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which is the selected climatic evolution for the TURVA-2012 safety case 
(Formulation of Radionuclide Release Scenarios, Figure 4-2). 121 

Figure 5-3. Illustration of the permafrost modelling process using surface and 
subsurface models. 124 

Figure 5-4. Comparison of the shoreline displacement curves used in groundwater 
flow modelling by Hartley et al. (2013a) (dark blue) and the one used in Site 
Description (red) (Hartley et al. 2013a, Figure 4-8). 130 

Figure 5-5. On the left, locations of the local ancient shoreline and other dating 
points (blue) and regional sites (orange spots) where a shore-level 
displacement curve has been fitted to the local points (Vuorela et al. 2009). 
On the right, the crustal thickness (km ± about 10 %) by Grad & Tiira 
(2008) and Grad et al. (2009), which has been assumed to correlate with the 
Bs parameter (Chapter 5 of Vuorela et al. 2009) Map layout by Arto 
Vuorela/Pöyry Environment Oy. 131 

Figure 5-6. Land uplift model parameters As (left) and Bs (see Equation 5-4) in 
Fennoscandian scale (Vuorela et al. 2009). Points indicate input data for the 
interpolation. Map layout by Arto Vuorela/Pöyry Environment Oy. 131 

Figure 5-7. Arc-tangent functions of the Påsse (2001) models fitted to the shore 
level dating points from the Olkiluoto-Pyhäjärvi region (Vuorela et al. 2009 
Figures 56 and 57 reproduced); Olkiluoto site is at points 257−258. 133 

Figure 5-8. Epicentres of earthquakes in during the period 1375−2010 according 
to the catalogue of earthquakes in northern Europe (FENCAT 2011). The 
seismic belts Å-P-P and B-L as well as Southern Finland quiet zone (SFQZ) 
are also shown. The alternative interpretation of the active zone in central 
Finland (CFAZ) is outlined by a dashed line (Saari 2012, Figure 2-3). 136 

Figure 6-1. Schematic illustration of the hydrogeological site description of 
Olkiluoto. dZ = depth zone (Hartley et al. 2013b, Figure 2-1). 145 

Figure 6-2. Site scale hydrogeological zones (HZ), according to Vaittinen et al. 
(2011, Figure 5-1). This model describes 13 zones as two-dimensional 
planar features. The shoreline of Olkiluoto is indicated with the grey border. 
BFZ = brittle fault zone. 146 

Figure 6-3. Tectonic units and major ductile deformation zones of Olkiluoto 
(Aaltonen et al. 2010). SDZ = Selkänummi Shear Zone, FDZ = Flutanperä 
Deformation Zone, D4-1 = D4 phase deformation zone, LSZ = Liikla Shear 
Zone. 147 

Figure 6-4. Horizontal slice at –385 m elevation illustrating the four hydraulic 
domains (northern hydraulic unit NHU: blue, central hydraulic unit west 
CHUW: green, central hydraulic unit east CHUE: orange and southern 
hydraulic unit SHU: red). A repository layout variant and shoreline are also 
shown (Hartley et al. 2013a, Figure 2-2). 147 
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Figure 6-5. Visualisation of the complete underground spent fuel facility to 
accommodate 9000 tU), the deposition holes are drawn as red “studs” 
underneath (green) deposition tunnels, which, in turn, are connected to 
(blue) central tunnels. The disposal facility for low and intermediate level 
waste from encapsulation plant is shown in orange. From Hartley et al. 
(2013b, Figure 3-2). 148 

Figure 6-6. Conceptualisation of the rock damage in the near field for 
groundwater flow modelling of the deposition tunnel and holes, central case. 
The features shown are the deposition tunnel (green), discontinuous EDZ 
fractures below the deposition tunnel (purple), the deposition holes (yellow) 
and the eight fractures per hole representing rock damage around the holes. 
Four are parallel to the faces of the deposition hole (blue) and four crossing 
fractures connect these to the deposition hole (red). Figure 4-18 of Hartley 
et al. (2013a). 149 

Figure 6-7. Visualisation of one realisation of a stochastic DFN model for the 
Olkiluoto site showing fractures coloured by hydraulic domain (NHU: blue, 
CHUW: green, CHUE: orange, SHU: red, hydrogeological zones: purple). 
See Figure 6-4 caption for acronym definitions. From Hartley et al. (2012, 
Figure 7-2). 150 

Figure 6-8. Two-dimensional illustration of flow through a network of fractures. 
A random network of fractures with variable length and transmissivity is 
shown top left (orange fractures are large transmissivity, blue are low). Top 
right: flow-paths (dotted arrows) for a linear head gradient E-W decreasing 
along the x-axis. Bottom left: flow-paths through the network for a linear 
head gradient S-N decreasing along the y-axis. After Hartley et al. (2013a, 
Figure C-4 in Appendix C). 153 

Figure 6-9. Example of ECPM properties generated by upscaling the Hydro-
DFN: vertical hydraulic conductivity (Kzz) for z = 20 m (top left); z = 80 m 
(top right); z = 250 m (bottom left); z = 410 m (bottom right). In the 
upscaling, fractures having side length greater than 15 m were included for 
the upscaling as smaller fractures would not contribute significantly to flow 
over the block scales considered. After Hartley et al. (2013a, Figure C-6 in Appendix C).   154 

Figure 6-10. Three-dimensional finite-element mesh (top) and embedded two-
dimensional finite elements representing hydrogeological zones (bottom). 155 

Figure 6-11. Simulation of permafrost periods (Hartikainen 2013) for the last 
glacial cycle in 1D using data provided by Pimenoff et al. (2011). The 
evolution of the selected permafrost periods (Period 1 and Period 2) is used 
for surface and deep groundwater flow modelling. From Formulation of 
Radionuclide Release Scenarios, Figure 4-3. 156 

Figure 6-12. Unfrozen water content down to the depth of 25 m at 16000 AD in a 
future permafrost stage (Löfman & Karvonen 2012, Figure 2-10e, 
permafrost results according to Hartikainen 2013). 157 

Figure 6-13. Initial fractions of reference watertypes assumed at 6000 BC in the 
calculated evolution of hydrogeology at Olkiluoto (Hartley et al. 2013a, 
Figure 4-11). 158 
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Figure 6-14. Groundwater flow model area in Hartley et al. (2013b, Figure 4-1). 
The grey region illustrates the extent of the domain, with the innermost 
yellow area a refined region local to the repository extending to a depth of 
835 m. The red line shows the position of a vertical slice used to illustrate 
the groundwater composition in Hartley et al. (2013a, Figure 4-1). The 
model reaches down to a depth of 2000 m. On all boundaries, except on the 
top boundary, a no-flow boundary condition is applied to groundwater flow 
and a fixed boundary condition for groundwater salinity. 159 

Figure 6-15. Hydraulic head boundary condition (m) for the FEFTRA deep 
groundwater flow model at three future moments of time. Present shoreline 
and location of the horizontal cross-section (WCA, well characterised area) 
are shown in the maps. The values of the “head boundary condition” use the 
sea level as a reference at respective times. In the lowermost figure, the sea 
shoreline is located outside the frame of the figure (after Löfman & 
Karvonen, 2012, Figure 2-11a−c). 160 

Figure 6-16. The pressure boundary condition on the top surface used in the ice 
sheet retreat simulations by Löfman & Karvonen (2012, Figure 7-4, top) for 
reconstructed Yoldia Sea level (Case 1) and the simulated sea level (Case 
2). 162 

Figure 6-17. Location of ice sheet above Olkiluoto Island at different times 
(Hartley et al. 2013a, Figure 5-11 after Löfman & Karvonen 2012, Figure 7-
1). 162 

Figure 6-18. Example of a DFN model embedded within an ECPM model for the 
Olkiluoto site. The DFN region is shown in the inner box, by a slice taken at 
-410 m and shows fractures coloured by transmissivity. The ECPM is the 
outer area, coloured by conductivity. The Olkiluoto Island outline is shown 
in black (Hartley et al. 2013a, Figure 4-12). 163 

Figure 6-19. The components of FEFTRA (after Löfman et al. 2007). 165 

Figure 6-20. Baseline pressure heads characterising an undisturbed situation 
before the construction of the ONKALO started. The enveloping lines for 
“TDS head” are calculated assuming a groundwater table elevation and a 
groundwater salinity profile. Below approximately z = −500 m the pressure 
head exhibits a strongly increasing trend due to groundwater salinity. In the 
upper part of the bedrock the pressure head is typically nearly constant 
implying a weakness of the vertical component of the hydraulic gradient, 
and thus weakness of freshwater infiltration at Olkiluoto (Site Description, 
Figure 6-3). 167 

Figure 6-21. Fracture traces mapped on outcrop OL-TK11 in central tectonic unit 
CTU2. “Null” traces represent mapped fractures without orientation data 
(Site Description, Figure 4-63). 169 

Figure 6-22. Fracture traces mapped on a section of the walls of the ONKALO 
tunnel, coloured by the number of tunnel walls the fracture intersects. The 
inset map illustrates mapped fracture traces in the rest of the tunnel, 
coloured by their dip angle. The preponderance of green to teal-coloured 
traces represents the domination of foliation subparallel fracture sets. 170 
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Figure 6-23. Water-loss porosity determined on out-diffusion cores from borehole 
OL-KR47 as a function of vertical depth. Highlighted in yellow are samples, 
which are macroscopically altered or crosscut by veins (VGN = veined 
gneiss; PGR = pegmatitic granite; Min.Lith = minor lithologies). Yellow 
squares mark samples, which are crosscut by clay-filled veins. Figure 
adopted from Eichinger et al. (2010). 171 

Figure 6-24. The repository layout adaptation 2011. It was designed for the needs 
of Posiva’s SAFCA project in 2D at a level of 420 m. In the flow models the 
layout was placed at a depth of 410 m, which is a mean depth of the 
corresponding 3D layout (400–420 m). In order to avoid the intersections 
between the deposition tunnels and the layout determining features in the 
numerical finite element model some tunnels were shortened, so that the 
total length of the deposition tunnels (approx. 56 km) was decreased 4.3 %. 
The numbers show the assumed order of construction of the panels (Löfman 
& Karvonen 2012, Figure 4-9) 172 

Figure 6-25. Inclusion of crown space in the continuous porous medium (CPM) 
repository-scale representation. The tunnels are shown in green, the EDZ is 
coloured red and the crown space is coloured blue. The crown space is 
conceptualised as a 0.1 m thick highly conductive (10−3 m/s) zone at the 
roofs of the tunnels. Figure adopted from Hartley et al. (2013a, Figure 5-2). 174 

Figure 6-26. Three snapshots (present day, 3000 AD and 5000 AD). While the 
land keeps lifting up until the next glacial period, further uplift affects the 
surface system only very little after 5000 AD as the site has already turned 
into an inland site (after Hartley et al. 2013a, Figure 4-10). 175 

Figure 6-27. The assumed locations of taliks (the parts of soil and bedrock 
remaining unfrozen during the permafrost period) that were used by Löfman 
& Karvonen (2012, Figure 2-9) together with 1D permafrost conditions by 
Hartikainen (2013). 176 

Figure 6-28. The black contour represents Nye’s (1952) ice sheet profile. The 
green horizontal dashed line represents the reconstructed Yoldia sea level 
(Glückert 1976) and the green vertical line (HFy) is the critical flotation 
thicknesses defined for reconstructed Yoldia Sea level. The orange 
horizontal dashed line represents the CLIMBER-SICOPOLIS simulated sea 
level and the orange vertical line (HFs) marks the critical flotation 
thicknesses defined for the simulated sea level. The blue mark is the 
approximate ice sheet flotation thickness of the Greenland outlet glacier 
Helheim during year 2003 (Howat et al. 2007). On the left hand side of the 
y-axis, the ice sheet profile is relative to the present global mean sea level 
considering the simulated 490.6 m depression of the grid cell nearest to 
Olkiluoto. On the right hand side of the y-axis the ice profile is depicted as 
ice sheet thickness. Figure adopted from Löfman & Karvonen (2012, Figure 
O-2). 177 

Figure 6-29. Cumulative distribution of the inflow into the deposition holes 
(based on Hartley et al. 2013a), variation between different DFN model 
variants (ps_r0_2000 is the reference case; see Appendix D of their report 
for details). One realisation of each model variant is plotted in the figure. 
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Fraction calculated based on all the potential canister positions (5391) in the 
layout. The 0.1 L/min initial inflow limit is shown as a vertical line. 179 

Figure 6-30. Distribution of the flow into the deposition holes (after Hartley et al. 
2013a), ps_r0_2000 = rock damage around the deposition hole and a non-
continuous EDZ below the tunnel floor, ps_r0_no_edz 2000 = rock damage 
around the deposition hole and no EDZ below the tunnel floor, 
ps_r0_cont_edz_2000 = rock damage around the deposition hole and a 
continuous EDZ below the tunnel floor, ps_r0_condx10_2000 = ten times 
higher hydraulic conductivity of the rock damage zone around the 
deposition hole and EDZ below the tunnel floor. Assuming no rock damage 
around the deposition hole does not change the inflow distribution 
compared to case ps_r0_2000. Fraction calculated from all potential canister 
positions (5391) in the layout. 180 

Figure  6-31.  Complementary cumulative distr ibution (as histogram 
representation) of (a) the total flow into the deposition tunnels and (b) the 
proportion of tunnels having a certain number of inflow points for various 
inflow limits. Inflow through EDZ fractures included (after Hartley et al. 
2013b, Figure 3-10 and 3-12). 181 

Figure 6-32. The calculated salinity (Total Dissolved Solids, TDS) just before the 
disposal operations and after 45 years of the disposal operations (topmost 
row); after 90 years of the disposal operations and approximately 900 years 
later (middle row); and after 10000 and 50000 years (at the end of the 
temperate stage). A set of selected example results from Löfman & 
Karvonen (2012, Figures 5-14, 5-15 and 5-16) are shown here; see the 
reference for a more complete discussion. 182 

Figure 6-33. The calculated groundwater salinity (TDS, g/L) at the horizontal 
cross-section at a depth of 410 m at three time moments during the ice sheet 
retreat conditions and assuming that the melting ice sheet margin stops in 
front of the repository area. Example results from Löfman & Karvonen 
(2012, Figure 7-11, see Löfman & Karvonen 2012 for details). 183 

Figure 6-34. Recharge pathlines (blue) and discharge pathlines (red) for the base 
case model at 2000 AD. Pathlines with Fr greater than 1·106 a/m are omitted 
(Hartley et al. 2013a, Figure 6-28). 184 

Figure 6-35. A comparison of the fraction of meteoric water at repository depth 
by 12000 AD simulated by the 3D regional-scale flow and transport 
modelling and the positions (indicated by dots) of deposition holes 
estimated to have been potentially diluted below 0.4 g/L based on the flow-
related transport resistance for recharge pathways (Hartley et al. 2013a, 
Figure 6-31). 184 

Figure 6-36. Three release paths start from each deposition hole. Starting 
locations are in the stochastic fracture intersecting the deposition hole (F-
path), in the EDZ fracture (DZ-path) and in the deposition tunnel (TDZ-
path). Starting locations of the geosphere release paths are indicated by open 
circles. Migration in the near-field model is indicated by dashed lines. The 
near-field TDZ-path ends at the first downstream fracture along the 
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deposition tunnel. Far-field TDZ-path is followed by particle tracking along 
the flow field and it may not necessarily leave the tunnel at the first fracture 
intersection (after Assessment of Radionuclide Release Scenarios for the 
Repository System, Figure 3-5). 186 

Figure 6-37. Release routes F (red), DZ (blue), TDZ (green) for particle release at 
a specific deposition hole (Hartley et al. 2013a, Figure 6-2). 187 

Figure 6-38. A TDZ pathline with a large tunnel length (approximately 650 m) 
accumulated from time spent in the deposition tunnel, EDZ and spalling 
fractures, before exiting the repository structure into the fracture network 
(Hartley et al. 2013a, Figure 6-3). 187 

Figure 6-39. CDF (cumulative distribution function) plots of transport resistance, 
Fr with inflow screening for all particles that reach the top surface (their Fr 
values are finite). Results are shown for the F-path release at 2000 AD, 3000 
AD and 5000 AD (Hartley et al. 2013a, Figure 6-23). 188 

Figure 6-40. CDF plots of initial flow-rate, UF with inflow screening for all 
particles that reach the top surface. Results are shown for F-path release at 
2000 AD, 3000 AD and 5000 AD. Figure adopted from Hartley et al. (2013, 
Figure 6-24). 188 

Figure 6-41. Evolution of exit locations calculated using the site-scale base case 
model used to select appropriate time slices for repository-scale modelling. 
Particles are tracked from F-path release positions to the top of bedrock for 
the flow field at 2000 AD (yellow), 3000 AD (green), 5000 AD (blue), and 
12000 AD (red). The hydrogeological zones at z = -10 m are shown in 
green, BFZ100 in red, along with the shoreline at 2000 AD (black) (based 
on Hartley et al. 2013a, Figure 6-22). 189 

Figure 6-42. Exit points across Olkiluoto for ten particles released per start point. 
Results are shown for releases F (top), DZ (middle), and TDZ (bottom) in 
the hydrogeological base case model at 2000 AD. A cross-section of the 
hydrogeological zones are shown at −10 m, and coloured purple (Hartley et 
al. 2013a, Figure 6-1). 190 

Figure 6-43. Scheme of the geochemical conceptual model used in the reactive 
transport simulations. Reference waters in the figure refer to the present day 
groundwater types which are used as initial groundwaters in the model and 
the infiltrating waters. Reactions marked in red are considered in the 
dedicated study to assess the sulphide content (Wersin et al. 2013c). 195 

Figure 6-44. (a) Illustrative sketch of the homogenisation procedure (Trinchero et 
al. 2013, Figure 3-11), (b) travel time histogram in the ith interface, (c) 
Dirac delta function. 197 

Figure 6-45. Scheme of the methodology used for the evaluation of the 
groundwater composition at repository depth (Trinchero et al. 2013, Figure 
1-2). 198 

Figure 6-46. Sketch of the sequence of operational and climatic periods modelled 
in the framework of the present study (the permafrost period has not been 
accounted for in the calculations) (Trinchero et al. 2013, Figure 3-2). The 
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arrows indicate the time at which each snapshot of the velocity field has 
been taken. The velocity field at t = t2 (i.e. grey arrow) has been analysed 
but not used in the modelling work. 198 

Figure 6-47. Statistical analysis of the TDS for the different water types and TDS 
values representative of the interfaces between zones (green lines) 
(Trinchero et al. 2013, Figure 3-9). The statistical measures shown are the 
median, the 25th and 75th percentile (box), the mean (square), the 5th and 
95th percentile (“whiskers”), the 1st and the 99th percentile (crosses) and the 
maximum and the minimum values. B in water types denotes brackish. 204 

Figure 6-48. Line heat source in thermal model.  224 

Figure 6-49. Effective height of the canister, when the canister is modelled as a 
line. 225 

Figure 6-50. Air- and pellet-filled gaps on canister surface cylinder and between 
buffer and rock. 227 

Figure 6-51. Nominal dimensions of the canister, deposition hole and tunnel. For 
the BWR fuel type, height (H) = 4752 mm, for VVER type H = 3552 mm 
and for PWR fuel type H = 5223 mm. 230 

Figure 6-52. Thermal conductivity and heat capacity of Olkiluoto rock 
(Kukkonen et al. 2011).  

