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Abstract

This report describes a critical review of the safety assessment performed on the final repository for
nuclear waste in Sweden that is proposed by SKB in "Deep Repository for Spent Nuclear Fuel: SR
97 - Post-closure Safety". The review was requested by the Swedish Nuclear Power Inspectorate
(SKI).

The waste repository consists of several barriers that work together with the purpose of
delaying radionuclide migration and reducing the activity that eventually affects the biosphere. A main
criticism is the lack of a formal risk analysis and uncertainties in several analyses that make it difficult
to comprehend the overall risk of the repository. A formal risk analysis should comprise a
probabilistic treatment of all components included in the system. This is not the case in the SKB's
report since the probabilistic analyses are limited only to certain aspects. The use of conservative
model parameters are not a substitute for risk analysis nor can they compensate for possible model
biases. Bias can be expected in most of the existing models of radionuclide migration in fractured
bedrock.

SKB should present a clear comparison on the importance of the different barrier components
(uranium-dioxide matrix, copper canister, buffer and bedrock) on the retardation of radionuclides. It
is unclear as to what extent the capacity of the bedrock to retain migrating radionuclides is critical to
the capacity of the repository. A large part of the SR 97 report is focused on retardation processes
in bedrock and a reader can interpret this as the technical weight given on retardation in the bedrock.
However, with the present state of knowledge, it is our opinion that we cannot with an acceptable
degree of accuracy predict the radionuclide transport in bedrock or quantify risk levels associated
with radioactivity in the biosphere. There are large uncertainties concerning the way by which
sorption processes should be formulated and the impact of colloids on the transport that can be
absolutely decisive in a long-term perspective. In the SKB report, the buffer erosion is treated in an
arbitrary manner which can have an effect on the release rate of radionuclides and the form in which
they are released (dissolved vs. particulate fractions). Also the matrix depth that is available for
diffusion in the rock is not well known and this circumstance alone contributes to a large uncertainty
in the prediction of radionuclide migration over very long time periods.

Due to the lack of understanding of radionuclide migration in crystalline rock, the reliability of
the nuclear waste repository depends to a large extent on the engineered, local barriers, i.e. the
uranium-dioxide matrix, the copper canister and to some extent the bentonite buffer zone. However,
the report does not clearly cover conceptual uncertainties or other types (parameters, scenarios) of
uncertainties in the modelling of the dissolution of the uranium-dioxide matrix. Furthermore, there is
no technical or scientific rationale presented for the selected rate by which the copper canisters are
broken. These deficiencies in the analysis implies that the presented breakthrough curves in the
biosphere for different radionuclides are difficult to interpret in terms of'risk levels' and, therefore,
have a limited value.
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1. Background and Structure

This report is a review of the Swedish Nuclear Fuel and Waste Management Co's (SKB) final
disposal strategy for high level nuclear waste, as described in "Deep Repository for Spent Nuclear
Fuel: SR 97 - Post-closure Safety". The review was conducted on behalf of the Swedish Nuclear
Power Inspectorate (SKI), Department of Nuclear Waste. SKB's report comprises a technical
description and safety assessment of the repository for spent nuclear fuel that is planned to be
located at a depth of 500 meters at a suitable site in the Swedish bedrock. The risk analysis takes
various future scenarios into account, with respect to hydrology, climatology and geological evolution
and covers aspects of a number of different biogeochemical processes. Statistical methods have
been used to treat uncertainties in existing data and scenarios. Safety assessment is a comprehensive
and difficult undertaking where many aspects of uncertainties are to be balanced against each other
with the aim of assessing the total safety of the repository. However, this review has been limited to
focusing primarily on the analysis of radionuclide transport through the geosphere in the event of a
complete or partial failure of the local barrier functions. Transport in the geosphere (pp. 270 - 330,
Volume II of the Main Report) is mainly dealt with although the importance of transport in the
geosphere relative to the local barrier system and dispersal processes in the biosphere are also
investigated.

