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mentioned herein.

Summary

The safety analysis conducted by SKB for SR 97 is impressive in terms of both scale and
content. In addition to an eventual solution to Sweden's nuclear waste isolation question,
much general scientific knowledge of real value in other applications will be created as a
by-product of SKB's efforts. This review focuses on those geoscience aspects of SR 97
that have the most important effects on radionuclide release from each barrier. Indeed,
SR 97 elucidates the most important geoscience parameters that control releases from the
near field and the far field; these comprise mainly the transport resistance parameter, and
the sorption coefficients for each nuclide, the matrix diffusion coefficient, and the Darcy
flux.

The Main Report is the most important document in SR 97 inasmuch as it is the only one
that brings together all of the supporting work to answer the question of safety.
Unfortunately pervading the good supporting work done is the impression that the Main
Report is not balanced, that it emphasizes optimistic aspects and downplays the negative.

SKB specifies 3 main requirements to guarantee proper repository function: a non-
oxidizing subsurface environment, temperatures less than 100 C, and a mechanically
stable low-permeability buffer surrounding the canisters. The first and third requirements
are not thoroughly proven by SKB. One source of near-field doubt stems from the
consequences of combinations of scenarios in which several negative events are linked,
while the effect of each scenario is mainly evaluated only independently in SR 97. More
pertinently, disastrous breakdown of complex systems may occur due to a chain of linked
failures. For example, in the glacial scenario: high ground-water flow (possible ablation
of buffer and high fluid transport), change in ground-water chemistry (even the
possibility of oxidizing conditions), new flow paths, significant changes in mechanical
stress and possible motion along faults (which may also generate new flow paths), and so
on, are likely to all occur together.

Despite incomplete proof of the required conditions, SR 97 concludes that the engineered
barriers in the near field will certainly isolate radionuclides to levels well below
Sweden's regulatory limits. A by-product of SKB's optimism about the near field is that
other barrier functions were never fully tested in SR 97, limiting the completeness of the
analysis.

SR 97 Main Report results lead to the conclusion that all possible repository sites are
equally serviceable due to the excellent near field barriers. Although SKB has only a few
potential sites available at present, (and these are available only because of local political



acceptance, not because these sites have the best conditions in Sweden for a repository) it
seems obvious that SKB management would wish to downplay differences among sites.
This would become harmful to progress toward repository siting should it result in
acrimonious public discussion. On the other hand, site characteristics that would improve
a repository's safety margin are directly motivated by specific SR 97 supporting
documents, including low-conductivity rock mass, easily-characterized spatial properties,
and location in a first-order recharge area (giving very long flow paths from the
repository and thus greater isolation of radionuclides). However, SKB never drew siting
preference conclusions, maybe because this would limit choices to sites that are not
politically popular.

Specifically in regard to the hydrogeologic analysis, SR 91 shows the sites to be complex
possibly to the extent that they can never be sufficiently characterized. To deal with this
problem, the ground-water modeling done in SR 97 employed the popular approach of
generating hydrogeologic variability using arbitrary probability distributions for
parameters. This approach disguises lack of knowledge about a site in something that
appears to be detailed and complex. Despite the convenience for analysts who are asked
to generate fluxes, travel paths and travel times, it is dangerous to use unproven
probability distributions as the basis for assessment of hydrogeologic impact on
repository safety. There may be serious doubt that the fluxes and path values derived
from SR 97 ground-water modeling are appropriate for determining near-field release and
far-field transport because they are based on poorly founded probabilistic assumptions,
on weak hydrogeologic structural models of the sites, and on static boundary conditions,
despite the expectation of strong climate change effects. In this light, it is interesting that
SR 97 directly used very little of the extensive ground-water modeling results, funneling
all of the considerations and complexities for each site into a few selected values for use
in release, transport, and dose calculations. It can be argued that, if these few values are
all that are needed for performance assessment, they can be equally well determined by
simple hydrogeologic scoping calculations for a site, rather than through the type of
extensive effort applied in SR 97.



