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INTRODUCTION

This appendix aims at identifying the needs and to suggest a strategy for the
geosphere analyses of the SFR in connection to the planned update of the
performance assessment of the SFR within the framework of the SAFE-project.
The appendix is however strongly focused on the hydrogeologic modelling
since it turns out that the hydrogeology is the most important geosphere aspect
to consider in the performance assessment. Furthermore, evaluation of the
geologic model of the site is presented elsewhere (Axelsson and Hansen,
1997).
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PREVIOUS WORK

The main hydrogeological modelling of the SFR performed previously was
made in preparation for the application for an operating permit submitted in
1987 (SKB, 1987). Some additional modelling was done in preparation for the
in-depth safety assessment (SKB, 1991) submitted to SKI and SSI in August
1991. In 1993 SKB included the SKB (1991) results in an update of the 1987
safety assessment (SKB, 1993). Regarding evaluation of groundwater
chemistry and gas transport in the geosphere the conclusions made in SKB
(1987) were repeated in the updated assessment.

2.1 HYDROGEOLOGIC MODELLING

2.1.1 Three-dimensional finite element modelling

The hydrogeological modelling of the groundwater conditions at the SFR site
made by Carlsson et al. (1987) assume a homogeneous fluid, steady-state flow
and a simplistic structural geology. The rock is described as a porous medium.
Structures (fracture zones) were modelled by assigning the decided hydraulic
conductivities to the finite elements representing the structures. Modelling was
done in three dimensions, but with rather coarse meshes.

Domains and scales

The simulations were carried out on three scales:

• regional scale (~ 85 km2, element size ~ 300 m),

• local scale (- 2 km2, element size ~ 150 m), and

• repository component scale (< 1 km2, element size ~ 50 m).

A nested modelling approach was applied, such that the large-scale models
provided input to the smaller scale models.

The regional model simulations were used to describe the influence of regional
lineaments on the groundwater conditions around SFR. It also provided
boundary conditions for the local model. The Singo zone represents the western
boundary. It could be noted that the horizontal zone H2 is extended right to this
boundary in the model, although in the final structural model presented by SKB
(1993) the H2 zone does not extend that far. However, a variation case with a
less extensive H2 zone was also included in the analysis.

A4-2



The local model simulations were used to describe the effect of local
lineaments on the groundwater conditions around SFR. Furthermore the
hydrogeological input to the safety assessment in SFR was derived from this
model. The access and construction tunnels were modelled as a single pipe.
The repository vaults were modelled as a single 10 m thick horizontal slab
("flake") (i.e. as single room) and the silo as a rectangular block.

In the repository component model an attempt was made to actually discretise
each individual vault (in fact, two different repository component models were
set up, but this is not of a major relevance here). However, the model was only
used to estimate the inflow during the operational phase to the different parts of
the repository and the resultant changes to the potentiometric head field of the
surrounding rock under the present day draining stage. Boundary conditions
were obtained from the local model for the case with a "drained" (i.e. pumped
see below) repository.

Cases and boundary conditions

The regional and the local model analysed the "sub-marine" (called the
"saltwater" period in most SFR-documents) period and the "inland" period as
two different steady-state simulation cases. For the inland period boundary
conditions were altered in order to represent the effect of the land rise.

For the sub-marine period an "excess head" of 0.5 m was applied as a boundary
condition at the Singo zone (in the regional model), motivated by an interpreted
excess head based on extrapolations of measurements at the H2 zone before
construction of SFR. This boundary condition transmits into the local model
and is, in fact, the only driving force for groundwater flow in the simulations of
the marine period. Given the measurement conditions and the added
complexity of saline water, the precision in the interpretation may in fact be
quite uncertain, making the boundary condition questionable.

The local model also evaluated a case without a proper seal in the access tunnel
(only for the marine period) and a case with a drained repository. The latter
case was used to provide boundary conditions for the repository component
model.

2.1.2 Stylised evaluation of changing boundary conditions

In preparation for the in depth safety assessment (SKB, 1991) Axelsson et al.
(1991) analysed some aspects of land rise and its effect on the dilution in a
domestic well. These calculations were carried out in two-dimensional cross
sections using a semi-analytical approach. The calculations provided a
qualitative picture of the transition from the marine period to the inland period.
It was concluded that the location of the salt/fresh water interface is transient.
That is, during the marine period the groundwater flow through the repository
is quite minor. Once the shoreline passes the repository the groundwater
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through flow will commence, but the magnitude and direction will change as a
result of the transient character of the flow. The time to reach pseudo steady-
state conditions (provided that there are no other changes to the boundary
conditions) would be several thousands years.

2.2 MEANS OF CALIBRATING AND VERIFYING MODELS

A check of the total inflow to the repository in the repository component model
was the main entity used in calibrating and verifying the hydrogeological
modelling. The simulated values were compared to measured values and a fair
match between simulated inflow and measured inflow was obtained. It was
however shown that the inflow was quite sensitive to assumptions on the skin
in the rock/vault interface. There was also an attempt made to compare
calculated and measured hydraulic heads in two boreholes, but this comparison
was quite inconclusive. Carlsson et al., (1987) did not report a value of the
estimated inflow in the local scale model.

Several attempts were made to see whether the regional model could reproduce
the excess head measured during the pre-investigations. For the analyses made
it seems very difficult to reproduce this head, and it appears more likely that
there was no flow (or a very limited one) under the sea floor before
constructing the SFR facility. In fact, given the uncertainty in the
interpretations of the field measurements (see 2.1.1), such a conclusion would
lie within the error bars.

