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ABSTRACT
Advantageous siting of a nuclear waste repository in a ground-water recharge-area may be aided
through use of regional, three-dimensional, variable-density groundwater flow modelling. Such
repository locations may provide a safety advantage because potentially released radionuclides would
have long travel time and path length before reaching the biosphere. In Sweden, high-density shield
brines exist at depth in the bedrock, and the flow field is driven both by topographic relief and by
variable-density forces. Because of heterogeneity, the hydrogeologic structure and properties of the
fractured bedrock will remain generally unknown at the spatial scales modelled. Thus, variable-density
fluid model simulations are needed for a full range of possible bedrock descriptions. Advantageous
sites are those that perform well for all of the modelled bedrock descriptions. Simulations were
performed using a three-dimensional (3D) version of the U.S. Geological Survey (USGS) groundwater-flow and solute-transport simulation code SUTRA. Three transport simulation techniques allow
important aspects of the 3D simulated flow field to be illuminated. Flow paths from potential repository
sites are traced by filling the flow tube with a non-zero concentration. Recharge areas may be mapped
using solute transport, delineating where inflow occurs to the top surface of the model. Return-flow
time (travel time in years from the repository to the point of discharge) may be determined in a
transport simulation in which the flow field is reversed and the ‘solute’ undergoes a zero-order
production rate of one per year. These techniques are also applicable to studies of seawater intrusion
into aquifers.

INTRODUCTION
Safety of a high-level nuclear waste repository in the crystalline bedrock of Sweden depends on two
barriers: 1) the engineered barrier consisting of the spent nuclear fuel rods encased in metal canisters
that are deposited in holes bored in the bottom of drifts and surrounded by a bentonite shroud, and, 2)
the geologic barrier consisting of the crystalline bedrock immediately surrounding the repository drifts
and extending in all directions from the repository. Proper functioning of the engineered barrier system
depends on the geomechanical stability and geochemical properties of the subsurface environment. If
radionuclide leakage should occur from the engineered barrier system, then only the geologic barrier
can provide safety. Key factors that may determine the long-term radiologic safety of a nuclear waste
repository provided by the geologic barrier are the advective travel time and path length (which are not
necessarily independent) before released radionuclides reach the biosphere and possibly the flow
path volume of the radioactive plume (Voss and Provost, 2001). These factors affect the retardation of
decaying nuclides in the rock due to sorption and matrix diffusion. The travel time, path length, and
flow path volume depend entirely on the hydrogeologic location of the repository within the groundwater-flow field and can thus be controlled by judicious selection of a site. In most ground-water
systems, these factors would be maximized for repositories located in primary recharge areas of largescale ground-water-flow systems. For example, near-coastal repository locations, which are always
near the discharge end of local and regional ground-water systems in the Fennoscandian shield, may
reduce the safety margin in comparison with an inland location in a recharge area for a major deep
ground-water system. Potentially long flow paths may be ‘short-circuited’, however, because of the
heterogeneity of the Fennoscandian shield bedrock, which contains variable lithology as well as
fractures and fracture zones at all spatial scales. This possibility means that primary recharge areas
may be difficult to locate. Furthermore, undulations in the topography of the water table can create
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small, closed, shallow flow systems even near a major recharge area. Despite these difficulties,
primary recharge areas do exist somewhere within the ground-water-flow system, although their
spatial uniformity, continuity and lateral extent may be limited.
A careful analysis is required to bound the possible effects of various types of heterogeneities and
water-table undulations on the flow field in a particular region while seeking advantageous recharge
area sites. The approach suggested here uses three-dimensional variable-density flow simulation with
a variety of simple conceptual bedrock models that capture the general range of heterogeneity and
water table variation likely in the region. Locations then are sought with long flow paths and travel
times irrespective of which bedrock and water table model is assumed. These locations are the most
reliable for ‘upstream’ siting of the repository based on hydrogeology. To carry out the required
analysis of 3D, variable-density flow fields for locating repositories, modelling techniques for tracing
flow paths, delineating recharge areas, and mapping travel times are presented. These are applied for
evaluation of potential repository locations in southeastern Sweden for a number of simple models of
regional bedrock permeability that represent the probable range of anisotropy.