Firstly, general comments are presented on the risk analysis, focusing on the primary functions
of the repository and the way in which the properties of the geosphere have been taken into account
in repository safety. The discussion continues with the calculation of radionuclide transport through
the geosphere to the biosphere. A main point is the difficulties of coupling, in a transport calculation,
the chain of media, the engineered/local barrier, the geosphere and the biosphere, that affect the
target variables established (radioactivity or radiation dose per year in peat mosses).

Finally, a more specific criticism of the transport calculations for radionuclides in fractured
rock is presented.

2. General Comments on the SR 97 Safety Assessment and on SKB's Final Disposal
Strategy for High Level Waste

According to SKB, the waste management method proposed in SR 97 can be justified on the basis
that the radioactive waste is isolated by engineered barriers from any contact with the ecosystems
that are necessary for human life. Radionuclides that accidentally are released from the repository are
retarded physico-chemical processes in the geosphere, which results in a change in isotope
composition through radioactive decay and a reduction in the total activity due to dilution. However,
the report does not clearly describe how different repository functions interact and it does not clearly
describe their relationship to the safety assessment, which is one of the purposes of SR 97. It is an
essential pedagogical matter to clearly explain the basic functions of the repository concept and the
risk of each function. More specific criticism of the safety assessment is summarized in the five points
below:

1. The lack of a formal risk analysis can be viewed as a methodological deficiency



On page 444, it is stated that the report does not include a formal risk analysis or methodological
analysis of the probabilities that can be associated with various scenarios for radionuclide release
(possible FEP's) or combinations of scenarios. Although there are considerable problems connected
with a formal risk analysis, this question is of overriding interest and should be the focus of
considerable methodological developments. One basic problem now is how to evaluate risk levels
without detailed knowledge about how the safety assessment has been performed.

2. Selection of conservative parameter values cannot generally compensate for possible
errors in models

On page 292, SKB makes a general observation concerning models - that confidence in models
must be on a par with the decisions influenced by the model predictions. One area where confidence
in the models is relatively low is the retardation of radionuclides in the geosphere (see below). An
indication of this is the wide range of physical and chemical parameter values that is found both in site
characterisations and laboratory experiment with rock. SKB argues that deficiencies in the
representation of processes and lack of knowledge of parameter values can be compensated for by
selecting "conservative" values for parameters. However, SKB does not state exactly how this must
be done, which can only be viewed as a methodological deficiency. On several occasions, it is
proposed that "pessimistic" parameter values should be used. However, pessimistic values cannot
simply compensate for errors in the empirical relationships that define the parameters.

3. Unclear justifications for selected combinations of uncertainties in the scenario analyses

The release analyses reported on pages 300 - 312 and the description of the risk analysis provided
on pages 313 - 317 are based on certain basic assumptions concerning clearly delimited scenarios
covering the performance of the local barriers in terms of resistance to mechanical influences, erosion
of the buffer, corrosion, fuel matrix solubility limitations inside the canister etc. It is unclear in which
way uncertainties are combined as well as how certain uncertainties are limited. Uncertainties in
modelling concepts are described in greater detail in Section 4.

4. The geosphere is accorded a large degree of significance in the analysis of uncertainties

One way of characterizing the repository and differentiating a risk analysis is to focus on three typical
times: 1) the time taken before a single canister starts to leak 2) the time taken for the entire
radionuclide inventory of the repository to be released (release time) and 3) the residence time for
radionuclides in the geosphere. It seems that SKB assumes that the first two times can be well
defined or, at least, are not subject to probabilistic calculations. The main uncertainties are
introduced in the determination of fee residence time for radionuclides in the geosphere. However, an
extended release time (defined here as the sum of times 1) and 2) is absolutely necessary to ensure
that the maximum concentrations in the biosphere, shown in Figures 9.29 to 9.40, are below
appropriate limits. The retention of transported radionuclides in the geosphere is important for
evening out the radioactive flux to the biosphere over time which contributes to a reduced radiation
dose per time (if there is a low accumulation in the ecosystem). However, the typical times of 1) and



2) are of decisive importance for the performance of the repository. In particular, considerable
uncertainty can be expected due to conceptual errors in the modelling of corrosion, erosion, solubility
and chemical evolution in combination with changes in the external conditions. These uncertainties are
not clearly taken into account in the overall risk assessment.