This reviewer

Dr. Clifford I. Voss is a senior scientist in the National Research Program of the U.S.
Geological Survey and Chief of the research project "Subsurface Transport Phenomena".
He is the Executive Editor of Hydrogeo logy Journal, official journal of the International
Association of Hydrogeologists. His expertise pertinent to the present review is in
characterization and quantitative analysis of hydrogeology at various spatial scales in
field sites, development of quantitative methods and simulation models for analysis of
subsurface hydrology, and evaluation of variable-density subsurface fluid flow with
solute and energy transport. Dr. Voss lectures and teaches courses in these subjects. Dr.
Voss has also worked on ground-water systems in Sweden since 1978, initially at KTH
(Royal Institute of Technology) and VBB AB, and has worked extensively on
hydrogeologic aspects of nuclear waste issues in Sweden with SKB, Geosigma AB
(formerly SGAB, Swedish Geological Co), and particularly with SKI since 1989.

As a specialist in quantitative hydrology, in the physics of subsurface fluid flow and
transport of energy and solutes, as well as in hydrogeology, this reviewer has
concentrated on aspects of SR 97 related to these subject areas. Indeed, key questions of
ultimate repository safety depend on the functioning of the geologic barrier as part of a
multi-barrier safety system, so these are topics of importance.

Introduction

The analysis conducted by SKB for SR 97 is impressive in terms of both scale and
content. The large amount of effort expended on this project shows clearly in its excellent
quality. This reviewer finds the SR 97 work to be among the best organized SKB projects
to date with significant technical depth in most of the highly varied scientific and
engineering aspects that need to be combined to carry out Performance Assessment (PA)
for the SFL2 high-level nuclear waste repository. This reviewer congratulates SKB for
managing to bring together many years of world-class detailed hydrogeologic field data
collection, and engineered barrier development, in a new analysis intended to answer the
direct question of long-term repository safety. In addition to an eventual solution to
Sweden's nuclear waste isolation question, much general scientific knowledge of real
value in other applications will be created as a by-product of SKB's efforts.

Approach to the review

In an analysis of this great scope, there is obviously much to appreciate and discuss, as
well as to criticize. My approach, in view of a limited time available to conduct the
review, is to consider those geoscience aspects of SR 97 that have the most important
effects on radionuclide release from each barrier; these are the aspects that ultimately
control the dose. This approach requires that the controlling geoscience factors on
release, transport and dose be identified. For the factors defined by process parameters,
both the parameter values and the assumptions made in selecting these values are



reviewed. Factors that are related to events are considered separately. Because only a
very small fraction of all results of the extensive and varied analyses provided in the
supporting reports was finally used to determine dose consequences, the stated review
approach greatly simplifies the task, and simultaneously focuses on the critical aspects.

One positive result of SR 97 is that it elucidates the most important geoscience
parameters that control release from the near field and the far field. The primary control
describing sorption and matrix diffusion in the far field is the transport resistance
parameter, F. This parameter depends upon the surface area of fractures in the rock, ar,
the Darcy flux, q, and the transport reach, L. Of secondary importance are the sorption
coefficients for each nuclide, Kd, and the matrix diffusion coefficient, De. The
hydrogeologic parameter that most controls near-field release is again the Darcy flux, q.
The central importance of these parameters and focus on them has been developing over
some years prior to SR 97 because of both SKB and SKI work. SR 97 confirms their
strong influence on repository safety. SR 97 identified the other important factor that
controls dose, the biosphere, which was reviewed only in a general sense.