Figure 6-53. Thermal conductivity of bentonite (Börgesson et al. 1994). The 
thermal conductivity 1.0 W/(m·K) is used for “dry” condition and 
1.3 W/(m·K) for “saturated” condition. 233 

Figure 6-54. Thermal conductivity of dry air (continuous line) and humid air 
(dotted line) at atmospheric pressure (left) and thermal capacity of dry air 
(right) (Ikonen & Raiko 2012 based on Fletcher 1991). 233 

Figure 6-55. Surface temperature evolution of a BWR canister locating centrally 
in a panel in dry case (red line) and in saturated case (green line). The black 
line shows the rock surface temperature in both cases. The canister spacing 
is 8.92 m (Ikonen & Raiko 2012, Figure 21). 237 

Figure 6-56. Effect of the thermal conductivity of bentonite on the canister 
temperature (Ikonen 2009, Figure B-5). 238 

Figure 6-57. Flow chart of the modelling of rock damage in the POSE experiment 
using the 3DEC and Fracod2D codes (Site Description, Section 9.2), and in 
the repository using the Monte Carlo methodology and fuzzy numbers, and 
the data inputs and outputs. 241 

Figure 6-58. Flow chart of the modelling carried out to (a) assess the stresses, 
fault stability, earthquake frequency and shear displacements in order to (b) 
estimate the number of canister failures due to shear displacements. 252 

Figure 6-59. Idealised elasto-plastic material model with linear joint stiffness and 
shear failure according to a Coulomb criterion. a) Linear relation between 
the fracture normal stress, σn, and the normal displacement, un. kn is the 
normal stiffness. b) Linear relation between the fracture shear stress, τ, and 
the shear displacement, us. The cohesion, c, is set to zero at shear failure. P 
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is the pore pressure, ks is shear stiffness and φ is friction angle (Figure 2-12 
of Fälth & Hökmark 2011). 256 

Figure 6-60. Temporal evolution of the glacially-induced stress field at 500 m 
depth at Olkiluoto during glaciation. SH (red) = maximum horizontal stress, 
Sh (green) = minimum horizontal stress and Sv (blue) = vertical stress 
(based on Lund & Schmidt 2011, Figures 29 and 30). Results of the 
following Earth models are shown: homogeneous viscosity structure (P24), 
two viscosity layers with different characteristics (M14, M118) and laterally 
varying lithosphere thickness (L11). 261 

Figure 6-61. Geometry for the buffer and backfill saturation in TH analyses a) for 
case A (TH model only) water provided only from the fractures b) for case 
B (H+TH models combined) water provided by the three fractures and the 
rock mass between the fractures. F denotes a deposition hole location far 
from a fracture and N a location near a fracture (Pintado & Rautioaho 2013). 273 

Figure 6-62. Geometry for the buffer and backfill in the THM analysis. 
Dimensions of the axisymmetric geometry (left). Mesh and materials (right). 274 

Figure 6-63. Gap Model. Relationship between the volumetric strains and stress. 
Before the volumetric strains reach a value of v limit, the gap is considered 
open and it is void, so the E0 is low. When the gap is filled, the volumetric 
strain reaches v limit and it becomes “rigid” (Ec is high) (Olivella et al. 
2013). 286 

Figure 6-64. TH calculations for initial and homogenised density of the buffer. 
The figure shows that using initial or homogenised porosity leads to the 
same water pressure in the long term. 287 

Figure 6-65. Degree of buffer saturation as a function of time assuming water 
inflow (5 L/min) to a backfilled unsaturated tunnel and different backfill 
hydraulic conductivities as defined in Table 6-36. C1, C2, C3 refer to Cases 
1, 2, 3, respectively, F denotes a deposition hole location far from a fracture 
and N a location near a fracture (see Figure 6-61). 289 

Figure 6-66. Position of measuring points for the effective stress shown in Figure 
6-67. 290 

Figure 6-67. Evolution of mean effective stresses 30 years after the emplacement 
of the canister and engineered barrier system (buffer and backfill) as 
function of time at the different points described in Figure 6-66 (left) 
(Olivella et al. 2013). 291 

Figure  6-68.  An illustration of the equivalent fractures, coloured by 
transmissivity, used to represent the repository and the other underground 
facilities at the site scale. The deposition tunnels, central tunnels and access 
tunnel are modelled as vertical fractures (Hartley et al. 2013a). 294 

Figure 6-69. Closure and foreign materials data and how they are used in the 
modelling in Performance Assessment and connection to radionuclide 
release assessment. AOS = Assessment of Radionuclide Release Scenarios 
for the Repository System. 295 
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Figure 6-70. Estimation of pH evolution of ordinary cement pore fluid (modified 
from Cau-Dit-Coumes et al. 2006) and how leaching of low-pH cements is 
considered to differ from the ordinary case (text boxes). Time is shown on a 
logarithmic scale. CSH: calcium-silicate-hydrate. 297 

Figure 6-71. Simulated pH conditions at the grout/fracture water interface for 
ordinary cement and low pH cement predicted by reactive transport 
modelling in Soler (2011). 297 

Figure 6-72. Conceptual illustration of cement leaching and leachate transport in 
fractured bedrock. Cement-rock interactions are not taken into account in 
the mass-balance calculations. 298 

Figure 6-73. Illustrations of the volumes of a) buffer and b) backfill in a 
deposition hole and a tunnel assumed to be potentially affected by cement 
leachate-bentonite interaction, defined for a mass balance approach. 300 

Figure 6-74. Different porewater types in bentonite according to model concept 
(Wersin et al. 2004). 311 

Figure 6-75. Sketch of representation of pathways leading to sulphide production 
in backfill and fluxes of sulphide to rock. 315 

Figure 6-76. Evolution of gypsum concentration as a function of number of water 
exchange cycles. Shown for model which assumes total porosity (including 
interlayer water; in dark blue) and only external porosity (excluding 
interlayer water; in pink) available for water exchange. 315 

Figure 6-77. Gypsum and sulphate concentration (top) and CaX2, NaX and Ca 
(bottom) calculated for the interaction of saline water with the backfill in the 
innermost cell (Wersin et al. 2013c). 317 

Figure 6-78. Solubility of mackinawite as a function of pCO2 under brackish SO4 
water conditions. Fe(II) is assumed to be controlled by siderite with SI 
(Saturation Index) = -1. Vertical line: logpCO2 of reference brackish SO4 
groundwater. 320 

Figure 6-79. Conceptualisation of the geometry used in the 2D axisymmetric 
reactive transport (THC) model for simulating geochemical evolution of 
buffer porewater (modified after Arcos et al. 2006). 325 

Figure 6-80. Schematic representation of a cross-section of the canister-buffer-
bedrock system in the near field showing the thermo-hydraulic (TH) 
processes that are likely to occur during the saturation of the bentonite. 327 

Figure 6-81. THOUGHREACT grid, material domains used in the numerical 
simulations of the thermal period of the near-field, and details of the grid in 
the buffer-fracture interface. 328 

Figure 6-82. Decay heat power for BWR fuel (burn-up 40 MWd/kgU, pre-cooling 
time of 32.9 years) considered in the simulations (data from Ikonen 2009). 330 

Figure 6-83. Selected results from the reactive transport model showing the 
evolution of selected porewater parameters; SiO2, calcite and anhydrite 
values are given on the right and temperature and % of sodium and calcium 
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exchanged on the left. Top: results at the canister/buffer boundary. Bottom: 
results at the buffer/fracture boundary (Idiart et al. 2013). 335 

Figure 6-84. Simulated evolution of exchange composition NaX and CaX2 at the 
buffer/backfill interface (named “point b” in the figure) for saturated 
conditions. Case 2 represents a case in which water exchange occurs via 
backfill (Idiart et al. 2013). 350 

Figure 6-85. Results from water exchange cycle model, brackish water case, 
‘total porosity’ and ‘external porosity’ model variants. 355 

Figure 6-86. Evolution of gypsum concentration in the innermost cell as a 
function of number of water exchange cycles for brackish water case. 
Shown for model which assumes total porosity (including interlayer water; 
in dark blue) and only external porosity (excluding interlayer water; in pink) 
available for water exchange (Wersin et al. 2013c). 356 

Figure 6-87. Experimental dissolution rates of K-montmorillonite, normalised to 
initial mass, and calculated rates (Rozalén et al. 2009a). 361 

Figure 6-88. Silicate mineral stabilities as a function of Si and K+/H+ activity at 
25 °C (Aagard & Helgeson 1983). 363 

Figure 6-89. Percent illite in illite/smectite mixed layers as a function of 
temperature from different sedimentary basins. From Karnland & 
Birgersson (2006) modified from Srodon & Eberl (1984). 364 

Figure 6-90. Comparison of kinetic rate equations for the conversion of smectite 
to illite evaluated at 100 °C and at two different K+ concentrations (top: 
0.005 M, bottom: 0.1 M)  abridged from Karnland & Birgersson (2006). 365 

Figure 6-91. Comparison of kinetic rate equations of Cuadros & Linares (1996) – 
model A on left and model B on right − for the conversion of smectite to 
illite evaluated at 50−90 °C and at two different K+ concentrations. 366 

Figure 6-92. Silica activities for porewaters from the Ocean Drilling Program 
sites 794 and 795 and saturation curves for amorphous silica, smectite-to-
illite reaction and quartz (Abercrombie et al. 1994). 368 
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ABBREVIATIONS AND DEFINITIONS 

σ1 Major principal stress. 

σ2 Intermediate principal stress. 

σ3 Minor principal stress. 

σh Minimum horizontal stress. 

σH Maximum horizontal stress. 

σv Vertical stress. 

3DEC A rock mechanics code, a three-dimensional numerical 
program based on distinct element method for 
discontinuum modelling. 

AA Autotrophic Acetogens. 

ABAQUS The finite element code used for calculating the glacially- 
induced stresses. 

ABM Alternative Buffer Materials Experiment (at Äspö). 

AC-200 Powdered bentonite product from Milos, Greece sold by 
Sibelco Nordic Oy. 

AD Anno Domini. 

ADE Advection-Dispersion Equation 

AIC Scenario abbreviation: Accelerated Insert Corrosion. 

AIC-LI Calculation case: Accelerated Insert Corrosion, Leaky 
Insert. 

AIC-TI Calculation case: Accelerated Insert Corrosion, Tight 
Insert. 

ALLMR Fresh mildly reducing granitic reference water (Modified 
Allard). 

ANDRA Agence nationale pour la gestion des déchets radioactifs 
(the French National Radioactive Waste Management 
Agency) 

ANSYS Code used in 3D FEM-analyses to simulate static 
(stationary), dynamic (moving) and heat transfer (thermal) 
problems. 

AOS Assessment of Radionuclide Release Scenarios for the 
Repository System. 

AP After Present. 

Å-P-P Åland–Paldis–Pskov seismic belt. 

ASME American Society of Mechanical Engineers. 
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ATRIUM A trademark of AREVA NP Inc. (an AREVA and 
Siemens company) for nuclear fuel. 

BBM Barcelona Basic Model, a critical state model that 
reproduces the mechanical behaviour of unsaturated soils 
under different boundary conditions. 

BELBaR Bentonite Erosion: effects on the Long term performance 
of the engineered Barrier and Radionuclide transport; a 
project within Euratom FP7: Management of radioactive 
waste – Geological Disposal. 

BET Brunauer-Emmett-Teller surface area measurement 
method. 

BFZ Brittle Fault Zone. 

B-L Bothnian Bay-Ladoga seismic belt. 

BM Base Material. 

BNFL British Nuclear Fuels Limited. 

BP Before Present. 

BS Base Scenario. 

BS-ANNFF Calculation case: Base Scenario, ANions in the Near and 
Far Field. Ag, Mo and Nb assumed to be anionic. 

BS-LOC1 Calculation case: Base Scenario, canister LOCation 1. 

BS-LOC2 Calculation case: Base Scenario, canister LOCation 2. 

BS-TIME Calculation case: Base Scenario, a longer TIME needed 
before a transport path is established. 

BUC Burn-Up Credit. 

BWR Boiling Water Reactor (see also OL1−2). 

CANDU CANada Deuterium Uranium; a type of pressurised heavy 
water reactor developed in Canada. 

CASMO-4E Deterministic two-dimensional lattice burn-up code. 

CCC Critical Coagulation Concentration. 

CDF Cumulative Distribution Function. 

CEC Cation Exchange Capacity. 

CEEQ Equivalent creep strain. 

CF Conversion Factor. 

CFAZ Central Finland Active Zone. 

CFM Colloid Formation and Migration test at Grimsel.  

CHAB Culturable Heterotrophic Aerobic Bacteria. 

CHUE Central Hydraulic Unit East. 
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CHUW Central Hydraulic Unit West. 

CLIMBER-2 CLIMate-BiosphERe model, an Earth System Model of 
Intermediate Complexity (EMIC) used for simulating the 
climate evolution. 

CLIMBER-2-SICOPOLIS  CLIMate and BiosphERe and SImulation COde for 
POLythermal Ice Sheets, models used in the future climate 
modelling. 

CODE_BRIGHT  COupled DEformation BRIne, Gas and Heat Transport, 
the finite element code used to model the thermo-
hydraulic behaviour of clay. 

ConnectFlow The suite of groundwater modelling software that includes 
the NAMMU continuum porous medium (CPM) module 
as well as the NAPSAC discrete fracture network (DFN) 
module, which is used to develop DFN-based models 
groundwater flow and transport at the Olkiluoto site. 

COx Callovo-Oxfordian. 

CPM Continuous Porous Medium. 

CRUD Originally an acronym for Chalk River Unidentified 
Deposit; see also CS2-CRUD. 

CS1-BRINE Complementary calculation case: Same as RC except for 
the use of solubility and sorption values corresponding to 
BRINE water. 

CS1-BRINE-V Complementary calculation case: Same as VS1-
BRACKISH except for the use of solubility and sorption 
values corresponding to BRINE water. 

CS1-HIPH Complementary calculation case: Same as RC except for 
the use of solubility and sorption values corresponding to 
alkaline water. 

CS2-CRUD Complementary calculation case: Same as RC, but 
including CRUD inventory. 

CS3-BACTHROUGH Complementary calculation case: Same as RC, but 
assuming advective transfer THROUGH tunnel BACkfill 
to fractures. 

CS3-COLL Complementary calculation case: As VS2-H1 assuming 
radionuclides migrate as COLLoids. 

CS3-FILL Complementary calculation case: Same as RC, but the 
penetrating defect FILLed with bentonite. 

CS3-FRACAP Complementary calculation case: As RC, but assuming 
correlation between FRACture transmissivity and 
APerture. 
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CS3-HYCON Complementary calculation case: Same as RC, but with no 
HYdraulically significant (CONductive) damage around 
the deposition hole. 

CS3-PTBUF Complementary calculation case: Same as VS1-
BRACKISH except for the assumption of an extremely 
PerTurbed BUFfer. 

CS4-H2, CS4-H3, CS4-H4 Complementary calculation case: As in VS2-H2, VS2-H3, 
VS2-H4, but assuming delay in fractures only. 

