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PREFACE

This report concerns a study which is part of the SKI performance assessment project
SITE-94. SITE-94 is a performance assessment of a hypothetical repository at a real site.
The main objective of the project is to determine how site specific data should be
assimilated into the performance assessment process and to evaluate how uncertainties
inherent in site characterization will influence performance assessment results. Other
important elements of SITE-94 are the development of a practical and defensible
methodology for defining, constructing and analyzing scenarios, the development of
approaches for treatment of uncertainties and evaluation of canister integrity. Further,
crucial components of an Quality Assurance program for Performance Assessments
were developed and applied, including a technique for clear documentation of the
Process System, the data and the models employed in the analyses, and of the flow of
information between different analyses and models.

Bjorn Dverstorp
Project Manager



Abstract

The following report details the methodology and preliminary results from the
modelling of radionuclide transport from a hypothetical repository based at the Aspo
site in SE Sweden, as part of SKI's SITE-94 investigations.

The work complements and utilises results from regional-scale, variable density flow
modelling by Provost et al. (1996) in which the groundwater flow field is time-
dependent, reflecting the impact of climate evolution over the next 130,000 years at the
site. The climate evolution and its impacts are qualitatively described in the Central
Climate Change Scenario (King-Clayton etal., 1996), which specifies a hypothetical
evolution of the local climate over the period modelled, including the periodic
development of permafrost conditions and ice sheet advance and retreat. The work
summarised here is complementary to the transport calculations undertaken as part of
the SKI SITE-94 Performance Assessment project, with the specific objective of
quantifying the impact of transient changes in flow direction and magnitude. The
spatial evolution of ?9Se and 129J contaminant plumes, released from the hypothetical
repository under the influence of time-dependent (step-wise varying) head boundary
conditions associated with ice sheet and permafrost development, is compared with that
of a steady-state Base Case based on continuing present-day conditions. Two Base
Case models are considered: (1) a geometry which encompasses a hydraulic
conductivity distribution, with kxx > kyy, (2) a geometry which encompasses an
alternative hydraulic conductivity distribution, with kyy > kxx.

The results indicate that temporal changes in flow conditions owing to future climate
changes have a significant effect on the transport of radionuclides from a repository.
However, it must be recognised that the results of these sensitivity studies relate to a
different transport geometry (dominated largely by two-dimensional dispersion) than
that used for the main transport calculations presented in SITE-94 (in which transport is
dominated by an upward advective path; SKI, 1996). Thus, a direct comparison is not
possible between the results presented here and those presented in SITE-94.

79Se release is assumed to occur at a constant rate throughout the time period modelled.
A high sub-ice recharge scenario with periods of continuous permafrost (no open taliks)
has a significant effect on flux of 79Se to the biosphere, with the maximum flux being
three orders of magnitude greater than that of the Base Case. A scenario with high sub-
ice recharge and no permafrost in the Aspo area has the greatest impact on biosphere
flux, with a maximum flux of more than three orders of magnitude greater than that of
the Base Case. Interestingly, a low sub-ice recharge scenario (with periods of
permafrost) results in a lower cumulative ?9Se biosphere flux than the steady-state Base
Case, at least at the end of the first glacial cycle. In all scenarios modelled with time-
dependent boundary conditions, the maximum flux occurs towards the end of the
second main glacial period (117-119 ka), with another distinct peak at the end of the
first main cycle (70-73 ka), both of which correspond to periods of high discharge at
the margin of the ice sheet.

In two separate sets of calculations, |29I release is modelled as (1) an instantaneous
pulse, and (2) a constant rate release. For a pulse release, there is little apparent effect of
climate change on biosphere flux, since most of the nuclide has migrated out of the
modelled domain before significant climate change occurs (at 10 ka). For a constant
'291 release rate, the flux to the biosphere is affected in a qualitatively similar way to
that described above for ?9Se, although, for the high sub-ice recharge with permafrost,
the maximum flux is only one order of magnitude greater than that of the Base Case;



this reflects the much longer half-life and low retardation of '2

For a geometry which encompasses an alternative conductivity distribution, with kyy >
kxx, there is a far greater contrast between the Base Case biosphere fluxes and the time-
dependent Central Scenario biosphere fluxes. This is attributable to the passage of all
flux vertically or near-vertically to the biosphere and lower Base Case fluxes. This
geometry provides a more conservative representation of potential flux to the biosphere,
since most of the flux is directed to the biosphere throughout most of the Central
Scenario periods. However, in all of the time-dependent scenario cases, sensitivity
tests show that the periods of maximum, upward-directed flow are representative of the
total flux out of the modelled region (ie. all significant flux is across the biosphere
boundary).

Short-term fluxes exceeding the steady-state, near-field flux value occur because of
step-ups in flow velocity (during the periods of peak discharge), which cause a rapid
pulse of nuclide to pass out of the system before steady-state is once again reached.
Fluxes to the biosphere may be 3 times that of the near-field flux. These pulses occur
for both 79Se and 1291, but in the cases of ?9Se the pulses do not appear to reach a peak
within the time-period (2000 years) of the calculations representing the greatest step-ups
in flow velocity. Calculations over longer periods of time provide the magnitude and
timing of these retarded peak ?9Se fluxes. The occurrence of these peak fluxes
requires careful consideration in any Performance Assessment designed to take account
of future changes in groundwater flow conditions.

A feature of further interest to Performance Assessment studies is the magnitude of flux
to the biosphere during periods when the area may be habitable, notably the interglacial
periods, 0 to 10 ka, 73 to 85 ka and 123 to 130 ka. ?9Se and '291 fluxes are generally
higher than the Base Cases for the scenarios analysed, by up to two orders of
magnitude for the cases with high sub-ice recharge, but only by about 50% for the case
with low sub-ice recharge.

Thus, the results indicate that temporal changes in flow conditions owing to future
climate changes can have a significant effect on the transport of radionuclides from a
source at depth. In all cases modelled with time-dependent boundary conditions, the
greatest radionuclide fluxes occur towards the end of the main glacial periods (periods
with ice sheet coverage), and correspond to periods of high groundwater discharge at
the margin of the modelled ice sheets. These short-term flux maxima may exceed the
corresponding fluxes from the near-field and represent a relatively rapid 'flushing out'
of radionuclides from the repository host rock. Fluxes to the biosphere may, for limited
periods (-2000 years or less), be 3 times higher than those from the near-field. The
occurrence of these peak fluxes requires careful consideration in any Performance
Assessment designed to take account of future changes in groundwater flow conditions.

The study provideds a quantitative way of illustrating the possible effects of future
glaciations on radionuclide transport from a repository. Such effects are likely to be
significant in any potential siting area predicted to be affected by future periods of ice
cover.

i i
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1. Introduction

1.1 Background to SITE-94

The objective of the SITE-94 Project is to assist SKI in preparing for licensing a
repository for spent nuclear fuel (SKI, 1996). This involves the development of a
Performance Assessment methodology to be used by SKI in reviewing repository sites,
which allows the assimilation of site-specific data and an evaluation of the effects of
uncertainty in these data. The analyses within SITE-94 are based on site-specific data
from the Aspo Hard Rock Laboratory of SKB.

1.2 Evolution of the Aspo Site: The Central Scenario

Part of the SITE-94 project involves the construction of scenarios to assist in the
evaluation of the future behaviour of a deep repository for spent fuel (King-Clayton et
ah, 1996). The project uses real data from the Aspo site and assumes that a
hypothetical repository (reduced in size to approximately 10%) is situated at about
500m depth in granitic bedrock in this coastal area of SE Sweden. In the course of
time, the climate of this area is likely to change and, on the basis of past climatic
variations, periods of permafrost and ice sheet cover are to be expected. Thus, a
Central Scenario, involving prediction of the climate and consequent surface and
subsurface environments at the site for the next c. 130 000 years, is central to the
scenario definition work. The objective of this work is to provide a first indicator of the
physical and hydrogeological conditions below and at the front of the advancing and
retreating ice sheets, with the aim of identifying critical aspects for modelling impacts of
future glaciations on far-field groundwater flow, rock stress and groundwater
chemistry. These changes may significantly alter the pattern of groundwater flow and
thus the migration of radionuclides released from a hypothetical repository located in the
Aspo area.

1.3 Scope and Objectives of the Present Work

The work outlined in this report involves a series of 2D site-scale transport calculations
for a hypothetical repository located in the Aspo area, comparing results obtained using
steady-state boundary conditions based on present-day conditions with those obtained
using the transient boundary conditions implied by the Central Scenario (King-Clayton
et al., 1996) and regional-scale hydrogeological modelling (Provost et ai, 1996).

The objectives of the study are:

• for a limited number of example radionuclides and for a highly simplified
representation of near-field release and geosphere transport, to determine how,
and to what extent, transient boundary conditions influence the migration of a
plume of radionuclides emanating from the repository, and

• to obtain an indication of the consequences of neglecting such transients in
more complex Performance Assessment transport models.



2. The Computational Tool: Laplace-2D

2.1 Capabilities of the Code

The calculations reported in this document employ the computer code Laplace-2D. The
technical details of Laplace-2D are described fully in Robinson & Williams (1994).
Usage of the code is described in Impey etal. (1994). The governing equations solved
by the code are presented in Sections 2.2 and 2.3. Laplace-2D is a fully interactive
graphical tool for simulating flow and transport in groundwater flowing through sub-
surface permeable media. The code is designed to enable graphical specification and
solution of flow and transport in complex, multi-component, two-dimensional
geometries. Finite element and Laplace inversion methods are used to maximise
efficiency and robustness.

The user may:

• Draw a model region consisting of several sub-regions with different flow or
transport properties. The flow properties which must be specified are:

the hydraulic conductivity (which may be anisotropic);

the hydraulic head around the outer boundary of the model
region.

The transport properties are:

the flow porosity;

longitudinal and transverse dispersion lengths;

a diffusion constant;

a retardation factor, which may be selected to account for matrix
diffusion and sorption on pore surfaces;

the rate of radioactive decay;

flux or concentration conditions around the outer boundary of
the model region.

• Define a radionuclide source or an initial radionuclide concentration within a
particular sub-region or sub-regions.

• Generate a finite-element grid for the region, with the levels of grid refinement
specified on a sub-regional basis.

• Display the results of flow and transport calculations. The flow field may be
displayed as:

a contour plot of the hydraulic head;

an array of Darcy velocity vectors.

The results of the transport calculations may be displayed as:



contour plots of radionuclide concentration at specified times;

plots of the concentration along specified region or sub-region
boundaries at specified times;

plots of the flux across specified region or sub-region
boundaries as a function of time;

plots of the flux, integrated with respect to time, across specified
region or sub-region boundaries as a function of time.

Version 1.0 of Laplace-2D, which is described in Impey et at.. (1994), is limited to
time-independent flow and transport properties and time-independent boundary
conditions. The principal aim of the present work is to examine the effects of a time-
dependent climate state, which will give rise to time-dependent hydraulic-head
boundary conditions and a time-dependent hydraulic conductivity in the region of the
model affected by a transient permafrost layer. A modified version of Laplace-2D was
therefore employed which allows step-wise changes in properties and boundary
conditions.

The modified version of the code allows the total time-span over which a calculation is
to be performed to be divided into a number of steps. The duration of each step is
chosen to facilitate the simplification of the expected variation in properties and
boundary conditions such that, in the course of each step, they may be treated as
constant (see Section 4 for further details).

A calculation thus proceeds as follows:

• The calculation is performed, with fixed flow and transport properties and
boundary conditions, from time zero (i.e. the present day) to the end of the first
time step.

• The distribution of radionuclide mass is saved in a file.

• The flow and transport properties and boundary conditions are modified to
values appropriate to the second time step.

• The distribution of radionuclide mass is read from the file; this distribution
provides initial conditions for the transport calculation of the second time step,
although the initial source properties may be re-specified.

• The calculation is performed to the end of the second step.

• The procedure is repeated until the total time-span has been covered.

2.2 Governing Equations for Groundwater Flow

The governing equation for flow is Darcy's law:

q = -tVP
(2.1)



together with conservation of mass:

V . q = 0
(2.2)

where

q [ma-i] is the Darcy velocity;

k [ma-i] is the hydraulic conductivity tensor;

P [m] is the non-hydrostatic hydraulic head.

2.3 Governing Equations for Transport

The governing equation for radionuclide transport through the repository host rock is:

R t - y - = - v . V C + V . D . VC-^.R (C + Q

(2.3)

where D [m2a'] is the dispersion tensor, given by:

D = (D +a v|)l + (a - a V^

(2.4)

and

C [mol m-2] is the radionuclide concentration;

Rf [-] is a retardation factor accounting for the effects of matrix
diffusion and sorption on matrix pore surfaces;

v [ m a ' ] is the porewater velocity (= q / ef);

q [ma-i] is the Darcy velocity;

£f [-] is the flow porosity (the porosity accessed by flowing
groundwater);

(XL [m] is the longitudinal dispersion length;

OCT [m] is the transverse dispersion length;

X, [a-1 ] is the rate of radioactive decay;

Q [mol m-2 a-1 ] is the rate of release of radionuclides per unit area;



Do [m2 a1 ] is the molecular diffusion constant;

I is the identity matrix.

Boundary conditions for flow and transport are given in the descriptions of the various
cases calculated in the following sections.



3. Description Of The Base Cases

3.1 Introduction

In the Base Cases, the following assumptions are made:

• A single calculation is performed to cover the entire time-span of interest.
Hydraulic-head boundary conditions are based on the results of larger-scale
groundwater-flow calculations (Provost et al., 1996), which in turn assume
constant climatic conditions corresponding to those at the present day.

• The host rock is treated as a homogeneous medium, with hydraulic conductivity
and flow porosity averaged over the calculational region.

• Radionuclides emanate at time zero from a sub-region, the repository sub-
region, with dimensions typical of the cross-section of a HLW repository: 25m
x 500m.

• No attempt is made to model the 'fine structure' of the repository (i.e. tunnels,
shafts, emplacement holes, excavation-disturbed zones, etc.); the dimensions
assigned to the repository sub-region should therefore not be over-interpreted.

• The properties assigned to the repository sub-region are the same as those of the
surrounding host rock; in reality, backfilled tunnels and emplacement holes
would have a very low hydraulic conductivity, whereas the adjacent excavation-
disturbed zones would have an elevated hydraulic conductivity with respect to
the undisturbed rock.

Calculations are performed for two example radionuclides:

• 79Se, which is moderately sorbing and has a half-life comparable to the time-
span covered by the calculations.

