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Abstract

The use of safety indicators, other than dose and risk, to complement the safety assessment of
disposal systems for radioactive waste, is not a new idea. Several possible approaches have been
proposed through the years, including a discussion in an IAEA document of 1994. The present paper
reviews critically the various proposed indicators, identifies the most promising ones and suggests a
possible approach for the assessment of their viability. In particular it suggests that a Coordinated
Research Project should be organized with the main objectives of assembling, reviewing and
generating the necessary scientific information on natural values, particularly fluxes and
concentrations of pollutants, and on their impacts on public health and environmental quality.

1. INTRODUCTION

Long lived radioactive wastes, after disposal in deep geological repositories, will be isolated
from the surface environment by a series of barriers whichare expected to prevent hazardous releases
of waste derived pollutants for many thousands of years. The adequate safety of a geological
repository needs to be shown by means of a performance assessment that estimates the potential
impacts of the long term evolution of the system. This assessment should provide reasonable
assurance that the eventual consequences of the release to the environment of repository derived
substances will not result in radiological impacts higher than those that are acceptable today [1].

Performance assessments deal with predicting the evolution of complex systems.
Consequently many different kinds of uncertainty may affect the analysis. The fact that repository
generated impacts are expected to occur at a time when environmental conditions and human habits
may have undergone significant and substantially unpredictable changes, introduces in the
assessments unavoidable uncertainties which increase in proportion to the distance in the future when
the impacts are expected to occur. Besides the uncertainties due to future changes affecting the
disposal system and the biosphere, other causes of uncertainty are associated with incomplete
characterization of the system and with limited understanding of the processes controlling its
behaviour. Most of the uncertainties related to the assessment of the performance of the barrier
system belong to the latter group; which means that it is at least conceivable that they could be
reduced by improving input data and by acquiring a better understanding of the relevant processes [2].

It follows that a safety assessment based on estimated repository impacts within the geosphere
or at the boundary between the geosphere and the surface environment may have a lower level of
uncertainty than an estimate of dose or risk.

The objective of a safety indicator is to provide a measure of the ability of the disposal system
to protect man and the environment from the hazard associated with the substances present in the
repository. As mentioned above the common approach for assessing the safety of a repository is to
compare the values of dose or risk produced by the assessments with established dose and risk
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standards. In other words the dose or risk estimates are the safety indicators for the repository. This
is generally regarded as satisfactory for time frames in the order of hundreds, maybe a few thousands
years. For longer times the uncertainties related to the evolution of the surface environment and the
biosphere tend to reduce the reliability of the estimated values. One way around this difficulty would
be the use of one or more reference biospheres [3]. Another possibility is the one discussed in this
presentation, that is to use as safety indicators intermediate quantities calculated in the performance
assessment, such as fluxes through particular boundaries, for example the interface between the
geosphere and the surface environment, or concentrations in appropriate environmental media, for
example soil or shallow groundwater. It should be pointed out that safety assessments relying on
these two approaches, reference biospheres or intermediate results, are conceptually similar as they
both eliminate the biosphere related uncertainties from the analysis. The choice of the strategy will
then depend on what is believed to be most effective in improving the presentation of the safety case.
These considerations also imply that all safety assessment results, if referring to a time sufficiently far
in the future, cannot be considered as realistic estimates of impacts, but are always mere indicators.

The justification for the preference of the suggested safety indicators, particularly fluxes and
concentrations, may rely on the observation that generally the geosphere can be regarded as stable or
predictable for periods of time very much longer than those typical of the stability of the biosphere.

The use of safety indicators, other than dose and risk, to assess the safety of radioactive waste
disposal has been discussed in a number of publications [4-9]. In a recent SKI report, geochemical
data from the Aspo site in Sweden were reviewed to derive fluxes of naturally occurring radionuclides
being released from the geosphere and concentrations of the same nuclides in natural waters [6]. An
earlier SSI report discussed in general terms the applicability of geochemical fluxes of radionuclides
and stable pollutants as references for the assessment of the safety of repositories [7]. Both reports
follow previous studies from Nordic countries, showing that some regulatory authorities are
considering the possibility of using also safety indicators based on geochemical considerations [8, 9].