5. The importance of conceptual errors in models can be analysed to an greater extent

Conceptual errors in models may imply considerable uncertainty with respect to local barrier
performance calculations. Therefore, it is particularly important to ensure that the analysis of the
barrier functions is combined with a formal risk analysis as well as with a sensitivity analysis of the
assumptions used in modelling. A list of critical assumptions should be prepared and basic analyses
of the importance of simplifications should be conducted. Comments on critical modelling
assumptions about retention in the geosphere are provided in Sections 3 and 4 of this review report.

A decisive factor in the release calculations reported on pages 300 - 317 is the solubility of
the uranium-dioxide matrix. According to SKB's report, the intensity with which the radionuclides
are released is dependent upon the solubility of the uranium-dioxide matrix (page 289) and the
solubility limitations in the environment of the uranium matrix. The details of how the calculations of all
of these processes and their scenarios have been combined have not been reviewed here. However,
there is no doubt that this determines the maximum doses in the biosphere. In principle, it is possible
that certain combinations of changes in solubility models or parameter values can lead to
considerable changes in the results. Furthermore, considering the fact that the repository will
comprise a number of canisters, the distribution of times for the onset of radionuclide release will be
an important factor. In this respect, the assumptions used in the scenarios are of decisive importance
(canister defects and canister failure).

6. The repository design is not based on an engineered planning of radionuclide release

The repository design does not appear to be engineered so as to ensure that that an extended release
process and dilution will be achieved. Similar ideas about ensuring a controlled release process have
previously been presented in the high radioactive waste management community, and it is unclear
why these have been rejected. The final disposal strategy seems to now focus on the isolation of the
waste for a long time regardless of whether this results in a sudden and simultaneous degradation of
the local barriers in a remote future. It is important, from a pedagogical and safety-related standpoint
to justify the proposed design.

3. Calculation of Radionuclide Transport through the Geosphere to the Biosphere

In one of the scenarios included in SKB's risk analysis, it is assumed that canister failure and the
release of radionuclides through the bentonite buffer and surrounding rock will occur. One major
difficulty in determining the effect of the retention of released radionuclides is our deficient knowledge
of matrix diffusion and sorption. Based on assumptions concerning model characteristics for matrix
diffusion, diametrically opposing results can be obtained. The calculated time for a radionuclide to be
transported 500 meters in the groundwater can vary from a few years to several hundred thousand



years, depending on the model selected (see the next section). This uncertainty is aggravated by our
deficient knowledge of the variability of sorption mechanisms in time and space, erosion of the
bentonite buffer and the occurrence of "natural colloids" in the groundwater over the next thousand
to hundred thousand years. Furthermore, we know from isotope studies that the residence time
probability density function for water in the groundwater can also be very wide as a result of the
different transport paths (Rodhe and Killingtveit, 1997). The expected residence time for water that
flows pass the a repository can be viewed as markedly uncertain.

With the current level of knowledge of basic reactions and the natural variability of the
groundwater flow as well as the reactions, it is therefore difficult to determine with a reasonable
degree of certainty, the expected transit times for radionuclides in the groundwater in the event of a
canister failure. This deficiency in the knowledge of basic processes and the natural variabilities is
difficult to translate into a probability density function for transit times. Therefore, with the present
level of knowledge, we should be careful with according radionuclide retention in the rock a decisive
importance for repository performance. In some of the cases reported in Figures 9-28 to 9^0, the
residence time for nuclides in the geosphere is significant relative to the time before the onset of
radionuclide release (as a rule 200,000 years). For example, the calculation case in Figure 9-28
shows that the average residence time of Se-79 is at least 100,000 years (approx. phase shift
between initiation and maximum concentration) while the residence time for 1-129 is considerably
shorter. Bearing in mind our deficient knowledge of matrix diffusion, sorption and groundwater flow,
there are uncertainties in these retention times that are of the order of magnitude of 100 - 1,000
times (see Section 4).

