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The disposal of radioactive waste is a 
topic which attracts considerable interest 
from both the scientific community and the 
general public and, in some countries has 
become a key issue in the continuing 
debate about the future of nuclear power. 
The purpose of this article is to provide a 
brief review of the information available on 
radioactive waste and disposal options and 
to outline those areas where research is re
quired before disposal decisions can be 
taken. In this short article, it is not possible 
to deal with all types of radioactive waste 
and the discussion is restricted to high- 
level waste, although the urgency to 
dispose of this type of waste is not so great 
as that for other types, in particular the 
large volumes of intermediate level waste 
which are now stored at nuclear sites. 
Disposal of high-level waste probably 
presents the greatest technical difficulties. 
In addition it has been the subject of 
greatest concern, for reasons which will 
become apparent.

What is High-level Waste?
The term "high-level waste" covers both 

irradiated nuclear fuel and the highly active 
liquid waste produced when spent fuel is 
reprocessed to recover uranium and pluto
nium. In most European countries, disposal 
of spent fuel is not being considered and 
hence this article will deal only with the 
high-level waste arising from fuel reproces
sing.

Most of the activity present in the ir
radiated nuclear fuel eventually enters the 
high-level waste stream. This waste there
fore contains a whole spectrum of radionu
clides with a wide range of radioactive half- 
lives. These radionuclides can be divided 
into two classes: fission products (e.g. 
90Sr, 137Cs, 99Tc) and actinides. The term 
"actinide" is used rather loosely in this con
text and this class of radionuclides includes 
uranium isotopes and the daughter pro
ducts arising from the decay of all the 
heavy metal isotopes, as well as the true 
actinides. The exact radionuclide content 
of high-level waste obviously depends on 
the nature of the spent fuel, the conditions 
under which the fuel was irradiated, the ef
ficiency of reprocessing and the time at 
which reprocessing occurred (i.e. the 
period over which the fuel remained in 
store after discharge from the reactor).

The inventory shown in Table 1 should 
therefore be regarded as typical and 
representative, rather than indicating exact 
activities for any particular high-level waste 
sample. It can be seen from the Table that 
during the first few hundred years after 
reprocessing, the major portion of activity 
in high-level waste is due to relatively short
lived fission products, in particular 90Sr and 
137Cs*. When these have decayed substan
tially, the actinides become more important 
in terms of their contribution to total activi
ty, but there is also a major contribution 
from very long-lived fission products (e.g. 
99Tc). It should also be noted that the ac
tivities of some actinide daughter products 
(e.g. 226Ra) increase with time after repro
cessing, reaching a peak after times greater 
than the half-lives of their long-lived parent 
radionuclides.

The variation of the heat output of high- 
level waste with time is shown in Fig. 1. It 
follows a pattern similar to that described 
above for total activity, with a fairly rapid 
decay during the first few hundred years 
when 90Sr and 137Cs are the dominant con-

* During the first 100 years after removal from 
the reactor, the total activity, being dominated 
by the shorter-lived fission products, falls rapid
ly, decreasing by a factor of 10 in the first 10 
years and by a further factor of 10 in the next 90 
years.

tributors, followed by a much slower 
decline during the period when longer lived 
actinides (e.g. 241 Am) control the thermal 
output.

Waste Management and Disposal
All high-level waste is currently stored, 

most of it in liquid form, in cooled tanks 
specially constructed for the purpose. 
Although this situation is acceptable at pre
sent and will continue to be so in the short 
term, it is clear that long term management 
procedures need to be established in order 
to ensure that the risks associated with 
high-level waste are kept to acceptable 
levels.

The elements of a general waste mana
gement strategy are shown schematically 
in Fig. 2. In the case of high-level waste, 
there is now widespread agreement that 
the first, conditioning, step should consist 
of conversion of the waste to a solid form. 
(At an early stage in waste management 
research it was suggested that it might be 
possible to dispose of liquid high-level 
waste directly by injecting it into rock for
mations, but this option has been rejected 
on both technical and safety grounds). 
Various solidification processes have been 
proposed but the one which has received 
most attention in Europe and which has 
been demonstrated on an industrial scale 
(at Marcoule in France) is vitrification. In 
this process, the liquid waste is mixed with 
the constituents of borosilicate glass at 
high temperature to produce cylindrical 
glass blocks.