MODELLING TECHNIQUES
Numerical model and utilities
The modelling approach described here in two spatial dimensions utilized the U.S. Geological Survey
(USGS) ground-water-flow and solute-transport code SUTRA (Voss, 1984), and a USGS SutraGUI
pre- and post-processor (Voss and others, 1997) based on a commercial graphical user interface
package. This package allows rapid model construction and modification, calculation and viewing of
steady-state or transient ground-water flow and solute transport. For 3D simulations, a version of the
SUTRA code upgraded to 3D (Voss and Provost, 2001, written commun.) was used. Input data for the
3D model were generated using a 3D version (Winston and Voss, 2001, written commun.) of
SutraGUI and 3D model output was visualized using ModelViewer (Hsieh, 2002).

Mapping return-flow time
Repository locations with the greatest travel time for escaping radionuclides may be found by
generating maps of return-flow time (travel time from the repository to the point of discharge) based on
numerical simulation of ground-water flow and solute transport (Toth & Sheng, 1994, 1996). The
numerical model is used to calculate steady-state return-flow time over the entire model domain. In
contrast to the approach of Toth and Sheng (1996), return-flow times are calculated by reversing the
flow field and determining the water age within the model using solute transport. Water age is
calculated by specifying a constant, zero-order production of “solute” (of ‘one’ per year) with a
concentration of zero at recharge. The concentration of solute then provides ground-water age. The
flow field is reversed through appropriate modification of the boundary conditions; in the models
considered here, reversal of flow simply requires multiplication of all specified hydraulic heads by ‘–1’.
To minimize the effects of dispersion, a stepwise approach was used to generate maps for this study
(Voss and Provost, 2001).

Delineating flow tubes
A flow tube traced in 3D is the volume of the subsurface through which the water flows from a given
site to the point(s) of exit from the model domain. Mapping flow tubes from potential repository sites
allows relative comparison of path length and flow path volume of potentially escaping radionuclides. A
flow tube may exit at one area or it may split and exit at a number of areas. The flow tube represents a
plume of conservative solute emanating from an entire repository site. Ideally, flow tubes in 3D should
be traced in a model with no dispersion. This is not possible using Sutra and flow tubes must be
created using solute transport with dispersion and by tracking concentration. Dispersion must be kept
near the minimum required to maintain numerical stability. Higher dispersion tends to widen the flow
tubes, causing solute to enter adjoining flow paths that do not pass through the repository, thereby
exaggerating flow-tube volumes. Flow tubes are simulated by selecting a set of nodes in the mesh in
the designated repository area at the repository depth of 500 m. Concentration at the nodes is
specified as an arbitrary non-zero value. The concentration of recharge from the top surface is set to
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zero. A single transport solution for a very long time step (e.g., 1013 years) is obtained to approximate
steady transport conditions given the flow field from the steady-state variable-density simulation for
each case. Flow tubes are visualized by selecting the lowest value of concentration whose isosurface
exhibits a minimum of branching and connects the repository with discharge points. It is not always
possible to track a low concentration from the site to its ultimate discharge point because the flow path
is obscured by the dispersion required to maintain numerical stability in the mesh. The volumes of the
flow tubes, as visualized in the present model, must be considered as approximate indicators of path
volumes, and can be used only for relative comparison among the sites.

Mapping recharge and discharge areas
Ground-water recharge and discharge areas may be conveniently mapped by plotting concentrations
from solute-transport simulations. A non-zero concentration is assigned to recharging water at the top
surface of the model. The solute is allowed to undergo first-order decay with a very short half-life and
minimal dispersivity. The result is that solute concentrations are only non-zero within, near, and just
below recharge areas of the model. Simulation of transport is done with a very long time step to
approximate steady-state transport conditions for the situation where the flow field is the same as the
steady-state result of the variable density simulation. After selecting a concentration value to partition
recharge and discharge areas, these areas may be mapped at the top surface of the model.
Alternatively, locations of inflow and outflow may be distinguished directly using model-calculated
fluxes at specified pressure nodes on the top surface.