Another question that is of utmost important for the calculation of radionuclide transport
concerns the treatment of the biosphere as a boundary condition vis a vis the geosphere in terms of
hydrology and biogeochemistry. It is not stated clearly how the accumulation of radionuclides in the
peat mosses, which is now used as a main environmental impact variable, is taken into account. In
other words, to what extent is it expected that the radionuclides that reach the peat mosses at an
early stage in the release sequence will accumulate there until a later time in the release sequence?
The assumptions concerning dispersal processes in the biosphere are of decisive importance in the
calculation of the activity in the peat mosses. The descriptions on pages 281 to 284 are not very
clear on this point and this review does not deal with the ecosystem modelling.

4. Comments on the Retention Process Model

Detailed comments on SKB's way of calculating the transport of radionuclides in the geosphere are
presented in this section.

Surface Diffusion and Sorption Kinetics

On page 271, section 9.9.3, SKB states that surface diffusion could be a possible cause of the
particularly high diffusivities in the rock matrix. However, it is possible that the neglect of sorption
kinetics is another reason for the misinterpretation of experiments where diffusion occurs in the rock.
Sorption kinetics in the rock matrix can, under certain conditions, lead to higher concentrations in a
breakthrough curve for a pulse that advects in a rock fracture (Xu and Worman, 1999). It is not
trivial to assume conservative values for distribution coefficients that compensate for this effect.



On page 272, SKB states that it has selected pessimistic values "within the uncertainty
interval" for Kd. This approach has not been clearly explained. In particular, it is not clear why these
pessimistic values could compensate for the neglect of sorption kinetics, surface diffusion or other
deficiencies in the process description. The pessimistic Kd values represent disadvantageous
equilibrium chemical conditions and do not necessary result in a "general" compensation for various
errors in the transport model.

Colloids

SKB states, on page 293, that the concentrations of colloids found in the groundwater are so low
that they can be neglected in the modelling of radionuclide migration in Swedish bedrock. It is
unclear how this conclusion has been reached. On page 279, SKB refers to the study conducted by
Allard et al (1991) that shows that the natural occurrence of colloids is low in Swedish groundwater
at relevant rock depths. Other references are not given.

The issue is complicated by the fact that the composition of the groundwater could change
over the next 100,000 years and vary considerably at different locations in Sweden. Erosion of the
buffer - which can result in local colloid production - is discussed below. Furthermore, natural
variations in colloid concentration can occur in connection with changes in hydrological conditions
with changing glacial conditions and altitudes. The travel time for water is approximately 1,000 years
(page 278) to the repository depth which means that colloid particles produced in the biosphere
could reach the repository within the times that are relevant in a risk analysis.

Most investigations of natural fractures indicate a significant presence of gauge material that
adheres on the fracture walls. Sufficiently fine grained gauge particles could be diffused in the water
depending on the balance between cohesive and diffusive forces that may change over time.

The method of studying the effect of colloids on radionuclide transport, which is described on
page 280, is unclear. The effect of colloids is introduced by reducing the Kd value for radionuclide
sorption in the rock matrix. This method is questionable and the sorption affinity that radionuclides
actually have to colloid particles is also questionable (this has presumably never been methodically
investigated). The occurrence of colloid particles would also entail a further speciation of
radionuclides in the rock fracture water in a particulate phase and a true soluble phase. The
particulate phase would probably largely be prevented from diffusing into the rock matrix (due to
mechanical filtering) and therefore has a higher mobility. This results in a lower concentration of
radionuclides in the rock matrix, although no essential change in the Kd value in the rock matrix (if a
linear adsorption isotherm is assumed). A fictitious reduction in the Kd value would also result in an
increase in mobility, although this would be in an "undefined" manner which cannot be considered to
be adequately supported by scientific evidence.

Erosion of the Bentonite Buffer

In SKB's report, it is assumed that colloid transport can be neglected since bentonite release is
considered to be too small with respect to certain experiments that focus exclusively on erosion.
However, it seems as though SKB assumes that erosion is of no significance to the release of
radionuclides and to the release time mentioned above.