A clear indication that the fresh/salt water interface is not at steady-state (i.e. a
qualitative support for the model by Axelsson et al., 1991) is that the (present)
depth to the interface, as observed in the existing coastal wells, is much less
than that calculated assuming steady-state flow (see Axelsson, 1986).

2.3 USE OF HYDROGEOLOGICAL MODELLING IN SAFETY
ASSESSMENT

The hydrogeological input to the safety assessment of SFR (SKB, 1987 and
1991) was taken from the local scale model. Parameters were provided for the
marine (saltwater) case and the inland case. A more detailed description of the
near-field and migration evaluations is given in the near-field and migration
appendices respectively.

2.3.1 The silo

The release model used for the silo utilises the darcy velocity in the rock
surrounding the silo. This darcy velocity was taken directly from the simulation
model. This flow was used directly for diffusion cases and doubled for cases
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assuming flow through the silo, thereby approximately accounting for the loss
of flow resistance from the silo. (Doubling the flow is correct for a cavity in a
homogeneous porous medium, but only approximate in a heterogeneous
medium).

2.3.2 The rock vaults (BMA, BTF and BLA)

The flow through the rock vaults were estimated from the "turnover" in the
"flake" representing the rock vaults in the local scale models. The model
resolution did not allow for a direct division of the flow through the "flake" on
the individual vaults. Instead the assumptions was made to divide the flow in
proportion to the bottom area of each vault. This assumption is more relevant
for the saltwater period, where the simulation resulted in a vertical flow, than
for the inland case where the (simulated) flow is more horizontal. Furthermore,
the assumption is based on the existence of a homogeneously fractured rock
mass, which could be questioned.

During the inland period an attempt was made, in the 1991 assessment, to
estimate the division of the through the waste concrete compartments and the
flow through the fairly unfilled space above these compartments in the BMA.
Assuming horizontal flow and a much higher permeability of the space
surrounding the waste compartments led to a conclusion that only 4% of the
water through flow actually pass the waste.

2.3.3 Retardation

The potential reduction of impacts through retardation in the rock was
discussed, but was not considered an important safety barrier. For the saltwater
case the simulated migration path is too short to produce any retardation. For
the inland case a one-dimensional streamtube model, which depends on
groundwater flow and flow wetted surface was used (Moreno et al., 1987). A
more thorough description of the migration modelling is given in Appendix A5
Radionuclide transport.

2.4 GAS MIGRATION IN THE GEOSPHERE

Thunvik and Braester (1986) estimated the gas transport capacity of the rock.
They concluded that the transport capacity very significantly exceeds the
potential gas production from the waste.

2.5 GROUNDWATER CHEMISTRY

The chemical composition of the groundwater at SFR, based on groundwater
sampling made during drilling and in specially designed boreholes, is provided
in the safety assessment report itself (SKB 1987, and SKB, 1993). It is

A4-5



concluded that the repository itself, due to it iron and concrete content would
control the chemistry in the vaults. The future composition of the groundwater
in the geosphere will depend on the large-scale ground water flow regime.
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PREVIOUS REGULATORY REVIEWS

3.1 HYDROGEOLOGY
The main regulatory review of the hydrogeological modelling of SFR was
made by SKI in connection to the evaluation of the operating permit (SKI, 1988
and Andersson and Gustafsson, 1988). Additional review comments were made
in the joint SKI/SSI review of the in-depth safety assessment (SKI, 1992).

In general, SKI and SSI considered the description on geology, topography and
land uplift of the repository area as satisfactory, but several points were raised.

• The reviewers lacked an in-depth discussion of the uncertainties in the
hydrogeological properties such as possibilities of additional fracture zones
outside the vicinity of the rock tunnels and the spatial variability of the
hydraulic conductivity in the fracture zones and rock mass. Variation cases
set up by the reviewers assumed uncertainties of one order of magnitude.

• Andersson and Gustafsson (1988) noted inconsistencies in the mass balance
evaluation over the elements representing the repository. Much, but not all,
of the mass balance inconsistencies were resolved by complementary
groundwater flow modelling carried out by SKB in 1990 (Strom, 1990). The
remaining inconsistencies are due to coarse finite element meshes used in
the modelling, this was due to the limited computer capacity available at the
time of simulation.

• It was noted that the assumed excess head during the marine period might be
incorrect. It may be more probable to assume almost zero flow during
marine period.

• The interaction between land rise, saltwater and groundwater movement is
only qualitatively described by SKB. It was noted that if a quantitative study
is undertaken it needs to incorporate the transient effect from the changing
boundary conditions.

• SKI's own calculations indicate that for the inland case the groundwater
flow, including the flow through the vaults, may increase by a factor of 4 if
the sediment layer on top is removed.

• The groundwater flow calculations of Carlsson et al., (1987) indicate that
most groundwater flow through the rock vaults occur through the floor.
However, it was noted that the accuracy of these old calculations does not
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really support such precision and it was suggested that for the inland case
the flow is probably horizontal to downward.

• The inventory of wells in the Forsmark area shows that the probability of
finding a well in the area will be relatively high. Furthermore, the reviewers
concluded that no or little dilution could be accounted for a well in or in
close connection to the repository.

In support to the SKI review Andersson and Gustafsson (1988) performed a set
of independent flow variation cases, although using the same finite element
mesh as used by Carlsson et al., (1987). These simulations, in combination
with the comments given above, led SKI and SSI to use approximately 4 times
higher fluxes for the inland case compared to the SKB values.