GROUND-WATER FLOW ANALYSIS IN SOUTHEASTERN SWEDEN
Hydrogeology
The hydrogeology of southeastern Sweden is considered on a regional scale, allowing modelling of
regional-scale ground-water-flow systems and identification of regional recharge areas. Flow is driven
by regional and local hydraulic gradients, whereas in practical terms, hydraulic properties can only be
considered as regional averages because of the local complexity of the conductive fabric of the
bedrock. This study focuses on the portion of southern Sweden to the east and south of Vättern Lake,
with special attention paid to the vicinity of three proposed repository sites: Hultsfred east, Simpevarp,
and Oskarshamn south (SKB, 2001). The study area, model domain, and land-surface elevation are
shown in Figure 1. The model domain extends beyond the immediate vicinity of these sites to allow
the setting of natural hydrologic boundary conditions, to allow the model to naturally generate regional
flow systems, and to provide a basis for comparing the proposed sites with alternative sites in
southern Sweden. In humid regions, the water-table elevation generally follows the land-surface
elevation. Thus, for modelling, the land-surface elevation is used as an approximation of the water
table, though this may exaggerate the presence of small flow cells.
The Fennoscandian shield in southern Sweden consists largely of Precambrian granodiorites to a
depth of about 20 km. The crystalline bedrock is fractured extensively at scales ranging from
microscopic to regional, and these fracture zones may provide regionally connected paths for fluid
movement (Voss & Andersson, 1993). Uncertainty in regional connectivity of fracture zones is included
in this analysis by considering varying degrees of horizontal and vertical fracture connectivity. East
and southeast of Oskarshamn, crystalline rock is overlain by sedimentary layers extending below the
Baltic Sea to central Europe. The Fennoscandian shield is assumed hydraulically conductive to a
depth of about 10 km. Under present-day climatic conditions, subsurface water moves from recharge
areas at higher elevations to discharge areas at lower elevations. The coast of Sweden apparently
serves as a discharge area for many recharge areas in the regional flow system, whereas at higher
elevations inland, smaller-scale recharge-discharge systems occur. Shield brine generally occurs
below the dilute surficial fluids. Near the coast and other major discharge areas, the shield brine is
near the surface, whereas further inland, it usually is at greater depths. Because of the large density
contrast between fresh water and shield brine, circulation of shield brine likely is driven by both fluid
density differences and topographic gradients, whereas flow of the more dilute fluids, including relict
seawater, is driven primarily by topographic gradients (Voss and Andersson, 1993). The complex
pattern of fracture zones and permeable structures in the shield may cause the 3D spatial distribution
of fluid types to be complex. Therefore, fluid distributions and the flow field are difficult to interpret in
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detail for any particular area, even based on intensive hydrogeologic field investigations. Most often,
only broad generalizations of the kind made in this study can be advanced with any confidence.

Figure 1 Topographic map of modelled area in southeastern Sweden showing potential repository sites and
Emån/Stångån stream networks. Comparison site is approximately 350 m above sea level (masl). Bathymetry is
not shown here. The model domain is within the grey boundary. Elevation data is from a 500 m grid
(Lantmäteriverket LMV, 2000).

Illustrative two-dimensional model
Return-flow times within a two-dimensional (2D) vertical cross section of southeastern Sweden that
passes approximately through the repository sites are shown in Figure 2. This result is shown only for
illustrative purposes as it entails major simplifications in comparison with the 3D model, and it
represents only one possible model of the bedrock properties. The hydrogeologic properties
represented by this 2D 3-km-deep constant-density fluid model are those of the 10:1 case (10:1
horizontal-to-vertical anisotropy in the permeability) described later. The bottom of the 2D model may
be considered at the approximate depth of shield brines, which tend to act as a no-flow boundary to
the freshwater flows above. The topography along the top of this 2D model is exactly that of the 3D
model (see Figure 1) along the line of section shown in Figure 2.
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Figure 2 Cross-section through repository sites (black rectangles) showing return flow times for illustrative
simulation (10:1 case). Baltic Sea level is shown along top right boundary. Inset shows section location (line) and
repository sites (circles) and refers to the map in Figure 1. Repository sites – left to right, in cross section – are
‘Comparison’, Hultsfred, and Simpevarp/Oskarshamn. Vertical exaggeration is 40x. Elevation on left edge of
cross section is given in m.

The map of return-flow times clearly illustrates how the undulating topography of southeastern
Sweden may generate both regional and nested local flow systems. Repository locations within the
darkest band have very long return-flow times, whereas repository locations within the lightest band
have relatively very short return-flow times. The primary regional system described in this section is
recharged below the topographic peak near the left margin of the top boundary and discharges both to
the left boundary (near Vättern Lake) and to the Baltic Sea (top right boundary). Upstream repository
locations within the regional system have the longest return-flow times in the section. The ‘comparison
site’ is located below the primary recharge area for this system. The Hultsfred site spans both short
(on the west) and very long return-flow times (on the east). The coastal sites, Simpevarp and
Oskarshamn, have relatively short return-flow times. The eastern portion of the Hultsfred site is below
a plateau, which apparently acts as a major recharge area providing very long return-flow times in this
area. The coastal sites, Simpevarp and Oskarshamn, are in a major discharge area. Although this 2D
simulation is a simplification of the 3D model, it qualitatively gives the same results for return-flow
times, as the 3D model.