At proposed block sizes (0.4m diameter 
and 1.5m high) and levels of waste incor
poration (12.5 wt % radioactive oxides is 
typical) about 2,400 blocks, each weighing 
490 kg, would be produced for each 100 
GW(e) of electrical energy generated by 
nuclear power. To put this in perspective,

Table 1 — Inventory of the principal radionuclides in high-level waste 100 y, 1000 y and 104 y after 
reprocessing

Radionuclide Activity at 
100 y  (Bq)

Activity at 
1000 y (Bq)

Activity at 
104 y (Bq) Radionuclide Activity at 

100 y (Bq)
Activity at 
1000 y (Bq)

Fission
products

Actinides
Contd.

79se 1.4 x 1010 1.4 x 1010 1.3 x 1010
87Rb 8.3 x 105 8.3 x 105 8.3 x 105
90Sr 2.4 X 1014 5.6 x 104 0
93Zr 7.0 X 1010 7.0 x 1010 7.0 x 1010
94Nb 5x 106 4.8 x 106 3.5 x 106
99Tc 4.4 x 1011 4.4 x 1011 4.3 x 10"
107pd 1.3 x 10" 1.3 x 1011 1.3 x 10"
113mCd 8.4 x 109 2.3 x 10-9 0
121mSn 1.4 x 109 5.3 x 103 0
126Sn 2.0 x 1010 2.0 x 1010 1.9 x 1010
129, 1.1 x 109 1.1 x 109 1.1 x 109
135Cs 1.4 X109 1.4 x 109 1.4 x 109
137Cs 4.0 x 10'4 4.1 x 105 0
147Sm 1.1 X 105 1.1 x 105 1.1 x 105
151Sm 2.0 x 1012 2.5 x 109 0
152Eu, 7.8 x 107 0 0
154Eu 5.5 x 1010 0 0

Actinides
210pb 3.3 x 104 1.6 X 106 6.8 x 107
226Ra 5.1 X 104 1.9 X 106 7.5 x 107
228Ra 1.6 X 108 4.1 4.3 x 10-8
227 Ac 6.0 X 105 6.9 X 105 1.3 x 106
228Th 3.3 X 105 6.1 X 10 4.2 x 10
229Th 2.0 X 104 1.9 X 106 1.7 x 108

230Th 1.4 x 106 9.9 x 106
232Th 1.6 4.0
231Pa 6.3 x 105 6.9 x 105
232U 3.2 x 105 5.6 x 10
233U 3.8 x 106 4.3 x 107
234U 6.5 x 108 1.1 x 109
235U 3.6 x 106 3.6 x 106
236U 5.2 x 107 5.9 x 107
238U 5.8 x 107 5.8 x 107
237nP 8.9 x 109 1.1 x 1010
236Pu 1.4 x 10 5 0
238Pu 1.2 x 1012 5.5 x 109
239Pu 6.9 x 101° 8.6 x 1010
240Pu 3.1 x 10" 2.8 x 10"
241 Pu 2.8 x 10" 6.7 x 109
242pu 4.4 x 108 4.5 x 108
241 Am 1.2 x 1013 3.2 x 10>2
242Am 1.5 x 10" 2.4 x 109
243Am 7.6 x 10" 7.0 x 10"
243Cm 5.3 x 1010 4.9 x 10
244Cm 1.7 x 1012 1.3 x 10 3
245Cm 7.3 x 109 6.8 x 109
246Cm 1.5 x 109 1.3 x 109
247Cm 4.5 x 103 4.5 x 103
251Cf. 3.5 x 103 1.7 x 103

Activity at 
104y (Bq)