• '29it which is weakly sorbing (treated in the calculations as non-sorbing) and
has a half-life which greatly exceeds the time-span covered by the calculations.

79Se is assumed to be released at a constant rate throughout the time-span of the
calculations. This treatment is appropriate for ?9Se since its release rate is likely to be
solubility limited and, therefore, approximately constant, over long periods. In reality,
there will be some dependence of the release rate on the rate of groundwater flow
around the repository; high groundwater flow rates decrease the radionuclide
concentration around the near-field, increase concentration gradients across the near-
field and, thus, lead to an increased release rate. There will also be an initial transient
period, during which the rate of release will build-up to its long-term, approximately
steady value. This transient period is neglected in the calculations, as is the depletion of
the 79Se inventory within the repository which, in reality, will lead to a final transient
period during which the release rate falls to zero. The neglect of these transient periods
is conservative, since total radionuclide release will be over-estimated. Furthermore, a
constant release rate simplifies the interpretation of results. The object is to assess the
importance of long-term climatic changes on the performance of the geosphere, and the
details of near-field behaviour are not required for this purpose.

The release of '29I is treated in two different ways:



• A part of the inventory is assumed to be released instantaneously. This treatment
is appropriate for the gap inventory.

• A part of the inventory is assumed to be released at a constant rate. This may be
regarded as the '291 incorporated into the matrix of the spent fuel although, in
reality, the release rate may show a more complex time-dependence.

For both example radionuclides, where a constant release rate is assumed, that release
rate is assigned a unit value (i.e. 1 mol a-'). This facilitates interpretation of the results.
For example, if the calculation yields a release of 0.1 mol a-' to the biosphere, this
should be interpreted as a release to the biosphere which is 10% of that from the
repository. Because the governing equations are linear, the results can simply be scaled
if the actual release from the repository is known (i.e. from a separate, detailed near-
field calculation).

Similarly, where an instantaneous release is assumed the total mass released is assigned
a unit value (i.e. 1 mol.). If a total of 0.99 mol. passes to the biosphere, then 1% of the
inventory decays within the geosphere. Because the half-life of 1291 j s long compared to
the time-span covered by the calculations, there is expected to be negligible decay
within the geosphere for this radionuclide. Again, the results can be scaled in a simple
manner: in this case, by multiplying the calculated releases by the initial inventory.

3.2 Input Data for Flow Calculations

The hydraulic conductivity tensor for the Base Case calculations is taken from the
homogeneous model of the crystalline basement rock of Sweden presented in Voss &
Andersson (1991), which is based on the idealised fracture network illustrated in
Figure 3.1:

5000 m

1000 m

40 m

x; horizontal

Figure 3.1. Idealised network of fracture zones used as a basis for a homogeneous model of the
Swedish basement rock.



The components of the hydraulic conductivity tensor are obtained by averaging over a
representative elementary volume (REV):

•\ ~ I 0 C\£l f\ i ^\ 1 f\'~ '1 "' 10" x 960 + 2 x 10 x 40 _, „ „ „ -i
kxx = — J Kdx= — ms =0.32 ma

kxy = Oma"'

kyx = Oma"1

1 "r" J 10"'°x4950+2x 10"7x50 ., ^ M o _,
kyy = 7 ~ J K d y = 5000 m S *-032m*

(3.1)

where xrev [m] and yrev [m] are, respectively, the horizontal and vertical dimensions of
the REV and K [ma-'] is the isotropic hydraulic conductivity within and between the
fracture zones of the idealised network.

The flow modelling of Provost et al (1996) has incorporated two alternative models
based on this idealised fracture network, which are here represented by:

(1) Base Case 1, with an anisotropy ratio of kxx:kyy equal to 10:1 (kxx = 0.32ma-',
kyy=0.032ma-i);

(2) Base Case 2, with an anisotropy ratio of kxx:kyy equal to 1:10 (kxx =
O.OO32ma-', kyy=0.032ma-i).

Base Case 2 represents a poor horizontal connectivity between fracture zones. This case
may be more representative of the local control on groundwater flow at the Aspo site
itself.

3.3 Calculation of Radionuclide Transport

It is assumed that the rock can be described as a dual-porosity medium. Specifically,
porosity is modelled as either:

• flow porosity, due to a network of fractures of aperture 2b [m], in which
transport is dominated by advection in flowing groundwater;

• matrix porosity, contained within fracture wallrock of solid density p [kg m-3],

porosity ep [-], pore diffusion constant Dp [m2 a 1 ] and sorption constant K<j
[m3 kg-'], in which transport is dominated by diffusion and sorption on pore
surfaces.

If diffusing radionuclides saturate the wallrock to a depth yp [m] from the fractures, the
retardation factor Rf is given by:



,= 1+8 1
1 p

(3.2)

where Rp [-] is a retardation factor for matrix diffusion:

R p =l + pKd-

(3.3)

If the fractures are assumed to be uniformly spaced, with a separation of ys [m], then:

b = y s ~ -
l-ef

(3.4)

and

(3.5)

If both the flow porosity and matrix porosities are small, so that:

e f < l ; e « 1 ;
£ P

(3.6)

then:

(3.7)

In general, for transient sources of radionuclides, the depth yp to which radionuclides
penetrate the matrix is a function of both space and time. However, yp can be
approximated by a constant if:

(1) diffusion is limited to a narrow zone of wallrock (for example, a narrow zone of
altered wallrock adjacent to the fractures of higher porosity than the unaltered
wallrock);

(2) fracture spacing is small, so that the entire matrix becomes rapidly saturated
with radionuclides (yp = ys, Rf = pKd/e f);

(3) the source of radionuclides varies only slowly with respect to the rate of



radionuclide transport, so that yp can be estimated from a steady-state solution
of the transport equations.

It is the latter case which is considered here. The value of yp is a function of geometrical
constraints (i.e. the separation of the fractures) and of radioactive decay. The steady-
state solution gives:

= utanh — U if

(3.8)

where:

(3.9)

3.4 Input Data for Transport Calculations

The transport data used in the calculations presented in this document are shown in
Tables 3.1 and 3.2.

Table 3.1: Radionuclide-independent data for transport calculations.

Parameter

Matrix porosity

Effective diffusion constant for the
matrix

Average fracture separation

Flow porosity

Solid density of matrix

Dispersion, Peclet Number

Value

ep = 0.005

epDp = 3.2x 10-6 m2a-1

y s = 10 m

ef = 0.001

p = 2500 kg m-3

Pe= 10

Comments

See Table 8-5 in SKB (1992).

See Table 8-5 in SKB (1992).

Calculated on the assumption of
evenly spaced parallel fractures
without infill and a specific
surface area of 0.1 n r ' (see
Table 8-5 in SKB 1992).

Private communication from C.
Voss, U.S. Geological Survey;
see also p. 12 in Voss &
Andersson(1991).

Typical value for crystalline
rocks.

Typical value (see review in
Nagra, 1994, p. 238).

Dispersion values have been based upon an assumption of a Peclet Number of 10 and a
path length of 1000m, such that longitudinal dispersion is of the order of 100m

10



Transverse dispersion has also been considered, but owing to the general lack of
understanding of this process, it has been estimated to be an order of magnitude less
than longitudinal dispersion. It must be noted that Laplace-2D models dispersion as a
Fickian process such that upstream dispersion will occur in addition to the more realistic
downstream dispersion. This upstream dispersion is therefore an artifact and should be
considered when interpreting calculation results (see Section 5).

Table 3.2: Radionuclide-specific data for transport calculations.

Parameter

Sorption constant

Half-life

Diffusion length scale

matrix penetration depth

Proportion of matrix
saturated with
radionuclides in the
steady state

Retardation factor

Value

1291

Kd = 0m3kg-i

T 1 / 2 =1.6x lO^a

-

-

R f = l

™Se

Kd = 0.001
m^lcg-i

Ti/2 = 6.5x 1 0 ^

[i = 0.35 m

yp = 0.35 m

yp/ys = 0.035

R f=87.5

Comments

See Table 8-5 in SKB
(1992).

From Equation 3.9.

From Equation 3.8.

From Equation 3.7;
for '29I, no credit is
taken for the retarding
effect of matrix
diffusion.

3.5 The Base Case Geometry

The governing equations for groundwater flow and radionuclide transport are solved
within the rectangular region bounded by the line SI, as illustrated in Figure 3.2.

The inner region, bounded by the line S4, is considered to be the source of
radionuclides.

The regions bounded by the lines S2 and S3 are not intended to have any physical
significance. Their purpose is:

• to allow code Laplace-2D to generate a finite-element mesh with smoothly
varying refinement, from the coarse mesh far from the repository to the fine
mesh around the repository, where concentration gradients are expected to be
greatest;

• to provide surfaces around which the radionuclide flux can be integrated, in
order to illustrate the attenuation resulting from transport through the host rock.
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The lines LI and L2 have a similar purpose and, in addition, are used to define the near-
surface region affected by permafrost (see Section 4.2.1).

This geometry is the same for both Base Case 1 and 2. Figure A.I (Appendix A)
shows the Base Case 1 geometry, head and flow conditions as visualised within the
Laplace-2D code.

512.5 m

1350 m 1350 m

Figure 3.2. Dimensions of the domain and sub-domains in which groundwater flow and radionuclide
transport are calculated.

3.6 Boundary Conditions and Radionuclide Sources

The hydraulic head is specified around the line SI (Figure 3.2). The head is assumed to
vary linearly along each of the straight sides of the rectangular region bounded by S1.
From the results of the groundwater flow modelling (Provost et ai, 1996), the present-
day porewater velocity around the location of the hypothetical repository is equal to 2.5
x 10-8 m s-' in a south-eastward (positive x) direction, at an upward angle of 2.2° to the
horizontal. In the Base Cases, time-variations in groundwater flow are neglected. Head
gradient boundary conditions are selected in order to reproduce this velocity in the
radionuclide transport calculations. Around SI, the components of the head gradient
are, therefore, given by:

•
x 10'* x cos (2.2°) 3= 2.5 x 10 ,

10"

dP _ v . y _ 3 2 .5x10 ' x sin (2.2
—; — £ . . — 1 0 x _ Q
dy f k io

= 9.6x10
- 4

(3.10)

(3.11)

Along the downstream boundaries (i.e. the right-hand side and lower side of the region
bounded by SI in Figure 3.2), the transport boundary condition is one of zero
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concentration, since there are assumed to be no sources of radionuclides outside this
region. At ground level (i.e. the upper side of the region bounded by SI), a zero-
concentration boundary condition is also applied, corresponding to high dilution in
either the sea or in surface streams. Along the remaining boundary, a zero normal
dispersive flux is assumed:

( D . VC) .x=0
~ (3.12)

Two types of initial/boundary conditions are assumed within the region bounded by S4:

• Where radionuclides can be assumed to be released instantaneously from the
repository (e.g. 1291 from a defective waste package), an initial (uniform)
radionuclide concentration is set within S4. For simplicity, a unit amount of the
radionuclide is assumed to be released. Therefore, at time zero, a concentration
of l/(£fAs4) = 0.08 mol nv2 is set, where A54 is the area enclosed by S4. In the
absence of radionuclide decay, the total radionuclide flux through either SI, S2
or S3, integrated with respect to time, would be 1 mol.

• Where a constant release rate from the repository can be assumed (e.g. the
solubility-limited release of 79Se), the release rate is set to unity for simplicity:

mola~' = efQAS4.
(3.13)

Thus, Q = 8 x 10-2 mol m-2 a1. In the absence of radioactive decay, the steady-
state total radionuclide flux through either SI, S2 or S3 would be 1 mol a-'.

3.7 Transport Results: Preliminary Tests

3.7.1 Steady Release of a Non-Sorbing Inactive Tracer (129|)

Results are shown in Figure A.2 (Appendix A) for a hypothetical, non-sorbing and
inactive tracer, released at a fixed rate of 1 mol a-> from a repository assumed to be
located in the region bounded by S4, for Base Case 1. Because of its long half-life and
low sorption, these results may be taken as indicative of the behaviour of ' 29I. The total
flux is calculated across the lines S3 (inner boundary), S2 (middle boundary), SI (outer
boundary) and also the upper side of the rectangle formed by SI (biosphere). The total
flux, F [mol a1] is obtained from the formula:

F= J ( v C - D VC).ridS.
SI. S2 or S3

(3.14)

As expected, unit total flux (1 mol a-i) is calculated as passing through the inner,
middle and outer boundaries. Approximately 24% of the total flux passes to the
biosphere (the upper boundary of the modelled region); the remainder passes through
the downstream vertical boundary.
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3.7.2 Steady Release of an Active Tracer (79Se)

Results for 79Se are shown in Figure A.3 (Appendix A) for Base Case 1. The system is
hypothetical in that the release of ™Se is assumed to continue at a given (unit) rate for
all time (IMa in this calculation) even though, in reality, all the 79Se in the repository
would either have been released or have decayed to insignificance well before this time.
The results are intended to be purely illustrative of the behaviour of the geosphere. It
can be seen that steady-state conditions within the inner boundary are attained within
about 105 years and within somewhat less than IMa for the outer boundary. The
steady-state total flux across the inner boundary is about 49% of that from the
repository. The steady-state total flux is about 21% across the middle boundary and
about 1.2% across the outer boundary, most of which passes to the biosphere.

The results can be checked against a simple, one-dimensional steady-state solution of
the transport equations, in which both longitudinal and transverse dispersion are
neglected. For a one-dimensional portion of the geosphere of length L [m], the ratio of
total flux leaving the system, Fout [mol a-'], to that entering the system, £fQAS4 [mol

a-1], is given by:

£fQA
• = exp - •

S4

(3.15)

Advection is predominantly horizontal. Taking L as the horizontal distance from the
centre of the repository to each of the boundaries, the results given in Table 3.3 are
obtained.

Table 3.3. Comparison of the Laplace-2D results with a one-dimensional, steady-state analytical
solution.

Boundary

inner (S3)

middle (S2)

outer (SI)

ID advection
distance (L)

650 m

1350 m

4850 m

ID analytical
solution

oul

- ^ ^ ( E q . 3.15)

0.46

0.20

0.003

2D numerical
solution

(Laplace-2D)

0.49

0.21

0.012

The Laplace-2D results are consistent with the analytical solution for the inner and
middle boundaries, indicating that the dominant mechanisms influencing transport are
horizontal advection and decay. In the case of the outer boundary, however, most of the
calculated flux passes through the upper surface (the biosphere) and reaches there
predominantly by transverse dispersion rather than by advection. The ID analytical
solution is inappropriate in this case.
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3.8 Transport Results: Steady Release of 79Se

The results for the Base Cases over a period of 130 ka (the period considered for the
Central Scenario calculations, see below) are shown in Figure A.4a, b & c (Appendix
A). All sources and boundary conditions are as described in the previous sections.