3.2 GAS MIGRATION IN THE GEOSPHERE

The SKI review 1988 confirmed the SKB statements considering the
insignificance of the gas migration in the geosphere. The SKI view was based
on analyses by Pahwa (1988), a consultant independent from SKB. The issue
was not brought up in the 1992 review.

3.3 GEOCHEMISTRY

Groundwater chemistry was not discussed in the SKI review 1988. In the
SKI/SSI review 1992 concluded that apart from the BLA, the chemistry at SFR
is dominated by concrete. They furthermore state that if the geochemistry had
had a more decisive effect on the barrier function of the repository, site-specific
data would have been necessary.
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COMMENTS ON PREVIOUS WORK

4.1 HYDROGEOLOGY

4.1.1 Modelled processes

The approach of using nested modelling is attractive. In particular, it seems
relevant to associate calibration to the repository component scale rather than to
the local scale or the regional scale. However, the main hydrogeological
assumptions, i.e., a homogeneous fluid density and steady-state flow, are
potentially unsatisfactory. As pointed out by Axelsson et al. (1995) and Follin
et al. (1996) the northern parts of Uppland were uplifted quite recently as a
remaining effect of the latest glaciation. The current rate of the land rise in this
part of Sweden is of the order of 0.006 m/year, which means that the marine
period of the SFR site will cease in about 1000 years.

The study by Voss and Andersson (1993) clearly demonstrates that
groundwater flow in a coastal system submitted to land rise is not in steady
state, but in a transient mode due to the continuous change of recharge and
discharge areas. This will have a significant effect on the flow paths in the
system. Furthermore, the flow may be affected by the density effect of the salt
water (the salinity at this shallow depth is about 1 %). The effects of transient
boundary conditions and the effect of variable density flow has previously (i.e.
by Axelsson et al., 1991) only been considered in a qualitative sense at the SFR
facility.

4.1.2 Structural model

The underlying structural model for the hydrogeological modelling has recently
been scrutinised by Axelsson and Hansen (1997). They suggest some
modifications to the model used by Carlsson et al. (1987). It is yet to be
decided whether further modifications are necessary.

Under all circumstances it is evident that a new hydrogeological model of the
SFR site should be based on the most modern structural model of the site.
Furthermore, outside the repository area the structural model is less certain.
One of the criticisms of the old structural model was the inconsistency between
the local and regional structural models. A new hydrogeological evaluation
should explore the impact of these uncertainties - for example by variation
cases.
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4.1.3 Modelling approach

The are also several comments that could be made regarding the
hydrogeological modelling of Carlsson et al, (1987). In addition to the remarks
already brought up in the reviews by SKI (see Section 3) the following can be
noted:

• Modelling was made with the technology of the mid-1980's, which among
other things means that the model discretisation did not allow for a
description of individual rock vaults. (The repository was represented by a
plate). This means that the old model cannot say anything about the
distribution of flow in or between individual rock vaults.

• The inconsistency in mass balance, probably caused by too coarse numerical
discretisation, decreases the credibility of the groundwater turnover
estimates.

• The effects of the transient boundary conditions and the effect of variable
density flow were not quantified.

• There were only limited attempts at estimating radionuclide migration
properties.

• Uncertainties in the model assumptions, and the implications of the fact that
crystalline fractured rock is heterogeneous, but modelled with a homo-
geneous porous medium model were not discussed thoroughly. The proper
choice of conceptual model should be made from an assessment of the
relevance of the heterogeneity of the rock in relation to the predictive needs.

• The effect of seals and how to place seals in a meaningful way was only
partly addressed by a single calculation case.

• New developments of the modelling approach for near-field release,
radionuclide transport and biosphere modelling may call for calculations of
hydrogeological responses - not considered previously.

These points, as well as the SKI review issues need to be addressed in an
update of the hydrogeological model of the SFR site.

4.2 GROUNDWATER CHEMISTRY

It appears that careful geochemical evaluation of the site would only be
necessary if more credit is placed on migration in the geosphere. The
groundwater chemistry would then possibly impact the selection of sorption
characteristics (see appendix on migration). To a large extent the issue of future
groundwater chemistry will be connected to the outcome of the regional
groundwater flow analysis. Consequently, if it is concluded that further
importance should be given to migration modelling, there will be a need to also
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evaluate the groundwater chemistry, but such an evaluation should be co-
ordinated with the regional groundwater modelling.

4.3 GAS MIGRATION IN THE GEOSPHERE

The issue of gas migration in the geosphere should be reconsidered in a
scenario and process analysis of SFR. It may also be worthwhile to scrutinise
the previous assessment, but given the strong conclusions already made it
appears that gas migration in the rock will still remain as a minor issue.
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IDENTIFICATION OF OBJECTIVES FOR
ADDITIONAL HYDROGEOLOGICAL MODELLING

A revised hydrogeological model of the SFR site should:

• present a credible representation and understanding of the hydrogeological

system,

• explore effects of seals and possible extensions of the repository, and

• produce a high quality input to the quantitative safety assessment.

Evidently these main objectives are coupled. In arriving at these objectives it is
also important to recognise that the identified needs for a hydrogeological input
to the safety assessment have been revised through the SAFE-project.

5.1 CREDIBILITY AND UNDERSTANDING

The main objective of revising the previous structural and hydrogeological
modelling is to demonstrate an understanding in the safety aspects of the rock's
barrier performance at SFR. This means that models need to be credible. At a
minimum the models should not be contradicted by available information. The
hydrogeological model should strive for making a best estimate and consistent
model of the safety relevant aspects of current and future groundwater flow at
the site and evaluate uncertainties in these estimates.

