs within a period of several days, the situation can be
different. We have calculated the doses received by this set of
organs using the ClPR 26 and 30 with the following hypotheses:
the specific energy coefficient by transformation of the lung to the
CIPR 30 lung was used for the nasopharynx, the biological
period was taken to be 0.4 days and the radioactive period
ignored. The weight of the organ was considered to be 60 g
(cf. CIPR 23 [12]) and this mass was used to correct the specific
energy coefficient given for a lung weighing 1 kg. The latter
correction is necessary as the dose is actually an a dose
distributed over the surface of the organ, whereas the principle of
the specific energy coefficient is to relate the energy distributed
to the total mass of the organ. With these hypotheses, we obtain
the values of Table 1.10 which are primarily orders of magnitude.
These orders of magnitude are moreover quite independent of
particle size as there is only a factor of 3 between an AMAD of
1 u.m and the maximum.
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Table 1.10: Immediate dose received by the nasopharynx
(Hypothesis: total retention at this level)

Isotope Dose factor
Gy.Bq-1

Pu 238
Pu 239
Pu 240
Pu 241
Am 241

7.3
6.6
6.6

7.3

10-7
10-7
10-7
10-9
10-7

Activity giving 3 Gy (a)
Bq (HYP

4.2
4.5
4.5
3
4.2

ClPR 30)

1Q6
106
106
109
106

Mixture 2 10'6 1.47 108

As the irradiation is of very short duration, we can adopt a
threshold of 10 Gy. The effects on the buccal and nasal mucosa
begin to appear at a y irradiation of 3 to 4 Gy. These effects are
severe, with immediate oedema and necrosis starting at values of
10Gy {13]. Here we may legitimately take a REB of
approximately 3 as the CIPR suggests for high doses [14] and as
a first step we have fixed a threshold at 3 Gy, which is valid both
for the larynx and the nasopharynx, it can be seen that, isotope
by isotope, the thresholds lie within the range of those calculated
for the lung mortality criteria when the particle size is 1 urn; they
are more stringent when the latter is 10 urn. This "threshold", in
terms of activity inhaled from the mixture, is close to that which
can produce effects over a period of 5 years (fibrosis) if the
particle size is 1 urn. It is lower, and therefore limiting, for larger
particles, particularly if the particle size is greater than 30 u.m.

However, this value -S only a simple reference and these
calculations can be considered questionable for three reasons.
First of all, the dosimetry Is debatable. As the figures involved
represent a doses received by the mucosa, a very precise
calculation is required to determine the dose which is really
significant for the basal cells. These are generally beyond reach
of the a particles (which have a trajectory of approximately
35 urn) as the epithelium is 70 to 10 \im thick. A detailed
moderation of the geometry of the mucosa and of the
penetration, if any, of these particles is therefore required.
Moreover, it appears that the ClPR 30 value for the time spent



A1.14

(0.4 days) is an overestimation and that it could be 20 mm [15].
On the other hand, the attack of the larynx is probably
underestimated as, particularly in accident circumstances with
high concentrations, persons tend to breathe through the mouth.

Finally, it should be pointed out that the effects, for example a
laryngeal oedema, can be of relatively minor importance
according to the circumstances. Although the medical remedy is
a simple one, an oedema occurring within an hour of the accident
can be fatal is medical assistance is not given.

6. CONCLUSIONS

The purpose of this analysis is to determine the thresholds in
terms of quantity and of inhaled activity for plutonium oxides
transported from reprocessing plants. The values cannot, of
course, be fixed with any degree of certainty and they are
moreover subject to fluctuation according to the characteristics of
individuals. In spite of the reservations expressed regarding the
NRPB calculations, it might thus be prudent to consider the
application of a factor of approximately 2.5 to the dosimetry for
children.