3.8.1 Base Case 1

It can be seen that the flux of 79Se to both the biosphere and the eastern boundary
(eastern side of SI, Figure 3.2) does not reach steady-state within the calculation
period. A maximum flux of 0.00078 mol a-i passes to the biosphere after 130 ka and
the cumulative flux at this time is 30.2 moles (the cumulative flux released from the
repository is 130 000 moles). The cumulative flux to the eastern boundary is far less
than that to the biosphere, by three orders of magnitude.

3.8.2 Base Case 2

It can be seen from Figure A.4 b & c (Appendix A) that the flux of ?9Se to both the
biosphere in this case does not reach steady-state within the calculation period and then
only reaches a very low flux of 9 x 10-6 mol a-1 by about 1 Ma (Figure A.4 c; Appendix
A). The cumulative flux to the biosphere over 130 ka is only 1.66 moles (which
includes apparent instabilities in flux). There is negligible flux to the eastern boundary.
These low fluxes are because of the low conductivity values of the rock in this case,
combined with the high retardation of 79Se.

3.9 Transport Results: Steady Release of 129|

The results for the Base Cases over the period of 130 ka are shown in Figure A.5 a & b
(Appendix A).

3.9.1 Base Case 1

It can be seen from Figure A.4 a (Appendix A) that the flux of '291 to both the
biosphere and the eastern boundary does reach steady-state within the calculation
period. This is due to the fact that I29I is not sorbed significantly within the geosphere,
in contrast to 79Se. Hence, flux values are greater than for 79Se (for the same
repository source); a maximum flux of 0.238 mol a1 is passes to the biosphere by 4 ka.
In this case, again in contrast to the 79Se Base Case, the flux to the eastern boundary is
greater than that to the biosphere (0.77 mol a-' versus 0.23 mol a-', respectively). This
is because the flow is nearly horizontal and there is little decay of 129I before it reaches
the eastern boundary. In the case of 79Se, the nuclide decays significantly before it
reaches the eastern boundary.

3.9.2 Base Case 2

It can be seen from Figure A.4 b (Appendix A) that the flux of 1291 to both the
biosphere and the eastern boundary does not reach steady-state within 130 ka. Despite
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the low retardation of 129I and lack of significant radioactive decay, the low
conductivity values of the host rock reduce fluxes significantly in comparison to Base
Case 1. A flux of only 0.0028 mol a-' to the biosphere is reached by 130 ka and
insignificant flux passes the eastern boundary.

3.10 Transport Results: Pulse Release of 129|

The results for Base Case 1 over the period of 130 ka are shown in Figure A.6 and A.7
(Appendix A). It can be seen that the flux of 129I to both the biosphere and to the
eastern boundary increases and then decays before the end of the calculation period. A
maximum flux of 5.8 x 10-5 mol a-i is reached across the biosphere at c. 4 ka and the
flux at 130 ka is zero. In this case, the peak flux to the eastern boundary is greater than
that to the biosphere (2.5 x 10-4 mol a-' versus 5.8 x 10-5 mol a-1, respectively). It
should be noted that the relative fluxes to the biosphere and through the eastern
boundary is strongly dependent on the location of the eastern boundary, which is
defined arbitrarily. If the eastern boundary were moved further to the east, it is likely
that a greater proportion of the 129I would pass to the biosphere. Results for Base Case
2 have not been obtained but it is likely in this case that the plume of 1291 would be
contained within the system for longer than in Base Case 1.
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4. Analysis Of The Central Scenario

4.1 Scenarios Considered

The scenarios used in this study have been based on those considered in the
hydrogeological modelling performed by Provost et al . (1996). The climate evolution
on which all of these scenarios are based is that defined in the Central Scenario (Figure
4.1; King-Clayton et ah, 1996) which 'predicts' that an ice sheet will advance twice
across the Aspo area within the next 130 000 years and that permafrost conditions will
prevail prior to each ice sheet, as shown in Figure 4.1. A number of different
hydrogeological scenarios have been developed based on this climate sequence
according to alternative assumptions and data regarding (Provost et al., 1996):

• the continuity of frozen ground during periods of permafrost: i.e. the presence
or absence of taliks (unfrozen openings in the permafrost); continuous
permafrost is modelled as a 200 m thick impermeable layer; where taliks are
assumed to be present, permafrost is not included in the model;

• the rate of basal melting and recharge of the rock during periods of ice cover: the
consequences of low (0.005 cm a-') and high (0.5 cm a-1) rates of basal melting
are assessed.

Glacial Periglacial 40 Glacial 80 Glacial 120

Possible damming of the
BalticLocal Sea Level (result

of glacio-isostacy and
eustacy)

40 60

Time (ka)

100 120

Figure 4.1. The Central Scenario as described in King-Clayton et al. (1996).

Four of these scenario cases have been considered in this study, as described below,
following the work of Provost et al. (1996).

4.1.1 Case 1112: High Sub-ice Recharge with Continuous Permafrost

This scenario sequence is characterised by high basal melting (0.5 cm a-') and recharge
beneath the ice sheet during both glacials, superimposed on Base Case 1. It is assumed
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that the pressure at the base of the ice sheet does not exceed the pressure exerted by the
weight of the ice. If it does, water is allowed to 'escape' so as to maintain a balance
between these two pressures. As in Case 1111 (below), there is continuous permafrost
across the Aspo area during periglacial periods. The permafrost has been taken to have
a thickness of 200m, which is assumed to be both spatially and temporally constant(see
below). The input data from the hydrogeological modelling of this case are summarised
in Table B.I (Appendix B).

4.1.2 Case 1111: Low Sub-ice Recharge with Continuous Permafrost

This scenario sequence is characterised by low recharge (0.005 cm a-1) beneath the ice
sheet during both glacials and continuous permafrost across the Aspo area during
periglacial periods, superimposed on Base Case 1. The input data from the
hydrogeological modelling of this case are summarised in Table B.2 (Appendix B).

4.1.3 Case 1122: High Sub-ice Recharge with discontinuous Permafrost

This scenario sequence is characterised by high recharge and basal melting (0.5 cm a-')
beneath the ice sheet during both glacials as for Case 1112, superimposed on Base Case
1. However, in contrast to the previous two cases, the permafrost is taken to be
discontinuous during periglacial periods, such that the Aspo area is assumed to be
positioned within a wide talik (or numerous closely-spaced taliks). Therefore, the Aspo
area is modelled as having no permafrost during the periglacial periods. The input data
from the hydrogeological modelling of this case are summarised in Table B.3
(Appendix B).

4.1.4 Case 1312: High Sub-ice Recharge with Permafrost (Model 2)

This scenario sequence is characterised by high recharge and basal melting (0.5 cm a-')
beneath the ice sheet during both glacials as for Case 1112, superimposed on Base Case
2 with kyy > kxx (see Section 3.2). The input data from the hydrogeological modelling
of this case are summarised in Table B.4 (Appendix B).

4.1.5 Transport Calculations Undertaken

Owing to the limited nature of this preliminary study, it has been necessary to
concentrate on calculations for ?9Se for the cases described above, although some 1291
calculations have been made. The calculations undertaken are summarised in Table 4.1
below.

4.2 Input Data: Methodology

The sequence of climate and environmental changes predicted in the Central Scenario
(King-Clayton etal.., 1996) are represented in the Laplace-2D calculations via a
number of discrete time periods, each represented by:

• a specific distribution of hydrogeological properties,

• specific flow boundary conditions.
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Table 4.1. Calculations undertaken as part of the present study.

Calculational
case and

radionuclides
modelled

10:1

Base Case 1
79Se, '291

Case 1111 79Se

Case 1112
7<3Se, I29I

Case 1122
79Se

Base Case 2
'9Se, '291

Case 1312
79Se> '291

Anisotropy of
hydraulic

conductivity
(Kxx : Kyy)

1:10

•

•

•

•

no taliks
(permafrost)

*

•

Continuity of
permafrost

taliks (no
permafrost)

low

n/a

•

•

•

n/a

Rate of basal
melting

high

n/a

•

•

•

n/a

•

4.2.1 Representation of Permafrost and Taliks

Permafrost is taken to have a hydraulic conductivity ten orders of magnitude less than
that of the host rock (1 x 10-'9 ms-' vertically and 1 x 10-18 ms-' horizontally), in
accordance with the values used by Provost et al. (1996), ie. the permafrost is
essentially impermeable. An example of the representation of permafrost and its
influence on flow conditions is shown in Figures A.8 and A.9 (Appendix A). The
model represents permafrost as a 200m thick layer with no taliks. In reality, the
thickness of the permafrost is likely to vary both spatially and temporally (as predicted
by the Central Scenario and as used in the hydrogeological modelling), but, to simplify
the transport calculations, a constant permafrost thickness, both spatially and
temporally, is assumed. The flow and transport boundary conditions are as for the Base
Case (Section 3.6). Transport results for the permafrost case, run under steady-state
flow conditions for 130 ka for 79Se (Figure A.8; Appendix A), show that flux to the
biosphere is near zero (5 x 10-7 mol a-i) for the entire period and flux to the eastern
boundary is also zero.

For the transport of '291 under a steady release (Figure A.9), the flux to the biosphere is
near zero (2 x 10-5 mol a-')- Flux to the eastern boundary, on the other hand, is greater
than that to the biosphere and is also greater in this permafrost case than in the Base
Case for '291 (1.0 verses 0.68 mol a-' respectively; i.e. effectively all of this
radionuclide is confined beneath the permafrost layer and is transported across the
eastern boundary).

The presence of taliks would significantly alter the flux to the biosphere. For example,
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if the Aspo area were to be characterised by an open talik within the pennafrost (or a
series of very closely-spaced taliks), flux to the biosphere would be unaffected by
pennafrost, as in the Base Case. However, the presence of localised taliks, which may
occur, for example, as a result of highly permeable fracture zones, would be expected to
have a significant effect on the location and magnitude of flux to the biosphere.
Although future work could encompass some of these variables, the present study was
only able to consider situations with or without a simple layer of permafrost (see
below).

4.2.2 Boundary Conditions

As outlined in Section 3.6, the flow boundary conditions are taken to be defined by the
results of the larger-scale groundwater flow modelling of Provost et al . (1996); ie.
head gradient boundary conditions are determined for each period in order to reproduce
the velocities and their inclinations calculated in the flow modelling. As described in
Section 2.1, Laplace-2D can handle step-wise, rather than continuous, changes in
boundary conditions. The results of the larger-scale flow modelling have, therefore,
been simplified and divided into a number (16) of periods, as shown in Figures 4.2 and
4.3. Each period is represented by time-constant flow boundary conditions, although
conditions may vary from one period to the next.

Tables B.I to B.4 in Appendix B show the successive time periods which have been
modelled using Laplace-2D and the associated velocity vectors, magnitudes and
resulting head gradients for each case considered.

4.3 Transport Calculations

4.3.1 Methodology

The successive calculations for each period are undertaken via a mass-transfer capability
of the Laplace-2D code, as described in Section 2. This capability allows the mass
distribution at the end of one calculation period to be input into either the same or a
different geometry (which may or may not have different boundary conditions or
properties) and then allows transport to continue under the new conditions for the next
specified period.

4.3.2 Results

The results of the calculations for the various scenarios and cases are shown in Figures
Cl to C6 in Appendix C, and in Tables Dl to D10 in Appendix D, but are also
summarised in figures in Section 5. The results are discussed in the following section.
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(a) Case 1112; actual flow data
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(b) Case 1112; simplified flow data
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Figure 4.2. Flow velocity data from the hydrogeological modelling of Provost et al. (1996) for Case
1112. Horizontal scale in 1000 years, (a) Actual flow data; (b) Simplified data in order to facilitate
transport modelling. Key: o = frost-free ground, p = permafrost, s = covered by sea, ip = ice covered
permafrost, ir = ice, with basal melting.
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(a) Case 111); actual f low data
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Figure 4.3. Flow velocity data from the hydrogeological modelling of Provost etal. (1996) for Case
1111. Horizontal scale in 1000 years, (a) Actual flow data; (b) Simplified data in order to facilitate
transport modelling. Key: o = frost-free ground, p = permafrost, s = covered by sea, ip = ice covered
permafrost, ir = ice, with basal melting.
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(a) Case 1122; actual flow data
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(b) Case 1122; simplified flow data
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Figure 4.4. Flow velocity data from the hydrogeological modelling of Provost et al. (1996) for Case
1122. Horizontal scale in 1000 years, (a) Actual flow data; (b) Simplified data in order to facilitate
transport modelling. Key: o = frost-free ground, p = permafrost, s = covered by sea, ip = ice covered
permafrost, ir = ice, with basal melting.
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(a) Case 1312; actual flow data
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(b) Case 1312; simplified flow data
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Figure 4.5. Flow velocity data from the hydrogeological modelling of Provost et ai (1996) for Case
1312. Horizontal scale in 1000 years, (a) Actual flow data; (b) Simplified data in order to facilitate
transport modelling. Key: o = frost-free ground, p = permafrost, s = covered by sea, ip = ice covered
permafrost, ir = ice, with basal melting.
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5. Discussion Of The Results

The biosphere flux and flux integral results for all the calculations undertaken with time-
dependent boundary conditions are summarised in Figures 5.1 to 5.6 and are compared
to the Base Case results. Table 5.1, below, summarises the maximum, average and
cumulative flux values to the biosphere obtained for the different cases.

Table 5.1. Biosphere flux results for the various cases analysed for 79Se. The average flux values
have been determined from the cumulative flux for a particular period, divided by the relevant time span.
The maximum peak flux values are the peak flux values read straight off the flux curves from Laplace-
2D (Appendix C) and hence may only be maintained for a very short duration (although they do not
include very short-period numerical instabilities). * This value does not include the higher value, an
artifact of upstream dispersion (see text for discussion). Base Cases are shaded.