5.1.1 Best estimate and consistency

The term "best estimate" does not have a statistical meaning. On the contrary, it
is a quite judgmental concept. It is thought to mean the most representative
model given our present understanding of the SFR site. "Best estimate" does
not necessarily imply average values. In practice, the approach has to be to base
the "best estimate" model on the actually available data and to strive for
consistency in this model.

The most important component in making a hydrogeological modelling
credible is consistency. Consistency calls for a rigorous quality assessment of
the data and methods used, regardless of how flow and transport in the rock
will be conceptualised. In addition, use of state-of-the-art presentation
techniques, where the facility, structures and model results are visualised in
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three dimensions is an important means to achieve confidence in the modelling
work undertaken.

5.1.2 Evaluation of uncertainty

Using so called "conservative assumptions" in hydrogeological modelling is
not appropriate without an uncertainty analysis as it, indeed, is difficult to
prove which assumptions that are conservative and which are not from a safety
point of view. Thus, conservative assumptions made at the radionuclide release
and transport calculations level should be based on the uncertainty estimates (at
least a bracketing study) made from the hydrogeological modelling.

Possibly, alternative conceptual models need to be used in order to assess the
uncertainties associated with processes, heterogeneity and lack of data. On the
other hand it may turn out that a set of variation cases would be sufficient to
handle the uncertainty estimates.

5.1.3 Use of calibration

As noted by Axelsson et al., (1995) there exist data on hydraulic and chemical
responses from the construction of the SFR facility and onwards. It needs to be
realised that these data are of varying relevance and quality. Nevertheless, the
data should be checked and used for model construction and parameter
calibration whenever found practical and meaningful. Currently, the available
database is brought together in a formal report, which also will include an
assessment of the overall use of the data (Axelsson et al., 1997).

Before discussing specific calibration objectives the following general remarks
should be made:

• The need and accuracy of calibration depends on the purpose of the model
being calibrated. Calibration first of all implies that the model parameters
are adjusted such that simulated data reproduce measured data.

• Calibration of a model in a heterogeneous medium is a kind of scaling - the
model parameters become equivalent values with respect to the target
functions.

• In order to answer whether the calibration is relevant, one first needs to
determine if the parameter being calibrated against is relevant or
representative for the intended purpose of the model.

Given the complex history of the SFR site and the heterogeneity of the
structural and hydrogeological conditions the above points imply that only a
subset of the measured data are likely to be useful for calibration. The data
most suitable for calibration appear to be (Axelsson et al., 1997.):
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• the inflow to different parts of the SFR facility, perhaps divided into a few
distinct stages of the repository construction, and

• the time for breakthrough of salt-water from the Baltic Sea in different
fracture zones.

More specific suggestions are given in Chapter 6 where various potential
modelling approaches are discussed. Unfortunately, most of the groundwater
pressure data gathered at the SFR site appear either to be irrelevant for the
modelling problem ahead or too uncertain. Due to the difference in scale
between the point measurements of hydraulic head and the scale of the
suggested modelling approaches, combined with the fact that head
measurements alone provide little information on conductive structures which
are connected to the SFR facility, a calibration against head measurements from
the control programme can only be recommended for some proper spatial
averages of these measurements.

5.1.4 Change of boundary conditions

As already noted the ongoing land-rise after the latest glaciation will alter the
hydrogeological boundary conditions at the SFR site during the "life time" of
the radionuclides. In the shorter term the flow system will change once the
pumping stops and the repository is closed just as the construction and
dewatering of the repository once disturbed the natural groundwater flow. All
these changes to the groundwater flow system should be considered, either by
discussing their effect or by direct modelling.

5.2 EXTENDING AND SEALING THE REPOSITORY

At present it is undecided whether the vault system of the SFR facility will be
extended and also if an evaluation of such extensions should be part of the
S AFE-project. If it is decided to analyse an extended vault system, these
changes should be included in the hydrogeological modelling. The decision for
inclusion of such an analysis evidently lies with SKB.

The closure of the SFR facility means that the tunnels need to be sealed in
order to diminish the groundwater flow through the engineered system and to
avoid chemical interactions between different vaults. Proper seals should be
included in the modelling and it may also be necessary to explore where seals
need to be placed in order to avoid too much flow. In analysing the seals they
will be represented by a suitably low hydraulic conductivity. However, the
evaluation on how to achieve such seals in practice is, however, not a part of
the modelling.
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5.3 INPUT TO SAFETY ASSESSMENT CALCULATIONS

There are different potential uses of the results of the hydrogeological
modelling in the safety assessment, which puts different demands on the
hydrogeological modelling.

5.3.1 Input to source-term (i.e. near-Held transport) calculations

Groundwater flow is an important input to the near-field source term
calculation (see Appendix A3 Near-field). According to planned developments
of the source term calculations the following hydrogeological results (i.e.
output from the hydrogeological modelling) would be needed:

• groundwater turnover and direction of flow in each individual rock vault
(BLA, 1BTF, 2BTTF and BMA) - where the hydraulic conductivity of the
different vaults may vary in time due to degradation,

• separation of the total flow into components, i.e., distinguish between the
flow in the rock surrounding the vaults and the flow in the different layers in
the vaults (BMA and Silo) as principally displayed in Figure 5.1 (the
calculated release of radionuclides would be significantly reduced if it
possible to show that flow predominantly will take place in the buffer or else
outside the waste form), and

• estimation of flow mixing between different vaults (this may affect the
judgement of chemical interactions between the vaults).