The non-stochastic mortality can be reduced to two types of
effect, pulmonary oedema which can occur within several weeks,
and pulmonary fibrosis which can lead to death between 1 and
5 years after inhalation. In the first case, the value adopted is
close to a 50% lethal dose, in the second, we have no distribution
on which to base the estimation and the value is the one at which
the effect can be observed. A third type of effect has been
introduced, oedema of the pharynx or larynx. In hospital
conditions, the morbidity is relatively benign but in the
contaminated area and without medical assistance this pathology
can be fatal. It is very difficult to assign values,, but it seems that
for "breathable" particle sizes (1 or 10 p.m) the other pathologies
appear at lower values of inhaled activity. However, this type of
effect is the only one to be considered when the particle size is
greater than 30 u,m, although this implies very high inhaled
quantities.

With a view to evaluating the risks, the thresholds should be
quantified. Bearing in mind the reserves mentioned above
regarding the precision of these values, we propose the following

•'references for a powder of 1 urn:

' • pulmonary oedema in 1 month: 1.8 mg inhaled,

• fibrosis between 1 and 5 years: 0.25 mg inhaled.
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The above values, deduced from dosimetric estimations based
on doses previously defined (Table 1.1) are very similar to those
deduced directly for the Plutonium 239 on the basis of animal
experiments and extrapolated to all a emitters. They are
approximately three times higher in the first case, slightly lower in
the second case. If the Individuals concerned survived, these
thresholds would be associated with effective doses received
over 50 years of approximately 3,000 and 500 Sv respectively.
This shows that the acute effects of plutonium Inhalation only
occur when very large quantities, greater than those at which
cancer mortality Is probable, are inhaled.

In fact, according to the CtPR dose-effect laws, the probability of
death due to cancer "exceeds" unity at 100 Sv. It is of course true
that these relationships only apply at high doses and it is
practically impossible to reach 100% mortality with radio-induced
cancer, but the probability of death is very high at these doses. It
is therefore logical to take this value of 100 Sv to estimate
another mortality (20% or 50% or more), for radio-induced
cancer. For the mixture considered here there is therefore a third
"threshold" to be considered, corresponding to 100 Sv1 te,
approximately 0.05 mg inhaled.

If the powder has an AMAD of 10 |im, the quantities inhaled
corresponding to the various effects are to be multiplied by 5, ie,
0.25 mg inhaled, the doses of course remaining the same. For
intermediate values the graph in figure 2 will be used. Finally, if
the particle size is greater than 30 urn, the entire quantity is
retained in the upper part of the respiratory apparatus, but effects
could occur for several mg inhaled; as a general guide, a
threshold can be fixed at around 5 mg.

To situate these figures in the accident context, it should be
remembered that the respiratory flow rate is approximately
1 m .̂h-1, or even two or three times greater if the individuals are
very active and that dust levels of 10 to 20 mg nr3 can be
observed in the open air over large areas (cf the atmospheric
pollution of the Meuse in 1930 for 5 days). The inhaled quantities
mentioned above are therefore liable to be found in the event of
an accident.
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In order to mitigate the consequences of a radiological accident involving
radioactive materials, an emergency action plan has been established.
This plan comprises three phases, to which must be added, when there
is a risk of Pu in the air, an initial phase which we will call the "zero"
phase. We examined the plan drawn up by the DAM for the case of an
accident involving a weapon and on this basis deduced a possible
standard sequence of events for the case of an aircraft accident involving
Pu.

1. "ZEROPHASE"

Before the emergency plan is put into operation, an initial phase,
known as the zero phase, corresponding to the period of time
elapsing before the presence of Pu becomes known, should be
allowed for in the case of air transport. In fact, even if the aircraft
is subject to special procedures by air traffic control, we must
envisage the interval of time between the accident and the
moment at which the persons in charge of the emergency action
are informed of the Pu risk and have established the initial
relevant instructions.

During this period, the contamination can spread and this must
be taken into account in the later phases. This phase should be
as short as possible. In general, this implies special follow-up of
the aircraft by the air traffic controllers who must therefore be
informed of the presence of the Pu.

The duration of the zero phase, ie, several minutes or several
hours, depends on whether or not the aircraft is subject to this
follow-up. Additional negative effects, which could be
considerable, may result.