It is possible that there could be two mechanisms leading to radionuclide transfer from the
outer surface of the bentondte buffer to the surrounding groundwater: molecular and advection
through the erosion of the buffer. The erosion leads to the release of a mixture of colloidal material
and radionuclides (in the buffer pore water and sorbed onto the solid surfaces of the buffer) in the
surrounding groundwater. One question is whether erosion can be considered to be small with
respect to the radionuclide release (in comparison with molecular diffusion). Another question is
whether the dilution of the bentonite particles is so high that sorption to the colloid bentonite particles
can be neglected. Since the Kd value decreases with a decrease in particle concentration, the
assumption in the report, that the impact of colloid particles is low, could very well be correct.
However, the particle concentration from the bentonite buffer should be added to the natural particle
concentration in the groundwater.

It is questionable whether the extent of the erosion can be determined by experiment. Erosion
is mainly dependent on the flow rate (actually the shearing stress between the water and the bentonite
buffer) and the properties of the buffer. Since the flow rates can vary within a very large interval
depending on the heterogeneity of the rock, there should be considerable uncertainty in this question.
It can be expected that erosion is of greatest importance in those cases where the highest shear
stresses occur.

The erosion mechanisms should be set in a risk analytical context that can clarify its overall
significance. The probabilistic flow calculations (such as those presented on pp. 273 - 274) that are
mainly presented in the report do not include an analysis of local flow rates or shearing stresses. This
means that the assessment of erosion is uncertain.

Matrix Diffusion

On page 278, a relationship is presented for the travel time of radionuclides in fractured rock. The
relationship is based on a model for matrix diffusion that assumes an infinite penetration depth. This
contradicts the assumptions of a limited penetration depth described on the previous page, which is
also indicated in the text. However, the main problem is that the choice of model makes a
significance difference for predictions.

If a limited penetration depth is assumed, under certain additional assumptions, it can be
shown that the residence time can be described as follows (Xu and Worman, 1999).

t,BnSpo.. = t w + F L e p (1)

where L = the maximum penetration depth [m] (e.g. half of the distance between two fractures), ep =
matrix porosity, t» = x/U [s], F = aw x/qQ, x = distance [m], U = flow rate in cracks [m/s], aw =
specific surface area [rrrVm3] (surface area per volume of water) and q0 = specific flow [m/s]. If the
element is sorbing (radionuclide), the expression for the transit time will be
t w + F L ep (1+(p I ep )K d ) . The conclusion with respect to residence time will be completely

different compared to that reached using the expression provided in the report. The equation on page
277 of SR 97 is as follows:

tt»,.,o,l =
 tw + F 2 D . ep (2)

where De is the diffusivity of radionuclides in the rock taking tortuosity and constrictivity into account
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Assuming that W is small (namely that retention is significant) the ratio between t^pon
according to (2) and (1) will be (F De)/L. If the calculation example described on p. 277 of SR 97 is
applied, where F = 250 000 year/m and De = 3xlO'6 m2/year, the product F De can be estimated at
about 0.75. On page 276, it is assumed that the maximum penetration depth is between 2 and 20
meters, which means that the estimated residence time in SKB's report is up to 25 times shorter than
that obtained using (1). Therefore, greater knowledge of the maximum penetration depth is important
to an assessment of the impact of the matrix diffusion on radionuclide transport.

Studies of the microstructure in granite and historical evidence of the matrix diffusion indicate
that the diffusion is limited to a relatively narrow zone close to the fracture surface (Heath et al.,
1992; Montoto, 1996). Observations of concentration profiles of the uranium series isotopes show
that the penetration depth appears to be limited to a few millimeters or tens of millimeters. The higher
matrix diffusion along the fracture surface is partially due to a higher porosity caused by stress
relaxation and weathering processes. The pore volume available for transport decreases with an
increase in depth due to intergranular bonding and mineralization products. Diffusion experiments
conducted by Johansson (2000) show a clear reduction in the diffusion coefficient with the thickness
of the specimens.