It also appears to be important to visualise the groundwater flow on a vault
scale to use as a reference for the analysis. As already noted the hydraulic
properties of the vault internals (Ks, Kb etc. see Figure 5.1) may change with
time due to degradation. Information on these changes would need to be
obtained from the near-field evaluation within the SAFE-project, but the
hydrogeological evaluation needs to be able to handle these changes.
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Figure 5.1: Schematic cross-section through the BMA. For the estimation of
radionuclide release it is very important to determine whether the groundwater
flows through the waste form, the backfill, the bottom part or through the
backfill. Flow directions are also very important.

5.3.2 Input to migration calculations

For far-field migration the plan is to use transport models similar to the ones
presently applied within SR 97 (i.e. FARF31). The following input would be
needed:

• (distribution of) flow paths,

• Darcy velocity and flow wetted surface preferably integrated to
"F-parameter"-values along each flow path (see e.g. Andersson et al, 1997),

• "non-sorbing" breakthrough time,, and

• dispersion estimates.

However, it should be kept in mind that the release flow paths at the SFR site
can be quite short and that the rock mass is quite permeable. Uncertainties in
the retention parameters are usually also quite large. This implies that the
expected retention of the geosphere may be fairly limited for the SFR site. On
the other hand the previous hydrogeological assessment of the inland scenario
(Carlsson et al., 1987) resulted in very long release flow paths. If this is the
case, far-field retardation may be significant, at least for some scenarios and in
particular for the relatively short lived nuclides in the SFR inventory.

5.3.3 Input to biosphere assessment

The hydrogeological input for the biosphere modelling is the following:
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• assessment of spatial and temporal distribution of groundwater
recharge/discharge,

• assessment of spatial and temporal distribution of migration release points
(discharge areas) and,

• assessment of dilution in the geosphere (i.e. transverse dispersion) and well
dilution (i.e. dilution of doses in wells).

It needs to be made clear that the biosphere modelling and the hydrogeological
modelling should use consistent assumptions regarding topography, land-rise
and potential evolution (changes) of the top-sedimentary layer (as well as
uncertainties in these properties). It is the responsibility of the biosphere
modelling to provide this information, but the responsibility of both to assure
the consistency.

It has been suggested (see the appendix on the Biosphere) that the stratification
of the sedimentary layers, which today constitute the sea floor, will be affected
by the regression of the Baltic Sea. In principle this would alter the topography
and should thus be considered in the hydrogeological modelling as well. The
issue needs to be raised, but not necessarily analysed quantitatively. Evidently,
the hydrogeological analysis would need to show that anticipated changes in
the sea floor topography would not significantly change the conclusions about
the groundwater flow at the repository.
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SUGGESTED MODELLING

It is suggested that the hydrogeological modelling be done on three scales. On
the regional scale the focus should be on modelling the impact of important
regional processes and features such as transient boundary conditions, variable
density, major uncertainties in the structural interpretation. On the repository
scale the focus should be to provide the input needed for the source term
calculations within the safety assessment. The regional and repository scale
models should also be used to identify the portion of rock where migration may
take place, and to identify the regions for discharge into the biosphere. The
migration scale should focus on resolving the groundwater flow field in order
to produce detailed migration paths and migration properties of these paths.

The precise dimensions of the different scale models would be a modelling
decision. Evidently the repository scale model would be embedded in the
regional scale model and with boundary conditions taken from the regional
scale model. However, the optimal placement of the repository scale
boundaries could only be judged when the regional model results have been
produced. In a similar fashion the migration scale model would be embedded in
the regional scale model, but not necessarily in the repository scale model.
Again it will be the results of the regional scale modelling that would identify
where migration modelling would be necessary.

6.1 REGIONAL SCALE ANALYSIS

6.1.1 Objectives

The main objective of the regional scale analysis is to find out which regional
processes and features that governs the groundwater flow on more detailed
scales and to provide boundary conditions for the repository scale analysis.
Special attention will be given to:

• evaluating to what extent (if at all) varying density effects need to be
considered,

• evaluating the significance of uncertainties in the regional structure model,
and

• identification of a suitable domain for the repository scale and migration
scale models
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• determination of changing boundary conditions for the repository scale
model (and possibly for the migration scale model) as well as describing the
evolution of groundwater recharge and discharge areas under these changes

• provide input to evaluation of the evolution of the geosphere groundwater
chemistry.

Apart from the direct delivery of boundaries and boundary conditions, the
regional model may potentially be used as a basis for motivating
simplifications in the process description of the repository scale model (such as
omitting density effects and/or division into time periods with more stable
small-scale flow). For this latter reason it is suggested to carry out the regional
scale analysis in two steps, where the first step should be designed to explore
the need to include density dependent flow in further analyses.

6.1.2 Representation of rock and structures

On regional scale the only viable option to represent flow in fractured rock is to
assume an equivalent porous medium intersected by major discontinuities. The
assumption that flow in fractured rocks may be treated as an equivalent porous
medium intersected by major discontinuities calls for an assessment of the
uncertainties regarding the location and properties of the latter. In short, major
alternative structural interpretations should be implemented and studied. Their
impact on the groundwater flow conditions at the location of the SFR facility
should be evaluated. The rock mass between large-scale discontinuities could
either be represented as a homogeneous medium with carefully selected
conductivity values, possibly different in different regions, or as a stochastic
continuum, using blocks of a large scale. The level of discretisation would have
to be adapted to the code and computer capabilities.