CSH  Calcium Silicate Hydrate. 

CSM Copper Sulphide Model. 

Cu-OF Oxygen Free, High Conductivity Copper. 

DCF Dose Conversion Factor. 

DDL Diffuse Double Layer. 

DDM Displacement Discontinuity Method. 

DFN Discrete Fracture Network.  

DiP (Government) Decision-in-Principle. 

Disposal facility All underground tunnels, shafts, service areas and 
deposition panels (tunnels and holes), plus above-ground 
buildings that service the underground facility, but 
excluding the encapsulation plant. In this report, the 
above-ground parts are not discussed, as they are assumed 
to be dismantled upon closure and thereby have no effect 
on the long-term safety. 

Disposal system Repository system + surface environment. 

DLS Dynamic Light Scattering. 

DNA DeoxyriboNucleic Acid. 

DOC Dissolved Organic Carbon. 

DOPAS Full scale Demonstration Of Plugs And Seals, an EU 
project coordinated by Posiva. 

DP Dual Porosity. 

DZ Depth Zone. (See also next.) 

DZ-path Release path with exit from a deposition hole to the 
excavation damaged zone (EDZ) below the tunnel floor. 

EB Electron Beam (weld/welding). 

EBS Engineered Barrier System. 

EBW Electron Beam Welding. 

ECCC European Creep Collaborative Committee. 

ECHAM European Centre/Hamburg Model.  
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ECORR Evolution of the CORRosion potential. 

ECPM  Equivalent Continuous Porous Medium. 

EDZ Excavation Damaged Zone; zone of the rock that is 
irreversibly damaged by the excavation of the tunnel.  

EGBUC Expert Group on Burnup Credit Criticality Safety. 

Eh Redox potential. 

EMDD Effective Montmorillonite Dry Density. 

EMIC Earth system Model of Intermediate Complexity. 

ENSDF Evaluated Nuclear Structure Data Files. 

EPM Equivalent Porous Medium. 

EPR  European Pressurised Water Reactor, trade name for the 
PWR reactor type for OL3. 

ESM Earth System Model. 

Examine3D A 3D computer-aided engineering analysis package for 
underground excavations in rock. 

FASTREACT FrAmework for Stochastic REACtive Transport, code 
used in hydrogeochemical modelling. 

FE Finite Element. 

FEA Finite Element Analysis. 

FEBEX Full-scale Engineered Barriers Experiment (experiment in 
Grimsel URL). 

FEFTRA The finite-element program package for groundwater flow 
modelling which applies the ECPM approach to model 
transient and density-driven flow and heat transfer by 
conduction and the DP approach for modelling salt 
transport. 

FEM Finite Element Model/Method. 

FENCAT The earthquake catalogue for Northern Europe 
(FENnoscandian earthquake CATalog). 

FEP Feature, Event or Process (or as plural FEPs: Features, 
Events and Processes). 

FF Geosphere (Far Field). 

FFM Fracture Filling Material. 

FGR Fission Gas Release. 

FIRST-N FIRST-Nuclides − Fast / Instant Release of Safety 
Relevant Radionuclides from Spent Nuclear Fuel. 

FISH Programming language in FLAC; short for FLACish. 
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FLAC Fast Lagrangian Analysis of Continua; a two-dimensional 
explicit finite difference program for engineering 
mechanics computation. 

Foreign materials All materials introduced to the repository, except (1) the 
spent nuclear fuel (including fuel assembly), (2) the 
canister, the bentonite buffer and the tunnel backfill 
materials (the buffer and the backfill materials are, 
however, considered to include foreign materials as 
impurities), and (3) the natural barrier, including the 
bedrock and groundwater with its constituents. 

F-path Release path with exit from a deposition hole to a host-
rock fracture intersecting the deposition hole. 

FPI Full Perimeter Intersection, a fracture traceable over a full 
deposition tunnel perimeter. 

Fracod2D A fracture mechanics code based on the Displacement 
Discontinuity Method (DDM) that has been used for 
predicting potential for spalling. 

FSW Friction Stir Welding. 

FTIR Fourier Transform InfraRed. 

FTRANS  Code used in previous safety assessments for the analysis 
of the radionuclide release, retention and transport in the 
geosphere. 

GAM Generalised Additive Model used to downscale near-
surface air temperature and precipitation from the 
CLIMBER-2-SICOPOLIS results. 

GAS-FC Complementary calculation case: As in AIC (Fast 
Corrosion), but considers only C-14 release as methane in 
a pulse; canister position as in RC. 

GAS-FC-ALLPOS Complementary calculation case: As in AIC (Fast 
Corrosion), but considers only C-14 release as methane in 
a pulse; all canister locations considered. 

GAS-SC Complementary calculation case: As in AIC (Slow 
Corrosion), but considers only C-14 release as methane in 
a pulse; canister position as in RC. 

GAS-SC-ALLPOS Complementary calculation case: As in AIC (Slow 
Corrosion), but considers only C-14 release as methane in 
a pulse; all canister locations considered. 

GCM General Circulation Model. 

GD Government Decree. 

GGW Grimsel GroundWater. 

GHG GreenHouse Gas. 
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GIA Glacial Isostatic Adjustment. 

GoldSim  Code used for the analysis of the radionuclide release in 
the near field, and for probabilistic assessment in the near 
field and far field. 

GPR Ground Penetrating Radar. 

GSI Geological Strength Index. 

HAMOCC3 HAmburg Model of the Oceanic Carbon Cycle. 

HE HEterogenous. 

HRL Hard Rock Laboratory (at Äspö). 

HS Humic Substance. 

HTO Tritiated water. 

HTU Hydraulic Testing Unit. 

HYDCO A hydrogeological interaction test to investigate the 
interconnections between water-conducting fractures in a 
rock volume that resembles the surroundings of deposition 
holes. 

HZ Hydrogeological Zone. 

ICP-MS Inductively Coupled Plasma-Mass Spectroscopy. 

IFZ Implicit Fracture Zone. 

ILW  Intermediate Level (radioactive) Waste. 

IPCC Intergovernmental Panel on Climate Change. 

IP FUNMIG FUNdamental processes of radionuclide MIGration; an 
Integrated Project within the European Commission’s 6th 
Framework Program. 

IRB Iron-Reducing Bacteria. 

IRF Instant Release Fraction. 

IS Ionic Strength. 

J2mm J-integral value corresponding to 2 mm stable crack 
growth. 

K Hydraulic conductivity. 

KBS (Kärnbränslesäkerhet). The method for deep geological 
disposal of spent nuclear fuel based on multiple barriers. 

KBS-3 An abbreviation of kärnbränslesäkerhet (nuclear fuel 
safety) version 3. The KBS-3 method for implementing 
the spent nuclear fuel disposal concept based on multiple 
barriers. 

KBS-3H (Kärnbränslesäkerhet 3-Horisontell). Design alternative of 
the KBS-3 method in which several spent nuclear fuel 
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canisters are emplaced horizontally in each deposition 
drift.  

KBS-3V (Kärnbränslesäkerhet 3-Vertikal). The reference design 
alternative of the KBS-3 method, in which the spent 
nuclear fuel canisters are emplaced in individual vertical 
deposition holes. 

Kd Distribution coefficient. 

keff Effective neutron multiplication factor. 

KR (Deep) drill hole (in Finnish: KairanReikä). 

KR20/465/1 Groundwater sample from drill hole KR20/ depth of the 
top of the sampling section (465 m) / first sample from 
this section. A similar notation is used for other drill holes 
mentioned throughout the report. 

KTH Royal Institute of Technology (in Sweden). 

KTM Finnish Ministry of Trade and Industry (now TEM, 
Ministry of Employment and the Economy). 

KYT National research programme on nuclear waste 
management (in Finland). 

L/ILW Low and Intermediate Level (radioactive) Waste. 

LASGIT LArge Scale Gas Injection Test. 

LCSP Logistic Creep Strain Prediction model. 

LDF Layout Determining Feature. 

LHGR Linear Heat Generation Rate. 

LLW  Low Level (radioactive) Waste. 

LO1−2 Loviisa reactors 1 and 2; pressurised water reactors of type 
VVER-440. 

LOT The long-term test of buffer material (at Äspö). 

LPJ Lund-Potsdam-Jena dynamic global vegetation model. 

LSG Hamburg Large Scale Geostrophic ocean circulation 
model. 

LU Log-Uniform distribution. 

LUCOEX Large Underground COncept EXperiments, EU project 
coordinated by SKB. 

M Magnitude. 

MAAT Mean Annual near-surface Air Temperature. 

MARFA  Migration Analysis of Radionuclides in the FAr field: 
code, used to model radionuclide transport in geosphere. 

m.a.s.l. Metres above sea level. 
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MATLAB MATrix LABoratory (a numerical computing environment 
and programming language). 

MCNP5 Monte Carlo N-Particle transport code. 

MIC Microbiologically Influenced Corrosion. 

MICADO Model Uncertainty for the Mechanism of Dissolution of 
Spent Fuel in Nuclear Waste Repository. 

MIDAS/GTS Finite element code, Geotechnical and Tunnel analysis 
System. 

MPI/UW Earth system model of Max Planck Institute used for the 
estimation of the climate evolution on a time scale of 
10,000 years. 

MX-80 Commercial name of the reference buffer bentonite. A 
high grade sodium bentonite from Wyoming, U.S., with a 
montmorillonite content of 75−90 % (properties as 
specified in this report and references herein). 

NAMMU Numerical Assessment Method for Migration 
Underground; a software package for modelling 
groundwater flow and transport in porous media. 

NAPSAC A finite-element software package for modelling 
groundwater flow and transport in fractured rock. The 
models are based on a direct representation of the discrete 
fractures making up the flow conducting network. 

NDT Non-Destructive Testing. 

NEA Nuclear Energy Agency. 

NEI Nuclear Engineering International. 

NF Near Field. 

NH Northern Hemisphere. 

NHU Northern Hydraulic Unit. 

NRC (U.S.) Nuclear Regulatory Commission. 

OECD/NEA Organisation for Economic Co-operation and 
Development/Nuclear Energy Agency. 

OFP Oxygen-Free (copper) with added Phosphorus. 

OL1−2 Olkiluoto 1 and 2 reactors. Boiling water reactors. 

OL3 Olkiluoto 3 reactor (in construction). Pressurised water 
reactor. 

OL4 Olkiluoto 4 reactor to be constructed at Olkiluoto. 
Assumed to be similar to OL3 in the TURVA-2012 safety 
case. 

OLBA  Carbonate containing reducing brackish reference water. 
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OLGA  Glacial anoxic meltwater (synthetic water). 

OL-KR Olkiluoto (deep) drill hole. 

OLSO Saline oxic reference water (synthetic water). 

OLSR  Saline reducing reference water (synthetic water). 

ONKALO Underground research facility constructed at Olkiluoto. 

ONK-PVA ONKALO (see ONKALO) groundwater station. 

OPA Opalinus Clay – a candidate host rock for the Swiss 
repository for long-lived wastes. It is a Mesozoic (180 Ma 
old) sediment, described as an indurated claystone, 
occurring in the Zürcher Weinland. 

ORIGEN-S Computer code; the version of ORIGEN applied in the 
SCALE system (ORIGEN = The ORNL Isotope 
Generation and Depletion Code; see SCALE). 

ORNL Oak Ridge National Laboratory. 

PA Performance Assessment. 

PDE Partial Differential Equation. 

PDF Probability Density Function. 

PEEQ Equivalent plastic strain. 

PFL Posiva Flow Log. Device for quick and reliable 
characterisation of flow-yielding fractures and other 
structures in bedrock. 

PGR Pegmatitic GRanite. 

PHAST PHREEQC And HST3D; a program for simulating 
groundwater flow, solute transport, and multicomponent 
geochemical reactions. 

PHREEQC Reactive transport modelling code used for assessing the 
evolution of the groundwater chemistry. 

PMMA PolyMethylMethAcrylate. 

POSE Posiva’s Olkiluoto Spalling Experiment. 

POTTI  Database at Posiva. 

PSA Probabilistic Sensitivity Analysis. 

PSI Paul Scherrer Institute. 

PWR Pressurised Water Reactor (see also OL3). 

QA Quality Assurance. 

QC Quality Coordinator; Quality Control. 
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R6 A computer code for assessing the integrity of structures 
containing defects against failure under loads where creep 
is not significant. 

RC Calculation case: Reference Case in the Base Scenario 
(BS). 

RCA3 Third version of the Rossby Centre Atmospheric model. 

RCCA Rod Control Cluster Assembly.  

REDUPP Reducing Uncertainty in Performance Prediction, EU 
project. 

REPCOM  Code used in previous safety assessments for the analysis 
of the radionuclide retention and transport in the near 
field. 

Repository Deposition tunnels and deposition holes. 

Repository system Spent nuclear fuel, canister, buffer, backfill (deposition 
tunnel backfill and deposition tunnel end plug), closure 
components and host rock. Excludes the surface 
environment. 

REPRO Rock matrix REtention PROperties; a matrix diffusion test 
(in ONKALO). 

RN RadioNuclide. 

RNT RadioNuclide release and Transport (model/ling). 

RNT-2008 Posiva’s previous safety analysis. 

RQ Risk Quotient. 

RS Scenario abbreviation: Rock Shear (caused by an 
earthquake). 

RS1 Calculation case: Canister(s) fail as a consequence of rock 
shear at 40,000 years after emplacement. 

RS1-DIL Calculation case: Canister(s) fail as a consequence of rock 
shear at 40,000 years. Buffer erosion follows the event 
whenever low ionic strength water is available. 

RS2 Calculation case: Canister(s) fail as a consequence of rock 
shear at 155,000 years after emplacement. 

RS2-DIL Calculation case: Canister(s) fail as a consequence of rock 
shear at 155,000 years. Buffer erosion follows the event 
whenever low ionic strength water is available. 

RSC Rock Suitability Classification system. 

RS-DIL Scenario abbreviation: Rock Shear (caused by an 
earthquake), DILute groundwater conditions. 
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RTD Research, Technical Development and Design, see also 
TKS.  

S/L Solid/Liquid. 

SAFCA The organisation of the TURVA-2012 safety case 
production process.  

SCALE Standardized Computer Analyses for Licensing 
Evaluation; computer software system developed at Oak 
Ridge National Laboratory. 

SCC Stress Corrosion Cracking. 

SEM-EDX Scanning Electron Microscopy−Energy Dispersive X-ray. 

SEMI Surface Energy and Mass-balance Interface. 

Serpent A Monte Carlo reactor physics burn-up calculation code. 

SFQZ Southern Finland Quiet Zone. 

SFR Sparsely Fractured Rock. 

SH Semi Homogeneous. 

SHU Southern Hydraulic Unit. 

SI Saturation Index. 

SICOPOLIS SImulation COde for POLythermal Ice Sheets; ice-sheet 
model describing the evolution of the Northern 
Hemisphere ice sheets, their thickness and areal extent, 
basal temperature and bedrock elevation. 

SIT Specific Ion interaction Theory. 

SKB Swedish Nuclear Waste Management Company. 

SRB Sulphate Reducing Bacteria. 

SRES Special Report on Emissions Scenarios. 

SR-Site Safety assessment for a repository in Forsmark by SKB. 

STUK Finnish Radiation and Nuclear Safety Authority. 

SURE SUlphate REduction experiment (in ONKALO). 

T Transmissivity or Temperature. 

T ½ Half-life. 

TDB Thermodynamic DataBase. 

TDS Total Dissolved Solids. 

TDZ-path Release path with exit from the deposition hole to the 
tunnel backfill above the deposition hole. 

TEM Finnish Ministry of Employment and the Economy, 
previously Ministry of Trade and Industry (KTM). 
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TEP Thermo-ElastoPlastic. 

TGG Tonalitic-Granodioritic-Granitic gneiss. 

TH Thermal-Hydrological. 

THERP Technique for Human Error Rate Prediction. 

THG Thermal-Hydrological-Geochemical. 

THM Thermal-Hydrological-Mechanical. 

THMC Thermal-Hydrological-Mechanical-Chemical. 

TKS Finnish equivalent for RTD (see RTD). 

T-MGN Olkiluoto T-series mica gneiss. 

TOT Tetrahedral-Octahedral-Tetrahedral. 

TOUGHREACT  An integral finite difference code used in thermo-hydro-
geochemical modelling. 

TRITON Transport Rigor Implemented with Time-dependent 
Operation for Neutronic depletion; a control module that 
enables 2-D and 3-D depletion calculations. 

TURVA-2012  Name of Posiva’s safety case 2012, TURVA means safety 
in Finnish. 

TVEL TVEL Fuel Company, a division of Rosatom State 
Corporation. 

TVO Teollisuuden Voima Oyj. Owner of the Olkiluoto power 
plants and co-owner of Posiva Oy. 

TWI Topographical Wetness Index. 

UCS Uniaxial Compressive Strength. 

UF Uncertainty Factor. 

UNTAMO A GIS toolbox customised for Posiva for TESM. 

URL Underground Research Laboratory. 

UTS Ultimate Tensile Strength.  

UVic Earth system model of the University of Victoria used for 
the estimation of the climate evolution on a time scale of 
10,000 years. 

VAHA  Requirements management system at Posiva. 

VP ViscoPlastic. 

VS1 Variant Scenario 1. 