If it is assumed that the maximum penetration depth is 10 mm instead of 20 meters, the
residence time, according to (2) will be about 100 longer than that predicted by (1). Figure 1 shows
penetration curves using different assumptions for maximum penetration depth for a constant
boundary concentration. All parameter values are taken in accordance with section 9.9.7 of SKB's
report: aw = 1000 m"1, x = 500 m, De = 3x10'6 mVyear and q =2x10"3 m/year. These values can be
converted into a fracture aperture = 2 mm and a flow rate in a rock fracture of 1 m/year (assuming a
fracture frequency of 1 per m). Since the concentration at x=O is kept constant, the concentration at
x=500 m approaches this value with an increase in time. We can see that 90% of the final
concentration is obtained after time 0̂% = 830 years when the maximum diffusion depth is L=10 mm,
t=l 1,000 years when L=2 and 150,000 years when the penetration depth is more than 20 meters.
The total difference in t%% (200 times) is of decisive importance for the assessment of the impact of
the matrix diffusion on the retention of radionuclides in the geosphere. The difference decreases with
an increase in sorption affinity within the interval 0.01 < L < <=° since the effective diffusivity
decreases. In spite of this, realistic measures of the maximum penetration depth are important for the
results presented in diagrammatic form on pp. 303 to 320.

SKB should clearly discuss how it intends to treat and technically evaluate such conceptual
differences in model concepts that can result in essential differences in conclusions concerning
radionuclide transport processes. As with the strategy reported for flow modelling, several different
model concepts should be used to describe retention processes (to represent uncertainties in our
way of understanding and mathematically describing these processes).

This uncertainty is discussed in the calculation of residence times on p. 278. The conclusion
proposes that the travel times for water should be given as V. This does not alter the fact that the
determination of the radionuclide travel time will still be affected by how the matrix diffusion is
quantified. The transport calculation is briefly described on pages 291 and 295 under the heading,
FARF31, where SKB states that the matrix diffusion is taken into account as a radionuclide retention
process but does not state exactly which model assumptions are made.
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Fig. 1 Breakthrough curves at x = 500 m for the migration of a non-sorbing element due to
a constant concentration at x = 0 and zero initial concentration. All of the parameter values
have been taken from SKB's report and are described in the text.

Data and Empirical Studies

As described in the section above, the residence time for radionuclides in the geosphere is related to
two terms expressing the residence time for water and the impact of matrix diffusion as well as
sorption, (1) and (2). In order for radionuclide retardation to be significant in this context, the other
term (1) or (2), that expresses matrix diffusion and sorption, must dominate. The main focus of
empirical studies should therefore be placed on defining relationships that determine matrix diffusion
and sorption. Since there is a correlation between the properties of the water pathways (fractures)
and matrix processes, the flow field cannot be neglected. This is expressed in (1) and (2) by the fact
that the F-factor represents the specific flow.

The F-factor is defined as (aw x/qo), where aw is a specific wet surface ("wetted" surface), x is
the distance and qo the specific flow. However, it should be remembered that (1) and (2) are based
on assumptions of how the processes are to be described and how the residence times are to be
defined. Essential questions relate to the description of the processes and the resulting definition of
parameters. For example, it is important to improve the data describing the variation of tortuosity,
constrictivity and porosity with distance from the fracture surfaces. This information is decisive for an
improvement of our understanding of matrix diffusion and sorption. Bearing in mind that different
models can involve a difference in the estimated residence time for radionuclides on the order of
several orders of magnitude (see above) greater understanding is necessary. Unfortunately, there is a
lack of data in the report describing the matrix structure around fracture surfaces.

The confidence level for data which are important to a determination of the flow field at the
investigated sites can probably be assessed as good. Bearing in mind the fact that both discrete
network models and continuum models give similar results (p. 293) and the fact that a stochastic
approach has been used (where uncertainties can be quantified in a relatively credible manner), it is
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possible to assess the data and the interpretation of hydrological data as good. This conclusion is
also reached in the report. However, there should be premises for using data to study correlations
between aw and qo, which are essential to radionuclide retention (Table 9-3, p. 298). It is unclear
whether the correlation has been evaluated, even if this is described as a potentially important part of
the analysis on p. 298.
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