Three-dimensional model set-up
The 3D model covers a roughly rectangular area that includes the portion of Sweden to the east and
south of Vättern Lake, extends approximately 260 km north to south and 210 km east to west,
covering an area of approximately 49,000 km2 (Figure 1). Vertically, the model extends from the land
surface (with a variable elevation given by the digital elevation grid) to a depth of 10 km below sea
level. The finite-element mesh of the region in plan view and an oblique view of the 3D mesh
exaggerated ten times in the vertical direction are shown in Figure 3. The finest discretization is
around the Hultsfred site, near the land surface, where the elements measure approximately 1,500 m
on a side horizontally and 250 m vertically. Crystalline bedrock is treated as a continuum with an
effective permeability that accounts for the presence of the regional network of fracture zones.
Permeability and porosity (set to 10-3) in the crystalline basement are assumed area- and depthindependent and are based on the ranges of values given by Voss & Andersson (1991, 1993). Four
cases are chosen to represent the full range of possible average anisotropies in the bedrock. These
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include ratios of horizontal permeability to vertical permeability of 10:1, 10:10, 1:1 and 1:10. At one
extreme, if only vertical zones existed, local topographic gradients would have the greatest effect on
the system, which would result in deeply penetrating local flow cells and the shortest flow paths from a
repository (case 1:10). The other extreme would result in the largest regional flow systems, where
vertical conductivity is less than horizontal conductivity (case 10:1). The assumed porosity value for all
cases simply scales the fluid velocities; doubling porosity would halve the velocities and thus double
return-flow times.

A

B
Figure 3 Map view (A) of three-dimensional finite-element mesh, showing potential repository sites (grey regions)
and (B) oblique view (from southeast towards northwest) of three-dimensional finite-element mesh
(vertical exaggeration = 10x).

For each bedrock permeability case considered, a steady-state flow and solute concentration was
simulated to represent present-day conditions. The model considers the formation of shield brine as a
process that depends on the difference between concentrations of dissolved solids in the ground
water and the potential dissolved solids concentration contributed by the rock (Provost and others,
1998). The parameters of this process are chosen by trial-and-error to give realistic distributions of
shield brine in the model for each bedrock case (Voss and Provost, 2001). No-flux conditions are
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imposed at all model sides except for the top, which, on land, is at the approximate elevation of the
water table. The top of the model on land is set to a specified zero pressure and any inflow that occurs
there has zero salt concentration. Beneath Vättern Lake and the Baltic Sea, the top of the model
follows the bathymetry, and pressure is set as the hydrostatic value according to the depth and density
of each type of water. Dispersion coefficients for salt transport are set to relatively low values
(considering the large scale of transport) and are chosen arbitrarily, because no data are available.

Results of 3D modelling
The flow field is evaluated and path lengths and travel times from each of three repository locations
and the comparison site in southeastern Sweden are determined for the four bedrock permeability
cases. In addition to three sites under consideration by SKB as potential high-level nuclear waste
repositories, an alternative site is presented for purposes of comparison (Figure 1). This comparison
site has one of the longest travel times and path lengths within all of southeastern Sweden for all
bedrock permeability cases considered among the present simulations. An internal steady-state salt
distribution for case 10:1 along a vertical cut that runs approximately east to west through the
Simpevarp site is shown in Figure 4.

Figure 4 Salt distributions for 10:1 case (horizontal permeability: vertical permeability).
View from southeast. East-west section approximately through Simpevarp. Vertical exaggeration = 10x.
Concentrations shown are fractions of maximum salt concentration.

A close view of the vertical cross section for the 10:1 case in Figure 5 highlights the variable-density
flow field. This section is similar to that shown in Figure 2, and the return-flow times shown in Figure 2
may be approximately compared with the velocities shown in the upper part of Figure 5 (10:1 case).
The areas of downflow near the surface in Figure 5 (10:1 case) are in regions where the return-flow
times are very high near the surface in Figure 2. These are the areas of recharge to the deeper
ground-water-flow systems. Ideally, a repository could be placed in a recharge area for the deep flow
systems to maximize return-flow times. For the 10:1 case shown, the Comparison site and eastern
portion of the Hultsfred-east site are in broad-deep regions of downflow. In contrast, the coastal
Simpevarp and Oskarshamn-south sites clearly are located within the coastal discharge area.