The purpose of this paper is to explore farther the merits and limitation of the option and not to
propose that dose and risk should be replaced by other indicators. As pointed out in previous IAEA
documents [2, 5], it is the possibility of developing a safety case based on multiple lines of reasoning
that appears particularly valuable, as this might be effective in strengthening the reasonable assurance
of safety and in convincing different audiences.

The main focus of this paper is on the use of a variety of safety indicators in the assessment of
deep geological repositories. However, after any required modifications, the same or similar concepts
might be employed also in the assessment of other disposal systems, e.g. near-surface repositories for
radioactive waste or disposal facilities for hazardous waste.

2. OUTLINE OF A SYSTEM OF INDICATORS

If a safety indicator, different from dose or risk, is to be as relevant as dose or risk, then it
should also provide some measure of radiological impact on humans and/or the environment. In
addition, this candidate safety indicator should be capable of being judged against, or compared with,
criteria or reference values which are independent of the full safety assessment. Examples of two
potential safety indicators which fulfil these requirements are the fluxes of radionuclides leaving the
geosphere and their concentrations in the surface or near-surface environment. Both of them can be
compared with reference values derived from existing natural systems. More detailed discussion of
these concepts is given below.

The proposed indicators could be classified on the basis of the compartment of the disposal
system to which they refer (environment, geosphere, waste/repository) and, maybe of greater
significance, on the basis of the main aspect which they address: safety or performance.

The proper or primary safety indicators are those which are judged against independent criteria
or references and have a direct bearing on the safety of the disposal system, i.e. its ability to contain
and limit the dispersion of radionuclides. Fluxes leaving the geosphere and environmental
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concentrations belong to this category. Duration of engineered barriers, and times of radionuclide
transfer from the repository to the biosphere belong to this category when short-lived radionuclides
are concerned. The secondary safety indicators are those which are judged against sub-system criteria
or references derived from safety assessments based on dose or another primary safety indicator.
Examples from this category are intrinsic radiotoxicity or the potential hazard arising from the waste
materials, flux through engineered barriers and release rates from waste forms. Duration of
engineered barriers, such as waste form and packages, may also belong to this category when long
lived radionuclides are concerned.

A different category of indicators are quantities describing properties of components in the
repository system, which only indirectly relate to their functions as barriers. Such indicators should
be called performance indicators, since they only provide an (indirect) indication of barrier
performance and not of the overall safety of the repository system. Performance indicators are judged
against technical criteria derived from subsystem criteria. Examples of such performance indicators
are: density of clay buffers, metallurgical properties of waste canisters, travel time of groundwater,
transfer times of long lived radionuclides and release rates of radionuclides and stable pollutants from
waste packages or the near field.

3. ENVIRONMENTAL INDICATORS

Estimates of dose or risk, which are the basic safety criteria, can be made based on knowledge
of concentrations of radionuclides in the surface environment, e.g. in soils and sediments, and in
surface waters such as rivers, lakes and the seas. In addition to this information, assumptions have to
be made about the exposure pathways, the habits of relevant human population groups and the
presence and behaviour of other living species. As said before, uncertainties about such assumptions
in the modelling of exposure pathways in the biosphere will increase considerably with time, not only
(and in particular) with regard to human habits, but also with regard to the nature and distribution of
other organisms.

A positive step in reducing the total uncertainty of the assessment would be to make direct use
of the concentrations of radionuclides in the surface environment as safety indicators. The
concentrations of repository derived radionuclides (and possibly of other pollutants) are obtained as
intermediate results of the performance assessments for the disposal systems.

Environmental concentrations of radionuclides due to a repository should be assessed against
the corresponding concentrations of naturally occurring radionuclides as reference or target values.
An advantage of this approach is that concentrations of naturally occurring radionuclides (and toxic
elements) are relatively well known for a wide range of different environmental conditions [10-13].