The SR 97 - related reports that were referred to or specifically reviewed in whole or in
part are:
SKB TR 97-01 09 20 21
SKB TR 98-23 24 60
SKB TR 99-02 06 07 08 09 13 18
SKB R 99-38 39

General Observations

Before discussing specific technical aspects, some general observations are in order. The
Main Report is the most important document in SR 97 inasmuch as it is the only one that
brings together all of the supporting work to answer the question of safety. An impression
of the Main Report that unfortunately pervades the good supporting work done is that it is
not balanced, that it emphasizes optimistic aspects and downplays the negative.

SKB specifies that there are three main requirements that will guarantee proper function
of the copper-canister-type SFL2 repository, providing extended radionuclide isolation
capacity:

A non-oxidizing subsurface environment
- Temperatures less than 100 C
- A mechanically stable low-permeability buffer surrounding the canisters

To date, it seems that the first and third requirements have not been thoroughly proven by
SKB. There are significant discussions ongoing concerning the possibility of extended
periods of oxygenated ground waters invading the repository in association with future
periods of sub-glacial melting. Only minor effort has been expended in evaluating this
important possibility within SR 97. Further, there are still questions surrounding the long-



term stability of the bentonite. Circumventing these concerns, the general conclusion of
SR 97 is that the required conditions will exist for the repository and that the engineered
barriers in the near field will certainly isolate radionuclides to levels well below
Sweden's regulatory limits.
Following in-depth review of SR 97 this reviewer finds two ways to interpret this primary
positive conclusion of the SR 97 Main Report:

1- If the conclusions of the Main Report are to be taken at face value then the
repository truly works as shown with almost perfect near-field function. In
addition,

a. the geosphere will serve little to contain radionuclides because near field
barriers contain the waste without problem, and

b. there is no practical difference in safety among sites (at least sites as
varied as A-, Be-, and Ce-berg) because the near field functions perfectly
at any site. The impression is given that if the repository were placed
underground almost anywhere in Sweden, it would function in this safe
manner.

2- If one were to be more skeptical of the conclusions drawn in the Main Report,
then it could be considered partly as a public relations document intended to
convince readers that irrespective of location, the repository is safe due to the
engineered barriers. Indeed, it is SKB's mission to create such a repository, and
though there exists more pessimism in many of the supporting reports with regard
to various barrier functions, SKB has only brought forward a generally positive
assessment in the Main Report.

It is difficult to believe in a nearly perfect near field. This reviewer is skeptical about the
stability of canisters and that only 1-5 holes might exist in or develop in 4000 canisters
within 100s of ka. This is only speculation, however, as this reviewer does not profess
expertise regarding canister construction or evolution. In any case, according to SKB, the
canister is the main barrier that controls release.

A negative result of SKB's optimism about the near field in SR 97 is that the function of
the other barriers was never fully tested. The approach used in SR 97 makes it difficult to
evaluate the function of the other barriers in the multibarrier system, as they are not given
a chance to act as the prime barrier in the analysis. It would be expected that SKB
consider thorough analysis of scenarios where more canisters are breached (and earlier),
with the specific intent of evaluating the function of the other barriers more fairly, fully
and independently. This would not be an admission by SKB that the near field is not
reliable, but rather a means of building confidence in the multibarrier system.

Another aspect of SR 97 Main Report results that is difficult to believe is that all possible
sites are equally serviceable. One can understand why it would be advantageous to SKB
if location did not matter. SKB has only a few potential sites available at present, and
these are available only because of local political acceptance, not because these sites have
the best conditions in Sweden for a repository. While this situation is not a valid reason to



downplay differences among sites, it seems obvious to ascribe such a motivation to SKB
management, and this could become harmful to progress toward repository siting should
it result in acrimonious public discussion.

Instead, it would seem to be in SKB's interest to seek out geoscience differences in sites
that would improve a repository's safety margin. Some obvious positive hydrogeologic
characteristics would be, for example, a low-conductivity (infrequently fractured) rock
mass, spatial properties that can be well characterized (relatively simple), and location in
a first-order recharge area (giving very long flow paths from the repository and thus
greater isolation of radionuclides). Indeed these particular characteristics are directly
motivated by specific SR 97 results in supporting documents, but SKB never drew siting
preference conclusions, maybe because this would limit choices to sites which are not
politically popular.