Flow paths
Flow paths for each repository site are shown as 3D flow tubes for the two extreme cases, 10:1 and
1:10, in Figure 6 and in Figure 7, respectively. These two cases should provide the longest (for 10:1)
and shortest (for 1:10) possible flow paths among the bedrock models considered here. The length of
the flow path from each repository in each of these two cases may be estimated from the model result.
In the 10:1 case, the flow paths from the near-coast repository sites are very short, nearly vertical, and
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trending upwards towards the coast (Figure 6), with path lengths of 3 km or less (path lengths shorter
than 3 km, which may be possible in these locations, cannot be resolved on the mesh used).

Figure 5 Salt concentration and flow field for bedrock case (10:1). Cross-section viewed from the south. (Similar,
though not identical, section as in oblique view of Figure 4.) Vertical exaggeration = 10x, total depth of section is
about 10 km. Concentrations shown are fractions of maximum salt concentration. Velocity vectors are shown
projected onto the plane of cross section. Flow direction is in the direction of the line extending from the dot that
represents the base of the vector and vector length is proportional to velocity. Approximate locations of potential
repository sites are shown as rectangles.

Simpevarp site.

Oskarshamn-south site.

Hultsfred-east site.

Comparison site.
(Plume to the north shown darker for clarity.)

Figure 6 Flow tubes for the 10:1 case. View from the southeast towards the northwest.
Arrows indicate repository site locations.
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These path lengths are about ten times shorter than the longest paths from Hultsfred-east, where flow
occurs from west to east (left to right in Figure 6) over a distance of about 25 km before discharging at
an inland point, and a over distance of about 50 km before discharging at the coast. The comparison
site, situated in a highland area in the western portion of the region, has the longest flow path (about
130 km) discharging at the east coast. Another flow tube from the site discharges at Vättern Lake
(about 60 km). At both Hultsfred-east and the comparison site, the flow path is directly downward from
the repository location for a few km before becoming horizontal. In the 1:10 case, the flow paths from
the coastal repositories are again short, about 3 km or less (Figure 7). At the Hultsfred-east site, the
flow path is directly downwards until at a few kilometres depth, it turns upwards towards the coast and
then becomes difficult to track beyond 30 km. Some areas in the site have local upflows with very
short path lengths. At the comparison site, the flow path leaves the repository directly downwards until
it splits into two parts at several kilometres depth. One path travels east, but concentrations are too
low to track the plume to its discharge point, possibly at the coast (path length at least 45 km). The
other path rises towards a discharge point south of Vättern Lake (path length about 35 km long). At
the margins of the comparison site, there are locations that have very short upward flow paths.

Simpevarp site.

Oskarshamn-south site.

Hultsfred-east site.

Comparison site.

Figure 7 Flow tubes for the 1:10 case. View from the southeast towards the northwest.
Arrows indicate repository site locations.

Return-flow times
Maps of return-flow times at a repository depth of 500 m for each bedrock case are shown in Figure 8.
These maps show where, at 500 m depth, repository locations would have very long and very short
travel times for escaping radionuclides. The details of distributions at each site should not be overinterpreted because of the coarse mesh; the larger patterns of return-flow times are most meaningful.
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Figure 8 Return flow times at depth of 500 m for four cases of bedrock permeability
(horizontal permeability: vertical permeability). Map view with four repository sites indicated.
Three potential repository sites and comparison site shown.
TopLeft 10:1, TopRight 10:10, BottomLeft 1:1, BottomRight 1:10.

Regions indicated to be ‘inconclusive’ in Figure 8 were affected by numerical instability. The coastal
repository areas have return-flow times less than 10 ka for each case with high horizontal permeability.
For cases with low horizontal permeability, return-flow times at the coastal sites are approximately 10
times greater than with high horizontal permeability. The eastern portion of the repository area at
Hultsfred-east has a return flow time of up to 100 ka for each case with high horizontal permeability
(10:1 and 10:10), which is up to 10 times longer than at the near-coastal sites. Whereas there is some
spatial variation of return-flow time in the Hultsfred-east area, the eastern portion of this area
persistently has a relatively high return-flow time in both of these cases, and may be of sufficient size
to indicate relatively long travel times for a repository at that site. For the isotropic case with low
horizontal permeability (1:1), return flow times in parts of the eastern portion of Hultsfred-east are
greater than 100 ka, greater than at the coastal sites. For the case with lower horizontal than vertical
permeability (1:10), return-flow times are similar for the eastern portion of Hultsfred-east, and for
Simpevarp and Oskarshamn-south. The comparison site, at a location arbitrarily selected for relatively
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good performance in all cases, consistently exhibits very long return-flow times from 10 ka to greater
than 100 ka (except with a maximum of 100 ka for the isotropic, high-permeability case, 10:10).
Furthermore, the advantageous area is relatively large, facilitating the siting of a repository reliably
within the area of high return-flow time, although a finer mesh in that area would allow potentially
smaller-scale recharge-discharge systems to be evaluated. In each bedrock case, there are regions in
southeastern Sweden with very long return-flow times. Some of these regions have relatively long
return-flow times for all bedrock cases considered. These regions include the eastern portion of
Hultsfred-east and the comparison sites. Other regions, including the coastal sites, have return-flow
times that vary substantially among the cases considered.