9.6 x 107
4.3 x 10
1.3 x 106

0
4.8 x 108 
1.1 x 109
4.9 x 106
1.1 x 108
5.8 x 107
1.1 x 1010 

0
7.2 x 10 9 
1.7 x 10"
1.1 x 10"
3.3 x 109
4.5 x 108
3.6 x 109
3.6 x 10-9 
3.0 x 1011

0
0

3.3 x 109
3.7 x 108 
4.5 x 103
1.7

Notes
1. Activities are given for the waste from 1 tonne PWR fuel 2. 1 Bq = 2.7 x 10" Ci
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Fig. 1 — Thermal output of a block of vitrified 
high level waste weighing a little less than half a 
ton.

the quantity of electrical energy that will be 
generated in the UK from now until the 
year 2000 is estimated to be 330 GW(e)y.

The glass blocks are formed in steel 
canisters, so the packaging and condition
ing steps can be considered to have been 
carried out in one operation. However, fur
ther packaging (for example placing the 
cylinders in thick metal overpacks) may 
take place either prior to storage or prior to 
disposal, depending on the storage and 
disposal options selected.

Once the waste has been solidified, the 
next stage in the management strategy will 
be to store it for a period to allow the heat 
output to decay, and thus facilitate further 
handling and disposal. The length of 
storage period required, depends to a large 
extent on the disposal option chosen, but 
many other factors will affect this decision. 
It can be argued, for example, that storage 
of the waste is needed in order to allow 
time for further research into disposal op
tions. Some would take the more extreme 
view that high-level waste should be stored 
indefinitely, because it is unlikely that any 
disposal option will be shown to be accep
table. At the opposite end of the spectrum 
of views, others would advocate disposal 
of high-level waste as soon as it is 
technically feasible.

The decision on the period for which 
high-level waste should be stored is 
therefore particularly difficult and complex, 
in which more than technical questions are 
raised. At this stage in the research into 
high-level waste management, there seems 
to be some consensus that the storage 
period should be somewhere between 30 
and 100 years, but there is considerable 
uncertainty associated with these esti
mates and in some European countries the 
option of indefinite storage has not been 
completely ruled out.

Assuming that indefinite storage is not 
acceptable, the final step in the manage
ment strategy is disposal. The distinction 
between storage and disposal is essentially 
one of intent: in the case of storage, the in

tention is that the waste will be retrieved at 
some later date, whereas disposal implies 
abandonment with no intention to retrieve, 
although it may be technically possible to 
do so.

Of the many disposal options which have 
been proposed for high-level waste, three 
appear to be feasible using current 
technology and upon which research effort 
is being devoted in European countries. 
These options are: emplacement in deep 
geologic formations on land, emplacement 
on the bed of the deep ocean or emplace
ment under the bed of the deep ocean. 
There are fairly large differences in the em
phasis of the research programmes of 
various countries: some concentrate on 
one very specific option (for example 
disposal in a particular type of rock forma
tion), while others are pursuing a more 
broadly based approach. In the UK, for ex
ample, the ocean and land disposal options 
are receiving approximately equal research 
effort, and several types of rock formation 
are being considered in the case of geolo
gic disposal. Although the research carried 
out in various countries differs in scope and 
detail, it all has the common objective of 
providing sufficient information to decide 
whether disposal options are acceptable. 
One of the major factors in these decisions 
is the predicted radiological impact of 
disposal options and most of this research 
is therefore concerned with obtaining the 
data needed for radiological assessments.

Radiological Assessments
Assessments of the potential radiological 

impacts of high-level waste disposal op
tions have three major components. First, 
the mechanisms by which radioactivity 
may be released from the disposal site into 
the environment are determined. This in
volves identifying the events and processes 
which could directly cause a release or 
could influence the rate at which the 
release occurs. The complexity of this part 
of the assessment varies from one option 
to another. For example, in assessing the 
radiological impact of disposal on the bed 
of the deep ocean, it is clear that corrosion 
of the waste canisters by sea water, follow
ed by leaching of radionuclides and disper
sal in the oceans Is certain to occur. 
However, for geologic disposal the situa
tion is more complex, with natural events

such as seismic activity, repository-related 
processes such as thermal effects on rocks, 
and human activities such as future ex
ploratory drilling for mineral resources, to 
be considered.