6.1.3 Representation of repository

The SFR facility should be modelled in a quite simplistic manner in order to
obtain reasonable boundary conditions for the repository scale model.

6.1.4 Density effects

According to Freeze and Cherry (1979) the density effects could possibly be
neglected for salinities less than 1 % and such a conclusion can also find
support from the study by Voss and Andersson (1993). In order to study the
relevance of this statement for the problem of interest it is thus suggested:

• to formulate a fairly generic simulation case of sea-level change, but with
salinities and land-rise adopted to the SFR,

• evaluate the resulting groundwater flow and migration of saltwater with a
coupled transient density dependent flow and migration code by first
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performing simulations with the density effect included and then perform
similar simulations but without the density variability,

• analyse the problem in three-dimensions (using simple geometry codes such
as SWIFT or FEMWATER, or in two dimensions using, e.g., SUTRA
(Voss, 1984), and

• compare the migration of seawater and the flow in the repository of the
density dependent model with these quantities of the constant density model.

If these simulations show that density effects can be omitted, further
evaluations will be made with versatile non-density dependent codes - such as
the GEOAN-code, Holmen (1997). One should note, however, that the effect of
a changing seawater level will still need to be analysed, but this can be
accommodated within the suggested approach. On the other hand, if density
effects are shown to be important the remaining option is to retain this effect at
least in the regional scales.

More detailed and definitely three-dimensional modelling would be needed for
evaluating the importance of uncertainty in regional structures and to produce
time varying boundary conditions for the repository scale analysis. When
transferring calculated head from a regional model to a local model, special
care and consideration need to be taken, especially if the regional model
includes a density dependent flow system.

6.1.5 Boundary conditions

The model domain should be large enough to be insensitive to the vertical and
bottom boundary conditions. A proper size could possibly be established
through the first set of density dependent simulations. More attention is needed
for the top boundary. The following approach is suggested:

• The sea should be represented as specified pressure (or constant head for the
constant density cases).

• Land rise is modelled by changing sea level and moving the seashore
accordingly.

• Today's topography is easily available. Topography and seashore position in
the past could be obtained from the hydrogeology evaluation within the
Osthammar feasibility study (Follin et al., 1996). Detailed sea-bottom
surveys are available (Axelsson et al., 1983). Regarding future topography
and re-location of the sediment layer stratification co-ordination with the
biosphere assessment would be needed.

• On land the boundary conditions should be given as precipitation rather than
fixed head (see Holmen, 1997). This would allow calculation of

A4-20



groundwater discharge / recharge including development of lakes etc.
instead of postulating these important processes.

• There is no need to treat the unsaturated zone as long as the interest is the
flow in the repository

See also 6.3.

6.1.6 Calibration

If possible, saline wells in the Well Archive at SGU will be used in a
quantitative manner, e.g., to match a fresh water/sea water interface.

6.1.7 Output

The first stage of the regional scale analysis will determine whether density
effects can be omitted and will thus define the scope for the remaining
analyses. Consequently, the first step analyses should be performed at an early
stage.

If density effects can be omitted the second step regional scale analysis will be
used to define boundaries and boundary conditions for the repository scale, and
possibly the migration scale analyses. If density effects cannot be omitted, the
regional scale analysis will be used to search for periods where the repository
scale and migration scale analysis can be applied without density effects for
limited periods of time, and to provide proper boundary conditions for these
periods. If needed these time periods will be co-ordinated with different time
periods for the degradation of the repository barriers.

Under all circumstances, the regional scale analysis will be used to demonstrate
and visualise the effect of seashore changes over time (past and future). In
particular the analysis should provide elaborate arguments whether there is any
reason to believe that groundwater flow could occur in the repository region
during the marine period. As already noted, it appears most likely that such
flow will not occur and that the measured excess head lies within the
uncertainty range of the applied measurement technique and interpretation.

6.2 REPOSITORY SCALE

6.2.1 Objectives

The objectives of the repository scale analysis is to evaluate the groundwater
flow situation on the repository scale under varying conditions and thereby to:

• provide estimates of the groundwater flow needed in the source term
modelling (see 5.3.1),
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• identify the portion of rock where geosphere migration may take place, and
to identify the regions for discharge into the biosphere (provided this region
falls within the repository scale model),

• provide estimates of the evolution of groundwater discharge and recharge
areas in the repository scale

• evaluate the effect of wells and the possibilities for dilution in wells placed
in the repository region,

• evaluate the effect of plugs on the flow in the vaults, and

• assess the uncertainties in the predictions which are caused by the
uncertainties in the adopted modelling approach,

• enhance the understanding by means of visualisation.

In meeting the specified objectives it would be necessary to represent all
tunnels and rock vaults directly in the model while keeping the representation
of the main aspects of the heterogeneity of the rock.

6.2.2 Representation of structures and rock mass

In order to take full account of the rock heterogeneity the most suitable
approach would be to represent the rock with a discrete fractured medium. This
approach is clearly needed when assessing migration properties as migration
concerns the scale of individual fractures (see further discussions in
Section 6.3). However, in order to calculate fluxes to and within large tunnels
and were precise assessment of the aerial distribution of these flows are not of
primary interest, the discrete network approach may be too complicated (see
e.g. Holmen, 1997) - in particular when considering the size of system that
needs to be modelled simultaneously. For this reason the best advice for a
versatile repository scale model would be to still opt for a porous medium
description, but with close attention to formulating proper averages of the rock
mass permeability, or include the rock mass heterogeneity by use of the
stochastic continuum approach.