VS1-BRACKISH Calculation case: Variant Scenario, cautious position as in 
the RC – initial penetrating defect enlarging; degraded 
buffer; speciation after brackish water. 
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VS1-HIPH Calculation case: Variant Scenario, cautious position as in 
the RC – initial penetrating defect enlarging; degraded 
buffer; speciation after high pH-water in the near and far 
field. 

VS1-HIPH-NF Calculation case: Variant Scenario, cautious position as in 
the RC – initial penetrating defect enlarging; degraded 
buffer; speciation after high pH-water in the near field 
alone. 

VS2 Variant Scenario 2. 

VS2-H1, -H2, -H3, -H4 Calculation cases: Variant Scenario, canisters in positions 
1, 2, 3, and 4 fail due to corrosion after buffer is 
chemically eroded. 

VSn Variant Scenario n. 

VTT VTT Technical Research Centre of Finland. 

VVER-440 Pressurised water reactor type at Loviisa (see also LO1-2). 

WCA Well Characterised Area. 

WPNCS Working Party on Nuclear Criticality Safety. 

WSF Weld Strength Factor. 

YJH Finnish abbreviation for Nuclear Waste Management. 

YVL STUK’s (see STUK) regulatory guide series for nuclear 
facilities. 
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1 INTRODUCTION  

1.1 Background 

On assignment by its owners, Fortum Power and Heat Oy and Teollisuuden Voima Oyj, 
Posiva Oy will manage the disposal of spent nuclear fuel from the Loviisa and 
Olkiluoto nuclear power plants. At Loviisa, two pressurised water reactors (VVER-440) 
are in operation (LO1 and LO2); at Olkiluoto, two boiling water reactors are operating 
(OL1 and OL2) and one pressurised water reactor is under construction. Plans exist also 
for a fourth nuclear power unit at Olkiluoto. At both sites there are facilities available 
for interim storage of the spent nuclear fuel before disposal.  

In 2001, the Parliament of Finland endorsed a Decision-in-Principle (DiP) whereby the 
spent nuclear fuel generated during the operational lives of the operating Loviisa and 
Olkiluoto reactors will be disposed in a geological repository at Olkiluoto. This first 
DiP allowed for the disposal of a maximum amount of spent nuclear fuel corresponding 
to 6500 tonnes of uranium (tU) from the four reactors mentioned above. Subsequently, 
additional DiPs were issued in 2002 and 2010 allowing extension of the repository (up 
to 9000 tU) to also accommodate spent nuclear fuel from the operations of the OL3 
reactor and the planned OL4 reactor. OL4 spent nuclear fuel is handled in the TURVA-
2012 safety case assuming it to be similar to OL3 spent nuclear fuel. 

1.2 The KBS-3 method 

The 2001 DiP states that disposal of spent nuclear fuel shall take place in a geological 
repository at the Olkiluoto site, developed according to the KBS-3 method. In the 
KBS-3 method, spent nuclear fuel encapsulated in water-tight and gas-tight sealed 
copper canisters with a mechanical-load-bearing insert is emplaced deep underground in 
a geological repository constructed in the bedrock. According to the DiP, the repository 
shall be located at minimum depth of 400 m. In Posiva’s current repository design, the 
repository is constructed on a single level and the floor of the deposition tunnels is at a 
depth of 400−450 m in the Olkiluoto bedrock. 

Posiva’s reference design in the construction licence application is based on vertical 
emplacement of the spent nuclear fuel canisters (KBS-3V; Figure 1-1). Currently, an 
alternative horizontal emplacement design (KBS-3H) is being jointly developed by the 
Swedish Nuclear Fuel and Waste Management Company (SKB) and Posiva.  

The KBS-3V design is based on a multi-barrier principle in which copper-iron canisters 
containing spent nuclear fuel are emplaced vertically in individual deposition holes 
bored in the floors of the deposition tunnels (see inset in Figure 1-1). The canisters are 
to be surrounded by a swelling clay buffer material that separates them from the 
bedrock. The deposition tunnels and the central tunnels and the other underground 
openings are to be backfilled with materials of low permeability. 
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Figure 1-1. Schematic illustration of the KBS-3V design.  

 

1.3 Posiva’s programme for developing a KBS-3 repository at 
Olkiluoto 

The Olkiluoto site, located on the coast of south-western Finland (Figure 1-2), has been 
investigated for over 25 years. During the past few years, key activities in the 
programme have been related to:  

 completion of the investigations for site confirmation at Olkiluoto both through 
analyses of data from surface-drilled characterisation holes and surveys, and 
studies carried out in ONKALO underground research facility,  

 the design of the required surface and sub-surface disposal facilities,  

 the development of the selected disposal technology to the level required for the 
construction licence application, and 

 demonstration of the long-term safety of the disposal of spent nuclear fuel 
including the preparation of a safety case (Section 1.6) presented as a portfolio 
of reports, including the present report. 

Posiva’s RTD (research, development and technical design) phase for the years 
2010−2012 was introduced in the TKS-2009 report (Posiva 2009a), which also provides 
insight into developments from previous RTD phases. In 2012, a new RTD programme 
(YJH-2012, Posiva 2012) for 2013−2015 has been published. In Figure 1-3, a general 
timeline of Posiva’s programme is presented. 
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Figure 1-2. Olkiluoto Island is situated on the coast of the Baltic Sea in south-western 
Finland. Photograph by Helifoto Oy.  

 

 

 

Figure 1-3. Overall schedule for nuclear waste management relating to the Loviisa and 
Olkiluoto reactors until 2020. The target is to begin disposal of spent nuclear fuel 
around 2020. 
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The repository will be located in the bedrock of Olkiluoto Island taking into account the 
host rock properties as well as the restrictions set by urban planning in the Eurajoki 
municipality. In Figure 1-4 the current reference layout is presented. 

1.4 Regulatory context for the management of spent nuclear fuel 

According to the law, the Finnish Ministry of Employment and the Economy (TEM; 
previously the Ministry of Trade and Industry, KTM) decides on the principles to be 
followed in waste management of spent nuclear fuel and other nuclear waste.  

The schedule for disposal of spent nuclear fuel was established in the KTM’s Decision 
9/815/2003. According to this Decision, the parties under the nuclear waste 
management obligation shall, either separately, together or through Posiva Oy, prepare 
to present all reports and plans required to obtain a construction licence for a disposal 
facility for spent nuclear fuel as stated in the Nuclear Energy Decree by the end of 2012. 
The disposal facility is expected to become operational around the year 2020. 

 

 

Figure 1-4. The current reference layout (green). Dark grey areas are not suitable for 
deposition tunnels based on Rock Suitability Classification (RSC). Red ovals denote 
respect distances to drillholes. Red line surrounding the repository shows the area 
reserved for the repository in urban planning. 
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The legislation concerning nuclear energy was updated in 2008. As part of the 
legislative reform, a number of the relevant Government Decisions were replaced with 
Government Decrees (GDs). The Decrees entered into force on 1st December 2008. The 
Government Decision (478/1999) regarding the safety of disposal of spent nuclear fuel, 
which particularly applied to the disposal facility, was replaced by the Government 
Decree 736/2008, issued 27 November 2008. 

Currently, the valid Regulatory Guides pertaining to nuclear waste management are 
Guides YVL 8.1−8.5; additionally, a number of other YVL Guides may be applied in 
part to nuclear waste management. The Radiation and Nuclear Safety Authority 
(STUK) is in the process of updating its YVL Guides to comply with the new 
legislation. According to the current drafts, the Guides pertaining to the disposal of 
spent nuclear fuel will belong to the YVL-D series consisting of a total of five Guides. 
Guide YVL D.1 will deal with nuclear non-proliferation control, D.2 with the transport 
of nuclear material and nuclear waste, D.3 with the processing, storage and 
encapsulation of spent nuclear fuel, D.4 with nuclear waste management and 
decommissioning activities and D.5 with the disposal of nuclear waste. The latest draft 
of the Guide YVL D.5 (Draft 4, 17.3.2011 in Finnish only, STUK 2011a) was consulted 
for the preparation of the TURVA-2012 safety case (see Section 1.6). 

According to the Guide YVL D.5, paragraph 704, the safety case “shall include … 
functional description of the disposal system by means of conceptual and mathematical 
modelling and the determination of the input data needed in these models…” More 
specific guidance concerning models and data is given in Appendix A of the YVL guide 
D.5: 

A06. In order to analyse the release and transport of disposed radioactive substances, 
conceptual models shall be drawn up to describe the physical phenomena and processes 
controlling the safety functions. Besides the modelling of release and transport 
processes, models are needed to describe the circumstances affecting the performance 
of safety functions. From the conceptual models, the respective computational models 
are derived, normally with simplifications. Simplification of the models and the 
determination of the required input shall be based on the principle that the performance 
of a safety function will not be overestimated while neither overly underestimated. 

A07. Modelling and determination of input data shall be based on high-quality 
scientific knowledge and expert judgement obtained through experimental studies, such 
as laboratory experiments, site investigations and evidence from natural analogues. The 
models and input data shall be consistent with the scenario, assessment period and 
disposal system. Whenever the input data used in modelling involve random variations 
due to e.g. heterogeneity of rock, stochastic models may be employed. 

A08. Selection of the computational methods, performance targets and input data shall 
be based on principle that the actual radiation exposures or quantities of released 
radioactive substances shall with high degree of certainty be lower than those obtained 
through safety analyses. The uncertainties included in the safety analysis shall be 
assessed by means of appropriate methods, e.g. by sensitivity analyses or probabilistic 
methods. The safety case shall include an assessment of the confidence level with 



52 
 

regard to compliance with the safety requirements and of uncertainties with most 
contribution to the confidence level. 

A10. The safety case shall be documented carefully. In each part of the safety case, the 
basic assumptions, used methods, obtained results and coupling to wholeness case shall 
be evident (clarity) and the justifications for the adopted assumptions, input data and 
models shall be easily found in the documentation (traceability). 

1.5 Safety concept and safety functions  

The long-term safety principles of Posiva’s planned repository system are described at 
Level 2 of the VAHA (VAHA is Posiva’s requirement management system) as follows. 

1. The spent nuclear fuel elements are disposed of in a repository located deep in the 
Olkiluoto bedrock. The release of radionuclides is prevented with a multi-barrier 
disposal system consisting of a system of engineered barriers (EBS) and host rock 
such that the system effectively isolates the radionuclides from the living 
environment. 

2. The engineered barrier system consists of: 

a) canisters to contain the radionuclides for as long as they could cause significant 
harm to the environment; 

b) buffer between the canisters and the host rock to protect the canisters as long as 
containment of radionuclides is needed;  

c) deposition tunnel backfill and plugs to keep the buffer in place and help restore 
the natural conditions in the host rock; 

d) the closure, i.e. the backfill and sealing structures to decouple the repository 
from the surface environment.  

3. The host rock and depth of the repository are selected in such a way as to make it 
possible for the EBS to fulfil the functions of containment and isolation described 
above. 

4. Should any of the canisters start to leak, the repository system as a whole will 
hinder or retard releases of radionuclides to the biosphere to the level required by 
the long-term safety criteria. 

The safety concept, as depicted in Figure 1-5, is a conceptual description of how these 
principles are applied together to achieve safe disposal of spent nuclear fuel in the 
conditions of the Olkiluoto site. Due to the long-term hazard of the spent nuclear fuel, it 
has to be isolated from the surface environment over a long period of time. The KBS-3 
method provides long-term isolation and containment of spent nuclear fuel by a 
system of multiple barriers, both engineered and natural, and by ensuring a sufficient 
depth of disposal (the key safety features of the system in Figure 1-5). All of these 
barriers have their roles in establishing the required long-term safety of the repository 
system. These roles constitute the safety functions of the barriers (see Table 1-1). The 
surface environment is not given any safety functions; instead it is considered as the 
object of the protection provided by the repository system.  
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Most radionuclides in the spent nuclear fuel are embedded in a ceramic matrix (UO2) 
that itself is resistant to dissolution in the expected repository conditions. The slow 
release of radionuclides from the spent nuclear fuel matrix is part of Posiva’s safety 
concept. Moreover, the near-field conditions should contribute to maintaining the low 
solubility of the matrix. 

Implementation of the KBS-3 method entails the introduction of a number of closure 
components because of engineering, operational safety or long-term safety needs. Long-
term safety needs arise, for example, because implementation involves the construction 
of a system of underground openings, including the access tunnel and shafts, that would 
significantly perturb the safety functions of the host rock unless backfilled and sealed at 
closure of the disposal facility. These closure components with long-term safety 
functions include:  

 backfill of underground openings, including the central tunnels, access tunnel, 
shafts, and other excavations, and 

 drillhole plugs, mechanical plugs, long-term hydraulic plugs at different depths 
and plugs near the surface.  

 

 

 

Figure 1-5. Outline of the safety concept for a KBS-3 type repository for spent nuclear 
fuel in a crystalline bedrock (adapted from Posiva 2003a). Orange pillars and blocks 
indicate the primary safety features and properties of the disposal system. Green pillars 
and blocks indicate the secondary safety features that may become important in the 
event of a radionuclide release from a canister. 
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The safety functions of the EBS components and host rock are summarised in Table 
1-1. In the TURVA-2012 safety case documentation, the spent nuclear fuel, EBS and 
the host rock are jointly termed the repository system, whereas the term disposal system 
is used when the repository system and the surface environment are both considered 
(see Figure 1-6). 

1.6 TURVA-2012 Safety Case portfolio 

A safety case for a geological disposal facility for spent fuel documents the scientific 
and technical understanding of the disposal system, including the safety barriers and 
safety functions that these are expected to provide, the results of a quantitative safety 
assessment, the process of systematically analysing the ability of the repository system 
to maintain its safety functions and to meet long-term safety requirements, and provides 
a compilation of evidence and arguments that complement and support the reliability of 
the results of the quantitative analyses. A separate safety assessment has been compiled 
for the operational waste facility (Nummi et al. 2012).  

 

Table 1-1. Summary of safety functions assigned to the barriers (EBS components and 
host rock) in Posiva’s repository concept.  

Barrier Safety functions 

Canister   Ensure a prolonged period of containment of the spent nuclear fuel. This safety 
function rests first and foremost on the mechanical strength of the canister’s cast 
iron insert and the corrosion resistance of the copper surrounding it. 

Buffer   Contribute to mechanical, geochemical and hydrogeological conditions that are 
predictable and favourable to the canister. 

 Protect canisters from external processes that could compromise the safety 
function of complete containment of the spent fuel and associated radionuclides. 

 Limit and retard radionuclide releases in the event of canister failure. 

Deposition tunnel 
backfill 

 Contribute to favourable and predictable mechanical, geochemical and 
hydrogeological conditions for the buffer and canisters. 

 Limit and retard radionuclide releases in the possible event of canister failure. 

 Contribute to the mechanical stability of the rock adjacent to the deposition 
tunnels.  

Host rock  Isolate the spent fuel repository from the surface environment and normal 
habitats for humans, plants and animals and limit the possibility of human 
intrusion, and isolate from changing conditions at the ground surface. 

 Provide favourable and predictable mechanical, geochemical and hydrogeological 
conditions for the engineered barriers. 

 Limit the transport and retard the migration of harmful substances that could be 
released from the repository. 

Closure  Prevent the underground openings from compromising the long-term isolation of 
the repository from the surface environment and normal habitats for humans, 
plants and animals. 

 Contribute to favourable and predictable geochemical and hydrogeological 
conditions for the other engineered barriers by preventing the formation of 
significant water conductive flow paths through the openings. 

 Limit and retard inflow to and release of harmful substances from the repository. 
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Figure 1-6. The components of the disposal system. 

 

As stated in Guide YVL D.5 (STUK 2011a), A01: Compliance with the requirements 
concerning long-term radiation safety, and the suitability of the disposal method and 
disposal site, shall be proven through a safety case that must analyze both expected 
evolution scenarios and unlikely events impairing long-term safety. The safety case 
comprises a numerical analysis based on experimental studies and complementary 
considerations insofar as quantitative analyses are not feasible or involve considerable 
uncertainties (GD 736/2008). 

The TURVA-2012 safety case for the disposal of spent nuclear fuel at Olkiluoto is 
compiled in a portfolio of main reports with supporting documents (Figure 1-7). In this 
report, all TURVA-2012 portfolio reports are referenced using the report title (as below) 
in italics. The full titles and report numbers are listed at the beginning of the reference 
list.  

The main reports and supporting documents of the TURVA-2012 portfolio are briefly 
described in the following. 

Synthesis provides a summary of the TURVA-2012 safety case, building on the key 
results from all the main safety case reports. It represents a synthesis of the assessment 
of both the repository system and the surface environment (biosphere). It provides a 
description of the overall safety case methodology, brings together quantitative 
evidence and other lines of argument, a statement of confidence and the evaluation of 
compliance with long-term safety constraints.  

Site Description and Biosphere Description are the two main supporting documents that 
describe the relevant characteristics of the site’s geosphere and surface environment, 
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respectively. In addition to present-day conditions, they discuss the past evolution of the 
site and future evolution of the surface environment and highlight the most important 
characteristics to be represented in geosphere and biosphere modelling. 