REFLEX PHASE

As soon as information of an accident involving Pu is received,
immediate measures must be taken, without waiting for an
assessment of the risk involved. These measures correspond to
the first phase of the emergency plan, generally called the "reflex"
phase.

The purpose of these measures is to mitigate the consequences
of the accident, to carry out a preliminary diagnostic of the
situation and its development, to start up the nuclear intervention
and to determine the meteorological conditions at the scene at
the time of the accident.
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This phase comprises first of all the following immediate and
simultaneous actions:

• implementation of emergency actions,
• transmission of the alarm,

• marking out of the assumed contaminated zone.

a) Implementation of emergency actions

The police contact the fire service first of all in order to prevent
extension of the accident (fire, explosion etc.). Emergency
medical assistance may then be made available.

The first team to arrive gives priority to the treatment of the
human victims. The personnel examine all the injured and
dead. They set aside those suffering from slight injuries who
will be treated either by themselves or by a second team
situated outside the zone of assumed contamination. They
transfer the seriously injured without taking account of the
contamination except to mark out the itinerary which will then
be considered as potentially contaminated. The dead will not
be removed until the end of the phase.

b) Transmission of the alarm

The alarm consists in requesting the supplementary
emergency teams to go to the scene of the accident. These
requests are made to the competent organizations (CEA,
SCPRl etc) and if necessary, to the regional authority
concerned.

c) Marking out of the area of assumed contamination

One of the reflex measures to be taken in the event of nuclear
accident is the marking out of the accident area (called
nuclear area in the case of an accident involving a weapon) in
order to prevent access to the area immediately surrounding
the aircraft wreckage and to the zone assumed to be
contaminated by the accident due to the wind. The distance
involved, in km, is d « 2 to 3v/4 where v represents the wind
velocity in m/s. The repercussions of the zero phase and of
the transport of the injured should also be taken into account.

2.2 The CEA emergency team

When the first CEA emergency team arrives on the scene of the
accident it takes charge of the following operations at this stage:

a) assessment of the consequences of the accident, the
measures to be taken and the resources to be implemented;
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b) technical responsibility for recovery of the wreckage;

c) radiological examination of personnel, wreckage and the
contaminated area.

On the basis of the data supplied by this team, it is possible to
determine the isodeposit chart of the contaminated zone. This
chart can be used to modify the marking out of the zone as it
provides an improved approximation of the dispersion of the
contamination as shown by Figure 2.1.

site of the accident.

area initially assumed to be contaminated

area contaminated according to the isodeposit chart

Figure 2.1: contaminated area

In parallel with these activities the regional avithorities draft a
preliminary press release and decide on the measures to be
taken for the protection of the population (confinement indoors,
evacuation, etc).

3. THESTABLEPHASE

Once the emergency measures have been implemented during
the reflex phase, we pass on the analysis and stabilization of the
situation in the second phase, called the stable phase.
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3.1 Analysis of the situation

This involves diagnosing the situation and its possible
development, tn the initial stage, the characteristics of the source
are established in order to determine the quantities of Pu
dispersed. The radiological risks are then evaluated on the basis
of measurements taken in the contaminated area and by means
of mapping by helicopter. The latter detects the presence of Pu at
sensitivity levels of approximately 1 to 5 iiCi/m2 over an area of
about 500 ha during a flight of 1 1/2 hours between two refueling
stops. The risks of transfer of the contamination of this activity
deposited on the ground can thus be evaluated.

Parallel procedures are, in fact, involved, the increasing
accumulation of data on the terrain contributing to improved
precision in the estimations obtained by the calculation codes
which are adapted in accordance with the information as it
becomes available. This leads to the progressive identification of
the path of the radioactive cloud (and the associated risks), the
levels of contamination, the extent of the contaminated area, the
physical characteristics of this zone: population, road network,
land occupation (crops etc.)

With the results obtained during this (continuous) phase of
analysis, it should be possible, according to the activity levels
measured and the previously fixed intervention levels, to
determine the areas to be given priority treatment and the nature
of the works to be undertaken.