Climate-related
assumptions;

and anisotropy
of hydraulic
conductivity

(•'xx * *yy)

Present-day
climate persists;

10:1
(Base Case 1)

Low basal
melting, no taliks;

10:1

High basal
melting, no taliks;

10:1

High basal
melting, with
taliks (no mod-

elled permafrost);
10:1

Present-day
climate persists;

1:10
(Base Case 2)

High basal
melting, no taliks;

1:10

MAXIMUM
PEAK
FLUX

Biosphere
flux / Base

Case
biosphere

flux

0.000783

0.51

0.0073

0.52

0.000016

1.71

MAXIMUM AVERAGE
FLUX

Biosphere
flux /

Base Case
biosphere

flux

0.00073

0.0051

0.40

0.41

0.000013

1.3

Biosphere
flux /

(unit) near-
field

release rate

1

7.0
(Base Case 1)

548
(Base Case 1)

562
(Base Case 1)

t

100 000
(Base Case 2)

CUMULATIVE
FLUX

Biosphere
flux /

Base Case
biosphere

flux

0.00023

0.00026

0.023

0.025

0.000013

0.065

Biosphere
flux /

(cumulative)
near-field

release

1

1.1
(Base Case 1)

100
(Base Case 1)

109
(Base Case 1)

1

5000
(Base Case 2)
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Figure 5.1. Flux values for 79Se (mol a 1 ) , averaged over the different time periods within the
various time-dependent scenarios. Cases 1112, 1122 and 1111, compared to the Base Case 1 flux curve
(which is not averaged) and also for the time-dependent scenario 1312, compiled from the individual
calculations using Laplace-2D. The Base Case 2 curve lies off (below) the scale of this graph. Note that
very short-term instabilities in flux (over less than 100 years) have not been included in the curves (see
Appendix C for full results).

26



1.00E+00 T

1.00E-01 ••

1.00E-02 "•

o> 1 .OOE-03 -

1.00E-04 -

1.00E-05

near-field (unit) release rate

Case 1112; high sub-
ice recharge with
permafrost;
kxx>kyy

20 40 60 BO 100 120

Glacial

Interglacial 1

Ice

Permafrost

Periods i

Periglacial Glacial Glacial

i ' i i 11 . i 11,1 i i i

3 4 5 67 8 9 10 > 12

1.00E+00 T

1.00E-01

1.00E-02 •(-
X

u.

T 1.OOE-03 '

1.00E-04 •

1.00E-05

0

Case 1312; high
sub-ice recharge
with permafrost;
kyy>kxx

20 40 60 B0

Time (ka)

100 120

Figure 5.2. Non-averaged flux values for 79Se (mol a 1 ) , for the different time periods within the
time-dependent scenarios 1112 (kxx>kyy) and 1313 (kyy>kxx). Note that very short-term instabilities in
flux (over less than 100 years) have not been included in the curves (see Appendix C for full results).
Dashed lines represent fluxes that are artifacts of upstream dispersion, which have not been included in
Figures 5.1 and 5.4; see text for discussion.
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been included (Periods 3, 4, 10 & 11; see text for discussion).
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Table 5.2. Biosphere flux results for the various cases analysed for 129I. Text as for Table 5.1.

Climate-
related

assumptions;
and

anisotropy of
hydraulic

conductivity
'"xx • *yy'

Present-day
climate persists;

10:1
(BaseCase 1)

High basal
melting, no
taliks; 10:1

Present-day
climate persists;

1:10
(Base Case 2)

High basal
melting, no
taliks; 1:10

MAXIMUM
PEAK FLUX

Biosphere
flux / Base

Case
biosphere

flux

0.238

2.30

0.00285

3.1*

MAXIMUM AVERAGE
FLUX

Biosphere
flux /

Base Case
biosphere

flux

0.24

1.2

0.00064

1.2

Biosphere
flux /

(unit) near-
field

release rate

1

5
(Base Case 1)

1

1875
(Base Case 2)

CUMULATIVE
FLUX

Biosphere
flux /

Base Case
biosphere

flux

0.23

0.27

0.00064

0.20

Biosphere
flux /

(cumulative)
near-field

release

1

1.2
(Base Case 1)

1

313
(Base Case 2)

5.1 Case 1112: High Sub-ice Recharge with Permafrost

5.1.1

From Figures 5.1 - 5.3 and Table 5.1, it can be seen that the time-dependent results for
79Se under high sub-ice recharge and periglacial conditions for the next 130 ka are
significantly different to those of Base Case 1. Examination of the curve of flux to the
biosphere, averaged over the various periods modelled (Figure 5.1), as well as the non-
averaged flux to the biosphere (Figure 5.2), shows a clear variation in flux magnitude
with time, generally higher than the equivalent flux of the Base Case. The peak flux for
each glacial cycle occurs during the retreat phase of the ice sheet when high discharge
occurs at the ice sheet margin (Periods 6 & 13). The maximum flux to the biosphere
during the 130 ka period occurs at the end of the second glacial (115-117 ka; Period
13). During this period, a maximum flux of 0.51 mol a 1 is reached. This is almost
three orders of magnitude greater than the peak biosphere flux (at 130 ka) for the Base
Case (7.8x10-4 mol a-')- However, there are also periods when the flux to the
biosphere is less than that in the Base Case, namely during Periods 2, 3,4 (10 to 61 ka)
and 9, 10, 11 (85 to 105 ka). This is due to the presence of permafrost sealing the
biosphere (Periods 2 and 9) and recharge beneath the ice sheet forcing flux downwards,
away from the biosphere (Periods 3,4 and 10, 11).

Figure 5.2 shows the non-averaged flux values for 79Se. These values indicate that
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during the periods of peak flux, the trend is for the flux to increase towards the near-
field (unit) release rate. Thus, if these periods were in fact of longer duration than
modelled, near-field release rates may be reached across the biosphere interface. This is
discussed further in Section 5.5.3.

From Figure 5.2, it is also apparent that there are two small peaks in flux during
Periods 3 and 10 (54 to 56 ka and 97 to 99 ka) after the permafrost Periods 2 and 9.
Such pulses of upwardly-directed flux to the biosphere are an artifact, due to the
modelling of longitudinal dispersion as a Fickian diffusion process. In this model
representation, the dispersive flux is proportional in magnitude to the radionuclide
concentration gradient, and is directed from higher concentration to lower
concentration. During a period of permafrost (Periods 2 & 9), a step in concentration
develops at the lower boundary of the permafrost, with higher concentrations below the
boundary. There is, however, no flux across this boundary, because the hydraulic
conductivity is set to near zero. When the permafrost is removed in the subsequent
calculation (Periods 3 & 10), and the hydraulic conductivity is reset to the same value as
the rock below, the step in concentration gives rise to an upwardly-directed dispersive
flux, which persists until the step in concentration becomes smoothed out and
downward-directed advection becomes the dominant transport mechanism. Hence,
these pulses in upstream flux are an artifact of the way in which the model handles
dispersion and should therefore be discounted in any discussions of the effects of the
time-dependent climate changes on transport.

Despite the presence of periods where flux is lower than that of the Base Case, the
cumulative flux (Figure 5.3) at the end of the 130 ka period is greater than that of the
Base Case: 3007 moles, compared to 30.29 moles of the Base Case, a difference of two
orders of magnitude.

5.1.2 129|

From Figures A.6 & A.7 (Appendix A) it can be seen that the transport of I29I after an
initial pulse release would not be influenced by the various scenarios considered here.
This is due to the fact that the nuclide has passed from the system before Period 2(10-
54 ka) of the scenarios has even started.

The transport of ]29i during a constant release of the nuclide within the repository is
seen to be affected by the time-dependent scenarios in a qualitatively similar manner to
the transport of 79Se (Figures 5.4). However, since steady-state flux is reached across
the biosphere boundary before the end of the 130 ka period in the Base Case (1), there
appears to be less contrast between Case 1112 results and the Base Case results. There
is only one order of magnitude difference between the maximum flux during Case 1112
(a flux of 2.3) and the Base Case (a flux of 0.238 mol a-')- The difference between the
cumulative flux results is even less significant (Figure 5.6). Interestingly, the
cumulative flux for Case 1112 is actually slightly less than for the Base Case at the end
of the first glacial cycle (85 ka), a consequence of periods of low/zero flux during the
periglacial period and periods of recharge (Periods 2, 3 & 4). It is only by the end of
the second glacial cycle (130 ka) that the flux to the biosphere is greater than that of the
Base Case, and then by only about 15%.

From Figure 5.5 it is also apparent that there are two small peaks in flux during Periods
3 and 10 (54 to 56 ka and 97 to 99 ka) after permafrost Periods 2 and 9. Such pulses
of upwardly-directed flux to the biosphere are an artifact, due to the modelling of
longitudinal dispersion as a Fickian diffusion process (as described for ?9Se above).
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5.2 Case 1111: Low Sub-ice Recharge with Permafrost

5.2.1

Transport calculations for this case with permafrost and low sub-ice recharge have been
undertaken for 79Se for the complete Central Scenario period (Figures C2, Appendix C;
Figure 5.1; Figure 5.3). A maximum flux of 0.0073 mol a-' is reached during Period
14 (117 to 119 ka), compared to the maximum Base Case flux of 0.00078 mol a-' at
130 ka, approximately one order of magnitude difference. The results also indicate that
the cumulative flux to the biosphere at any time during the first main glacial cycle (up to
85 ka) is less than that of the Base Case 1. This is due to the fact that, although the
velocity of groundwater flow is equivalent to that of the Base Case for much of the
period, the flow is directed downwards (recharge) for Periods 3 to 6 (54-70 ka),
whereas discharge occurs throughout this period in the Base Case. Even the brief
period of discharge during Period 7 (70-73 ka) is of too low a magnitude to increase the
cumulative biosphere flux to the Base Case level. During the second glacial cycle, on
the other hand, the cumulative flux does exceed that of the Base Case, such that at 130
ka the cumulative flux is 33.63 moles, compared to 30.29 moles of the Base Case.

5.3 Case 1122: High Sub-ice Recharge with Taliks

5.3.1

Calculations were only undertaken for 79Se for this case. From Figure 5.1 it is clear
that the flux to the biosphere caused by a scenario sequence including high sub-ice
recharge and taliks within the permafrost during periglacial periods (represented by no
permafrost in the modelled Aspo area), is even greater than for the Case (1112) with
continuous permafrost. The maximum flux to the biosphere during the 130 ka period
occurs at the end of the second glacial (115-117 ka), when a flux of 0.52 mol a-' is
reached which is slightly greater than the equivalent flux for Case 1112, of 0.51 mol a-
'. This is about three orders of magnitude greater than the peak biosphere flux (at 130
ka) for the Base Case 1. The cumulative flux at the end of the 130 ka period is 3296
moles, compared to 30.29 moles of the Base Case and 3007 moles of Case 1112. A
significant feature of this scenario case is that the flux to the biosphere during the
periglacial periods (Periods 2 and 9) is significantly greater than that of Case 1112
(where fluxes are near zero because of the presence of permafrost), and is either
equivalent to the Base Case flux (Period 2) or far greater than the Base Case flux
(Period 9, 85-97 ka).

5.4 Case 1312: High Sub-ice Recharge with Taliks (Model 2)

5.4.1

From Figures 5.1 and 5.2, it is clear that the flux to the biosphere for this case, based
on an alternative conductivity anisotropy, of Base Case 2, is generally greater than that
for the equivalent Case (1112) based on Base Case 1. A peak flux of 1.71 mol a-i is
reached during Period 13 of the second glacial maximum, contrasting with a peak flux
of 0.51 mol a-' for Case 1112 at the same time. The difference in these peak fluxes
may be attributed to the fact that the conductivity anisotropy in Case 1312 is conducive
to vertical flow, which directs most of the radionuclide transport to the biosphere, rather
than to the eastern boundary as well. This difference is also in spite of the fact that the
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Base Case 2 biosphere flux is far lower than the Base Case 1 flux by almost two orders
of magnitude. Hence, the Case 1312 peak flux is 5 orders of magnitude greater than the
maximum Base Case 2 flux, in contrast to the Case 1112 peak flux which is 3 orders of
magnitude greater than the maximum Base Case 1 flux.

5 .4 .2 1291

From Figure 5.4 and 5.5, it is clear that the 129I flux to the biosphere for this case is
generally greater than that for the equivalent case (Case 1112, based on Base Case 1).
A peak flux of 3.1 mol a-' is reached during Period 13 of the second glacial maximum,
contrasting with a peak flux of 2.3 mol a-1 for Case 1112. The difference in these peak
fluxes may be attributed to similar reasons as for 79Se (see above). In this case, the
post-permafrost pulses of flux to the biosphere (Periods 3 and 10) are very high and
exceed the Period 6 and 13 peak fluxes. However, these peaks are very short-lived and
are artifacts of dispersion (see Section 5.1.2). The peak, non-artifact (Period 10) 1291
flux to the biosphere is three orders of magnitude greater than the Base Case 2
maximum flux, in contrast to the Case 1112 peak flux which is only one order of
magnitude greater than the maximum Base Case 1 flux.

5.5 Discussion

5.5.1 Comparison of Cases

The results indicate that temporal changes in flow conditions due to future climate
changes may have a significant effect on the transport of radionuclides from a
repository.

A low sub-ice recharge scenario (Case 1111) results in a lower cumulative 79Se
biosphere flux than the steady-state Base Case, at least at the end of the first glacial
cycle, although the peak flux is an order of magnitude greater than that of the Base
Case. On the other hand, a high sub-ice recharge scenario with continuous permafrost
(Case 1112) has a significant effect on flux to the biosphere, with the maximum flux
being three orders of magnitude greater than that of the Base Case. The case of high
sub-ice recharge with open taliks in the Aspo area (Case 1122) has the greatest impact
on biosphere flux, with a maximum flux of over three orders of magnitude greater than
that of the Base Case. In all three time-dependent scenarios, the maximum flux occurs
towards the end of the second main glacial period (117-119 ka), with another distinct
peak at the end of the first main cycle (70-73 ka), both of which correspond to periods
of high discharge in front of the ice sheet. Another peak is also identifiable at the
beginning of the second glacial period (97-99 ka) which is considered to be an artifact
of upstream dispersion.

For a pulse release of |29I, there is little apparent effect of climate change on biosphere
flux since most of the nuclide has migrated from the modelled domain before the
occurrence of the first climate change (at 10 ka). For a continuous release of 129I, the
flux to the biosphere is affected in a similar way to that described above for 79Se,
although, for the high sub-ice recharge with permafrost, the maximum flux is only one
order of magnitude greater than that of Base Case 1.