Data Report

To critically review the quantitative results obtained by SKB, the input parameters to the
transport and dose calculations must be carefully evaluated. This can be done almost
completely by reviewing only Andersson's Data Report (TR-99-09). This is arguably the
key report in the entire SR 97 analysis. Values for every aspect of the all-important
radionuclide transport and dose calculations are selected here. Andersson has in fact done
a most careful critical review of all SR 97 work leading to and prior to the dose
calculations. His analysis and comments are rather well considered, objective and fair
when judgment is called for. TR-99-09, in a sense, may be the best critical review
available of all of the supporting work that went into SR 97. Indeed, many of the
criticisms made in the present review by this reviewer were also found, clearly stated, in
the Data Report.

However, SKB did not carefully interpret and apply Andersson's considered comments
and choice of parameters. For example, Andersson points out a number of times that the
median value of Darcy flux, q, selected to represent the 'Reasonable' case, is only an
"illustration", and is not the most likely or 'normal' case at each site. This important
distinction does not appear clearly in the SR 97 Main Report and this lack could be
interpreted as part of SKB's selective reporting of mainly positive results. Although the
implications of 'Pessimistic' values are also quite visibly reported in the Main Report, the
reader is given the impression that these cases are extreme and rather unlikely. In reality,
the 'Reasonable' case is not necessarily likely either.

Near field

For the near field flow, the 'Pessimistic' case value selected, that the flow is 5 times the
darcy flux, qi=5qo, is quite arbitrary and the sensitivity of releases to this should be
evaluated.



A possibly important factor not considered is that the EDZ (excavation disturbed zone)
may not only increase conductivity in the tunnel bottom, but also may connect every
single deposition hole to the most transmissive structure that intersects the drift. This
could increase the importance of the EDZ discharge path in the near field to all canisters
and give larger fluxes to each.

The F parameter

Because the primary control on radionuclide migration through the far field is the F
parameter, it is of greatest importance to evaluate this as carefully as possible. The SR 97
method selects F values using ar primarily based on conductive fracture frequency in
borehole hydraulic tests with packers. This approach may result in a significant
overestimate of area available for sorption and matrix diffusion of radionuclides because
of the following:

- The entire fracture surface is not available for sorption. Likely, only a portion of
the fracture surface is available for sorption. Geometric evaluation of the available
surface was done by Dverstorp and others (SKI 96:14) demonstrating a range of
possible values for Aberg including values much less than the total planar surface.

- Not all fractures participate equally in sorption as those with greater
transmissivity and connectivity conduct higher water flux and make up the 'trunk'
of the percolating net of flow channels. Leaks from canisters would tend to 'seek
out' these preferred pathways (after flowing through a few tributary fractures)
and would be subject to sorption mainly in the 'trunk'. Thus, the effective area
potentially available to escaping radionuclides can be significantly less than the
mean ar for the entire rock.

o The most conductive fracture segments tend to accumulate flows from
other less-conductive fractures and their surface area plays a larger role in
F than the conductive tributary fractures. Considering that all conductive
fracture segments contribute equally to the F of the rock would thus lead
to a significant overestimate of F. In a sense, this could be explained by
describing a spatial correlation between q and ar. SR 97 assumes that
these parameters are minimally correlated, for the practical purposes of the
analysis,

o Andersson (TR-99-09) realizes this and argues that because the
'conductive fracture frequency technique' used underestimates ar, this
underestimation somehow offsets the lowering of ar that would result
when considering spatial correlation of q and ar. However, this is purely
conjecture, as the magnitude of lowering due to the spatial correlation is
unknown, and it may be much more significant than that of the technique-
based underestimate.