3.2 Monitoring of exposed persons

In order to limit access to the contaminated areas and to maintain
security, a double marking system creating a buffer zone can be
set up. A command post and exit and entry posts for the
contaminated zone will be set up. Exposed, persons will be
monitored by:
• taking a nasal sample from each person leaving the zone,
• establishing a radiological record for each person,
• identifying persons liable to have been subjected to internal

contamination,
• grouping the personnel for a radiological and/or medical

examination.
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3.3 Mitigation of the radiological consequences of the accident

In order to mitigate the consequences, the contamination must
first of all be confined to prevent it spreading and to facilitate
efficient contamination during the final phase, for example, by the
removal of a fixing product. This confinement concerns:

• the sub-soil: protection of the ground water, water courses,
drains etc.,

• the surface: protection of running water, precipitations,
animals, traffic,

• the atmosphere: passage into suspension.

1) Spreading of oil

Mixing drained oil, (or any used oil) with the first centimetres of
soil, minimizes the possibility of passage into suspension of
the Pu. but this does not prevent soil penetration in the long
term and in the event of rain. This method does not involve
great expense and is easy to implement (manual hose,
sprayer etc) and there is little exposure to risk (storage,
implementation etc). Oil spreading can be of particular
interest for wooded areas or covered in tall vegetation which
will subsequently be cut down and chipped (possibly burnt).

2) Wetting

This method is very inexpensive and can be implemented
very rapidly. However, the fixing it produces is of very short
duration (hence the need to repeat the operation periodically).
The water should be distributed by spraying rather than
sprinkling as the latter could result in accelerated migration of
the Pu in the soil This method is particularly useful for fixing
to prevent the passage into suspension of aerosols during
work giving rise to a great deal of dust, ft should be used with
precaution on hard soil and in wooded areas on account of
the risk of run-off.

3) Bitumen

The spreading of asphalt, bitumen or tar is inexpensive,
rapidly implemented (resources rapidly available, ramp on
trailer or manual hose) and efficient. It doe not cause any
storage risk and creates a very good contamination trap. It
also provides a double protection against rain and wind.
However, it necessitates extensive resources for recovery and
and produces large volumes of waste (which it may be
possible to incinerate).
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The spreading of tar followed by its hardening and the
stripping of the crust formed results in an efficiency of 97%.
This technique may be specially applicable to flat surfaces
(roads, aircraft runways etc.). The use of recently developed
products (Acosol P.P. = removable tar) should result in
improvements to this method as regards its spreading and
recovery.

On bare soil, two persons can spread bitumen, either hot or in
form of emulsion, at the rate of more than 10,000 m2/h. On
grass this rate is reduced to 350 m2/h and on a damaged field
is only 150 m2/h.

4) Cement grout

The spreading of thin grout, which would impregnate and then
fix while hardening, the superficial layer of aggregates has the
same effect as a layer of tar.

P) Foam (polyurethane)

By spreading a layer of foam 5 cm thick (1.6 kg.nr2), 0.5 to
2 m2 per minute can be treated using special equipment.
The covering thus formed is long-lasting but expensive. This
process seems interesting as it should be possible to remove
the layer of polyurethane which will have trapped the
radionuclides: it requires the use of apparatus for spreading,
recovery and treatment (of the contaminated foam).

6) Plastic sheeting

This method is inexpensive and rapidly implemented over
small areas to counter the risk of passage into suspension
due to wind, tt would be useful for hot points or on walls but is
only of interest in the very short term and should rapidly be
replaced by one of the methods described above.

7} Removable paints

The paint layer constitutes an effective trap for Pu particles,
and is moreover easy to recover. However, in the case of
water-based paints there is a risk of dilution by rain water and
they cannot therefore be used in these conditions.
Nevertheless, this technique seems particularly suitable in
urban areas (floors, walls etc.). This method of fixation is
expensive, easy to implement, rapid to apply but the storage
of the products used gives rise to problems (risk of fire for,
flammable paints). One person using a roller or spray gun
can cover an area of 50 m2/h with paint and 200 m2/h with
emulsion paint.
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This presentation is not an exhaustive one and new techniques
are currently being developed. Particularly relevant to this
subject is the work of the task group "Restoration of the DAM site"
and especially the RESSAC group (Rehabilitation of
Contaminated Soils) of the IPSN.