For a geometry which encompasses an alternative conductivity distribution, with kyy >
kxx, there is a far greater contrast between the Base Case (2) biosphere fluxes and the
time-dependent Central Scenario (Case 1312) biosphere fluxes. This is attributable to
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the passage of all flux vertically or near-vertically to the biosphere, similar ice-induced
flows to Case 1112 and lower Base Case 2 fluxes.

5.5.2 Biosphere Flux and Mass Loss

The geometry which encompasses an alternative conductivity distribution, with kyy >
kxx, appears to provide a better, or at least more conservative, representation of
potential flux to the biosphere, since most of the flux is directed to the biosphere
throughout most of the Central Scenario periods. During some of the periods when
flow is inclined downward or near-horizontally, the flux to the biosphere will
underestimate the total flux. In Cases 1112, 1111 and 1122, based upon a kxx > kyy
ratio, some of the flux is directed to the eastern boundary. However, in all of the time-
dependent scenario cases (1112, 1111, 1122 & 1312), sensitivity tests have shown that
the periods of maximum, upward-directed flow (Periods 6 & 13) are representative of
the total flux out of the modelled region (ie. all significant flux is across the biosphere
boundary).

Another consideration is that during periods of high flow velocity and hence high
transport, radionuclides are transported out of the modelled system and are thus lost to
subsequent calculations. For example, during periods of high downward flow (Periods
3 & 10), much of the mass of the system may be lost across the basal boundary. This
will be most significant for 129I which is not retarded and so can be flushed out more
quickly, and least significant for ?9Se. This mass loss will have the effect of decreasing
the potential fluxes which could be reached during subsequent calculations. The only
way in which this mass loss could be accounted for by the present code would be to
construct a larger, deeper region which would contain all of the mass within the system.

5.5.3 Significance of Peak Fluxes

Examination of Figures 5.1 & 5.2 and C4 & C6 (Appendix C) and Figure 5.7 indicates
that the '291 flux to the biosphere tends towards 1 during may of the scenario periods
for Cases 1112 and 1312. Conditions are such that the system is able to reach steady-
state within some of the time-periods (e.g. Periods 5, 6, 12, & 13). This is the
maximum possible steady-state flux, as defined by the flux from the source (repository)
region. On the other hand, 79Se never reaches the maximum possible steady-state value
of 1 within the time periods of the Central Scenario cases because of its high
retardation. However, short-term fluxes exceeding this steady-state value can occur
due to step-ups in flow velocity, which cause a rapid pulse of nuclide to pass out of the
system before steady-state is once again reached (e.g. Periods 6 & 13). These pulses
occur for both 79Se and 129I (Figure 5.7) but, in the cases of ?9Se, the pulses do not
appear to reach a peak within the time-period (2000 years) of the calculations
representing the greatest step-ups in flow velocity (Figure 5.7; Periods 6 & 13).
Hence, it is interesting to extend the period of these calculations such that the peak flux
is attained before reversion to steady-state flux (Figure 5.7; Figures C1.13i, C2.13i,
C3.13i, C5.13i in Appendix C). The peak fluxes and the times at which they are
attained are listed in Table 5.3. For example, in Case 1312, a peak ?9Se flux of 3.02 is
reached at c.20 ka. However, it is unlikely that these high velocity conditions would be
maintained for this extended period of time. The only case which does not attain a peak
flux higher than unity is Case 1111 for ?9Se, which only reaches a maximum flux of
0.7 at 55 ka.
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Figure 5.7. Peak '29i and ™Se flux for Period 13 of Cases 1112 and 1312, and for Period 14 of
Case N i l . over a duration of 100 000 years from the beginning of the calculation period (117 ka for
Period 13 and 119 ka for Period 14).

Table 5.3. Results of Period 13 and Period 14 (for Case 1111) calculations for the prescribed Central
Scenario duration (2,000 years) and for extended durations in order to determine potential peak flux
values.

Case Maximum Flux
at end Period 13

(14)

Maximum Peak
Flux

Time Peak Flux is
achieved (years

after start of
calculation period)

79Se

Case 1112

Case 1111

Case 1122

Case 1312

0.51

0.0073

0.52

1.71

2.10

0.70

2.10

3.02

17,000

55,000

17,000

12,000

1291

Case 1112 1

Case 1312

2.30

3.10

2.30

3.10

30

60
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5.5.4 Interglacial Fluxes

A feature of further interest to Performance Assessment studies is the magnitude of flux
to the biosphere during the periods when the area may be habitable, notably the
interglacial periods, 0 to 10 ka, 73 to 85 ka and 123 to 130 ka (Periods 1, 8 & 16
respectively). The results for the various cases are summarised in Table 5.4. For the
first interglacial period (0 to 10 ka) fluxes are equivalent to the Base Cases. In the
second interglacial period (73 to 85 ka) maximum ?9Se fluxes are higher than the Base
Cases for all the scenarios analysed, by two orders of magnitude for the cases with high
sub-ice recharge, but only by about 50% for the case with low sub-ice recharge. In the
last interglacial period (123 to 130 ka) the maximum fluxes show similar differences
between the scenarios, although, in this period, the low sub-ice recharge case gives

fluxes that are greater than those of the Base Case by a factor of two.

For '291, the maximum flux value for the high sub-ice recharge Case 1112 with
permafrost is approximately twice that of the Base Case 1 for the 73 to 85 ka
interglacial, but is only about 30% greater for the 123 to 130 ka interglacial. the
maximum 129I flux for Case 1312 is two orders of magnitude greater than the Base
Case 2 flux during the second interglacial period (73 to 85 ka), but is actually less than
the Base case flux during the last interglacial period. The reason for this latter reduction
in flux is not clear.

Table 5.4. Fluxes during the next two interglacial periods (not including that up to 10 ka).

Case Average Flux
1 7 3 - 8 5 ka

Maximum Flux
73 - 85 ka

Average Flux
123 - 130 ka

Maximum Flux
123 - 130 ka

79Se

Base Case 1

Case 1112

Case 1111

Case 1122

Base Case 2

Case 1312

0.000276

0.014

O.OOO335

0.0153

low

0.0036

0.000306

0.014

0.00048

0.016

low.

0.0042

0.000734

0.034

0.00173

0.035

low

0.0008

0.000783

0.036

0.0019

0.039

0.000016

0.0009

1291

Base Case 1

Case 1112

Base Case 2

Case 1312

0;238

0.4375

0.0006

0.0308

0.238

0.54

0.00067

0.038

0;238

0.304

0.0028

0.0013

Q.238

0.31

0.00285

0.0013
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5.5.5 Variables, Uncertainties and Simplifications

Various assumptions and simplifications have been made in order to undertake these
calculations, as outlined in Section 3.1. These assumptions and simplifications,
regarding both the geometry and properties of the model, result in various uncertainties
in the results. Assumptions have also had to be made regarding the representation of
the nature of radionuclide release. In the cases of both i29l and 79Se, the assumptions
are conservative, leading to overestimates of possible fluxes out of the geosphere.

One assumption that has been made regarding the transport boundary conditions
should be highlighted. For both the Base Cases and the time-dependent scenarios, it has
been assumed that the upper biosphere boundary is represented by a boundary of zero
concentration, corresponding to high dilution in either the sea or in surface streams.
This may be appropriate for the majority of the scenario sequences, but may not be as
appropriate during the periods when ice still overlies the site and discharge is occurring
(such as Periods 5 and 13). In these Cases (1112 and 1122), brief sensitivity tests
indicate that the substitution of a zero-dispersive-flux boundary results in lower
recorded fluxes by a factor of 2. The assumption of a zero concentration boundary for
the entire scenario sequence, therefore, results in conservative results, although the
assumption probably holds for the periods when maximum biosphere fluxes occur.

The most significant variables identified in these sensitivity studies are related to the
duration of permafrost, the magnitude of basal melting under ice sheets and to the
anisotropy of the hydraulic conductivity of the rock. The presence or absence of taliks
during the periods of permafrost is less significant with respect to maximum and
cumulative radionuclide fluxes to the biosphere. However, the climatic effects are not
apparently as significant on radionuclide fluxes as the anisotropy of the hydraulic
conductivity of the rock mass, a feature identified as being of major importance in the
main SITE-94 studies (SKI, 1996).
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6. Conclusions

The results indicate that temporal changes in flow conditions due to future climate
changes may have a significant effect on the transport of radionuclides from a
hypothetical repository. Particularly where high basal melting under glaciers and
permafrost is assumed to take place, cumulative radionuclide fluxes to the biosphere are
increased. However, at any particular time, the flux to the biosphere may be either
greater than or less than that of the Base cases (in which climate change is not
modelled).

A low sub-ice recharge scenario (Case 1111) results in a lower cumulative 79Se
biosphere flux than the steady-state Base Case, at least at the end of the first glacial
cycle, although the peak flux is an order of magnitude greater than that of the Base
Case. On the other hand, a high sub-ice recharge scenario with continuous permafrost
(Case 1112) has a significant effect on flux to the biosphere, with the maximum flux
being three orders of magnitude greater than that of the Base Case. The case of high
sub-ice recharge with open taliks in the Aspo area (Case 1122) has the greatest impact
on biosphere flux, with a maximum flux of over three orders of magnitude greater than
that of the Base Case. In all three time-dependent scenarios, the maximum flux occurs
towards the end of the second main glacial period (117-119 ka), with another distinct
peak at the end of the first main cycle (70-73 ka), both of which correspond to periods
of high discharge in front of the ice sheet.

For a pulse release of 129I, there is little apparent effect of climate change on biosphere
flux since most of the nuclide has migrated from the modelled domain before the
occurrence of the first climate change (at 10 ka). For a continuous release of 129I, the
flux to the biosphere is affected in a similar way to that described above for 79Se,
although, for the high sub-ice recharge with permafrost, the maximum flux is only one
order of magnitude greater than that of the Base Case 1.

For a geometry which encompasses an alternative conductivity distribution, with kyy >
kxx, there is a far greater contrast between the Base Case biosphere fluxes and the time-
dependent Central Scenario biosphere fluxes. This is attributable to the passage of all
flux vertically or near-vertically to the biosphere, similar ice-induced flows to Case
1112, and lower Base Case fluxes. Thus, the geometry which encompasses an
alternative conductivity distribution, with kyy > kxx, appears to provide a better, or at
least more conservative, representation of potential flux to the biosphere, since most of
the flux is directed to the biosphere throughout most of the Central Scenario periods.
However, in all of the time-dependent scenario cases (1112, 1111, 1122 & 1312)
sensitivity tests have shown that the periods of maximum, upward-directed flow
(Periods 6 & 13) are representative of the total flux out of the modelled region (ie. all
significant flux is across the biosphere boundary).

The maxima in the biosphere flux are the result of a partial or complete "flushing out" of
radionuclides in the geosphere by the high, upwardly-directed groundwater flows that
have been modelled at the ice sheet margin during its retreat. These flows may persist
for around 2000 years, which is sufficient to "flush out" most of the 129I from the
geosphere. In the case of the more sorbing 79Se, however, scoping calculations indicate
high, upwardly-directed flows would need to persist for around 100 000 years to "flush
out" most of this radionuclide; an unlikely duration for such high flows. In spite of this,
where high basal melting is assumed, the "flushing out" results in a peak biosphere flux
of 79Se that is either about 550 or 99000 times that of the Base cases, depending on the
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assumptions regarding hydraulic conductivity anisotropy. The case with the higher peak
biosphere flux (higher vertical hydraulic conductivity), even slightly exceeds the near-
field release rate for a short time. The peak biosphere flux of ' 29I is less affected by
consideration of climate change, being either 5 or 1800 times that of the Base cases.

Short-term fluxes exceeding the steady-state, near-field flux value can occur because of
step-ups in flow velocity, which cause a rapid pulse of nuclide to pass out of the system
before steady-state is once again reached (e.g. Periods 6 & 13). Fluxes may be up to 3
times greater than the near-field flux. These pulses occur for both 79Se and '291, but in
the cases of ?9Se the pulses do not appear to reach a peak within the time-period (2,000
years) of the calculations representing the greatest step-ups in flow velocity (Periods 6
& 13). Sensitivity calculations have provided the magnitude and timing of these
retarded peak 79Se fluxes. For example, in Case 1312, a peak 79Se flux of 3.02 is
reached at c.20 ka. However, it must be noted that it is unlikely that these high velocity
conditions would be maintained for this extended period of time. Case 1111 does not
result in peak fluxes greater than unity, even during an extended period of maximum
flow velocity.

A feature of particular relevance to repository safety studies is the magnitude of the flux
to the biosphere during interglacial periods, when the area may be habitable.
Accounting for the effects of time-dependent flow in response to climate change
increases the biosphere flux by up to 2 orders of magnitude in the high-basal-melting
calculations and by between 50% and 200% in the low-basal-melting calculations. The
effects are less pronounced for I29I.

The most significant variables identified in these sensitivity studies are related to the
duration of permafrost, the magnitude of basal melting under ice sheets and to the
anisotropy of the hydraulic conductivity of the rock. The presence, or absence, of
taliks during the periods of permafrost is less significant with respect to maximum and
cumulative radionuclide fluxes to the biosphere. However, the climatic effects are not
apparently as significant on radionuclide fluxes as the anisotropy of the hydraulic
conductivity of the rock mass, a feature identified as being of major importance in the
main SITE-94 studies (SKI, 1996). However, it must be recognised that the results of
these sensitivity studies relate to a different transport geometry (dominated largely by
two-dimensional dispersion) than that used for the main transport calculations presented
in SITE-94 (in which transport is dominated by an upward advective path; SKI, 1996).
Thus, a direct comparison is not possible between the results presented here and those
presented in SITE-94.

There are a number of areas in which further work could be carried out following the
scoping calculations carried out in this study. The areas are as follows:

• Consideration of a larger model geometry such that potential mass loss is
reduced.

• More detailed consideration of 1291 transport.

• Consideration of further scenarios (e.g. for which larger-scale groundwater
flow modelling has been performed, as reported in Provost et al., 1996).

• Consideration of the influence of different climate sequences, such as the
exclusion of a second ice sheet and different permafrost thicknesses and
smaller, more localised taliks.

• Further consideration of the sensitivity of the cases to transport boundary
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conditions.

• More detailed modelling of time-dependent near-field releases (variable source
terms).

• More detailed representation of the near-field - assigning it a more realistic
containment function.

• Consideration of further safety-relevant radionuclides.

• Consideration of the significance of later releases from the repository,
particularly in the case of a pulse release of |29I which would be influenced by
the Central Scenario scenarios if it was released later than 10 ka or so.