Two difficulties have to be overcome, however:

1. Direct comparison of activity concentrations is not always possible in cases where non-naturally
occurring radionuclides lack similar naturally occurring counterparts in significant concentrations.
Examples of such long lived nuclides are 36C1,59Ni, "Tc, 129I and I35Cs. For alpha emitting nuclides
a direct comparison with the same or similar natural alpha emitters is straightforward and
reasonable. Two approaches have been suggested for the other radionuclides. One idea is simply
to make the conservative assumption that the artificial radionuclides have the same radiotoxicity
as the natural alpha emitters. Another possibility would be to make the comparisons based on
radiotoxicity concentrations, e.g. as given by the quotient between a concentration in Bq/L and the
respective value of annual limit of intake (ALI) as specified by ICRP [14]. The same method may
be applied in comparing fluxes (see Section 4.1).

2. What set of natural concentrations should be used as reference? It could be argued that the natural
concentrations at the site of the repository should be used for comparison. In that case the aim
would be to ensure that the environmental radioactivity will not increase considerably above the
natural level due to the presence of a repository. However, strict adherence to this principle means
that sites with already anomalous high levels of natural radioactivity would be considered more
suitable for siting of repositories. The rationale for such a conclusion is doubtful and
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controversial. Conversely, a site characterized by unusually low environmental concentrations
would seem less suitable. Also in this case the rationale behind the conclusion is doubtful. As an
alternative, which would avoid bias related to unusual geochemical conditions at the proposed
repository locations, it is suggested that a thorough review of existing data on environmental
concentrations of naturally occurring radionuclides and stable pollutants could be undertaken.
Such a review would give a basis for establishing ranges of concentrations that may be used in
deriving safe reference values. The same line of reasoning also holds if fluxes at the geosphere
boundary are used as indicators, as discussed below.

4. GEOSPHERE INDICATORS

Several indicators based on the performance of the geological barriers and the rates of
radionuclide releases from the geosphere to the surface environment, essentially shallow
groundwater, soil and surface waters, have been proposed. These indicators are usually based on
radionuclide transport processes which occur between the near field and the surface (or near surface)
environment. Geosphere indicators have the main focus on either safety or performance.

Safety indicators provide a means of comparing estimated repository impacts with natural
conditions, independently assumed to be safe. Potential safety indicators include radionuclide fluxes
through relevant boundaries such as the interface between the geosphere and the near surface
environment or radionuclide concentrations in critical compartments of the geosphere such as shallow
groundwater or near surface layers where radionuclides may become accumulated. In order to be able
to use these indicators it must be possible to clearly define the relevant boundaries or compartments
and also to define naturally occurring fluxes or concentrations which may be considered as reference
values for safety comparisons.

Performance indicators provide some measure of the potential long term isolation contributed
by the geological barriers. Typical performance indicators are groundwater travel time and
radionuclides transfer times. Long travel times are generally favourable from the safety point of view
as they allow more time for radioactive decay, which can result in lower radiological impacts.
However, when waste contains very long lived nuclides, long transfer times alone may not be
sufficient to ensure safety as it cannot be assumed that such radionuclides will decay to non-
hazardous levels during the migration from the repository to the surface environment. In addition,
there are no migration times available from natural systems which are suitable as reference values for
safety comparison purposes.

4.1. Fluxes

Depending on repository and site specific features a number of interfaces exist between the
waste and the surface environment. In order to reach the surface, waste-derived radionuclides must
cross all the interfaces, consequently a variety of fluxes can be envisaged and calculated in a
performance assessment. Not all calculated fluxes are directly related to safety and for many no
independent and meaningful reference value is available from natural systems for safety comparison
purposes. However, the flux through the interface between the geosphere and the surface
environment seems to fulfil these requirements [9].

The total flux leaving the geosphere contains naturally occurring radionuclides and other toxic
elements. It is therefore possible to define fluxes of particular elements or naturally occurring
radionuclides released from the geosphere which may provide suitable reference values for safety
comparisons.