The following table indicates the efficiency of the different fixing
methods for the different types of terrain.



Agricultural
land

Wooded
areas

Urban

Tone

Vertical
surface

Horizontal
surface

Handling/storage
danger

Ease and rapidity
of application

Duration of efficiency

Trapping of the
contamination

on

Insufficient

Very
efficient

Insufficient

Appropriate

Unv

Good

Average

LOW

Water

Appropriate

Appropriate

Insufficient

Appropriate

Zero

Very
good

Short

Very
bw

Bitumen

Very
efficient

Insufficient

Insufficient

Very
efficient

bw

Good

Long

Very
good

Cement

Insufficient

Insufficient

Insufficient

Very
efficient

Low

Average

long

Very
good

Plastic
sheeting

Insufficient

Insufficient

Appropriate

Insufficient

Zero

Good

Average

Zero

Vinyl

Insufficient

Insufficient

Insufficient

Insufficient

Zero

Average

Long

Low

Removable
paint

Insufficient

Insufficient

Appropriate

Very
efficient

Low

Very

Long

Very
good

Foam

Appropriate

Insufficient

Very
efficient

Very
efficient

Low

Good
good

Long

Very
good
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4. RESTORATION PHASE

At the end of the stable phase, the level of safety reached is such
that the accident no longer constitutes a permanent source of
significant nuisance to persons or the environment. The
countermeasures to be taken at this stage correspond to the
restoration phase. They are designed to return the land and the
installations to their proper use without presenting any
radiological risk to man, ie, to reduce the level of contamination to
a pre-established level.

The study of the contaminated zone requires the installation of
extensive facilities and rigorous organization. The most
appropriate decontamination methods are implemented not only
for the purposes of decontamination but also to evacuate the
waste produced.

The processes used to clean an accident zone can vary
considerably. The factors liable to influence the method chosen
include:
• the type of land and its use,

• the type and level of decontamination occurring,

• the type and number of constructions,

• the cleaning criteria and standards defined. ;

The diversity of problems to be resolved according to the zone to
be treated leads to a classification of decontamination methods
as a function of land use:

• tall vegetation,

• agricultural land,
• urban zones,

• contaminated water.

4.1 Methods appropriate to tail vegetation

.At present, the only efficient and sure method of decontamination
is the uprooting of the vegetation (trees, bushes, shrubbery etc.).

As there is a serious risk of passage into suspension when the
trees are cut down, it is advisable to use defoliants before this
operation (using conventional spreading methods). A significant
proportion of the contamination can thus be removed by
gathering up the leaves on the ground. These operations mainly
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involve forestry work (cutting down of trees, grubbing up the
roots, sawing the trunks etc.). The superficial layer is then
removed as in the case of agricultural land.

If it has been determined that the contamination of the tall
vegetation is low (< 10'6 CiVm2). it may be possible to use aerial
sprinkling in order to bring most of the contamination to the
ground. The superficial layer of the soil (up to 10 cm) is then
gathered up. This method requires the zone treated to be
permanently monitored as particles may remain fixed in the
vegetation. It does not constitute a "clean" solution and is
moreover impossible to implement if the zone is in the vicinity of
the ground water table.

4.2 Methods appropriate to agricultural land (meadows, fields etc.)

a) Suction

This method is useful in the cas? highly contaminated zones
to reduce them to a lower level of activity before application of
the fixation product. Several forms of the method exist, but it is
always associated with a high efficiency multi-stage filtration
device. Decontamination by suction is usually carried out in
dry conditions for powdery contaminants deposited over large
dry areas and without greasy elements.