Indeed, from geometric considerations alone, and without considering a further
decrease due to spatial correlation of q and ar, Dverstorp and others (SKI 96:14)
find much lower possible values for Aberg (F values about 100 times lower than
the Pessimistic values used in SR 97).



In summary, the lower F values selected as 'Pessimistic' values are not necessarily near
the lower end of the range of feasible or even reasonable values. For the ID far-field
transport analysis, an effective value of area, ar, should be used that accounts both for
possible reduction of available surface due to internal geometry of percolating fractures,
and due to the concentration of flow in the most transmissive and well-connected fracture
segments. These considerations could also significantly lower, by some orders of
magnitude, what would be expected as 'Reasonable' values. This would have a large
impact increasing all far-field releases and dose.

Other parameters

According to SKB, the maximum penetration depth for matrix diffusion, another
parameter affecting far-field transport, affects far-field release of mainly non-sorbing
nuclides. However, SKB has selected the maximum possible theoretical value of this
parameter for each site, half the distance between fractures, 2m to 20m. Research in other
countries shows that matrix diffusion is limited to a narrow band of rock (on the order of
centimeters thick) adjoining the flowing fractures. Lower values than those selected by
SKB would tend to increase the maximum release from the far field and cause it to travel
more swiftly along the flow path. Thus, SKB's selection of values of this parameter for
PA is not conservative, and it affects a few of the nuclides important to dose.

Kd is the linear sorption coefficient that has different values for each radionuclide and
that takes on different values depending on both water chemistry and rock composition
(i.e. which minerals coat fractures). SKB considered only minor variation of this
parameter based on whether water types would be fresh or saline. However, the SFL2
repository and discharge paths at each site may encounter waters that are fresh (rainfall or
glacial meltwater), seawater, or shield brine. Migration of subsurface water bodies during
climate change was not carefully considered by SKB, and the variations of Kd are thus
incomplete. Further, Kd depends on rock type and on the coatings in flowing fractures
and Kd variation based on these factors was not considered at all in the PA. It is not clear
what effect such variations would have on ultimate dose.

Effective diffusivity is another important parameter that controls the retardation of
radionuclides in the far field. Values for each radionuclide were selected by SKB
irrespective of site. The values were determined based on a limited number of laboratory
diffusion experiments using small rock segments and an interpretive method to apply
these results for the determination of other nuclides. There is some uncertainty
concerning diffusivity values determined in the laboratory due to insufficient sampling of
heterogeneous pore distributions in the rock when using only a few samples, and due to
unloading of the rock during testing. Both of these factors may tend to over-estimate the
diffusivity, providing an optimistic PA. Future in-situ measurements by SKB may be able
to verify these values, but these must be treated with caution at present. To accommodate
this uncertainty, SKB should have employed a range of diffusivity values for each
nuclide.



Site characterization

Aberg was most recently and most intensely studied of the three sites. Thus, the local
hydrogeologic characterization has the highest resolution of the three, although the area
characterized is small. There are still significant uncertainties and unknowns inherent in
SKB's hydrogeological structural model of the site, which only covers the region
immediately surrounding the Hard Rock Laboratory on the southernmost tip of the island.
The Aberg repository is much wider than the primary area in which most field data exists,
and thus the better-defined part of the structural model provides little support for the
analysis. Little structural detail is known for the primary portions of the repository in the
northern part of the island and below the straight.

Beberg was investigated in the mid to late 1980s and most efforts were directed at
understanding the hydrogeology associated with and the flow through and around a single
highly conductive fracture zone (Zone 2) of limited lateral extent. Near Zone 2, and to the
depth of Zone 2, the site characterization gave relatively high resolution of hydrogeologic
features. Outside of this immediate area, resolution was much lower. The effect of Zone 2
stands out in model results apparently indicating the importance of this one structure as a
control on ground-water flow and movement of salt water. While a naive view may
accept that this is the only such structure in the entire Beberg area, it is unlikely that the
investigation program luckily intersected the only one that exists in the area. Rather, the
modeling shows how careful field characterization near Zone 2 has demonstrated an
under-characterization in the rest of the area. Other similar highly conductive fracture
zones and segments are possible. SKB should have considered the potential impact on
safety in more significant variants with similar conductive structures at various depths
and locations throughout the area.