Description of the Disposal System summarises the initial state of the repository system 
components (spent nuclear fuel, EBS and host rock) and of the surface environment. 
The descriptions of the engineered barriers and underground openings are based on the 
Production Line reports, whereas the descriptions of the host rock and the surface 
environment are based on Site Description and Biosphere Description, respectively. The 
initial state of the spent nuclear fuel is also presented. The report provides the main 
characteristics of the components of the disposal system to be used as input to the safety 
assessment. 

Features, Events and Processes identifies and describes the various features, events and 
processes (FEPs) that need to be taken into account when assessing the long-term safety 
of the Olkiluoto spent nuclear fuel repository, thus feeding into the performance 
assessment, the formulation of radionuclide release scenarios, and the assessment of the 
scenarios for the repository system and the biosphere. It must be noted that this report 
was one of the first to be produced in the portfolio, and as such, it represents the 
knowledge of the FEPs at the time of writing, almost three years before the publication 
of the present report. Models and Data presents in this respect the state-of-the-art in the 
understanding of FEPs. 

In the review of the pre-licensing documentation, STUK emphasises the importance of 
defining performance targets and target properties, giving the reasoning behind them, 
and providing an assessment of how they are fulfilled by the repository system. Details 
on the reasoning and rationale behind the definition of the performance targets for the 
EBS components and target properties of the host rock are specified in Design Basis. 
The report is supported by the Production Line reports (for the canister, buffer, backfill, 
closure and underground openings), which present the detailed design specifications for 
the repository components, combined with a description of their production and initial 
state.  

Performance Assessment replaces the previous reports dealing with the expected 
evolution of a spent nuclear fuel repository (Crawford & Wilmot 1998, Pastina & Hellä 
2006), in which the EBS and geosphere uphold their safety functions with no releases of 
radionuclides for at least 10,000 years and even after 100,000 years. The fulfilment of 
the performance targets and target properties during the expected evolution of the 
repository system is evaluated in Performance Assessment. Performance Assessment 
covers the performance of the system for the entire assessment time frame of one 
million years with a special focus on the containment safety function of the canister and 
isolating safety function of other EBS components and the geosphere in the first 10,000 
years (as required by YVL D.5). The main focus of the report is the expected evolution 
and performance, but it is also shown that there are some plausible conditions, and some 
unlikely events and processes, that could lead to reduction of one or more safety 
functions and, potentially, give rise to radionuclide releases. Thus, Performance 
Assessment presents the expected evolution of the repository in which the majority of 
the canisters in the repository provide complete containment of radionuclides 
throughout the assessment time frame.  
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Figure 1-7. TURVA-2012 safety case portfolio including report names (coloured boxes) 
and brief descriptions of the contents (white boxes). Disposal system = repository 
system + surface environment. 
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The performance assessment identifies uncertainties in the initial state of the barriers 
and/or in the evolution of the repository system that could lead to radionuclide releases. 
These deviations from the desired initial state or expected evolution are propagated to 
Formulation of Radionuclide Release Scenarios, which defines the scenarios and the 
calculation cases for both the repository system and the surface environment. The aim 
of Formulation of Radionuclide Release Scenarios is to systematically define a set of 
scenarios that encompass the important combinations of initial conditions, expected 
evolution and disruptive events.  

The analyses of the releases and calculated activity fluxes and doses are presented in 
Assessment of Radionuclide Release Scenarios for the Repository System and in 
Biosphere Assessment. 

The present report (Models and Data for the Repository System) summarises the models 
and the data used in the performance assessment and the analysis of radionuclide release 
scenarios for the repository system. As to the surface environment, the data used in the 
biosphere assessment are summarised in Biosphere Data Basis, and the models are 
discussed in Terrain and Ecosystems Development Modelling, Surface and Near-
Surface Hydrological Modelling, Biosphere Radionuclide Transport and Dose 
Assessment Modelling and Dose Assessment for Plants and Animals. 

Complementary Considerations supports the safety case by presenting complementary 
evidence for the safety of nuclear waste disposal in crystalline bedrock according to the 
KBS-3 method. In particular, it provides evidence for the reliable performance and 
longevity of the engineered barrier materials, and suitability of the Olkiluoto site to 
provide the necessary conditions for long-term safety, focusing on qualitative 
supporting arguments.  

The TURVA-2012 safety case portfolio is based on the safety case plan published in 
2008 (Posiva 2008), which updates an earlier plan published in 2005 (Vieno & Ikonen 
2005). In the updated safety case plan, further details are provided on quality assurance 
and control procedures and their documentation, as well as on the consistent handling of 
different types of uncertainties. Since 2008, the safety case plan has been iterated based 
on the feedback received from the authorities, and the contents of the safety case 
portfolio TURVA-2012 are now as presented in Figure 1-7.  

1.7 Quality assurance 

The quality assurance (QA) procedures for the TURVA-2012 safety case (see Figure 
1-7) have been carried out following Posiva’s quality management system, which 
complies with the ISO 9001:2008 standard and considers relevant regulatory 
requirements. Even though the quality assurance is based on management according to 
the standard ISO 9001:2008, a graded approach proposed for nuclear facilities is 
adopted, i.e. the primary emphasis is on the quality control of the safety case, 
particularly those activities that have a direct bearing on long-term safety, whereas 
standard quality measures are applied in the supporting work. This means, in practice, 
that the main safety case reports are subject to stricter quality demands than general 
research activities. The input from Posiva’s own RTD activities and other research also 
fulfils the ISO 9001 quality standards.  
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The general quality guidelines of Posiva are also applied; the composition and quality 
management of portfolio reports and the recruitment of expert reviewers are controlled 
according to the respective guidelines. In addition, special attention is paid to the 
management of the processes that are applied to produce the safety case and its 
foundations, which is the basis for the whole safety case process and organisation of the 
work. The purpose of this enhanced process control is to provide full traceability and 
transparency of the data, assumptions, models, calculations and results. The safety case 
production process is a part of Posiva’s RTD process and is linked to Posiva’s 
Production lines, Facility design and other main processes. The main customer is the 
Strategy process and the Licensing sub-process. The aim of the safety case production 
process is to produce the long-term safety documentation for the construction licence 
application. The safety case production process is owned by the research manager of 
Posiva’s Long-term Safety Unit in Posiva’s Research Department.  

The overall plan, main goals and constraints for the safety case production process are 
presented in the Safety Case Plan (Posiva 2008). The details of how the Safety Case 
Plan 2008 is being implemented are described in the SAFCA project plan. The 
organisation of the TURVA-2012 safety case production process is referred to as 
SAFCA. The work is managed and coordinated by a SAFCA project group and 
supervised by a steering group. 

The safety case production process is divided into four main sub-processes: 
Conceptualisation and Methodology, Data Handling and Modelling, Safety Assessment, 
and Evaluation of Compliance and Confidence. 

The Data Handling and Modelling sub-process constitutes the central linkage between 
Posiva’s main technical and scientific activities and the production of the safety case. It 
is a clearinghouse activity between the supply of, and demand for, quality-assured data 
for the safety case. Data are produced by Posiva’s planning, design and development 
processes for the EBS (Engineered Barrier System), by the site characterisation process 
for the geoscientific data and through the biosphere description of the Olkiluoto area. 

A SAFCA quality co-ordinator (QC) has been designated for the activities related to the 
quality assurance measures applied to the production of the safety case contents. The 
QC is responsible for checking that the instructions and guidelines are followed and 
improvements are made in the process as deemed useful or necessary. The QC is also 
responsible for the coordination of the external expert reviews, maintenance of 
schedules, review and approval of the products, and the management of the expert 
elicitation process. The QC also leads the quality review of models and data used in the 
Data Handling and Modelling sub-process. Regular auditing of the safety case 
production process is done as part of Posiva’s internal audit programme. 

Data sources and quality aspects of the sources are documented according to specific 
guidelines. Individual data and databases are approved through a clearance procedure 
supervised by the SAFCA Quality Co-ordinator. In line with the ISO 9001 standard the 
process owner checks and approves the data and the QC checks and approves the 
procedure. Not all data are cleared following this procedure. Data used may also be 
approved using other Posiva databases such as VAHA or POTTI and the respective 
approval processes. If data have not been previously cleared through one of the tools 
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above, the present report provides a clearance tool for key data used in the performance 
assessment (i.e. data used for showing compliance with performance targets and target 
properties) and in the safety assessment (i.e. data used in the radionuclide transport 
analyses and dose calculations).  

The discrepancies in the models and data for the TURVA-2012 safety case noted in this 
report are due to the iterative nature of the assessment of the performance and the 
radionuclide release, retention and transport calculations that have been carried out over 
several years. At the same time, design of the disposal system and the engineered 
barrier system has developed, and new information about the site has become available. 
Moreover, regulatory guidance on the disposal of spent nuclear fuel has also evolved 
and some of the discrepancies reflect changes in regulatory requirements. Therefore, 
some discrepancies in data used in different modelling studies carried out at different 
times have been noted during the compilation of the present report and reported along 
with the currently available data. Such discrepancies and their impact on the safety case 
are discussed in this report. In addition, to assess the impact of the errors found later in 
input data for the radionuclide release and transport calculations for the repository 
system, additional calculation cases have been run (see Appendix M).  

The control and supervision of the safety case products (i.e. main portfolio reports) has 
been done in two steps, first an internal review by safety case experts and subject-matter 
experts within Posiva’s RTD programme and then the second step by external expert 
reviewers. A group of external experts covering the essential areas of knowledge and 
expertise needed in safety case production has been set up. The review process is based 
on review templates, which record each review comment and how it has been 
addressed. Upon completion, this template is checked and approved according to the 
quality guidelines of Posiva. 

The expert elicitation process has been applied to specific cases when the understanding 
or data basis is conflicting and consensus is needed for the selection of key data (e.g. 
solubility and sorption data). This expert elicitation process has been initiated, recruited, 
documented and managed by the SAFCA Quality Co-ordinator. 

The role of the present report in QA is to document the qualified models, modelling 
assumptions applied and data for the repository system used in TURVA-2012 and to 
discuss confidence of the models and data. Thereby the report contributes to traceability 
of the analyses done as part of the safety case. QA issues are discussed further in 
Synthesis. Quality assurance and quality control measures related to the production and 
operation of the repository are discussed in detail in Production Line reports (Canister, 
Buffer, Backfill, Closure and Underground Openings Production Line). 

1.8 Scope and structure of the present report 

As mentioned in Section 1.6, the present report describes the key models and data used 
in Performance Assessment and in Assessment of Radionuclide Release Scenarios for 
the Repository System. Although several models and data are presented in the other 
reports of the TURVA-2012 portfolio, this report addresses them from a different point 
of view to meet the following objectives: 
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 provide a collection and overview of the key models and data upon which the 
safety case is constructed, 

 describe the conceptual models used and their main assumptions 

 provide the basis for selection of these key models and data, including 
alternative models, if any 

 discuss confidence in the models and data as well as uncertainties and their 
significance 

 provide key references and pointers to background reports where the reader can 
find more information as necessary, 

 provide feedback to the design and next stage of RTD activities described in the 
YJH-2012 report (Posiva 2012). 

This report is the one in the TURVA-2012 safety case portfolio that addresses the 
regulatory requirements and feedback by the authorities concerning the description of 
models and data. The relevant regulatory requirements are presented in Section 1.4. In 
addition, STUK has requested in their feedback to the interim reporting of the safety 
case in 2009 that the justification, traceability and transparency of the input data need to 
be enhanced (STUK 2011b).  

Chapter 2 of the present report discusses the methodology applied to model and data 
selection. Chapter 3 gives an overview of the the repository system consisting of spent 
fuel, the engineered barrier system and host rock as well as of underground disposal 
facility. An overview of the key models and data used in TURVA-2012 is presented in 
Chapter 4. 

The main content of the report is divided into three parts: models and data for 
describing the external processes (Chapter 5), models and data used in Performance 
Assessment (Chapter 6) and models and data used in Assessment of Radionuclide 
Release Scenarios for the Repository System (Chapter 7). A separate report will address 
the models and data used in the Biosphere Assessment (Biosphere Data Basis).  

For the description of each key model, the following structure is applied: 

 Description of the model  

 Key data  

 Confidence in the model and data. 

In the case of models for the analysis of radionuclide release scenarios in Chapter 7, the 
above structure is rigorously followed for the base scenario. The approaches for 
modelling the variant and disturbance scenarios, which address uncertainties in the 
evolution of the repository system, are discussed in a separate section, but taken into 
account in the confidence section.  

In the description of the model, the conceptual model along with the main assumptions 
and boundary conditions, as well as the FEPs modelled, are presented. The main 
governing equations are presented or references are provided to the supporting reports 
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where these are presented. Under “Key Data”, the key parameters, data or data ranges 
are given along with the main assumptions and variants used to study the effect of 
uncertainties when applicable. Key data refer mostly to input data for the model 
described. Model output results are described in Performance Assessment or in 
Assessment of Radionuclide Release Scenarios for the Repository System, although 
those results that are used as input data for other modelling activities are presented also 
in this report. Quality management measures applied to the models and data (e.g. data 
clearance, model qualification, expert elicitation) are described in Section 2.3.  

Under the section “Confidence in the Model and Data”, the model and data applicability 
to Posiva’s safety case is given. Main uncertainties, their origin and how they are 
handled are also discussed in this section. The report ends with a summary and way 
forward section (Chapter 8) which identifies the main findings and uncertainties in 
models and data, and ways to handle them, whenever possible, either through design or 
further research to improve models or data or system understanding, as described in the 
RTD programme for 2013−2015 (YJH-2012, Posiva 2012). Chapter 8 also provides 
feedback for the Data Handling and Modelling sub-process and the next Models and 
Data report.  

The report includes the following appendices: 

 Appendix A describes a set of numerical codes used in conjunction of the 
models. 

 Appendices B−I provide a component-wise overview of the data, which is a 
complementary approach to the model-wise approach given in the main text. 
These appendices are meant to collect key data and point to the sections in this report  
where they are discussed. 

 Appendix J describes a theoretical and empirical approach to support a key 
assumption used in Assessment of Radionuclide Release Scenarios for the 
Repository System (1000 year delay before the establishment of a release 
pathway between the canister interior and the buffer). 

 Appendix K describes the background on key data used to model colloid-
facilitated transport in Assessment of Radionuclide Release Scenarios for the 
Repository System. 

 Appendix L describes the expert elicitation process used for solubility, diffusion 
and sorption data in the near field and far field. 

 Appendix M presents the results of the additional calculation cases carried out to 
check the impact of inconsistencies found in the input data. 

The main changes compared with the previous Models and Data 2010 report (Pastina & 
Hellä 2010) are the addition of the models and data used in Performance Assessment, 
inclusion of feedback from STUK on the previous version of the report and a discussion 
of the impact of uncertainties on the safety case, based on the results included in 
Assessment of Radionuclide Release Scenarios for the Repository System and its 
supporting probabilistic sensitivity analysis.  
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2 METHODOLOGY FOR MODEL AND DATA SELECTION  

According to the Safety Case Plan 2008 (Posiva 2008, Section 5.4.3) the identification 
of key input data “is based on prior safety assessments and the needs defined by the 
safety assessment sub-process”. The methodology has been since improved to include 
additional criteria for the selection of models and data, starting from the description of 
the disposal system (i.e. what models and data are needed to represent it and its long-
term safety relevant features), followed by the evaluation of the understanding of the 
safety-relevant FEPs that drive the evolution of the system and their role in the 
assessment of the performance of the repository system (as described in Performance 
Assessment) and in the assessment of radionuclide release scenarios (as described in 
Assessment of Radionuclide Release Scenarios for the Repository System). Models and 
data used in Complementary Considerations are not included in the present report. 
Models and data for the surface environment are collected in dedicated reports (as 
mentioned in Section 1.6) and are discussed in the present report only to the extent that 
they have an impact on the modelling of the repository system. 

2.1 Methodology for the model selection  

Models were selected according to their role in the assessment of the performance of the 
repository system (as described in Performance Assessment) or in the assessment of 
radionuclide release scenarios (as described in Assessment of Radionuclide Release 
Scenarios for the Repository System). Chapter 4, “Overview of main models and data”, 
describes such models (and their input/output data flows). Supporting models that were 
not explicitly used in the performance assessment or in the assessment of scenarios are 
only briefly mentioned in the present report but discussed in the background reports 
mentioned in the relevant sections.  

As shown in Chapters 5−7, models may be relatively simple, e.g. to determine the rate 
at which a single process may proceed for given conditions; in other cases, they may be 
complex models of coupled processes, that may vary in space and time, and/or take 
account of changing boundary conditions. In general, two types of models are 
distinguished: 

 detailed models that aim at a realistic description of specific processes − 
sometimes termed “process models”, and  

 more simplified models used for scoping the impact of key processes and for 
analysing radionuclide release, retention and transport in a cautious manner. 

The first class of models is used to gain a ‘realistic’ understanding of the possible 
evolution of aspects of the disposal system, e.g. the response of the groundwater flows 
and salinity to excavation of the repository or impacts of a glacial episode on the 
evolution of temperature and rock stress around the repository. These define the range 
of thermal-hydrological-mechanical-chemical (THMC) conditions under which the 
repository components must maintain their safety functions.  