Repository derived fluxes, provided by performance assessments, could be compared with
natural fluxes through the geosphere boundary overlying a repository, as suggested by Miller et al. [6,
7]. If repository derived fluxes were significantly lower than natural fluxes it would be logical to
conclude that the repository would not alter significantly the natural environment.

It is suggested here that the approach could be broadened, through the use of a larger data base,
to allow a more general and global perspective. In practice, this implies that fluxes of naturally
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occurring radionuclides, and other chemotoxic elements likely to be released from repositories,
should be determined for a variety of geological situations and environmental conditions. The
objective would be to define typical values, ranges and variability of fluxes. Additionally these fluxes
should be put in relation with resulting health and environmental impacts in the areas by means of
specific and well focused epidemiological and environmental analyses. The rationale for broadening
so considerably the perspective on fluxes would be to allow more generally meaningful comparisons
for repository derived fluxes and to avoid misleading inferences about the safety of the system due to,
for example, the location of the repository in an area characterized by anomalous geochemical
features (see Section 3).

A possible approach for creating the proposed data base on natural fluxes of relevant elements
and isotopes would be to analyse the geochemical literature regarding the transport of substances by
surface water. A large amount of information exists on the transport of elements by the major rivers
of the world, both in solution and as suspended matter. These data normally represent an average for
the entire basin and, while of significant interest, may include fluxes originating from extremely
different areas from the geological, geomorphological and climatic points of view. In addition, river
basins often comprise areas disturbed by human action, resulting in fluxes which are only partially
natural. Therefore it would be important to concentrate the attention on data relative to the removal
of elements from small basins (small streams), which would be more homogeneous in respect to
geochemical and physical features, and would allow to identify in a more reliable fashion the man-
made components of the fluxes. In addition, small basins would allow a more reliable assessment of
the radiological and environmental consequences of the fluxes.

4.2. Concentrations

Slow moving groundwater, a requirement for repository host rocks, is usually in geochemical
equilibrium with the rock in which it is found. Any groundwater entering the repository and
contacting the waste is likely to shift toward a different chemical equilibrium by picking up some
repository derived substances. The migration of contaminated groundwater away from the repository
may eventually lead to concentrations of repository derived pollutants in parts of the geosphere with
less isolation from the surface environment. These potentially more accessible sections of the
geosphere are essentially aquifers, adjacent to the host rock, with sufficient hydraulic conductivity to
feed natural groundwater outflows or to justify drilling wells, or relatively shallow layers where the
repository derived substances can become accumulated.

4.3. Transfer times

In practically all performance assessments carried out so far, normal evolution scenarios
assume that repository derived substances, after release from the near field barriers, will come in
contact with groundwater and start migrating. The migration velocity of the various chemicals
depends on the velocity of groundwater flow and on the retardation processes. Typical retardation
processes are sorption and matrix diffusion. Retardation as a whole is strongly dependent on the
nature and the chemical form of the migrating substances (anion, cation, colloid, etc.) and on the
properties of the rock (fractured or porous medium, sorption properties of particle surfaces, etc.).
Performance assessments normally indicate that transfer times of repository derived pollutants, from
the disposal horizon to the surface, range from a few hundred to many thousands of years. For
example, calculations suggest that strongly retarded species in low permeability porous media (e.g.
plutonium in clay) will migrate so slowly that they will become harmless within the near field.

Specific transfer times need to be calculated for all repository derived substances which may
contribute significantly to the impact of the repository. For those substances which can be shown to
decay during the migration within the geosphere the transfer time could be used as a primary safety
indicator. For stable chemical pollutants (no decay) and long lived, low retardation radionuclides
(e.g. "Tc and 129I) transfer times are not relevant as safety indicators.
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5. WASTE/REPOSITORY INDICATORS

5.1. Durability and performance of engineered barriers

In the same sense as fluxes of radionuclides through the geosphere boundary may be used as
safety indicators, fluxes through other interfaces or barriers that repository derived materials need to
cross to reach the surface might also be used for this purpose. However, in the case of engineered
barriers, suitable references are less independent from the overall safety assessment of the repository
and, in addition, natural terms of comparison are less readily available or defined. Therefore, most
indicators pertaining to these barriers are secondary safety indicators or performance indicators.