Ceberg is the oldest site of the three. Ceberg is unusual among SKB's study sites in the
sense that it is difficult to distinguish the transmissivity of the rock mass and fracture
zones at the site. Fracture zones seem not much more permeable than the rock mass, as
fracture zone and rock mass conductivity have similarly large variation. However, this
judgment is based on an early SKB field characterization program; investigations took
place there nearly 20 years ago. While there are some geologic arguments for uniformity
of transmissivity at Ceberg, it is not impossible that a return investigation of the site with
a larger number of boreholes, better resolution, and current approaches would resolve
fracture zones that are significantly more conductive than the rock mass. The old data
may indicate simply that the site was not sufficiently characterized to resolve structures.
SKB should have significant interest in finding out whether the site is as un-fractured and
of such low conductivity as the old data indicates. If true, this could mean that a site
exists which has some clear hydrogeologic advantages for improving the repository's
safety margins. At present, there is some doubt that the SR 97 evaluations for Ceberg are
at all meaningful.



Ground-water modeling

The HYDRASTAR stochastic continuum approach is used in SR 97 to generate fluxes
and flow paths. This approach assumes forms of upscaling and of the spatial conductivity
that have been used in other stochastic continuum studies, but have no real basis in
fractured rock theory or in data wherein variability is so great. The types of spatial
distributions and spatial correlations assumed are completely arbitrary. Use of such
spatial probabilities probably gives the wrong connectivity and percolation through the
rock, with the following results:

Selection of median and 95% parameter values of flux and travel time from
distributions resulting from model runs is arbitrary.

- The direct use of the entire distributions for probabilistic PA is not meaningful.

Though this approach is often suggested when deterministic data are lacking, generating
variability with an arbitrary probabilistic distribution is a way of disguising a lack of
knowledge about a site in something that appears to be detailed and complex. The appeal
of this approach is that it is a type of sophisticated extrapolation that fills in values where
no data is available. The spread of results may cover the true range (or may not) and there
is no scientific proof that results are correct or meaningful. While convenient, it seems
dangerous to use this as the primary means of assessing hydrogeologic impact on
repository safety through generation affluxes travel paths and travel times.

In an attempt to account for this type of arbitrariness in the underlying assumptions of
any given model, SKB used a variety of ground-water model types on Aberg. However,
the primary outcome of this large modeling effort was mainly a comparison of flux
distributions. The reported result is that the HYDRASTAR model assumptions give as
wide or wider variability as any other model; thus, HYDRASTAR is 'good enough' to
use for the PA (performance assessment). This reviewer agrees that it may be good
enough in the case where use of a model for PA is a statutory requirement, but feels that
the same result could have been obtained without use of the ground-water models at all -
but with basic scoping calculations.

In defense of ground-water modeling (both deterministic and stochastic), this will
most certainly be done for the real future PA, but it should be only as an exercise
and demonstration that the data, when put in the context of the model's ground-
water physics, are not inconsistent with our intuitive understanding of flow at a
site. Results of such modeling cannot be proven and numerical modeling is best
used for building scientific intuition into flow phenomena in fractured rocks, not
for making predictions.

Additionally, hydrogeologic structural variants, discretization and parameterization
variants were compared with all of the models for Aberg and with a 'base model' for
Beberg and Ceberg. The result, that the spatial variability for each site has greater impact
on the flow field than the different variants, and that use of HYDRASTAR is 'good
enough', can be questioned from an additional point of view. It is likely that the variants
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were not 'variant enough' to cover the range of reasonable possibilities at such
heterogeneous sites. Thus, despite the SR 97 conclusion, there clearly remains a question
of whether spatial variability and uncertainty is the only factor, or even the main factor,
that needs to be considered when carrying out PA.