Simplified models are used whenever processes are too complex to model or affected by 
significant uncertainties (in the process itself or in the data). In this case, cautious, 
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simple calculations can be a more effective way to show that safety functions are 
preserved. Such simplified models allow the effort of data gathering and quality 
assurance to focus only on key parameters. Simplified models are implemented in such 
a way that they do not overestimate the performance of the repository or underestimate 
the consequences of releases on long-term safety (e.g. by omitting processes that are 
beneficial to performance or safety, or by selecting pessimistic input data). Examples of 
simplified models are: mechanical erosion model for the buffer and the backfill (Section 
6.10), chemical erosion models (Section 6.11) and canister corrosion models (Sections 
6.12−6.22). 

The key models discussed in this report are shown in Figures 4-1 and 4-2. How the 
safety-relevant FEPs are treated by the models is also provided (Section 4.4). Safety-
relevant FEPs have been considered by one or several models either in Performance 
Assessment or in Assessment of Radionuclide Release Scenarios for the Repository 
System or both.  

2.2 Methodology for data selection 

Data were selected based on the parameters needed in the models identified according 
to Section 2.1. An overview of these parameters is shown in Figure 4-1 and Figure 4-2. 
Key input and output parameters associated with modelling the climate evolution (and 
climate-driven processes), performance assessment and radionuclide release, retention 
and transport are given in Section 4.5.  

Key parameters are those that describe: 

 the initial state of the repository system components (also called features), 
including host rock properties, geometry of the underground openings, geometry 
and material properties of the EBS components, spent nuclear fuel types and 
burn-ups, radionuclide inventories and their partitioning between the spent 
nuclear fuel matrix, the zirconium alloy cladding, other metal parts and the 
instant release fraction; 

 the evolution of the repository system components and their safety functions, 
which are often obtained as a result of modelling and used as input for the 
subsequent modelling, e.g. groundwater flow rates and groundwater 
composition with time, rock damage around the excavated rooms and shear 
displacement in fractures, buffer and backfill porewater composition with time, 
the nature and number of canister failures, the evolution of the transport 
resistance provided by a penetrating defect in a canister, and 

 the features of the repository system characterising radionuclide release and 
transport processes under evolving conditions (e.g. UO2 matrix dissolution 
properties, transport resistance of the canister, buffer and backfill diffusion and 
sorption parameters, transport paths and their properties as well as non-flow 
related retention parameters in the geosphere). 

In addition to parameters of the types mentioned above, parameters controlling e.g. 
numerical discretisation of time and space are particularly important for the Assessment 
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of Radionuclide Release Scenarios for the Repository System. These are described in 
Smith et al. (2012). 

The assignment of parameter values for modelling purposes (i.e. data selection) is based 
on:  

 existing applicable knowledge from the site or specific to Posiva’s repository 
system, 

 data from international projects on spent fuel disposal (e.g. LOT, FEBEX, EBS 
Task Force, LASGIT, MICADO), 

 data from neighbouring locations or data produced by other waste management 
programmes that have a similar approach (mostly SKB in Sweden but also 
Nagra in Switzerland, Canada’s Waste Management Organisation, Enresa in 
Spain, ANDRA in France etc.), 

 knowledge from previous safety assessments, 

 data from expert elicitation (i.e. solubility, diffusion and sorption in the near 
field of the canister, buffer and the buffer/rock interface and sorption in rock), 
and 

 conservative assumptions, whenever data are not available. 

To assess the uncertainty in the parameter values, sensitivity cases applying alternative 
parameter values or modelling assumptions have been defined. Examples of this include 
varying assumptions on the transmissivity and continuity of the excavation damaged 
zone (EDZ) in groundwater flow modelling, considering a wide range of potential 
groundwater compositions at the repository depth, and resulting buffer and backfill 
porewater composition, and assumptions on thermal conductivity of the pellet filled gap 
between the buffer and the deposition hole wall. 

Concerning the handling of data uncertainties, in Assessment of Radionuclide Release 
Scenarios for the Repository System calculation cases have been defined to explore the 
consequences of alternative data and/or model assumptions. Epistemic uncertainty 
arises from a lack of knowledge about the appropriate value to use for a parameter that 
is assumed to have a constant value in some region of space or interval of time (e.g. the 
uncertainty in the value of the distribution coefficient of a particular element in the 
buffer). This type of uncertainty has been addressed in the assessment of radionuclide 
release scenarios, via a probabilistic sensitivity analysis (PSA) presented in Cormenzana 
(2013). The PSA has identified the input parameters whose uncertainties have the 
greatest effect on the uncertainty in the releases from the near field and to the 
environment of the individual radionuclides and the whole inventory. The main findings 
from Cormenzana (2013) have been summarised in Chapter 9 of Assessment of 
Radionuclide Release Scenarios for the Repository System and are only briefly 
mentioned in the present report. 

If reliable data are not available, many of the assumptions are based on the 
likely/expected characteristics and evolution of the system, or on a reasonably expected 
range of possibilities, or defined to err on the side of caution. The aim is to overestimate 
the potential radiological impacts of the disposal facility but in a plausible way. The use 
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of cautiously chosen model assumptions and parameter values is consistent with YVL 
draft guideline D.5 (STUK 2011a), which states: 

Para. A08 

“Selection of the computational methods, performance targets and input data shall be 
based on the principle that actual radiation exposures or quantities of released 
radioactive substances shall with high degree of certainty be lower than those obtained 
through safety analyses”. 

2.3 Models and data quality assurance procedures 

Following Posiva’s Safety Case Plan (Posiva 2008, Section 5.4.4), the quality control 
and assurance measures that are to be applied to the Assessment of Radionuclide 
Release Scenarios for the Repository System comprise: 

1. justification of input data for the scenarios and models considered; the limits of 
applicability of the input data are checked against the assumptions related to the 
scenarios and models,  

2. justification of the models used to analyse the scenarios, 

3. verification of assessment codes, 

4. justification of the assessment codes for the intended application, 

5. documentation of input for the production runs, 

6. application of a procedure to ensure codes are correctly applied, 

7. documentation of the code versions used, and 

8. reporting of non-conformities. 

These measures have been implemented in the Assessment of Radionuclide Release 
Scenarios for the Repository System and are described in that report (ibid., Chapter 14). 
Some of these measures have also been applied insofar as possible to the Performance 
Assessment models and data although no formal quality control and assurance measures 
had been defined for the performance assessment in the Safety Case Plan. Measure 1 
concerning the input data is addressed in Chapters 5−7. Measure 2 relates to the 
justification of model used and it is addressed in the section “description of the model” 
in the context of the scenario considered. Measures 3−8 have been applied most 
rigorously to the models and codes in Assessment of Radionuclide Release Scenarios for 
the Repository System (Sections 14.2, 14.3 and 14.4). Measures 3−8 for the 
Performance Assessment have been applied less systematically and are discussed in the 
section “Confidence in the model and data” along with reference to the relevant 
background reports providing further detail.  

Measures 3 and 4 refer to validation and verification of the assessment codes, and 
justification of the assessment codes for their intended application. When applied to 
models, validation is understood as the process of testing the representation of specific 
phenomena by a model based on comparisons between computational modelling results 
and experimental results and observations. Given the long times considered in 
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Performance Assessment and in Assessment of Radionuclide Release Scenarios for the 
Repository System this task cannot be carried out. Natural analogue data or observations 
of natural phenomena, if available, may support the validity of the models but cannot be 
used for validation purposes as such. When applied to computer codes, validation can 
be taken to mean the process of confirming that capabilities of the codes are adequate 
for their intended applications.  

Measures 6 and 8, i.e. application of a procedure to ensure codes are correctly applied 
and reporting of non-conformities, are also addressed in the confidence section, 
whenever they might affect the assessment results. These measures were implemented 
in Assessment of Radionuclide Release Scenarios for the Repository System concerning 
input file generation, version management and assignment of numerical parameters 
(Section 14.3 of Assessment of Radionuclide Release Scenarios for the Repository 
System). Measures 5 and 7 for the documentation of input for the production runs and 
documentation of the code versions used are described in Section 14.4 of Assessment of 
Radionuclide Release Scenarios for the Repository System. As a result of data quality 
checks carried out for the present report and a background report on the description of 
the codes used for the radionuclide release, retention and transport (Poteri et al. 2013), 
some errors and inconsistencies were noted and reported in Chapter 7 of the present 
report; a new set of calculations has been carried out to assesses the impact of these 
inconsistencies on the assessment results (see Appendix M of the present report). 

To ensure the traceability of the radionuclide release, retention and transport 
calculations, an electronic system, docgen1, has been developed to keep track of, and to 
archive, the results of safety assessment calculations in a model chain as they are 
produced in Assessment of Radionuclide Release Scenarios for the Repository System 
(Section 14.4). This database has been applied to each calculation case through a 
procedure that includes the specification of the models and parameter values to be used, 
checking of output files, some of which are used as input files in subsequent steps in the 
calculation chain, and the storing of both input and output in the database.  

In the present report, the section on “confidence on models and data” describes briefly 
(providing references to background reports where the matter is addressed thoroughly) 
the quality assurance measures. When available, code intercomparison (i.e. 
benchmarking) exercises, whereby these computer codes are applied to model systems 
similar to those considered in the safety case, and the results compared to those obtained 
using alternative, well-tested computer codes used in earlier Posiva safety studies are 
also referenced. 

 

                                                 
 

1 The docgen system was originally developed for Nagra, the Swiss National Cooperative for the Disposal of Radioactive Waste. 
The version used in TURVA-2012 has been extended and adapted for Posiva.  
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3 OVERVIEW OF THE DISPOSAL SYSTEM  

This chapter presents a summary description of the repository system in its initial state; 
that is, descriptions of the host rock (Section 3.1) and of the spent nuclear fuel and 
engineered barriers (canister, buffer, backfill and closure, Section 3.2). The initial state 
of the disposal system is described in detail in Description of the Disposal System. The 
disposal system includes also the surface environment, which is described in detail in 
Biosphere Description.  

3.1 The Olkiluoto site 

The initial state for the host rock is defined to be the baseline conditions prior to starting 
the construction of ONKALO. The Olkiluoto site, as seen today, is the result of events 
and processes that have taken place over more than a billion years. Some of these are 
reflected in the geological properties of the rocks forming the geosphere, and some 
changes relate to climate-driven processes that mainly cause changes in groundwater 
flow and groundwater composition. The geomechanical response to crustal movements 
is related to glacial loading and unloading. The present state and the past history of the 
geology, rock mechanics and thermal properties, hydrogeology and hydrogeochemistry 
of Olkiluoto are discussed in detail in Site Description.  

The repository is to be excavated on Olkiluoto Island in south-western Finland on the 
coast of the Baltic Sea (Figure 1-2). Topography in the Olkiluoto area, and in general in 
south-western Finland, is flat and the sea around Olkiluoto Island is shallow. The site is 
subject to continued land uplift and the shoreline is expected to retreat during the next 
few thousand years even taking into account potential sea level rise due to changes in 
the global climate. The ecosystem succession during uplift, and the redistribution of 
sediments and groundwater flow, will influence the areas of potential deep groundwater 
recharge and discharge from the repository (Biosphere Description). 

The crystalline bedrock of Finland is part of the Precambrian Fennoscandian Shield. 
The rocks of Olkiluoto consist of two major classes: high-grade metamorphic rocks 
including gneisses and igneous rocks including pegmatitic granites and diabase dykes 
(Figure 3-1). The bedrock has been affected by several stages of ductile deformation 
and by extensive hydrothermal alteration resulting in heterogeneous rock properties. 
The fault zones at Olkiluoto are mainly low-angle SE-dipping thrust faults (see Figure 
3-1 and Figure 3-2). Typical for the site are nearly subvertical fractures striking either 
east-west or north-south and moderately to gently-dipping fractures sub-parallel to 
foliation (Site Description, p. 895). 
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Figure 3-1. A geological map of Olkiluoto Island showing the lithology and the brittle 
fault zones (BFZ) defined as layout determining features, i.e. the ones that restrict the 
repository layout. 

 

 

Figure 3-2. Three-dimensional representation of the main hydrogeological zones at 
Olkiluoto (HZ in blue) and their correlation with the fault zones (BFZ, in red) (outline 
of the island is shown in the figure, oblique view towards the northeast).  



71 
 

Located away from active plate margins, Fennoscandia, and Olkiluoto in particular, is 
known as a seismically quiescent region. In Fennoscandia, the orientation of the major 
principal stress is attributed to an E-W compression from the mid-Atlantic ridge push 
and a N-S compression from the Alpine margin, resulting in a roughly NW-SE 
orientation of major principal stress (Heidbach et al. 2008). Local variations related to 
isostatic adjustment and presence of deformation zones affect the stress regime at the 
site. Currently, a thrust faulting stress regime is present, and the principal stresses are 
approximately oriented horizontally and vertically, respectively. The orientation of 
maximum horizontal stress (H) at the repository depth is in the range NW-SE to E-W 
(Site Description, p. 905). 

In the crystalline bedrock at Olkiluoto, groundwater flow takes place in hydraulically 
active deformation zones (hydrogeological zones) and fractures. The larger-scale 
hydrogeological zones, which are related to brittle fault zones, carry most of the 
volumetric water flow in the deep bedrock. There is a general decrease in the frequency 
of transmissive fractures, and of transmissivity of both fractures and hydrogeological 
zones, with depth (Site Description, Section 11.3). Under natural conditions, 
groundwater flow at Olkiluoto occurs mainly as a response to freshwater infiltration 
dependent on the topography, although salinity (density) variation driven flow also 
takes place to a lesser extent. The porewater within the rock matrix is stagnant but 
exchanges solutes by diffusion with the flowing groundwater in the fractures.  

The distribution of the groundwater types is the result of progressive mixing of 
groundwaters infiltrated in different environmental conditions during geological time 
scales and the slow interactions between the groundwater, porewater and the minerals of 
the rocks (see Figure 3-3 and Site Description, Ch 7). The groundwater composition is 
also affected by microbial activity. Water-rock interactions, such as carbon and sulphur 
cycling and silicate reactions, buffer the pH and redox conditions and stabilise the 
groundwater chemistry. Groundwaters, in the range down to 300 m depth, show 
indications of having been affected by infiltrating waters of glacial, marine and meteoric 
origin during the Quaternary. On the other hand, these indications are absent in fracture 
groundwaters below 300 m, implying that these groundwaters are older.  

The current fracture groundwater is characterised by a significant variation of salinity 
with depth (see Figure 3-3):  

 Fresh waters (salinity < 1 g/L) rich in dissolved carbonate are found at shallow 
depths, in the uppermost tens of metres.  

 Brackish groundwater, with salinity up to 10 g/L dominates at depths between 
30 m and about 400 m.  

 Sulphate-rich waters are common in the depth layer 100−300 m, whereas 
brackish chloride-rich water, poor in sulphate dominates at depths of 300−400 
m.  

 Saline groundwaters (salinity > 10 g/L) dominate at still greater depths.  
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The matrix porewaters seem to be in equilibrium with the fracture groundwaters in the 
upper part of the bedrock (0−150 m), suggesting similar origin and strong interactions 
between groundwater in fractures and in the matrix at these depths. At deeper levels 
(150−500 m), the matrix porewater is less saline and increasingly enriched in δ18O; this 
has been interpreted to represent fresh water conditions during a warm climate, 
probably during the preglacial Tertiary period. Anion exclusion is another possible 
explanation for the salinity difference between porewater and groundwater at these 
depths (Site Description, Section 11.4.2).  

 

 

Figure 3-3. Illustrative hydrogeochemical site model of baseline groundwater 
conditions with the main water-rock interactions at Olkiluoto. Changes in colour 
indicate alterations in water type. The hydrogeologically most significant zones (HZ) 
are represented. Blue arrows represent flow directions. Rounded rectangles contain the 
main sources and sinks affecting pH and redox conditions. KR means drill hole. 
Enhanced chemical reactions dominate the infiltration zone at shallow depths, and at 
the interface between Na-Cl-SO4 and Na-Cl groundwater types. The illustration depicts 
hydrogeochemical conditions in the water-conductive fracture system, not in the 
diffusion-dominated rock matrix (Site Description, Figure 7-86). 
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3.2 Repository design 

3.2.1 Underground openings and repository layout 

The underground openings of the disposal facility include all spaces excavated 
underground: the access tunnel, shafts, technical and demonstration rooms, central 
tunnels, deposition tunnels, deposition holes and investigation drillholes within the area. 
Underground openings are constructed, utilised and backfilled in a step-wise manner 
during the course of the disposal operation. The initial state of the underground 
openings is defined as the state of the host rock at the time of emplacement of the 
material (e.g. buffer, backfill) intended for a specific space. Rock Suitability 
Classification criteria (RSC criteria, McEwen et al. 2012) are applied during 
construction (Underground Openings Production Line) to achieve conditions that meet 
the target properties set for the host rock in Design Basis. 

The drill and blast method is used in the construction of tunnels and raise boring is used 
in shafts. To limit the extent and connectivity of the excavation damaged zone (EDZ), 
the deposition holes will be bored. To control groundwater inflow in the tunnels, 
grouting has been, and will be, used when necessary during construction2 (for estimates 
of the grout quantities, see Karvonen 2011), but grouting will not be allowed in the 
deposition holes. 