Recharge and discharge areas
The recharge and discharge areas for ground water at the land surface in southeastern Sweden, as
determined by the 3D simulation (for the extreme cases) are shown in Figure 9. Areas of discharge
occur along stream valleys and in most depressions in the terrain, whereas relatively high ‘plateaus’
are usually recharge areas. The simulated locations of recharge and discharge areas do not change
substantially under of the different assumptions for bedrock properties. For the 10:1 case, the coastal
repository areas are mostly below discharge areas for ground water, whereas a recharge area is
above most of the Hultsfred-east site. The comparison site is entirely below a recharge area. For the
1:10 case, recharge and discharge locations at the land surface change over short distances, and all
sites contain both recharge and discharge areas at the surface.

Figure 9 Map of recharge and discharge areas at land surface for two cases with three potential repository sites
and comparison site shown. (Dark = recharge area. Light = discharge area.) Left: 10:1, Right: 1:10.

Discussion of 3D results
The present study provides some specific results concerning ground-water flow in southeastern
Sweden, but it is primarily a demonstration of techniques and concepts related to siting of nuclear
waste repositories with respect to recharge and discharge areas. In general, path lengths for the
extreme bedrock cases considered from the near-coast repository areas, Simpevarp and
Oskarshamn-south, are at least 10 times shorter than for the inland locations, Hultsfred-east and the
comparison site. Coastal sites probably are within a band of short path length (less than 3 km) from a
repository. Flow path volumes from the near-coast repository areas are at least 10 times smaller, and
may be a few orders of magnitude smaller than for inland locations for the extreme cases considered.
Travel times (i.e., return-flow times) from the near-coast repository areas generally are 10 or more
times shorter than for inland locations for cases with the high value of horizontal permeability of the
bedrock (10:1 and 10:10). For the cases with low horizontal values of bedrock permeability, travel
times are similar among all sites. The comparison site is one of the better sites in southeastern
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Sweden, considering path length, travel time, and flow path volume. The comparison site is highlighted
to point out that it is possible to identify sites in southeastern Sweden that have extremely long path
lengths and travel times. The inland sites have a longer path length than the coastal sites for all of the
cases. In addition, travel times at inland sites are longer than for the coastal sites for some cases, and
are about equivalent for the other cases. The comparison and eastern portion of the Hultsfred-east
sites may thus be preferable as repository sites, in terms of such hydrogeologic factors, to the coastal
sites. Furthermore, the flow fields in the two extreme cases of bedrock anisotropy considered indicate
that the inland sites are located in areas of recharge and deep downflow, and the coastal sites are in
areas of shallow flow and discharge. If the bedrock anisotropy considered includes the regional
anisotropy that is representative of the bedrock in the region, then the inland sites considered are
indeed located within two of the primary recharge areas in the region.

CONCLUSIONS
A general approach to identification of nuclear waste repository locations that maximizes the key
hydrogeologic safety factors of path length, travel time and path volume, involves the use of a set of
3D variable-density numerical models of the subsurface, each representing a different conceptual
model of regional bedrock properties. The need to use many conceptual models is an admission that it
is not possible to define a unique model of the bedrock because its properties cannot be easily
measured at the spatial scales of interest. The general approach to identifying ‘upstream’ sites thus
involves identification of sites that perform well in a realistic range of conceptual models of the
bedrock. To identify which sites have long path length and travel time and large path volume for
potentially escaping radionuclides, techniques of visualizing a 3D flow field in a numerical model
include creation of flow tubes, mapping of recharge areas, and mapping of return-flow times (reverseflow ground-water age). These solute-transport modelling techniques are also applicable to other
ground-water-flow problems with constant or variable fluid density, such as coastal seawater intrusion.
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