Further to the above discussion, there is no real purpose in carrying out careful in-depth
review of the extensive ground-water modeling efforts made for SR 97. SKB has directly
used very little of the modeling results of these efforts, tunneling all of the considerations
and complexities for each site into very few selected values for use in release, transport,
and dose calculations. It can be argued that, if these few values are all that is needed for
PA, they can be equally well determined by simple hydrogeologic scoping calculations
for a site. An opposing argument (though not believed by this reviewer) is that the
modeling results were not used extensively enough in the sense that the real limitation to
the PA is the overly simplistic type of transport model used in the near and far fields (e.g.
ID with constant parameters) which can accept only a few of the underlying model
results.

Indeed, little was learned from ground water modeling insofar as the PA is concerned,
other than flux, qo, and flow paths (length, outlet points, and travel time).

- Flux, qo, can be directly obtained from a simple evaluation of site hydrogeology,
and a range may be obtained from simple evaluation of heterogeneities and
uncertainty.
Flow path is one of the weakest results of the ground-water modeling as it
depends strongly on the assumed boundary conditions, model domains, and very
poorly known hydrogeologic structure.
Boundary conditions change with time (e.g. due to climate changes) making flow
path results of the SR 97 models with static boundary conditions even more
unreliable.

o Particularly, outflow points may shift dramatically to other points within
or even external to the modeled regions, calling into question any
biosphere analysis that is done only on the basis of discharge points from
such ground-water modeling.

In summary, this reviewer has serious doubt that the fluxes and path values derived from
the ground-water modeling are the appropriate ones to use when determining near-field
release and far-field transport. They are based on a set of poorly founded probabilistic
assumptions, on weak hydrogeologic structural models of the sites, and on static
boundary conditions despite the expectation of strong climate change effects. It may be
more meaningful to carry out simple scoping analyses that deal directly with the range of
possibilities and conditions that are intuitively expected for a given site. Given the poor
state of knowledge of variability in fractured rocks, models should rather be used in a
generic manner to understand the possible effects of site variability and of different
boundary conditions, and not to directly generate flow fields for PA.

A scoping approach would allow more direct tracing of assumptions and the possible
errors these imply, and would give the possibility of developing more confidence in the
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analysis. The only way that SKI could possibly check model results of SKB, if they were
directly used in the SR 97 manner in an actual license application for an SFL2 site, would
be to independently and completely model the site. There may be little value added by
such difficult independent modeling efforts and SKI evaluation of scoping analyses may
be more effectual and thus preferable.

Glacial scenario

Climate change may have significant impact on both the flow field and the geochemistry
surrounding the repository. However, the climate change scenario was not thoroughly
evaluated within SR 97.

- No careful analysis was made of glacial conditions at Beberg and Ceberg, and
only a local scale model evaluation was done of Aberg.
The effects of a nearby ice front are not necessarily the only ones that need to be
considered in a glacial scenario. Deep brines discharge at the coast and would
follow the coast in and out. Possible brine intrusion may thus occur as the
shoreline moves and during future evolution of sites, there may not only be
seawater at near-coastal sites (such as Aberg), but possibly also shield brine. This
would have some impact on geochemical controls (e.g. canister corrosion rates,
radionuclide solubility and sorption).
Oxygen transport to and below repository depths can easily occur given the
general hydrogeologic conditions modeled as clearly shown by SKB in ground-
water modeling for SR 97. This would be a key problem for the near field,
increasing canister corrosion, and increasing radionuclide solubility and mobility,

o SKB's main requirement, that geochemical conditions be reducing at
repository depth, was not seriously challenged prior to Glynn and Voss (in
SKI 97:13), Glynn and others (Borgholm workshop proceedings, NEA,
1999), Glynn and Voss (SKI 96:29), and SKI Site94 (SKI 96:36). They
demonstrated the possibility that oxygenated glacial meltwaters could
exist at repository depths for periods as long as 10 to 25 Ka during the
warm-based phase for each glaciation of SKB's scenario. This may be
enough time for oxygen transport though the buffer and to the canister,

o Fluid travel times from the surface to repository depth below a glacier are
only 10s to 100s of years, as demonstrated by SR 97 modeling and the
work listed above.