At the repository level, central tunnels lead to deposition tunnels, in which the 
deposition holes are located. The procedures according to the RSC system (McEwen et 
al. 2013) are followed to locate rock volumes suitable for the deposition tunnels and 
sections of the tunnels suitable for excavating deposition holes. These procedures 
include acquisition of data along construction, modelling and assessing the suitability of 
the rock volumes to host deposition tunnels and tunnel sections to host deposition holes. 
The final locations of the deposition tunnels and subsequently deposition holes are 
determined based on these assessments and by taking into account construction related 
aspects.  

The layout of the underground openings is constrained by the layout-determining 
features (LDFs), which are large lineaments, significant brittle fault zones (BFZ) or 
hydrogeological zones (HZ) (McEwen et al. 2012, Pere et al. 2012). The layout used in 
the TURVA-2012 safety case is presented in Figure 3-4 (based on Saanio et al. 2012). 
There is flexibility to adapt the layout according to the additional and more detailed 
geological information to be gained during construction. Deposition tunnel and hole 
dimensions depend on the fuel type to be disposed (see Appendix H, Figure H-1). The 
layout provides for a total of 5400 positions for deposition holes compared to 4500 
positions actually required. This allows for rejection of some sections of deposition 
tunnels and some deposition hole positions that do not meet the RSC criteria. Design 
parameters for the layout according to Description of the Disposal System are listed in 
Appendix H, Table H-1. 

                                                 
 

2  Low pH grouts are recommended to be used in ONKALO and are also required to be used as primary grouting material below 
the depth of 300 m. Low pH grouts are used to avoid pH increase in groundwater. In addition, at repository level non-
cementitious grouts will be favoured where possible. 
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Several layout adaptations of the repository have been produced for a repository to host 
either 5500 (Kirkkomäki 2009), 5440 or 9000 tU (Saanio et al. 2012). Most of the 
modelling in TURVA-2012 has been based on a selected layout adaptation for 9000 tU 
(Figure 3-4), but part of the modelling has been based on the 5500 tU layout (Figure 
3-5), for details see Appendix H. The final layout will be adjusted in the future taking 
into account the findings of the continued site characterisation and possible other 
constraints (e.g. land use restrictions). The current reference layout in the construction 
licence application is presented in Figure 1-4. Provided that the deposition tunnels and 
holes are located so that LDFs are avoided, the findings of the safety case are not 
sensitive to details of the layout. 

Foreign materials (e.g. cement) will be introduced during the construction and operation 
and, although most will be removed and significant spills contained, inevitably some 
foreign materials will be left in the repository. The amounts of foreign materials (e.g. 
cementitious materials) introduced are being followed and controlled at the construction 
site and the total amounts are estimated regularly (see Karvonen 2011 for the latest 
estimates).  

 
 

 

Figure 3-4. Layout adaptation for a repository hosting 9000 tU of spent nuclear fuel 
used in the TURVA-2012 safety case. Dark grey areas are not suitable for deposition 
tunnels according to the RSC, as they are intersected by LDFs and their respect 
volumes. Red ovals denote respect distances to drillholes (Saanio et al. 2012, App. 3).  
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Figure 3-5. An example layout adaption for a repository hosting 5500 tU of spent 
nuclear fuel (Kirkkomäki 2009) used in some of the analyses discussed in this report. 

 

3.2.2 Spent nuclear fuel 

Spent fuel is currently stored in the cooling pools of the nuclear reactors. The spent 
nuclear fuel produced by the currently operating reactors, the OL3 unit under 
construction and the planned OL4 unit, are different as the design of the fuel assemblies 
depends on the reactor type. The OL1 and OL2 reactors at Olkiluoto are boiling water 
reactors (BWR), Loviisa LO1 and LO2 are VVER-440 type reactors and OL3, currently 
under construction, will be a pressurised water reactor (PWR, trade name EPR). The 
OL4 reactor type has not been decided yet and in the TURVA-2012 safety case it is 
assumed to be the same as OL3. Figure 3-6 shows the different fuel assemblies. For 
each fuel type, the canister design is adapted to accommodate the spent fuel to be 
disposed (Figure 3-7), in particular in terms of overall length and insert geometry (see 
Table D-1 in Appendix D). 
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Figure 3-6. Representative illustrations (from left) LO1−2, OL1−2 and OL3 type fuel 
assemblies. LO1−2 and OL1−2 fuel assemblies are partly cut open to show the internal 
structures. The pictures are not to scale.  

 
The spent fuel pellets are (chemically) the same for all Finnish reactor types and they 
consist of sintered UO2. However, the U-235 content and chemical additives (e.g. 
burnable poison, Gd2O3) in the UO2 pellets, as well as materials for the cladding and 
other metal parts are different depending on the reactor type. The average U-235 
enrichment of a fuel assembly may vary roughly between 3–4 %, but within a single 
fuel rod could be nearly 5 %. In the future, the assembly average U-235 enrichment rate 
could be over 4 %, enabling higher burn-ups to be achieved. Fuel cladding is made of 
various types of zirconium-based alloys because the zirconium cross-section for thermal 
neutrons is very small and because zirconium alloys typically have great mechanical 
strength and good corrosion resistance. Zirconium-based alloys are also used for 
modern spacer grids and flow channels, i.e. for structures in the high neutron flux 
region. The other structural components of the fuel assemblies outside the high flux 
region (i.e. upper and lower tie-plates, end plug, and channel and transition piece) are 
fabricated from stainless steel, or nickel-based alloy. Earlier spacer grids were made of 
nickel-based alloys. Further details on the different types of spent fuel can be found in 
Chapter 5 of Description of the Disposal System. 
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The most important properties that are considered in this report are the fuel types and all 
radionuclide-inventory related data, such as degree of burn-up, cooling time, impurities 
and heat output (see Tables C-1, C-2, C-3 and C-4 in Appendix C). 

3.2.3 Canister 

The canister is composed of a cast iron insert and a copper overpack (Figure 3-7). Due 
to the geometrical differences in the three main spent fuel types (see Section 3.2.2) there 
are geometrical differences between the canister types (Figure 3-7). All canisters have 
an external diameter of 1050 mm; lengths vary between 3500 mm and 5200 mm 
depending on the fuel assembly type (Table D-1 in Appendix D). More detailed canister 
dimensions (e.g. used for criticality safety analyses) are given in Table D-3 and Figures 
D-1, D-2 and D-3 in Appendix D. 

The initial state of a single canister is the state when the canister filled with spent fuel 
has been emplaced in a deposition hole, the surrounding buffer is present and the 
deposition tunnel backfill has been emplaced on top of the deposition hole. The thermal 
power (due to the decay heat of the spent nuclear fuel) at the canister surface is a key 
input parameter for the thermal evolution of repository system (see Section 6.3) and 
layout formulation (Appendix H). Thermal powers at the time of emplacement as well 
as initial temperature design limit and evolution are given in Table D-1. The detailed 
design and initial state of the canister are described in Raiko (2012) and in Canister 
Production Line.  

The material for the copper components is phosphorus-alloyed oxygen-free copper with 
the following requirements: O < 5 ppm, P 30−100 ppm, H < 0.6 ppm, S < 8 ppm. the 
purpose of phosphorous is to improve the creep strength and creep ductility of copper, 
as shown by creep testing of Cu-OF (oxygen-free copper) doped with 30 to 120 ppm 
phosphorus (see Section 6.25). During the development of the casting process for the 
nodular cast iron inserts, the standard requirements in EN 1563 grade EN-GJS-400-15U 
have been used regarding mechanical properties (Raiko et al. 2010). Canister material 
properties are given in Table D-1 in Appendix D. 

The design aim is that all canisters are intact at emplacement (expected scenario). 
Currently however, based on present knowledge on the performance of the canister 
welding method and non-destructive testing capabilities, it cannot be ruled out that one 
or a few canisters, each with an initial penetrating defects, will be emplaced in the 
repository (Performance Assessment, Section 3.3). Therefore, the Base Scenario for the 
Assessment of Radionuclides Release Scenarios for the Repository System assumes that 
a few canisters have an initial penetrating defect, an assumption that is also in 
accordance with the previous YVL D.5 guidance (STUK 2011a) on scenarios definition. 
The Reference Case of the Base Scenario in the radionuclide release, retention and 
transport calculations (Section 7.2) uses the case of one defective canister, emplaced in 
a deposition hole with relatively unfavourable flow-related properties, as benchmark 
against which all other calculation cases for the base scenario and for other scenarios 
are compared. Further information affecting the long-term evolution canister that is not 
directly used in any model described in the present report can be found in Chapter 6 of 
Description of the Disposal System.  
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Figure 3-7. a) Canister geometries from left to right for spent fuels from LO1−2, 
OL1−2 and OL3 (OL4). b) Canister overpack is made out of copper and the insert is 
cast iron, spent fuel rods are placed in the channels in the insert. 

 

3.2.4 Buffer 

The reference buffer material is high grade Na-bentonite from Wyoming (MX-803). 
Similar materials can be considered in the future as long as they meet the design 
requirements. The mineralogical composition for the buffer bentonite is given in Table 
6-53.  

The compacted rings and discs of buffer will be emplaced in each deposition hole that is 
bored and fulfils the RSC criteria and other specifications set for the hole (e.g. 
straightness). The canister will be emplaced within the buffer as illustrated in Figure 
3-8). The bottom of the deposition hole will be evened out mechanically to ensure a flat 
horizontal surface. In the reference design of the buffer, a thin copper plate (30 mm) is 
installed on the bottom of the hole4. An air-filled inner gap remains between the buffer 
and the canister. The outer gap between the buffer blocks and rock will be filled with 
pellets made of buffer material. The buffer will be in contact with the deposition tunnel 
floor backfill material. The dimensions of the buffer depend on the canister type to be 
emplaced (see Figure 3-8). The main parameters mentioned in this report concerning the 
buffer (e.g. density, porosity, thermal properties) are summarised in Table E-1. Detailed 
buffer dimensions and properties at the initial state including the amounts of air, oxygen 
and water present, as well as impurities, are presented in Description of the Disposal 
System (Tables 7-1 and 7-2 of that report).  

 
                                                 
 

3  MX-80 is a commercial name for reference buffer bentonite. It is a high-grade sodium bentonite from Wyoming, US, with a 
montmorillonite content of 75−90 %. Specific properties of the material have been defined in Description of the Disposal 
System and references therein. The mineralogical composition of the buffer is also discussed in this report. 

4  This is related to the use of moisture protection liner during emplacement (liner will be removed after installation), see Buffer 
Production Line for more details. 
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Figure 3-8. Illustration of the emplacement of the buffer and canister in the deposition 
hole and placing the backfill on top (background figure). The buffer designs (three 
design lengths depending on the spent fuel) are presented as schematic figures on left 
(from left to right LO1−2, OL1−2 and OL3). 

 

3.2.5 Backfill and plug 

At the initial state of the deposition tunnel backfill, both the clay backfill and the 
deposition tunnel plug have been installed as illustrated in a schematic Figure 3-9. The 
layout of the deposition tunnel backfill varies due to the different deposition tunnel sizes 
within the repository, which are described in more detail in the Backfill Production Line 
report and in Description of the Disposal System (Chapter 8). 

Deposition tunnel backfill 

The backfill consists of the base layer, the block fill and the pellet fill. The purpose of 
the base layer is to level off any irregularities of the drill-and-blast excavated tunnel 
floor and to act as a load bearing base for the backfill structure. The backfill blocks 
constitute most of the volume of the backfill. The cavity between the block assembly 
and the tunnel contour will be filled with pellets made of bentonite clay (Cebogel 
pellets). The pellet fill volume varies according to varying accuracy of tunnel 
excavation. Figure 3-9 shows the longitudinal cross section of the backfilled tunnels 
along with the backfill plug. The backfill has been designed taking into account the 
tolerances in excavation (Figure 3-10).  
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Figure 3-9. Longitudinal cross section of backfilled tunnel. 

 

  

Figure 3-10. Vertical cross section of backfilled tunnel showing the deposition tunnel 
backfill design (based on Hansen et al. 2010 updated with excavation tolerances).  

 

The main properties concerning the backfill mentioned in the present report (e.g., 
dimensions, volumes, masses, porosity) are summarised in Table F-1 of Appendix F. 
Detailed descriptions of the backfill materials, their composition and other properties at 
initial state are given in Chapter 8 of Description of the Disposal System and in the 
Backfill Production Line.  

Deposition tunnel plug 

The purpose of the plugs is to isolate the deposition tunnels hydraulically during the 
operational phase of the repository. The current deposition tunnel plug design (Figure 
3-9) is based on SKB’s design (SKB 2010c) although development work at Posiva is 
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ongoing (Backfill Production Line). It consists of a concrete dome, bentonite sealing 
layer and a sand filter (see Chapter 8 of Description of the Disposal System for details). 
The combination structure ensures that the plug has sufficient hydraulic isolation 
capacity as well as structural strength. The previous design by Haaramo & Lehtonen 
(2009) has been used as a reference geometry in the TURVA-2012 safety case (see 
Chapter 8 of Description of the Disposal System for details). 

The concrete components (concrete plug and beams) in the deposition tunnel end plug 
are made of low pH concrete (a concrete with a pH of the water-cement paste (laitance) 
< 10, with a short period of initially higher pH of about 11). The formulation of the 
concrete mix is under development. The plug design is still at a conceptual stage and 
tests are needed to verify its performance. The most up-to-date information concerning 
the backfill plug can be found in Backfill Production Line. 

3.2.6 Closure 

Closure of the disposal facility refers to all backfilling and plugs outside the deposition 
tunnels, including sealing of drillholes. The current reference design for the closure of 
the disposal facility is presented in Figure 3-11. The detailed description of the 
reference design, the backfill materials and methods, as well as the principles of the 
hydraulic, mechanical and intrusion-obstructing plugs are given in Closure Production 
Line. 

The aim of closure structures is to complete the isolation of the waste, restore and 
maintain the favourable natural conditions in the bedrock, and prevent the formation of 
preferential flow paths and transport routes between ground surface and deposition 
tunnels and holes. 

The reference design for closure will deploy a flexible tool-box of techniques to 
accomplish closure to the required standards and performance requirements. The 
available techniques provide alternative solutions throughout the closure process for the 
emplacement of backfill and plugs in a manner that meets the requirements set. Natural 
materials are utilised in backfill (such as clays, aggregates and mixtures of these). In 
plugs, at least below structure HZ20 (a major hydrogeological zone, see Figure 3-2), 
low pH concrete will be used. The main properties of closure mentioned in this report 
are summarised in Table G-1 of Appendix G. More detailed information and a 
description of the initial state of closure can be found in Chapter 9 of Description of the 
Disposal System (Chapter 9).  
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Figure 3-11. Current reference design of closure showing (1) the access tunnel and (2) 
shafts, (3) technical rooms at the repository level and the (4) central tunnels leading 
from the technical rooms to deposition tunnels; (5) the location of the low and 
intermediate level waste (L/ILW) repository is also shown (Closure Production Line). 
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4 OVERVIEW OF THE MAIN MODELS AND DATA 

This chapter gives an overview of the various models and data needed for the analyses 
supporting the safety case. Four separate categories of models can be recognised, based 
on their purpose:  

 models describing the external processes including climate evolution and related 
processes; these models frame the analysis of the disposal system by giving 
information on the climate conditions that occur within defined time windows 
(Section 4.1 and Chapter 5),  

 models needed to represent the features, events and processes (FEPs) that are the 
main drivers of the repository system’s evolution and used to assess the 
performance of the engineered barrier system and conditions in the repository host 
rock (Section 4.2 and Chapter 6),  

 models used for analysing radionuclide release and transport from the near field 
through the geosphere to the surface environment and for representing the related 
FEPs (Section 4.3 and Chapter 7), 

 models used for the biosphere assessment including models describing the 
development of the surface environment, models describing radionuclide 
transport in the surface environment, and models for assessing potential doses to 
humans, plants and animals. These models and the input data for these models 
are described in Biosphere Data Basis and biosphere modelling reports (see 
Section 1.6), but the links and the information flows between the biosphere 
assessment models and the models for the repository system are presented in this 
chapter. 

Different models and codes are needed to model different parts of the system, e.g. 
considering only one barrier or a combination of barriers, depending on the processes 
described. These models are linked, however, such that the initial and boundary 
conditions, as well as the input data, for the different models are selected in a consistent 
way. Thus, the output from one model can be used as an input to the next in the 
modelling chain.  

Key data for each model are discussed individually in corresponding sections in 
Chapters 5 to 7. However, to allow more transparent follow-up on the data used, and to 
be able to point out any discrepancies in the data, Appendices B to I collect the main 
data for each component (spent fuel, canister, buffer, backfill, closure, underground 
openings and geosphere) with cross-references to sections where their use is discussed.  

4.1 Modelling the external processes 

Modelling activities related to description of the external processes carried out are (see 
also Table A-1 in Appendix A and climate data in Appendix B): 

 Climate modelling (Section 5.1) to support the definition of climate evolution 
and define the time windows for temperate, permafrost and glacial climate 
conditions. Climate modelling has been carried out on two time scales; on the 
time scale of 120,000 years to provide a description of the climate over one 
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glacial cycle and on the time scale of 10,000 years to provide more detailed data 
for the biosphere assessment. The modelling results have been used to define the 
climate evolution, as well as to provide input to permafrost modelling, 
groundwater flow modelling and the development of the surface environment at 
the Olkiluoto site. 