The second stage of the assessment 
consists of estimating the probabilities of 
occurrence of the events and processes 
identified in the initial part. Again the com
plexity and degree of difficulty of this part 
of the assessment varies between options. 
In the case of geologic disposal, for exam
ple, estimation of the probabilities of oc
currence of natural events and processes is 
required. This is not an easy task since it in
volves prediction of the times and frequen
cies at which geologic events may occur 
and predictive geology is a relatively new 
field of research.

The third component is the evaluation of 
the radiological consequences of releases. 
This involves the use of mathematical 
models to calculate the rates of release of 
radionuclides from the waste (for example, 
by leaching), their rates of transport 
through the environment (for example, the 
oceans) and the eventual radiation doses to 
man. In general, It is necessary to evaluate 
the consequences of a release as a function 
of both the time at which the release oc
curs and the time after the release.

From the results of assessments it is 
possible to build up a picture of the 
radiological risks associated with disposal 
options and hence to provide an input to 
waste management and disposal decisions. 
The derivation and analysis of these results 
clearly poses considerable difficulties, 
especially in view of the very long time 
periods involved and the uncertainties 
associated with predictions over these 
timescales. For these reasons, in most of 
the preliminary assessments of disposal op
tions (see examples in bibliography) only 
the more likely release situations have been 
considered and simple assumptions have 
been made, such as the persistence of 
present-day conditions over the whole of 
the time period of the assessment. These 
types of study are valuable because they 
give an indication of potential risks and 
hence enable a decision to be taken as to 
whether a disposal option is worthy of fur
ther investigation. Their primary use, how
ever, is in identifying research priorities, 
since by analysing the sensitivity of the 
results to variations in assumptions and

Waste arisings Storage Conditioning Packaging

Storage

Disposal
Fig. 2 — Waste management strategy.
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parameter values, the areas where impro
vements in data and modelling are most 
urgently required can be determined. As 
research proceeds, assessments can be up
dated until eventually there is sufficient 
confidence in the results for disposal deci
sions to be taken.

Current Status of Research
For the purpose of this review, the 

research on high-level waste disposal op
tions can be divided into the following sub
ject areas: waste form, waste package, 
engineered barriers and the disposal en
vironment. The most complex of these, 
and the one to which most effort is devo
ted, is the disposal environment. Drilling 
programmes aimed at characterising po
tentially suitable rock formations are now 
underway in many countries. The rock 
types under investigation include granites, 
basalts, clays, shales and salt. In addition 
to the field studies, laboratory and in situ 
experiments are being carried out in order 
to determine rock properties such as res
ponse to thermal stress and capacity to 
retard the migration of radionuclides with 
groundwater. For the ocean disposal op
tions, research is directed towards in
vestigating sediment properties, to the 
development of realistic models of ocean

circulation patterns and to obtaining more 
detail of the rates of transfer of radionu
clides through marine food chains.

Research on waste forms, waste 
packages and engineered barriers (e.g. the 
materials which may be used to backfill 
geologic repositories or to surround waste 
canisters) is primarily concerned with the 
prediction of behaviour under disposal con
ditions. For example, the results of leach 
tests on vitrified high-level waste under 
laboratory conditions have been available 
for some time, but evaluation of the rates 
of release of radionuclides by leaching 
under conditions of low groundwater flow.

or through access by seabed sediment pore 
water, is at an early stage. Thus although 
research has been in progress for several 
years, more is required in order to provide 
all the information needed for comprehen
sive risk assessments.

The conclusion to be drawn from the 
available knowledge is a simple one: there 
are enough data to conclude that the 
disposal of high-level waste is technically 
feasible, but there is as yet insufficient in
formation to demonstrate that proposed 
disposal options are acceptable, and to 
enable a choice to be made between the 
various options.
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