o Despite minor evaluation of this possibility within SR 97, consideration of
possible oxidizing conditions at the repository was not considered
sufficiently by SKB. One supporting report (Guimera and others SKB TR
99-19) mentions some situations in which oxygen can indeed reach
repository depths.

o SKB needs to objectively evaluate sub-glacial oxygen transport and
demonstrate the robustness of the repository under these possible adverse
conditions.
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There are linkages of various events that may likely occur due to glaciation that
were not considered, and which may strongly impact repository function (see
below).

Biosphere

The discharge points from the ground-water models that are the primary input to
biosphere selection are among the least certain results of the hydrogeologic analysis.
This makes it much less useful and less meaningful to apply a sophisticated biosphere
approach, as it depends on highly uncertain discharge locations. A simpler more-
generic biosphere approach may be more appropriate to use and more in conceit with
the level of certainty in the other portions of the PA.

General conclusions

If it is certain that the near-field engineered barriers are nearly perfect as assumed in
SR 97, it seems that SKB's contention that site and the hydrogeologic barrier to
release does not really matter would be true. Doses are orders of magnitude below the
lowest level of concern, almost irrespective of other conditions, if the near field is
nearly perfect.

If there is any doubt that the near field is so perfect (i.e. no more than 5 damaged
canisters), then much can be questioned about many aspects of the analysis presented,
possibly leading to more significant dose consequences than demonstrated in SR 97.

One source of near-field doubt stems from the consequences of combinations of
scenarios in which several negative events are linked. Such a circumstance has not
been considered, and for the most part, the effect of each scenario is evaluated only
independently in SR 97. Disastrous breakdown of complex systems may occur due to
a chain of linked failures. For the repository, an obvious linking of negative
circumstances would be for the glacial scenario, for example, which gives a
possibility of correlated events. These include: high ground-water flow (possible
ablation of buffer and high fluid transport), change in ground-water chemistry (even
the possibility of oxidizing conditions), new flow paths, significant changes in
mechanical stress and possible motion along faults (which may also generate new
flow paths), and so on. Each of these events may cause one or more failures and it is
not unlikely that a number of these would occur together. Other failure chains could
be defined for a repository under other circumstances. SR 97's treatment of correlated
circumstances seems overly optimistic or simplistic, adding to doubt about the
perfection of the near field.

Specifically with regard to hydrogeology, it is difficult to evaluate any contribution
the hydrogeologic barrier may lend to increased safety margins on the basis of the SR
97 approach. This barrier is never allowed to be the main control on release in SR 97,

13



thus it is not thoroughly tested. Finally, this reviewer would reiterate that if only a
few hydrogeologic parameters will finally be used for the PA, then the most
appropriate values of these should be generated as directly and simply as possible. It
is understandable that SKB has tried to use what is perceived as a state-of-the-art
approach in quantitative hydrogeologic analyses. However, use of complex numerical
modeling of ground-water flow to generate PA parameter values obscures many
uncertainties and hides the combined effects of the many underlying assumptions.
Such modeling is most meaningful and valuable for hypothesis testing concerning a
site, and for increasing scientific intuition about complex processes. Despite it's
standing as the most "advanced" technology available, complex numerical modeling,
as demonstrated for SR 97, is not reliable for generating meaningful values for PA
parameters in the bedrock of Sweden. Simple hydrogeologic scoping analyses may
give the required PA parameter values most effectively and the underlying
assumptions are obvious.
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