The equipment used is trade equipment with a high rate of
flow in order to have sufficient air velocity at the entrance to
the nozzle or brush. The air velocity around the brush must be
at least 0.5 m.s*1 in order to avoid simple passage into
suspension of the contaminants due to turbulence. The
suction can be created by a turbine (case of trade suction
devices) or by a vacuum pump. A pre-filter and an ultra-high
efficiency filter are generally used for the filtration.

b) Removal of the superficial layer

The removal of the superl'cial layers of the soil by
earthmoving devices (scraper, grader or bulldozer) is the best
method for removing a surface deposit. If it is carried out
carefully, 95% of the contaminants can be removed (90% for a
scraper cutting to a depth of 5 cm). It must be done before the
soil is tilled. Even in the most ideal circumstances, it has the
disadvantage of requiring £.5 hour? of work per hectare and
producing a large volume of waste. Moreover, it loses its
efficacy in stony or rugged areas or on land covered with
rough vegetation.

Several types of device can be used but those which enable
easy depth control and which are auto-loading are the most
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efficient. The method is also effective on ground covered in
snow. A variation has been proposed: the contaminated
terrain is covered with a layer of cement or asphalt which is
then removed at the same time as the contamination which it
has fixed.

As these operations can give rise to a significant amount of
passage into suspension it is essential to wet the ground with
water or oil in order to limit this or to carry out simultaneous
suction of the waste which would enable it to be processed
directly for putting into drums.

c) Shallow or deep tilling

This is a method of dilution and not of decontamination, !t is
always beneficial in the short and medium term as regards
exposure to 7 emitters and exposure due to passage into
suspension. As regards soil-plant transfer, this may vary
depending on the depth of tillage, the type of crop and the
type of soil (the shorter the roots of a plant, the more soil-plant
transfer will be reduced by deep tillage).

Tillage to 30 cm can be carried out with normal agricultural
equipment (ploughshare or disc plough — the latter being
suitable for more rugged terrain) but their effects on soil-plant
transfers are limited. For greater depths, special equipment is
required.

For the Pu contaminations, the Americans quantify the
efficiency of tillage by measuring the average activity of the
soil surface and of the air after passage into suspension.
According to them, tillage to 30 cm would thus lead to an
efficiency of 98%. The efficiency of tillage is increased by the
fact that the plots treated must be irrigated to ensure
production.

r

In spite of its "doubtful" efficiency as regards the reduction of
soil-plant transfer, and the disadvantage that it does not
eliminate the radionuclides of the soil where they may come
into contact with the ground water, this method remains
applicable in zones of low contamination (< 10'6 Ci/m2).

Moreover, following deep tillage, the land may become
unsuitable for cultivation. The fertility and acidity problems
can sometimes be resolved by the addition of a mixture of
fertilizer and chalk in the superficial layer, or of sand, compost
or manure depending on the structure and nature of the soil.
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d) Dilution by sprinkling

In zones where the contamination levels are very low,
substantial sprinkling can be used to cause the contaminant to
infiltrate further into the soil. The type of soil will affect the
sprinkling process. For example, the water will be more
efficient in soils which exhibit a lesser degree of absorption,
such as the clays. It should be ensured that there is no
problem as regards the flow of the water or the contaminated
sludge.

4.3 Methods appropriate to urban zones (dwellings, runways, roads
etc)

The first stage of decontamination in an urban zone consists in
removing the layer of fixing product (removable paint, bitumen or
other) laid down during the stable phase. A large oart of the
contamination is thus removed. Measurement of the remaining
contamination indicates whether decontamination should be
continued or stopped and, in the former case, the techniques to
be used:

a) Suction (Method and equipment similar to those described
above)

b) Abrasion by projection, manual brushing and washing by
pressurized jet

These methods entail problems concerning the recovery of
the waste which must be rigorously channelled.

c) Water projection accompanied by abrasives

At present, this decontamination technique seems to be
oriented towards the very-high pressure spraying of water to
which boric anhydride is added in the for,m of powder or
crystals. This dry product, used as an abrasive during the
projection, has the advantage that it does not deteriorate the
surface of the machines! Moreover, several minutes after
discharge, it is dissolved by the water which is carrying it: the
contaminated waste is recovered by simple pumping. Rinsing
can be carried out by washing with hot water.