A possible exception to this general observation is when engineered barriers can be shown to
preclude the release of relatively short lived radionuclides for a sufficiently long time to allow their
decay to innocuous levels. Thus, the containment of radionuclides for the duration of their hazardous
life in long lived waste packages is an example of the use of time (duration of the barrier) as a
primary safety indicator, although it is not applicable for all radionuclides in the waste. Natural
concentrations of the same or similar radionuclides in the geosphere can provide a reference value,
i.e. the time needed for the activity in the waste form (or in the disposal zone or in the whole
repository or in any other representative volume) to decay to natural levels.

5.2. Waste inventory and intrinsic radiotoxicity - hazard indices

Commonly the potential to cause radiation exposures represented by the total inventory of
radionuclides in a repository is denoted as a potential hazard. A better way to represent this potential
hazard is to transform the radioactivity into radiotoxicity; this is usually done by dividing the
inventories of the various radionuclides by the respective annual limits on intake (ALIs). This
process gives values that represent better the intrinsic hazard of the waste and which are usually
referred to as hazard indices. Such hazard indices have been used widely [4]; they are usually
displayed as curves showing the indices as a function of time. In particular, they have been used to
indicate the time needed for the potential hazard presented by the waste to decline to a relatively
innocuous level. The discussion of different management options for spent nuclear fuel has been
often based on hazard indices [17].

In the use of hazard indices it should be recognized that they do not represent the actual risk
associated with the radioactive waste. For evaluation and assessment of the actual risk, or any other
measure of safety, there is no substitute for a proper safety assessment which takes into account the
performance of engineered and natural barriers as well as scenarios covering future events and
possible human behaviour.

Nevertheless, radiotoxicity hazard indices are useful for explaining and illustrating the potential
risk of radioactive waste disposal. In that sense they can be used to indicate the need for isolation of
the waste from the biosphere for a certain time. The indices may also be used to illustrate the
remaining hazard of a repository for times beyond the range of reasonable estimates. However, since
hazard indices do not provide a direct measure of the safety of a repository they are not to be regarded
as proper indicators of safety, possibly with the exception of the time periods that are too far in the
future to be covered reliably by safety assessment calculations.

6. CONCLUSIONS

The application of other safety indicators supplementary to dose or risk, e.g. concentrations and
fluxes, which do not rely on highly uncertain assumptions about the future evolution of society and
the biosphere may strengthen the reasonable assurance of safety. The combined use of a variety of
safety indicators, such as risk, dose, environmental concentrations, flux leaving the geosphere, flux
through barriers and transfer times, will contribute to the credibility of the safety assessment.
However, the indicators complementary to dose and risk have to be further developed to ensure that
they can be used in reasonable agreement with the established requirements of radiation protection.
In particular the usefulness of fluxes and concentrations as safety indicators depends very much on
the possibility of defining sound reference values to be used for comparison purposes.
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Consequently, it is believed that additional work should be carried out on at least the most
potentially useful of the discussed indicators. In particular, it is felt that fluxes leaving the geosphere
and concentrations in the near surface environment justify additional development, possibly within an
international cooperation framework. The objective of the activity would be to define typical values,
ranges and variability of fluxes and concentrations. Additionally, these values should be put in
relation with resulting local health and environmental impacts on the basis of existing information or
specific investigations about epidemiological and environmental conditions.

It is therefore recommended that the feasibility of launching a Coordinated Research Project,
with the objectives of assembling, reviewing and generating a data base adequate for the assessment
of additional safety indicators, particularly fluxes and concentrations of radionuclides in appropriate
sectors of the near surface and the surface environment, be explored.
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