• Consideration of one or more models in which fracture zones are explicitly
represented, including sensitivity studies of property values such as hydraulic
conductivity values.

In conclusion, despite the need for future more detailed studies, the results presented
here begin to quantify the possible effects of future glaciations on radionuclide transport
from a repository. Such effects are likely to be significant in any potential siting area
predicted to be affected by future periods of ice cover.
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Appendix A

Laplace-2D figures for the Base Cases as follows:

A.I Base Case Geometry and Flow conditions.

A.2 Transport results: Inactive, non-sorbing tracer, steady release.

A.3 Transport results: 79Se, active tracer, steady release.

A.4 Transport results: (a) ?9Se Base Case 1.

(b) 79Se Base Case 2 (up to 130 ka).

(c) 79Se Base Case 2 (up to 10 Ma).

A.5 Transport results: (a) 129I Base Case 1 flux, steady release.

(b) 129I Base Case 2 flux, steady release.

A.6 Transport results: 129I Base Case flux, pulse release.

A.7 Transport results: 129I Base Case concentration profiles, pulse release.

A.8 Transport results: Permafrost Case 79Se.

A.9 Transport results: Permafrost Case 129I, steady release.

Key to Figures:

Flow grids:

Flux Curves:

Concentration profiles:

These qualitatively indicate the direction of groundwater flow
within the modelled geometry. Longer arrows indicate
greater flow, relative to areas in the same model. Note that
the concentration of arrows only reflects the grid size.

Flux = flux of nuclide across the total length of the named
boundary based on a unit flux into the repository region.
Flux Integral = cumulative flux across the named boundary
over the whole caiculational period. Positive values represent
flux away from the repository and upwards across the
biosphere boundary. Negative values represent the reverse
flux, ie. away from the biosphere (downwards) or leftwards
from the eastern boundary.

Concentration profiles are also qualitative. The contour scale
is linear, such that blue represents zero concentration and red
represents the highest concentration.
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Geometry and Flow Conditions: Base Case 1

Present Day Flow Conditions

Geometry with flux borders (black arrows) Biosphere boundary Eastern boundary

-K-v = IE-9 m/s
Kh=lE-8ni /s
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Figure A.I



Transport Results : Inactive, non-sorbing tracer steady release
Base Case 1 (Kx > Ky)
Steady State Flow Conditions
Up to IMa
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Figure A.2



Transport Results : Se-79, Active tracer steady release
Base Case 1 (Kx > Ky)
Steady State Flow Conditions
Up to IMa

flux {outer boundary)

flux (middle boundary)
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flux (to biosphere)

°-n"S00 1000" UtlHKI 100000 1060000
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Figure A.3



Transport Results : Se-79
Base Case 1 (Kx > Ky)
Steady State Flow Conditions
0 to 130,000 years

ttux (to biosphere) flux integral (to biosphere)

0.00002^, 97.MX 13IMMK)

Concentration profile at 85,(M)0 years

flux intc^ru! (eastojti boundary)

Figure A.4(a)



Transport Results : Se-79, steady release
Base Case 2 (Kv > Kx)
Steady State Flow Conditions
0 to 130,000 years

flux (to biosphere) flux integral (to biosphere)
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Transport Results : Se-79, steady release
Base Case 2 (Kv > Kx)
Steady State Flow Conditions
0 to 10,000,000 years

flux (to biosphere) flux integral (to biosphere)

2500001) 5000000 7500000 10000000
Time (years)

flLix<easlern boundary)
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Concentration profile at 130,000 years
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Figure A.4(c)



Transport Results : 1-129, steady release
Base Case 1 (Kx > Ky)
Steady State Flow Conditions
0 to 130,000 years

flux (to biosphere) flux integral (to biosphere)

65005 97303 130000

flux (eastern boundary*
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Transport Results : [-129, steady release
Base Case 2 (Ky > Kx)
Steady State Flow Conditions
0 to 130,000 years

flux (to biosphere) flux Integral (to biosphere)

3-25(10 65000 •)7MW 130000 32500 (,5<K1H

flux (eastern boundary) flux integral (eastern boundary)

97500 t.«KH»
Time (years)

Concentration profile at 85,000 years
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Figure A.5(b)



Transport Results : 1-129, pulse release
Base Case 1 (Kx > Ky)
Steady State Flow Conditions
0 to 130,000 years

flux (to biosphere) flux integral (to biosphere)
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Tiint (years)

Flux (eastern boundary)
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Figure A.6



Transport Results : 1-129, pulse release
Base Case 1 (Kx > Ky)
Steady State Flow Conditions
0 to 130,000 years

Concentration profile at 100 years

Concentration profile at 500 years

Concentration profile at 1000 years

Figure A.7



Base Case 1 with Permafrost (200 m thick)
Se-79 source

Flow «rid 200 m thick permafrost layer (very low/no flow)

flux (to biosphere) flux (eastern boundary)
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Low <near zero* flux to
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Low <near zero) flux to
eastern boundary
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Concentration profile at 130, 000 years

S2508 65(105
l ime (years*



Base Case 1 with Permafrost (200 m thick)
1-129 source

Flow sricl 200 m thick permafrost layer (very low/no flow)

V

flux (to biosphere) flux (eastern boundary)

Low (near zero) flux
to biosphere
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Time (years)

Concentration profile at 130, 000 years
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Appendix B

Tables summarising the groundwater flow data derived from the hydrogeological
modelling of Provost et al. (1996) which has been used as input to the transport
modelling.

B.I Case 1112: High sub-ice recharge with permafrost.

B.2 Case 1111: Low sub-ice recharge with permafrost.

B.3 Case 1122: High sub-ice recharge with taliks in permafrost.

B.4 Case 1312: High sub-ice recharge with permafrost, kyy > kxx

Key:

Inclination: Inclination of the velocity vector in degrees counter-clockwise from
the eastward horizontal.

Head Gradient: Numbers in parentheses refer to calculated head difference along the
relevant outer boundary of the modelled region.
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Period

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Time
(ka)

0-10

10-54

54-56

56-61

61-68

68-70

70-73

73-85

85-97

97-99

99 -105

105-115

115-117

117-119

119 -123

123 -130

Description of surface
conditions

Present day conditions

Permafrost (no taliks)

Wet ice, recharge

Wet ice, recharge

Wet ice, discharge

Ice front, high discharge

Sea, discharge

Sea & Present conditions

Permafrost (no taliks)

Wet ice, recharge

Wet ice, recharge

Wet ice, discharge

Ice front, high discharge

Sea, discharge

Sea, discharge

Sea & Present conditions

Permafrost
thickness
(m)

0

200

0

0

0

0

0

0

200

0

0

0

0

0

0

0

Velocity
(m/s)

2.5E-08

2.5E-08

3E-07

6.5E-08

6.5E-08

1.5E-07

1E-08

2.5E-08

2.5E-08

3E-07

6.5E-08

6.5E-08

1.5E-07

2.5E-08

2.5E-08

3E-08

Inclination
(degrees)

+2.2

0

-15

-45

+30

+30

+80

+5

0

-15

-45

+25

+25

+50

+3

+3

Horizontal
Head
Gradient

0.0024 (24)

0.0025 (25)

0.029 (290)

0.0046 (46)

0.0056 (56)

0.013 (130)

0.0002 (2)

0.0024 (24)

0.0025 (25)

0.029 (290)

0.0046 (46)

0.0059 (59)

0.014 (136)

0.0016 (16)

0.0025 (25)

0.003 (30)

Vertical
Head
Gradient

0.0009 (1.38)

0(0)

-0.0595 (89)

-0.046 (69)

0.033(49)

0.075 (113)

0.01 (15)

0.002 (3.3)

0(0)

-0.0595 (89)

-0.046 (69)

0.027 (41)

0.063 (95)

0.019 (29)

0.0013 (2)

0.0016 (2.4)

Table B.I: Case 1112 (High sub-ice recharge and continuous permafrost); Input Parameters for Transport modelling



Period

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Time
(ka)

0-10

10-54

54-56

56-61

61-68

68-70

70-73

73-85

85-97

97-99

99 -105

105 -115

115 -117

117-119

119 -123

123 -130

Description of surface
conditions

Present day conditions

Permafrost (no taliks)

Wet ice, low recharge

Wet ice, low recharge

Wet ice, low recharge

Ice front, low recharge

Sea, discharge

Sea & Present conditions

Permafrost (no taliks)

Wet ice, low recharge

Wet ice, low recharge

Wet ice, low recharge

Ice front, recharge

Sea, discharge

Sea, discharge

Sea & Present conditions

Permafrost
thickness
(m)

0

200

0

0

0

0

0

0

200

0

0

0

0

0

0

0

Velocity
(m/s)

2.5E-08

2.5E-08

2.5E-08

2.5E-08

2.5E-08

5E-08

1E-08

2.5E-08

2.5E-08

2.5E-08

2.5E-08

2.5E-08

1E-07

2.5E-08

2.5E-08

3E-08

Inclination
(degrees)

+2.2

0

-5

-5

-5

-5

+80

+5

0

-5

-5

-5

-5

+50

+3

+3

Horizontal
Head
Gradient

0.0024 (24)

0.0025 (25)

0.0025 (25)

0.0025 (25)

0.0025 (25)

0.005 (50)

0.0002 (2)

0.0024 (24)

0.0025 (25)

0.0025 (25)

0.0025 (25)

0.0025 (25)

0.0099 (100)

0.0016 (16)

0.0025 (25)

0.003 (30)

Vertical
Head
Gradient

0.0009 (1.38)

0(0)

-0.002 (3.3)

-0.002 (3.3)

-0.002 (3.3)

-0.004 (6.5)

0.01 (15)

0.002 (3.3)

0(0)

-0.002 (3.3)

-0.002 (3.3)

-0.002 (3.3)

-0.0087 (13)

0.019 (29)

0.0013 (2)

0.0016 (2.4)

Table B.2: Case 1111 (Low sub-ice recharge and continuous permafrost); Input Parameters for Transport modelling



Period

1

2

3

Time
(ka)

0-10

10-54

54-56

4 || 56 - 61

5

6

7

8

9

10

11

12

13

14

15

16

61-68

68-70

70-73

73-85

85-97

97-99

99 -105

105 -115

115-117

117-119

119 -123

123 -130

Description of surface
conditions

Present day conditions

Permafrost (taliks)

Wet ice, recharge

Wet ice, recharge

Wet ice, discharge

Ice front, high discharge

Sea, discharge

Sea & Present conditions

Permafrost (taliks)

Wet ice, recharge

Wet ice, recharge

Wet ice, discharge

Ice front, high discharge

Sea, discharge

Sea, discharge

Sea & Present conditions

Permafrost
thickness
(m)

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Velocity
(m/s)

2.5E-08

2.5E-08

3E-07

6.5E-08

6.5E-08

1.5E-07

1E-08

2.5E-08

2.5E-08

3E-07

6.5E-08

6.5E-08

1.5E-07

2.5E-08

2.5E-08

3E-08

Inclination
(degrees)

+2.2

+2.2

-15

-45

+30

+30

+80

+5

+5

-15

-45

+25

+25

+50

+3

+3

Horizontal
Head
Gradient

0.0024 (24)

0.0024 (24)

0.029 (290)

0.0046 (46)

0.0056 (56)

0.013 (130)

0.0002 (2)

0.0024 (24)

0.0024 (24)

0.029 (290)

0.0046 (46)

0.0059 (59)

0.014 (136)

0.0016 (16)

0.0025 (25)

0.003 (30)

Vertical
Head
Gradient

0.0009 (1.38)

0.0009 (1.38)

-0.0595 (89)

-0.046 (69)

0.033 (49)

0.075 (113)

0.01 (15)

0.002 (3.3)

0.002 (3.3)

-0.0595 (89)

-0.046 (69)

0.027 (41)

0.063 (95)

0.019 (29)

0.0013 (2)

0.0016 (2.4)

Table B.3: Case 1122 (High sub-ice recharge and taliks in permafrost): Input Parameters for Transport modelling



Period

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Time
(ka)

0-10

10-54

54-56

56-61

61-68

68-70

70-73

73-85

85-97

97-99

99 -105

105-115

115-117

117-119

119-123

123 -130

Description of surface
conditions

Present day conditions

Permafrost (no taliks)

Wet ice, recharge

Wet ice, recharge

Wet ice, discharge

Ice front, high discharge

Sea, discharge

Sea & Present conditions

Permafrost (no taliks)

Wet ice, recharge

Wet ice, recharge

Wet ice, discharge

Ice front, high discharge

Sea, discharge

Sea, discharge

Sea & Present conditions

Permafrost
thickness
(m)

0

200

0

0

0

0

0

0

200

0

0

0

0

0

0

0

Velocity
(m/s)

3E-10

3E-10

1.5E-07

5E-08

5E-08

1E-07

1E-08

5E-10

3E-10

1.5E-07

3E-08

3E-08

1E-07

3.5E-08

3.5E-10

3.5E-10

Inclination
(degrees)

+2.2

-1

-90

-90

+90

+90

+90

+45

-1

-90

-90

+90

+90

+90

+70

+8

Horizontal
Head
Gradient

0.0029 (29)

0.003 (30)

0(0)

0(0)

0(0)

0(0)

0(0)

0.0035 (35)

0.003 (30)

0(0)

0(0)

0(0)

0(0)

0(0)

0.0012 (12)

0.0035 (35)

Vertical Head
Gradient

0.00001 (0.017)

0.000005 (0.008)

-0.15 (22.5)

-0.05 (75)

0.05 (75)

0.1 (150)

0.01 (15)

0.00033 (0.53)

0.000005 (0.008)

-0.15 (22.5)

-0.03 (45)

0.03 (45)

0.1 (150)

0.035 (52.5)

0.00032 (0.49)

0.000049 (0.073)

Table B.4: Case 1312 (High sub-ice recharge and continuous permafrost, kyy > kxx); Input Parameters for Transport modelling



Appendix C

Laplace-2D figures for the Scenario Cases as follows:

Cl.l -C1.16

C2.3-C2.16

C3.1 -C3.16

C4.1 -C4.16

C5.1 -C5.16

C6.1 -C6.16

79Se, Case 1112, Periods 1 to 16.

79Se, Case 1111, Periods 3 to 16 (Periods 1 and 2 as for
Case 1112 and Periods 3 to 5 and 10 to 12 combined in one
figure).