The most recent structural interpretation (see Chapter 4) should be
implemented. Variation cases should be used to acknowledge uncertainties in
the structural interpretation as well as the associated transmissivity distribution.
However, as discussed by Axelsson et al., (1997) there will be no need for re-
interpretation of the short-range hydraulic tests.

The rock mass between zones should be treated as a porous medium possibly
with anisotropy. Hydraulic anisotropy has been found to be of great importance
for the application of the porous medium approach to the groundwater
conditions at the Aspo Hard Rock Laboratory (Rhen and Forsmark, 1996). In
general, little or no information on anisotropy is available at the SFR site.
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However, based on the experience from the Aspo HRL and in northern Sweden
(Olsson, 1979) anisotropy assumptions could be based on information
regarding fracture orientations and the stress field. Uncertainties could be
addressed by variation cases.

The permeability of the sea bottom sediment will certainly affect the total
inflow estimates, which will complicate calibration of the model. A reasonable
range has to be tried. Furthermore, the stability of the bottom sediment could
certainly be questioned, which means that there may be a need to define
variation cases in order to show that performance assessment predictions are
robust to assumptions regarding the bottom sediment.

6.2.3 Representation of the repository

The actual tunnel and rock vault system should be reproduced in the model.
Given the size of the repository a realistic block size would be about 10 m. In
such a case the vaults will be one block across. The division between different
parts of the tunnel (c.f. Figure 5.1) need to be considered as well as the rock
between vaults.

The silo should be represented by low permeability blocks. If it is believed that
the silo will degrade it may be possible to increase this permeability after a
certain time.

Plugs should be represented by blocks of low permeability placed at different
sensible locations in the tunnels, such that the principle effects of plugs could
be evaluated. It is, however, not suggested to evaluate how to actually achieve
these plugs with available construction methods.

To avoid a model with a very fine and complicated mesh, one possibility is to
use special elements in the model. Tunnel elements that contain element
properties or local systems of smaller elements defining the very local
properties of the tunnels and the silo can be applied (Holmen, 1997). In this
way local properties, such as concrete constructions, containers and backfill
materials etc. could be included in the model without the need of a very fine
discretisation outside of the tunnels.

6.2.4 Density effects

Given that the regional scale analysis (see above) shows that there is no need
for density dependent flow - or at least could be simplified by dividing the
problem into suitable time stages - we suggest a fully transient but constant
density and three-dimensional porous medium model approach, with special
attention to tunnel flow. Such a model has been developed for SFL 3-5
(Holmen, 1997) and we suggest to build on this experience.

If the regional scale analyses shows that density dependent flow cannot be
neglected, alternative models should be used (see 6.1.4). An alternative strategy
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then would need to be developed. However, the need for such a strategy is
considered quite low.

6.2.5 Boundary conditions

Bottom and vertical boundary conditions should be taken from the regional
scale model. When transferring calculated head from a regional model to a
local model, special care and consideration need to be taken, especially if the
regional model includes a density dependent flow system and represents a time
dependent scenario.

The top boundary conditions will be produced in the same way as for the
regional model (see 6.1).

The excavated repository could be represented by a zero pressure at walls of
tunnel and vaults. It may be necessary to introduce a skin (which will further
complicate calibration with total inflow).

The model could also evaluate the effect of wells and the possibilities for
dilution in wells. The placement of wells should be co-ordinated with the
biosphere and scenario analysis.

6.2.6 Calibration or model verification

Axelsson et al. (1997) currently explore which data would be suitable for
calibration or model verification. In general, the following seems worth to
calibrate on:

• total inflow before and after construction of the silo,

• inflow to the different tunnels and vaults before and after construction of the
silo,

• time for breakthrough of Baltic Sea water in different fracture zones.

In principle all structural variants should be applied to the calibration data.

Clearly there exist much more data, including small-scale interference tests and
inflow measurements during different phases of the construction work.
However, the measurements are uncertain and would often require introduction
of additional parameters, which quickly would mean a diminishing return of
such exercises.

A problem for calibration is that many different parameters may be capable of
explaining the observed phenomena. In particular both the bottom sediment
permeability and the development (or not) of a skin would have a large impact
both on inflow and the migration time for the seawater. This means that
calibration could not be unique. It should rather be seen as a means of
producing potentially viable models.
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6.2.7 Output

The output of the repository scale analysis will provide quantitative
information regarding:

• flow in the rock surrounding the vaults,

• flow through rock vaults and within the different parts of the vaults (see
Figure 5.1),

• flow between rock vaults,

• mass balance over any selected parts of the model,

• impact of plugs, and

• streamlines (path lines if transient flow) from repository to the model
boundary and wells, which would identify the region of interest for the
migration scale modelling.

It is strongly suggested that the simulation results be visualised using three-
dimensional visualisation tools.

6.3 MIGRATION SCALE

6.3.1 Objectives

The objectives of a migration scale analysis are to resolve the spatial variability
of the groundwater flow such that it captures essential migration properties.
Such an analysis would provide:

• estimates of the migration flow paths and the hydrogeologically related
migration parameters needed for calculating radionuclide migration in these
paths (see 5.3.2), and

• estimates of the distribution of biosphere release points (see 5.3.3).

(See also the appendices on migration and on the biosphere analysis).

The location and size of the DFN model will depend on the outcome of the
regional and repository scale models. If groundwater flow is directed upwards
it may be unnecessary to construct a migration scale model at all, since the
overburden thickness is too small to motivate any significant retention.