In liaison with the STED, the STEPD (CEN Sactay) is
developing a tricephalic remote controlled projection device
which is more sophisticated. It enables greater flexibility of
operation and more rapid sweeping of the decontaminating
products. This technique, which can still be perfected even
further, will have a wide sphere of use, particularly for the
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decontamination of heavy items and the maintenance of large
apparatus (reactors, steam generators etc.).

d) Sweeping and suction

The type of device used for street sweeping, fitted with rotating
brushes, gives good results on flat, relatively hard ground
(runways, roads etc.). One pass is sufficient to remove 75% of
the particles deposited. Two or three passes results in more
thorough decontamination (up to 90%). The quantity of soil to
be removed is less than in the case of earthmoving methods.
This method is effective for frozen surfaces. It is useful to use
suction devices along with the brushes in order to treat the
waste and confine it immsdiately, at the same time limiting the
passage into suspension.

e) Removal of the upper layer

Devices for breaking up the surface layer of concrete, stone
cement etc. (bush-hammer or pointed-hammer) are used for
this. The debris thus produced is gathered up by a suction
device which is passed over at the same time. If the
contamination has infiltrated to too great a depth, a pneumatic
drill and scraper must then be used. In all cases, this work is
only undertaken after wetting of the soil.

f) Dismantling — Destruction

If the decontamination procedures turned out to be too costly,
certain dwellings would be destroyed, and the debris treated
as waste.

Civil engineering equipment would be used for this, taking
care to prevent passage into suspension by using oil or water.

4.4 Methods appropriate to contaminated water

Standing water

If the water is contaminated it is pumped into contaminated waste
vesses. It is then treated with the other liquid waste. The surface
of the soil which is thus uncovered is then treated by the methods
already described. . .. . , . :

Running water ' ' ~V

Running 'water constitutes a risk of transporting the
" . contamination. Countermeasures may involve:

• diverting the course of a stream (upstream of the zone) either
towards a watercourse outside the contaminated zone or
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towards flexible containers or vessels so .that it can
subsequently be used for intervention requirements;

• constructing a dam for the creation of a decanting basin and, if
necessary, for filtering the water.

4.5 Protection of the contaminated areas

Once the decontamination work has been finished on part of the
terrain, it may be necessary to set up a system of protection to
prevent further contamination due to changes in meteorological
conditions or work carried out in the vicinity of the site. The
protective system could consist of plastic sheeting or removable
paint.

4.6 The waste

As soon as work begins on the site, the quantity of waste which is
expected to be produced must be estimated. More accurate
estimations will of course be made as the work advances.

The estimation will be based on:

• the extent and degree of the contamination;

• the decontamination techniques adopted.

We can already assume that very considerable quantities will be
produced, up to several tens of thousands of cubic metres for the
solid waste (the treatment of site TA1 at Los Alamos, the
American missile firing range, produced 15,000 tonnes of waste,
corresponding to the treatment of 16 ha).

These volumes of waste result from:
• the decontamination of the terrain (vegetation, earth, waste

etc.);

• the work carried out on the site (used clothing,
decontamination waste etc,)

They can be divided into the three categories summarized below:

Incompressible and incombustible solids: iron, soil, construction
materials.

Combustible or compressible solids: vegetation (wood, bushes),
light construction materials, technological waste (protective
clothing, vinyl). - .
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Liquids: water directly contaminated by the accident,
decontamination waste (staff showers, decontamination of
•equipment by liquid means).

On the site, the waste is dealt with by a combination of the
following operations: temporary storage, treatment, packaging
and storage.

a) Temporary storage

The quantity of waste produced necessitates the setting up of
a temporary and transient storage system at the edge of the
contaminated zone, where it will await packaging.