, Case 1122, Periods 1 to 16 (Periods 1 to 2
combined in one figure).

1291, Case 1112, Periods 1 to 16.

79Se, Case 1312, Periods 1 to 16.

1291, Case 1312, Periods 1 to 16.

Key to Figures:

Flow grids:

Flux Curves:

Concentration profiles:

These qualitatively indicate the direction of groundwater flow
within the modelled geometry. Longer arrows indicate
greater flow, relative to areas in the same model. Arrows
from subsequent runs will not necessarily be relative to one
another. Note that the concentration of arrows only reflects
the grid size.

Flux = flux of nuclide across the total length of the named
boundary based on a unit flux into the repository region.
Flux Integral = cumulative flux across the named boundary
over the whole calculational period. Positive values represent
flux away from the repository and upwards across the
biosphere boundary. Negative values represent the reverse
flux, ie. away from the biosphere (downwards) or leftwards
from the eastern boundary.

Concentration profiles are also qualitative. The contour scale
is linear, such that blue (darker shade surrounding generally
lighter plume in black and white figures) represents zero
concentration and red (towards centre of plume in black and
white figures) represents the highest concentration. Note that
the scale of the concentration plumes is recalculated under
each separate run (scaled according to the range of
concentrations for any one calculation) and therefore the
plumes from separate calculations cannot be directly
compared. However, the plume shapes do give an overall
impression of the impact of groundwater flow on plume
development.

C-i



Appendix C1

Case 1112: 79Se, High sub-ice recharge with
continuous permafrost

Cl . l -C1.16 79Se, Case 1112, Periods 1 to 16.

Key to Figures:

Flow grids:

Flux Curves:

Concentration profiles:

These qualitatively indicate the direction of groundwater flow
within the modelled geometry. Longer arrows indicate
greater flow, relative to areas in the same model. Arrows
from subsequent runs will not necessarily be relative to one
another. Note that the concentration of arrows only reflects
the grid size.

Flux = flux of nuclide across the total length of the named
boundary based on a unit flux into the repository region.
Flux Integral = cumulative flux across the named boundary
over the whole calculational period. Positive values represent
flux away from the repository and upwards across the
biosphere boundary. Negative values represent the reverse
flux, ie. away from the biosphere (downwards) or leftwards
from the eastern boundary.

Concentration profiles are also qualitative. The contour scale
is linear, such that blue (darker shade surrounding generally
lighter plume in black and white figures) represents zero
concentration and red (towards centre of plume in black and
white figures) represents the highest concentration. Note that
the scale of the concentration plumes is recalculated under
each separate run (scaled according to the range of
concentrations for any one calculation) and therefore the
plumes from separate calculations cannot be directly
compared. However, the plume shapes do give an overall
impression of the impact of groundwater flow on plume
development.

Cl-I



Se-79, Caselll2, Period 1: Up to 10,000 years

Figure Cl.l



Se-79, Case 1112, Period 2: 10,000 to 54,000 years

M iix: integral; ;(to iiiosphetres}:

flux iiitegmit eastern shbuJMtat̂ )

Concentration profile at 54,000 years



Se-79, Case 1112, Period 3: 54,000 to 56,000 years

Figure C1.3



Se-79, Case 1112, Period 4: 56,000 to 61,000 years

Mvm&ta biosphere} flux integtalHo biosphere)

Wmki^iMSm:

Concentration plume at 56,000 years
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Figure C1.4



Se-79, Case 1112, Period 5: 61,000 to 68,000 years

fl ux (to hi osphme) ; flux jtttcgptlitia fc»io$p het-e Ji

Concentration profile at 68,000 years



Se-79, Case 1112, Period 6: 68,000 to 70,000 years

Concentration profile at 70,000 years



Se-79, Case 1112, Period 7: 70,000 to 73,000 years

Concentration profile at 73,000 years



Se-79, Case 1112, Period 8: 73,000 to 85,000 years

Concentration profile at 85,000 years

Figure C1.8



Se-79, Case 1112, Period 9: 85,000 to 97,000 years

Flow grid

fltixinte'gi-al (to ftiosplxet *?)

Concentration profile at 97,000 years



Se-79, Case 1112, Period 10: 97,000 to 99,000 years

Concentration profile at 99,000 years



Se-79, Case 1112, Period 11: 99,000 to 105,000 years

:fliijsis{t6 biosphere): slltixiiiitcgittl (lo t>losptiet-ej::;

Concentration profile at 105,000 years



Se-79, Case 1112, Period 12: 105,000 to 115,000 years

Figure C1.12



Se-79, Case 1112, Period 13: 115,000 to 117,000 years



Se-79, Case 1112, Period 13: 115,000 to 215,000 years
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Figure C1.13(i)



Se-79, Case 1112, Period 14: 117,000 to 119,000 years

Concentration profile at 119,000 years

Figure C1.14



Se-79, Case 1112, Period 15: 119,000 to 123,000 years

: Mm i rtteg pa I(ea stem i o u «%|3i

Concentration profile at 123,000 years

Figure C1.15



Se-79, Case 1112, Period 16: 123,000 to 130,000 years
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Concentration profile at 130,000 years



Appendix C2

Case 1111: 79Se, Low sub-ice recharge with
continuous permafrost

C2.3 -C2.16 7l'Se, Case 111 I, Periods 3 to 16 (Periods 1 and 2 as for
Case 1112 and Periods 3 to 5 and 10 to 12 combined in one
fisiure).

Key to Figures:

Flow grids:

Flux Curves:

Concentration profiles:

These qualitatively indicate the direction of groundwater flow-
within the modelled geometry. Longer arrows indicate
greater flow, relative to areas in the same model. Arrows
from subsequent runs will not necessarily be relative to one
another. Note that the concentration of arrows only reflects
the grid size.

Flux = flux of nuclide across the total length of the named
boundary based on a unit flux into the repository region.
Flux Integral = cumulative flux across the named boundary
over the whole calculational period. Positive values represent
flux away from the repository and upwards across the
biosphere boundary. Negative values represent the reverse
flux, ie. away from the biosphere (downwards) or leftwards
from the eastern botindary.

Concentration profiles are also qualitative. The contour scale
is linear, such that blue (darker shade surrounding generally-
lighter plume in black and white figures) represents zero
concentration and red (towards centre of plume in black and
white figures) represents the highest concentration. Note that
the scale of the concentration plumes is recalculated under
each separate run (scaled according to the range of
concentrations for any one calculation) and therefore the
plumes from separate calculations cannot be directly-
compared. However, the plume shapes do give an overall
impression of the impact of groundwater flow on plume
development.

C2-1



Se-79, Case 1111, Period 3-5: 54,000 to 68,000 years

Figure C2.3-5



Se-79, Case 1111, Period 6: 68,000 to 70,000 years

Concentration plume at 68,000 years

Figure C2.6



Se-79, Case 1111, Period 7: 70,000 to 73,000 years

Figure C2.7



Se-79, Case 1111, Period 8: 73,000 to 85,000 years

ill wx ̂ eastepiMm xidaryfri
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Concentration plume at 85,000 years



Se-79, Case 1111, Period 9: 85,000 to 97,000 years

Figure C2.9



Se-79, Case 1111, Period 10-12: 97,000 to 115,000 years

Figure C2.10-12



Se-79, Case 1111, Period 13: 115,000 to 117,000 years

Figure C2.13



Se-79, Case 1111, Period 14: 117,000 to 119,000 years

mm;: •/ msom. mm?

11 ux sinteg ml (msl etn: bouMa 13̂

Concentration profile at 119,000 years

Figure C2.14



Se-79, Case 1111, Period 14: 117,000 to 217,000 years

Figure C2.14(i)



Se-79, Case 1111, Period 15: 119,000 to 123,000 years

Figure C2.15



Se-79, Case 1111, Period 16: 123,000 to 130,000 years
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Figure C2.16



Appendix C3

Case 1122: 79Se, High sub-ice recharge with
taliks

C3.l - C3.16 79Se. Case 1122, Periods I to 16 (Periods 1 to 2 combined
in one figure).

Key to Figures:

Flow grids:

Flux Curves:

Concentration profiles:

These qualitatively indicate the direction of groundwater flow
within the modelled geometry. Longer arrows indicate
greater flow, relative to areas in the same model. Arrows
from subsequent runs will not necessarily be relative to one
another. Note that the concentration of arrows only reflects
the grid size.

Flux = flux of nuclide across the total length of the named
boundary based on a unit flux into the repository region.
Flux Integral = cumulative flux across the named boundary
over the whole calculational period. Positive values represent
flux away from the repository and upwards across the
biosphere boundary. Negative values represent the reverse
flux, ie. away from the biosphere (downwards) or leftwards
from the eastern boundary.

Concentration profiles are also qualitative. The contour scale
is linear, such that blue (darker shade surrounding generally
lighter plume in black and white figures) represents zero
concentration and red (towards centre of plume in black and
white figures) represents the highest concentration. Note that
the scale of the concentration plumes is recalculated under
each separate run (scaled according to the range of
concentrations for any one calculation) and therefore the
plumes from separate calculations cannot be directly
compared. However, the plume shapes do give an overall
impression of the impact of groundwater flow on plume
development.

C3-1



Se-79, Case 1122, Period 1-2: Up to 54,000 years

Figure C3.1-2



Se-79, Case 1122, Period 3: 54,000 to 56,000 years

Figure C3.3



Se-79, Case 1122, Period 4: 56,000 to 61,000 years

Figure C3.4



Se-79, Case 1122, Period 5: 61,000 to 68,000 years
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Se-79, Case 1122, Period 6: 68,000 to 70,000 years

Figure C3.6



Se-79, Case 1122, Period 7: 68,000 to 70,000 years

Figure C3.7



Se-79, Case 1122, Period 8: 73,000 to 85,000 years

Figure C3.8



Se-79, Case 1122, Period 9: 85,000 to 97,000 years

Figure C3.9



Se-79, Case 1122, Period 10: 97,000 to 99,000 years

Figure C3.10



Se-79, Case 1122, Period 11: 99,000 to 105,000 years

iflux ^eastern boundary;)i; flux tjit«gjcai:(ea&tei5h: bound ary)

Figure C3.ll



Se-79, Case 1122, Period 12: 105,000 to 115,000 years

Figure C3.12



Se-79, Case 1122, Period 13: 115,000 to 117,000 years
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Concentration profile at 117,000 years
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Figure C3.13



Se-79, Case 1122, Period 13: 115,000 to 215,000 years

Concentration profile at 215,000 years

Figure C3.13(i)



Se-79, Case 1122, Period 14: 117,000 to 119,000 years

Figure C3.14



Se-79, Case 1122, Period 15: 119,000 to 123,000 years

Concentration profile at 123,000 years

Figure C3.15



Se-79, Case 1122, Period 16: 123,000 to 130,000 years
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Figure C3.16



Appendix C4

Case 1112: 129|, High sub-ice recharge with
continuous permafrost

C4.l - C4.16 129I, Case I 112. Periods 1 to 16.

Key to Figures:

Flow grids:

Flux Curves:

Concentration profiles:

These qualitatively indicate the direction of groundwater flow
within the modelled geometry. Longer arrows indicate
greater flow, relative to areas in (he same model. Arrows
from subsequent runs will no; necessarily be relative to one
another. Note that the concentration of arrows only reflects
the grid size.

Flux = flux of nuclide across the total length of the named
boundary based on a unit flux into the repository region.
Flux Integral = cumulative flux across the named boundary
over the whole calculational period. Positive values represent
flux away from the repository and upwards across the
biosphere boundary. Negative values represent the reverse
flux, ie. away from the biosphere (downwards) or leftwards
from the eastern boundary.

Concentration profiles are also qualitative. The contour scale
is linear, such that blue (darker shade surrounding generally
lighter plume in black and white figures) represents zero
concentration and red (towards centre of plume in black and
white figures) represents the highest concentration. Note that
the scale of the concentration plumes is recalculated under
each separate run (scaled according to the range of
concentrations for any one calculation) and therefore the
plumes from separate calculations cannot be directly
compared. However, the plume shapes do give an overall
impression of the impact of groundwater flow on plume
development.

C4-1



1-129, Case 1112, Period 1: Up to 10,000 years
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1-129, Case 1112, Period 2: 10,000 to 54,000 years

Figure C4.2



1-129, Case 1112, Period 3: 54,000 to 56,000 years

Figure C4.3



1-129, Case 1112, Period 4: 56,000 to 61,000 years

fl nx intcgralHEcastePn: fc own dai^)

mm /

Concentration plume at 61,000 years

Figure C4.4



1-129, Case 1112, Period 5: 61,000 to 68,000 years
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Concentration profile at 68,000 years

Figure C4.5



1-129, Case 1112, Period 6: 68,000 to 70,000 years

flux integral (to biospheM)

Concentration profile at 70,000 years



1-129, Case 1112, Period 7: 70,000 to 73,000 years

Concentration profile at 73,000 years

Is:



1-129, Case 1112, Period 8: 73,000 to 85,000 years

Concentration profile at 85,000 years

Figure C4.8



1-129, Case 1112, Period 9: 85,000 to 97,000 years
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Figure C4.9



1-129, Case 1112, Period 10: 97,000 to 99,000 years
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Figure C4.10



1-129, Case 1112, Period 11: 99,000 to 105,000 years
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Figure C4.ll



1-129, Case 1112, Period 12: 105,000 to 115,000 years
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Figure C4.12



1-129, Case 1112, Period 13: 115,000 to 117,000 years
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Figure C4.13



1-129, Case 1112, Period 14: 117,000 to 119,000 years
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Figure C4.14



1-129, Case 1112, Period 15: 119,000 to 123,000 years
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Figure C4.15



1-129, Case 1112, Period 16: 123,000 to 130,000 years
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Figure C4.16



Appendix C5

Case 1312: 79Se, High sub-ice recharge with
continuous permafrost,

ŷy OCX

C5.l - C5.16 7(>Se, Case 1312, Periods 1 to 16.

Key to Figures:

Flow grids: These qualitatively indicate the direction of groundvvater flow
within the modelled geometry. Longer arrows indicate
greater flow, relative to areas in the same model. Arrows
from subsequent runs will not necessarily be relative to one
another. Note that the concentration of arrows only reflects
the grid size.

Flux Curves: Flux = flux of nuclide across the total length of the named
boundary based on a unit flux into the repository region.
Flux Integral = cumulative flux across the named boundary
over the whole calculational period. Positive values represent
flux away from the repository and upwards across the
biosphere boundary. Negative values represent the reverse
flux, ie. away from the biosphere (downwards) or leftwards
from the eastern boundary.