6.3.2 Representation of structures and rock mass

When modelling migration through fractured crystalline rock the interaction
between flow in the fractures and rock itself is of high significance. The
heterogeneity of the rock mass affects radionuclide transport properties
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significantly. Furthermore, in assessing such transport the correlation between
flow, flow wetted surface and migration paths must be considered (Andersson
et al., 1997).

Three different approaches for detailed groundwater flow modelling, stochastic
continuum, discrete fracture network and channel network, are explored in the
"alternative model project" (Strom and Selroos, 1997) within SR 97. The final
selection of model concept to be used for the SFR assessment should await the
outcome of this alternative model project. However, at least on paper the
discrete fracture network (DFN) approach has some advantages over the other
approaches:

• it actually tries to describe flow as it can be observed from individual bore
holes and tunnels and thus lend itself to a co-ordinated interpretation of
structure and hydraulic data,

• for transport applications it has the intuitive benefit of actually describing
the interaction between flow and the rock itself, and can thus provide direct
estimates of the correlation between flow and the flow wetted surface,

• it can be adapted to relatively large-scale applications (e.g. Geier, 1996), but
then it is necessary to exclude the details of the fracture network (i.e. only
include the large features) in the outer regions of the model domain.

The DFN-approach should be applied to calculate migration retention
parameters, notably the F-parameter, in a format similar to what is presently
tried within SR 97 (see Dershowitz et al., 1997).

In the DFN approach one differentiates between deterministic and stochastic
structures. Whereas the locations and properties of the former are more or less
fixed, the locations and properties of the latter vary randomly in space. Hence,
the mean behaviour and coefficient of variation needs to be studied by means
of Monte Carlo simulations. The minimum structural and hydro-geological
information required is:

• fracture orientations from outcrops, excavations and boreholes,

• fracture trace lengths from outcrop and excavations (to estimate fracture
sizes)

• double packer hydraulic tests

For migration, crucial parameters are the flow distribution on the plane of the
fractures and the conductive fracture frequency, which together with the Darcy
velocity will determine the "F-ratio" (i.e. arL/q, see Andersson et al., 1997). It
is suggested that the approach taken for estimating these properties in SR-97
are applied here as well.
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6.3.3 Representation of the repository

The actual tunnel and rock vault system will be positioned at a boundary in the
model - and not represented explicitly. (See also 6.3.5).

6.3.4 Density effects

Given that the regional scale analysis shows that there is no need for density
dependent flow - or at least could be simplified by dividing the problem into
suitable time stages - we suggest a fully transient but constant density and
three-dimensional discrete feature model approach.

6.3.5 Boundary conditions

The location and size of the DFN model will depend on the outcome of the
regional and repository scale models. If groundwater flow is directed upwards
it may be unnecessary to construct a migration scale model at all, since the
overburden thickness is too small to motivate any significant retention.
However, if the regional or repository scale analyses indicate a large region
"down-stream" the repository, this region would be selected as the region for
the migration scale analyses. Boundary conditions would be generated from the
larger scale models, although attention would be required concerning flow
consistency over this boundary.

6.3.6 Calibration

There appears to be little data suitable for calibration of a discrete network
model (or any other detailed scale hydrogeological model). However, possibly
some of the inflow interference tests could be evaluated within this approach.

6.3.7 Output

The DFN-approach should be used to provide estimates of the ratio between
flow-wetted surface, migration path length and darcy velocity (i.e. the "F-ratio"
aJL/q), and the non-sorbing breakthrough time ttot Andersson et al, 1997).
These parameters fully control the retardation in the rock and could also be
used to derive the input parameters to the migration code FARF31.
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CONCLUSIONS

This appendix has identified potential needs for updated hydrogeological
modelling of the SFR in connection to the planned update of the performance
assessment of the SFR within the framework of the SAFE-project. The
objectives of such updated modelling should be to present a credible
representation of the hydrogeological system, to explore effects of seals and
repository extensions and to provide input to the release and transport
calculations of the assessment. The last objective has led to the conclusion that
an important focus of the modelling should be to determine the flow through
the vaults under different conditions as this flow appear to be a very important
quantity in the radionuclide release calculations.

The suggested modelling should use relevant data and apply modern modelling
tools and techniques, but should be geared towards the objectives. For this
reasons it is suggested to apply a set of complementary and sometimes nested
approaches, where each model approach is set up in order to address a specific
set of questions. Answering these questions would motivate simplifications
made in subsequent steps of the modelling. For example, it is suggested to
evaluate the effect of varying density in a simplified geometry, but to model the
transient boundary conditions and the vault geometry in a realistic three-
dimensional geometry. Such a simplification, and focusing of modelling efforts
appear to be well suited for determination of flow through the rock vaults.
However, for modelling migration in the rock mass a discrete network
representation of the rock may be necessary, whereas the full geometry of the
vaults may be less critical in this case.

To the extent possible the models should be compared with existing data on
flow and Baltic water breakthrough. However, in making such comparisons the
accuracy of the measurements and the precision of the models need to be
considered. A one-to-one match cannot be expected.

It appears that careful geochemical evaluation of the site would only be
necessary if more credit is placed on migration in the geosphere. If such an
evaluation is considered it should be co-ordinated with the regional
groundwater modelling.

The issue of gas production should be reconsidered in a scenario and process
analysis of SFR. However, given the strong conclusions already made it
appears that gas migration in the rock will still remain as a minor issue.
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