For îhe solid waste, the most appropriate technique seems to
be the digging of a trench which, depending on the nature of
the soil, will be faced with concrete or geotextiles, without
forgetting the channeling of rain water.

For the liquid waste, it will be necessary to install devices for
the collection of waste — tanks, leaktight pits — in the vicinity
of the decontamination zone.

The volume of these devices will be determined in
accordance with the decontamination techniques adopted.

b) Treatment, packaging and definitive storage of the waste

The waste is put into drums or containers, taking into account
the following criteria: risk of criticality, maximum reduction of
volume, nature of the waste, transport standards.

Treatment of the solid waste

a) Packaging

The type A packagings can be the following: 200 I drums,
5 m3 containers. The availability of the drums and containers
must be taken into account. The CEA Centres hold certain
permanent stocks of drums, each centre having several
hundred. As regards the 5 m3 containers the CEA stocks are
relatively limited (several tens). COGEMA/La Hague should
have some. In addition, CTI (manufacturer) requires six
weeks notice for delivery of the first 5 containers, the
remainder depending on the time required to obtain the
perforated metal of the internal basket.

The CEA/Saclay is currently developing a type of reinforced
transcontainer. It will not be approved as a type 9 packaging
but will enable, subject to a waiver, the tram ' of greater
activity per package.
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After decontamination, the packages are counted, recorded
and put into temporary storage before transport.

b) Transport

This should be carried out in accordance with the standards
applicable to transport on public thoroughfares. The
regulations of 15th April 1945 relating to the transport and
handling of dangerous materials stipulates that for an activity
of less than 2 mCi/package a type A package must be used,
and for an activity greater than 2 mCi/package, a type B
package must be used.

Nevertheless, it is probable that waivers enabling a greater
fluidity of waste transport would be granted by the competent
authorities.

c) Treatment

The reduction in the volume of the waste, if it is combustible or
compressible, will be a major concern before any definitive
transport for storage. For the treatment of combustible waste,
there does not yet exist an incinerator capable of handling
large volumes and it would moreover seem difficult to install
one locally. We may therefore consider the advantage of
burning certain waste in open air. Such a decision would
depend in fact on special local conditions (site, meteorological
conditions etc.), on the volume of combustible waste, on the
levels of activity present in the waste and those liable to be
created by the incineration.

We may also consider other techniques such as prior
defoliation of the vegetation, cutting or shredding, or even the
use of decomposition accelerators for the organic products.
With a view to the definitive storage of the waste thus
constituted, the mo^t highly contaminated, packaged so as to
prevent risks of cmicality, are evacuated in type B packagings
to a centre where the recovery of the plutonium can be
envisaged. The remainder may be sent to a storage centre of
low and medium activity if it verifies the ANDRA constraints.

Treatment of liquid waste

Once collected, the waste can be treated locally by means of a
procedure designed to reduce its activity in order to simplify the
problems associated with its transport to a treatment centre or
even to enable it to be released directly into the environment.
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The possible treatment procedures are:

• filtration: the use of certain geotextiles could be envisaged for
this purpose;

• chemical treatment (precipitation).

Following these treatments, release into the environment could
be envisaged under certain conditions: activity levels at least less
than the CMA drinking water (in practice, one hundredth of the
CMA constitutes a usual threshold) and the authorization of the
competent authority (SCPRI).

Priority will be given to evacuating the waste produced during the
emergency action to the nearest liquid waste treatment station,
taking into account the standards applicable to the transport of Pu
on public thoroughfares (type A packaging for a volumic activity
of less than 200 mCi/m3, otherwise type B). The total activity
must remain less than 20 Ci. As regards the reception centres,
the limits of acceptability are 10'2 Cim3 at Saclay (capacity: four
150 m3 vessels), 1O-3 Ci at Saclay (capacity: four 15Om3

vessels) and 10'3 Ci/m3 at Valduc.

Taking into account the experience acquired in similar domains
and the possibilities of reducing its activity locally by prior
treatment, it is likely that the standards will not be exceeded in the
case of liquid waste.