Concentration profiles: Concentration profiles are also qualitative. The contour scale
is linear, such that blue (darker shade surrounding generally
lighter plume in black and white figures) represents zero
concentration and red (towards centre of plume in black and
white figures) represents the highest concentration. Note that
the scale of the concentration plumes is recalculated under
each separate run (scaled according to the range of
concentrations for any one calculation) and therefore the
plumes from separate calculations cannot be directly
compared. However, the plume shapes do give an overall
impression of the impact of groundwater flow on plume
development.

C5-1



Se-79, Case 1312, Period 1: 0 to 10,000 years
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Figure C5.1



Se-79, Case 1312, Period 2: 10,000 to 54,000 years
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Figure C5.2



Se-79, Case 1312, Period 4: 56,000 to 61,000 years
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Concentration profile at 61,000 years



Se-79, Case 1312, Period 5: 61,000 to 68,000 years
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Figure C5.5



Se-79, Case 1312, Period 6: 68,000 to 70,000 years
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Se-79, Case 1312, Period 7: 70,000 to 73,000 years
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Concentration profile at 73,000 years



Se-79, Case 1312, Period 8: 73,000 to 85,000 years

Concentration profile at 85,000 years

Figure C5.8



Se-79, Case 1312, Period 9: 85,000 to 97,000 years
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Concentration profile at 97,000 years



Se-79, Case 1312, Period 10: 97,000 to 99,000 years
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Concentration profile at 99,000 years



Se-79, Case 1312, Period 11: 99,000 to 105,000 years

FigureC5.il



Se-79, Case 1312, Period 12: 105,000 to 115,000 years

Concentration profile at 115,000 years



Se-79, Case 1312, Period 13: 115,000 to 117,000 years
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Se-79, Case 1112, Period 13: 115,000 to 215,000 years
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Concentration profile at 215,000 years

Figure C5.13(i)



Se-79, Case 1312, Period 14: 117,000 to 119,000 years

Figure C5.14



Se-79, Case 1312, Period 15: 119,000 to 123,000 years

Figure C5.15



Se-79, Case 1312, Period 16: 123,000 to 130,000 years
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Figure C5.16



Appendix C6

Case 1312: , High sub-ice recharge with
continuous permafrost,
.yy OCX

C6.1 - C6.16 ' -yI . Case 1312, Periods 1 to 16.

Key to Figures:

Flow grids:

Flux Curves:

Concentration profiles:

These qualitatively indicate the direction of groundwater flow
within the modelled geometry. Longer arrows indicate
greater flow, relative to areas in the same model. Arrows
from subsequent runs will not necessarily be relative to one
another. Note that the concentration of arrows only reflects
the grid size.

Flux = flux of nuclide across the total length of the named
boundary based on a unit flux into the repository region.
Flux Integral = cumulative flux across the named boundary
over the whole calculational period. Positive values represent
flux away from the repository and upwards across the
biosphere boundary. Negative values represent the reverse
flux, ie. away from the biosphere (downwards) or leftwards
from the eastern boundary.

Concentration profiles are also qualitative. The contour scale
is linear, such that blue (darker shade surrounding generally
lighter plume in black and white figures) represents zero
concentration and red (towards centre of plume in black and
white figures) represents the highest concentration. Note thai
the scale of the concentration plumes is recalculated under
each separate run (scaled according to the range o\'
concentrations for any one calculation) and therefore the
plumes from separate calculations cannot be directly
compared. However, the plume shapes do give an overall
impression of the impact of groundwater flow on plume
development.

C6-1



1-129, Case 1312, Period 1: 0 to 10,000 years

Concentration profile at 10,000 years



1-129, Case 1312, Period 2: 10,000 to 54,000 years

Figure C6.2



1-129, Case 1312, Period 3: 54,000 to 56,000 years
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Concentration profile at 56,000 years



1-129, Case 1312, Period 4: 56,000 to 61,000 years

Figure C6.4



1-129, Case 1312, Period 5: 61,000 to 68,000 years
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1-129, Case 1312, Period 6: 68,000 to 70,000 years

Figure C6.6



1-129, Case 1312, Period 7: 70,000 to 73,000 years
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1-129, Case 1312, Period 8: 73,000 to 85,000 years
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Figure C6.8



1-129, Case 1312, Period 9: 85,000 to 97,000 years

Figure C6.9



1-129, Case 1312, Period 10: 97,000 to 99,000 years

Figure C6.10



Se-79, Case 1312, Period 11: 99,000 to 105,000 years

Figure C6.ll



1-129, Case 1312, Period 12: 105,000 to 115,000 years

Figure C6.12



1-129, Case 1312, Period 13: 115,000 to 117,000 years

Figure C6.13



1-129, Case 1312, Period 14: 117,000 to 119,000 years

Figure C6.14



1-129, Case 1312, Period 15: 119,000 to 123,000 years
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1-129, Case 1312, Period 16: 123,000 to 130,000 years

Figure C6.16



Appendix D

Tables summarising the flux results to the biosphere for each scenario case analysed as
follows:

Dl

D2

D3

D4

D5

D6

D7

D8

D9

D10

79Se, Base Case 1.

79Se, Case 1112.

79Se, Case 1111.

79Se, Case 1122.

1291, Base Case 1.

1291, Case 1112.

?9Se, Base Case 2.

79Se, Case 1312.

1291, Base Case 2.

1291, Case 1312.

Key:

Average flux:

Maximum flux:

Average flux over the duration of the calculation period (mol
a-').

Maximum flux over the duration of the calculation period
(mol a-').

Period Cumulative Flux: Cumulative flux over the duration of the calculation period
(moles).

Total Cumulative Flux: Cumulative flux over consecutive periods up to 130, 000
years (moles). Does not include fluxes in parentheses (see
below).

(0.002): Flux values which are an artifact of upstream dispersion (see
Section 5.1.2).
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Period

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Time
(ka)

0- 10

10-54

54-56

56-61

61-68

68-70

70-73

73-85

85-97

97-99

99 - 105

105-115

115-117

117-119

119-123

123- 130

Average
flux

0

0.000028

0.000105

0.00013

0.000176

0.000205

0.000223

0.000276

0.000346

0.000395

0.000425

0.000504

0.000565

0.000595

0.000645

0.000734

Maximum
flux

0

0.00009

0.000106

0.000142

0.000195

0.000209

0.00023

0.000306

0.000381

0.000395

0.000444

0.00055

0.000575

0.000602

0.000662

0.000783

Period
Cumulative
flux

0

1.24

0.21

0.65

1.23

0.41

0.67

3.31

4.15

0.79

2.55

5.04

1.13

1.19

2.58

5.14

Total
Cumulative
flux

0

1.24

1.45

2.1

3.33

3.74

4.41

7.72

11.87

12.66

15.21

20.25

21.38

22.57

25.15

30.29

Se-79, Reference Case

Table Dl



Period

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Time 1
(ka)

0-10 H

10-54 1
54-56
56-61
61-68
68-70 11
70-73
73-85 |
85-97
97-99
99 - 105
105-115
115-117
117-119

I

119-123 1
l

123-130

Average
flux

0

0

0

(0.00162)

0.0121

0.1475

0.0507

0.0145
0

(0.0975)

(0.0375)

0.0715

0.3975

0.2025

0.037

0.034

Maximum
flux

0

0

0

(0.0021)

0.031

0.25

0.055

0.014
0

(0.22)

(0.055)

0.02

0.51

0.22

0.044

0.037

Period
Cumulative
flux

0

0

0

(8.1)

85

295

152

174

0

(195)

(225)

715

795

405

148

238

Total
Cumulative
flux

0

0

0

0

85

380

532

706

706

706

706

1421

2216

2621

2769

3007

Se-79, Case 1112

Table D2



Period

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Time
(ka)

0-10

10-54

54-56

56-61

61-68

Average
flux

0

0

0

0

(0.000036)

68 - 70 | (0.000133)

70 - 73 || 0.000537

73-85 10.000335
85 - 97 HO

97-99

99 -105

105-115

115-117

117-119

0

0

(0.000415)

(0.00168)

0.00505

119-123 I 0.00145

123-130 1 0.00173

Maximum
flux

0

0

0

0

(0.0001)

(0.0005)

0.00085

0.00048

0

0

0

(0.0004)

(0.002)

0.0073

0.0017

0.0019

Period
Cumulative
flux

0

0

0

0

(0.25)

(0.27)

1.61

4.02

0

0

0

(4.15)

(3.35)

10.10

5.8

12.1

Total
Cumulative
flux

0

0

0

0

0

0

1.61

5.63

5.63

5.63

5.63

5.63

5.63

15.73

21.53

33.63

Se-79, Case 1111

Table D3



Period

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Time
(ka)

0-10

10-54

54-56

56-61

61-68

68-70

70-73

73-85

85-97

97-99

99 - 105

105-115

115- 117

117- 119

119-123

123 - 130

Average
flux

0

0.0000219

(0.00133)

(0.00208)

0.01371

0.16

0.054

0.0153

0.0133

(0.113)

(0.0405)

0.0745

0.4085

0.2075

0.03775

0.035

Maximum
flux

0

0.00009

(0.007)

(0.0024)

0.034

0.267

0.059

0.016

0.0125

(0.08)

(0.015)

0.14

0.52

0.21

0.045

0.039

Period
Cumulative
flux

0

1.18

(2.65)

(10.42)

96.0

320

162

184

160

(226)

(243)

745

817

415

151

245

Total
Cumulative
flux

0

1.18

1.18

1.18

97.2

417

579

763

923

923

923

1668

2485

2900

3051

3296

Se-79, Case 1122

Table D4



Period

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Time
(ka)

0-10

10-54

54-56

56-61

61-68

68 - 70

70-73

73-85

85-97

97-99

99 - 105

105-115

115- 117

117- 119

119-123

123-130 |

1 Average
flux

1
0.1278

0.238

0.238

0.238

0.238

| 0.238

| 0.238

0.238

[0.238

0.238

0.238

0.238

0.238

0.238

[0.238

0.238

Maximum
flux

0.237

0.238

0.238

0.238

0.238

0.238

0.238

0.238

0.238

0.238

0.238

0.238

0.238

0.238

0.238

0.238

Period
Cumulative
flux

1278

10472

476

1190

1666

476

714

2856

2856

476

1428

2380

476

476

952

1666

Total
Cumulative
flux

1278

11750

12170

13355

15000

15470

16184

19040

21896

22372

23800

26180

26656

27132

28084

29750

1-129 constant source, Reference Case

Table D5



Period

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Time
(ka)

0-10

10-54

54-56

56-61

61-68

68-70

70-73

73-85

85-97

97-99

99 - 105

105-115

115-117

117-119

119-123

123-130

Average
flux

0.1278

0

(0.01075)

(0.00165)

1.05

1.125

0.573

0.4375

0

(0.03625)

(0.00165)

1.015

1.1575

0.7075

0.15875

0.30357

Maximum
flux

0.237

0

(1.15)

(0.0017)

1.4

2.25

0.94

0.54

0

(1.9)

(0.0017)

1.4

2.3

0.97

0.263

0.31

Period
Cumulative
flux

1278

0

(21.5)

(8.25)

7350

2250

1720

5250

0

(72.5)

(9.9)

10150

2315

1415

635

2125

Total
Cumulative
flux

1278

1278

1278

1278

8628

10878

12598

17848

17848

17848

17848

27998

30313

31728

32363

34488

1-129 constant source, Case 1112

Table D6



Period

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Time
(ka)

0-10

10-54

54-56

56-61

61-68

68-70

70-73

73-85

85-97

97-99

99 - 105

105-115

115-117

117-119

119-123

123 - 130

Average
flux

Maximum
flux

0

Period
Cumulative
flux

Total
Cumulative
flux

0

Low Flux

0.000013 0.000016 1.66

Se-79 Reference Case 2 (kyy > kxx)

Table D7



Period

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Time
(ka)

0- 10

10-54

54-56

56-61

61-68

68-70

70-73

73-85

85-97

97-99

99 - 105

105-115

115-117

117-119

119-123

123 - 130

Average
flux

0

0

(0.0075)

(0.0061)

0.1128

0.91

0.129

0.0036

0

(0.4675)

(0.0413)

0.1575

1.295

0.6375

0.0063

0.0008

Maximum
flux

0

0

(0.015)

(0.008)

0.285

1.27

0.135

0.0042

0

(1.05)

(0.052)

0.275

1.71

0.69

0.0069

0.0009

Period
Cumulative
flux

0

0

(15.05)

(30.5)

790

1820

387

43.7

0

(935)

(248)

1575

2590

1275

25.2

5.6

Total
Cumulative
flux

0

0

0

0

790

2610

2997

3040

3040

3040

3040

4615

7205

8480

8505

8511

Se-79,Case 1312

Table D8



Period

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Time
(ka)

0-10

10-54

54-56

56-61

61-68

68-70

70-73

73-85

85-97

97-99

99 - 105

105-115

115-117

117-119

119-123

123-130

Average
flux

Maximum
flux

0

0.00018

0.00021

0.00029

0.0004

0.00043

0.00048

0.00067

0.00092

0.00097

0.00117

0.00165

0.00175

0.0019

0.0022

0.00285

Period
Cumulative
flux

Total
Cumulative
flux

0

2.25

2.7

4

6.5

7.4

8.8

16

25.5

27.5

34

48

52

55.5

64

83.5

1-129 Reference Case 2 (kyy > kxx)

Table D9



Period

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Time
(ka)

0-10

10-54

54-56

56-61

61-68

68-70

70-73

73-85

85-97

97-99

99 - 105

105-115

115- 117

117-119

119-123

123 - 130

Average
flux

0

0

(0.27)

(0.0061)

1.05

1.0625

0.5433

0.0308
0

(0.2245)

(0.0059)

1.055

1.155

0.855

0.009

0.0013

Maximum
flux

0

0

(4)

0.0063

1.64

1.9

0.92

0.038
0

(3.66)

0.0063

1.65

3.1

1.0

0.0094

0.0013

Period
Cumulative
flux

0

0

(540)

(30.5)

7350

2125

1630

370

0

(449)

(35.5)

10550

2310

1710

36.2

8.85

Total
Cumulative
flux

0

0

0

0

7350

9475

11105

11475

11475

11475

11475

22025

24335

26045

26081

26090

1-129 constant source, Case 1312

Table D10