 Permafrost modelling (Section 5.2) describes the freezing and thawing of 
groundwater-saturated bedrock by considering heat transfer and freezing 
accounting for groundwater salinity and hydraulic pressure as well as the climate 
conditions according to the results of the climate modelling. The results of the 
permafrost modelling have been used to provide input to groundwater flow 
modelling and also for surface and near-surface hydrological modelling. 

 Post-glacial crustal uplift together with changes in the global sea level (Section 
5.3) is an important factor affecting the development of the surface environment. 
It also affects the rock stresses, groundwater flow and thereby 
hydrogeochemistry at the site. The post-glacial uplift considered in the biosphere 
assessment and groundwater flow modelling has been modelled based on the 
semi-empirical model presented by Påsse (2001).  

 Seismicity in the Olkiluoto area (Section 5.4) is estimated based on historical and 
regional structural geology data. The seismic parameters for Gutenberg-Richter 
(1944) equation are determined and faults with potential to host large 
earthquakes are assessed. The results are used to estimate the number of large 
earthquakes at the site, which have a potential to lead to canister failures by 
secondary shear displacements.  

4.2 Models used for the performance assessment 

The aim of performance assessment is to evaluate the behaviour of the repository 
system components (EBS and host rock) and, in particular, to confirm that the 
performance targets will be met and that the host rock conditions will remain consistent 
with the target properties under the evolving conditions along the operational period, 
thermal period and repository saturation, temperate climate, permafrost and glaciation. 
The main modelling activities (Figure 4-1) in support of the performance assessment 
are: 

 modelling of the hydrogeological evolution, hydrogeochemical evolution and rock 
mechanical evolution of the geosphere − giving estimates of flow rates, flow paths, 
groundwater composition, stress state, rock damage around the underground 
openings including deposition tunnels and deposition holes, and shear displacements 
along fractures,  

 description of the evolution of the closure, which considers degradation of closure 
structures with consequent release of alkaline leachates,  

 modelling of the mechanical and hydraulic evolution, geochemical evolution and 
mechanical and chemical erosion of the buffer and backfill, which gives an estimate 
of the mass loss, porewater composition and hydraulic conductivity of the buffer 
and backfill, 
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 modelling of the probability of occurrence of initial defects of the canister, the 
canister corrosion, mechanical evolution of the canister and creep, which results in 
an estimate of the overall canister performance, 

 thermal evolution is considered in the modelling of each of the barriers. 

The models applied consider the main processes affecting the performance of a barrier. 
There are couplings between the processes and across the barriers, which are not always 
modelled explicitly, but are taken into account by selecting consistent boundary and 
initial conditions. A summary of the models and codes used in support of the 
assessment of the geosphere and the EBS evolution is presented in Appendix A  (Tables 
A-2 and A-3). 

4.2.1 Modelling of geosphere evolution 

The models and data used for modelling the evolution of the geosphere and assessing 
whether favourable conditions will prevail at the repository depth are discussed in 
Sections 6.1, 6.2, 6.4 and 6.5. This report also presents the key results which are used as 
input for the assessment of the EBS performance and radionuclide release and transport 
calculations. More detailed presentation of the results is presented in Performance 
Assessment and the supporting modelling reports. This section summarises the main 
models, codes and data used for assessing the evolution of the geosphere (for a 
summary, see Table A-2 in Appendix A, and Appendices H and I, Tables I-1 to I-5). 

Hydraulic evolution  

Groundwater flow modelling has been carried out to describe the groundwater flow 
rates, flow paths and salinity distribution in the geosphere and around the repository. 
The shoreline evolution and the assumed climate conditions are taken into account by 
initial and boundary conditions and the repository layout and the underground openings 
and their properties are represented in the models. The results are applied to assessing 
the geochemical evolution and performance of the EBS, and they also provide input to 
the radionuclide release and transport analysis. 

Two types of flow models, equivalent continuous porous medium (ECPM) models 
combined with a dual porosity (DP) approach, and discrete fracture network (DFN) 
models, have been applied in the groundwater flow modelling. The ECPM 
conceptualisation has been used mainly to simulate the evolution of the groundwater 
flow at the site scale. In the DP approach, advection and dispersion are the dominant 
processes within the water-bearing fractures, whereas in the rock matrix, solutes are 
transported by diffusion. DFN models have been used to describe the distribution of the 
groundwater flow on a detailed scale in the vicinity of deposition tunnels and deposition 
holes. The approach is based on a stochastic representation of the bedrock fractures. A 
description of the model is given in Section 6.1. 
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Figure 4-1. Overview of the key modelling activities for performance assessment (green 
boxes), which may consist of several different modelling studies. Yellow ovals present 
the main outcomes of the models. Also shown as yellow ovals are the inputs from the 
climate related modelling (climate evolution, permafrost depth and isostatic loads 
during glacial cycle) as well as assessment of the earthquake frequency at the site and 
input from biosphere modelling (shoreline displacement and infiltration).  
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Geochemical evolution  

The assessment of the geochemical evolution of the site is based on understanding of the 
past evolution of the site as well as on reactive transport modelling. The main processes 
considered are mixing of groundwaters and water-rock interactions. The FASTREACT 
(FrAmework for Stochastic REACtive Transport, Trinchero et al. 2010) approach has 
been used to combine the flow and the chemical reactions. In this approach, particle 
tracking methods are used to define particle trajectories, streamlines, along which 
reactive transport simulations are carried out. Hydrogeological modelling (Section 6.1) 
already assesses the salinity evolution, but it also provides key input for the reactive 
transport modelling in terms of flow paths and flow rates. The reactive transport 
modelling supports the definition of the expected and bounding groundwaters for 
different future conditions. The expected (reference) and bounding groundwaters are 
used for assessing the performance of the EBS as well as for determining the solubility, 
speciation and retention parameters for the radionuclide release and transport analysis. 
A description of the reactive transport modelling and the definition of the reference and 
bounding groundwaters is presented in Section 6.2.  

Rock mechanics evolution  

The main modelling activities related to rock mechanical evolution have focussed on 
the disturbances caused by the excavation and the thermal load generated by the spent 
fuel (Section 6.4), and on the stress evolution and rock stability during a glacial cycle, 
as well as the rock shear displacements caused by future earthquakes (Section 6.5). 
Rock damage in the repository near field may influence the flow conditions around the 
deposition holes and thereby affect the performance of the EBS and the radionuclide 
release and transport. Therefore, the results have been taken into account in the 
groundwater flow modelling. Shear displacements induced by earthquakes on fractures 
intersecting the canister may lead to canister failures and the potential for such failures 
is discussed in Section 6.5. 

4.2.2 Modelling of EBS performance 

The models and data used for assessing performance of the EBS are discussed in 
Sections 6.3 and 6.6 … 6.26 of this report and the results are presented in Performance 
Assessment. This section summarises the main models, codes and data used for 
assessing the performance of the EBS (see also Table A-3 in Appendix A and 
Appendices C to H).  

Thermal evolution  

Decay heat from the spent nuclear fuel will increase temperatures within and around the 
repository for up to 50,000 years. In developing the repository design and layout, the 
principal constraint is to limit the maximum temperature experienced at the 
buffer/canister interface to 100 °C; this is to preclude significant thermal alteration that 
might degrade the desired swelling and hydraulic properties of the buffer. The 
temperature evolution also affects groundwater flow and permafrost development. 
Therefore, the thermal evolution has been modelled for the entire repository system. 
Thermal dimensioning of the repository and the resulting temperatures are presented in 
Ikonen & Raiko (2012). A description of the model is given in Sections 6.3 and 6.6. 
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Mechanical, hydraulic and geochemical evolution of closure components  

There is no specific performance assessment model for the mechanical, hydraulic and 
geochemical evolution of closure components. Degradation of cement and the various 
processes involved are discussed in Section 6.7. 

In the groundwater flow model, decreased performance of the deposition tunnel and 
closure backfill is taken into account (Hartley et al. 2013a) assuming that the hydraulic 
conductivity of the tunnels is one to two orders of magnitude higher than the reference 
assumptions as well as a case with a high conductivity in top part of the tunnel (see 
Table I-2 in Appendix I). 

Thermal, hydraulic and mechanical evolution of backfill and buffer  

The finite element code CODE_BRIGHT is used to model the thermo-hydraulic-
mechanical behaviour of clay. The mechanical model that reproduces the behaviour of 
the porous medium under mechanical boundary conditions (displacements and forces or 
stresses) is called the constitutive model. The constitutive model for this application is 
the Barcelona Basic Model (BBM). The model is formulated within the framework of 
hardening plasticity using two independent sets of variables: the excess of stress over air 
pressure and suction (see Section 6.6 for further details). Freezing and thawing of the 
buffer and backfill is only briefly discussed in Section 6.6. 

Geochemical evolution of backfill and buffer  

The geochemical evolution of the buffer and backfill is assessed either through 
modelling or by reference to experimental data (see Sections 6.8 and 6.9 for details) 
accounting for: 

 Oxygen depletion and changes in pH. 

 Evolution of colloid population: The evolution of the population of colloids 
introduced with the buffer and the backfill, especially those associated with the 
degradation of repository materials, and their mobility and stability under 
evolving groundwater conditions.  

 Interaction of cementitious leachates with the buffer and backfill. 

 Geochemical evolution of unsaturated buffer porewater: This has been assessed 
by thermo-hydro-geochemical modelling, using the integral finite-difference 
code TOUGHREACT.  

 Buffer and backfill porewater chemistry after saturation: Porewater composition 
has been modelled using the code PHREEQC.  

 Microbial activity and production of sulphide in backfill and sulphide 
production at the buffer/rock interface.  

 Montmorillonite transformation: The processes of illitisation and associated 
cementation have been assessed using semi-empirical approaches and data from 
natural analogues.  
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Mechanical and chemical erosion of buffer and backfill  

Mechanical and chemical erosion of the buffer and the backfill are processes that may 
lead to mass loss both with consequent loss of swelling pressure and an increase of 
hydraulic conductivity. They are discussed in Sections 6.10 and 6.11. 

For mechanical erosion, a simplified approach is used to estimate buffer and backfill 
mass loss. This approach is based on the calculation of mass loss as a function of the 
total volume of water flowing through a piping channel in the buffer or backfill and the 
erosion rate. The erosion rate is based on experimental tests done by Posiva and SKB in 
conditions relevant to those at Olkiluoto (salinity, flow and geometric properties 
appropriate to a fracture potentially intersecting a deposition tunnel or deposition hole). 
The eroded mass loss is derived by numerical integration of the measured erosion rate 
as a function of the cumulative flow of water. 

The chemical erosion model developed by Moreno et al. (2010) was applied to the 
repository at Olkiluoto (see Section 6.11). 

Canister corrosion  

Models are used for different purposes when describing the corrosion of the canister. 
There are three general types of corrosion-related model used to support the PA 
calculations, namely: 

 Quantitative models that are used to predict the rate or extent of a given 
corrosion process. These models may be based on mass-balance or mass-
transport principles, or may involve the use of empirically determined corrosion 
rates. Examples of this type of model include those used to estimate the 
maximum extent of aerobic corrosion of the copper canister, as a result of 
trapped atmospheric O2 in the buffer and backfill material, or the use of 
empirical atmospheric corrosion rate data. 

 Qualitative assessment or logical arguments, typically used to justify why a 
particular corrosion process will either not occur or be limited in extent. An 
example of such a qualitative assessment is the decision-tree approach used to 
argue that the copper canister will not be subject to stress corrosion cracking 
(SCC) under aerobic conditions. 

 Quantitative models that are used to provide general support and justification for 
the prediction, for example, of the corrosion behaviour of the canister, but which 
are not themselves used directly to predict canister lifetimes. Another example 
of this type of model is the Copper Sulphide Model (CSM) which is used to 
predict the evolution of the corrosion potential (ECORR) and more generally of 
the corrosion behaviour of the canister as the environment in the repository 
evolves over time. 

Because of the many different types of corrosion considered and their respective 
modelling approaches, they are addressed in separate sections (Sections 6.12−6.22). 
They are used to evaluate the performance of the canister in the conditions expected in 
the repository during the assessment period:  
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 atmospheric corrosion (Section 6.12),  

 corrosion due to handling and operational factors (Section 6.13), 

 stress-corrosion cracking of the copper overpack (Section 6.14), 

 corrosion due to radiolysis (Section 6.15), 

 localised corrosion/surface roughening (Section 6.16),  

 aerobic corrosion in the deposition holes (Section 6.17), 

 copper corrosion in highly saline groundwater (Section 6.18), 

 corrosion due to sulphide (Section 6.19), 

 microbially-induced corrosion (Section 6.20), 

 hydrogen development from copper in oxygen-free water (Section 6.21), and 

 corrosion of the insert (Section 6.22). 

Mechanical loads on the canister  

Mechanical loads on the canister are modelled to assess the performance of the canister. 
The mechanical loads on the canister have been assessed for the design of the canister 
so that the canister fulfils its containment safety function for several hundred thousand 
years. The expected mechanical loads during canister evolution are due to:  

 swelling of the bentonite (even or uneven),  

 isostatic load that can be due to the hydrostatic pressure from the groundwater 
and the hydrostatic load caused by glaciation, and  

 dynamic loads in the case of a rock shear movement.  

The modelling of the impact of rock shear on the canister is described in Section 6.23. 
The modelling of other mechanical loads (e.g. swelling and isostatic load) is described 
in Section 6.24. 

Copper creep  

The creep model takes into account the swelling of bentonite around the canister and the 
presence of initial residual stresses on the canister. The model is based on the “Logistic 
Creep Strain Prediction” model, which is a creep strain prediction tool able to predict 
representative creep strain curves and strain rates in a large stress and temperature 
range. The model consists of three components: base material creep strain model, base 
material creep rupture model, EB (electron beam) weld strength factor and strain model. 
The model is described in Section 6.25 based on Holmström et al. (2013). 

Number of initially defective canisters 

The potential number of defective canisters that might be emplaced in the repository has 
been analysed probabilistically by Holmberg & Kuusela (2011). A Bayesian approach 
was used based on existing experience on welding and non-destructive testing (NDT) 
method reliability. The outcome of the model is a preliminary estimate of the 



91 
 

probability of different numbers of initially defective canisters that may be incidentally 
emplaced in the repository. This is discussed in Section 6.26. 

Long-term criticality safety  

Criticality safety analyses assessing the reactivity of the fuel in the canister in disposal 
conditions are carried out for different scenarios affecting the long-term evolution of the 
canister. The reactivity of the fuel is expressed by calculating the effective neutron 
multiplication coefficient (keff), which depends on the mass of fissile material, the 
materials present in the canister and their geometry. The calculated keff is then compared 
to the limits sets in the regulatory guides to determine whether criticality safety is met 
and under what conditions. Several scenarios are analysed for the long-term evolution 
of the canister, although work on criticality safety assessment is still ongoing. Models 
and data are described in Section 6.27. 

4.3 Models used for radionuclide releases and transport 

Consistent with most safety analyses carried out internationally, the modelling of 
radionuclide release and transport in the repository system is carried out in two 
sequential steps: near-field release and transport modelling, and geosphere transport 
modelling, with the output from the former (near-field releases) providing input to the 
latter. The near field comprises the spent fuel, the deposition holes including the 
canisters and buffer, the backfilled deposition tunnels and that part of the immediately 
surrounding host rock that is affected by the presence of the repository (e.g. excavation-
damaged zones). The geosphere comprises the remainder of the host rock.  

Geosphere transport modelling provides, as output, release locations and release rates to 
the surface environment, i.e. the geo-bio fluxes. The latter are used directly in 
radiological impact analyses, where comparison is made with regulatory release 
constraints. The output data, both the release locations and release rates, are used as 
input to Biosphere Assessment. 

Figure 4-2 shows the main models and information flows used in the analysis of 
radionuclide release scenarios. Models for the analysis of radionuclide release, retention 
and transport are shown in white boxes in the figure; near-field release and transport 
and radionuclide transport in geosphere are discussed in detail in Chapter 7 of this 
report, whereas the surface and near-surface hydrology model is discussed in detail in 
Surface and Near-Surface Hydrological Modelling, the landscape model in Biosphere 
Radionuclide Transport and Dose Assessment and the dose models in Biosphere 
Radionuclide Transport and Dose Assessment and Dose Assessment for Plants and 
Animals and the input data for the biosphere models in Biosphere Data Basis. Key 
supporting process models are shown as green boxes; groundwater flow modelling is 
discussed in Section 6.1 of this report and the terrain and ecosystem development model 
in Terrain and Ecosystems Development Modelling. System descriptions are shown as 
light blue boxes. 
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Figure 4-2. Models and information flows. Radionuclide release and transport models 
are shown in white boxes. System descriptions and understanding are shown in light 
blue boxes, key supporting models in green boxes and their principal outputs in dark 
blue ovals. 
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The chain of computer codes used in the analysis of radionuclide release scenarios is 
shown in Figure 4-3. Radionuclide release, retention and transport in the repository 
system is modelled using the codes GoldSim and MARFA, the purpose and usage of 
which are summarised in Table A-4 in Appendix A. In the Monte Carlo simulations 
used in the Probabilistic Sensitivity Analysis (PSA), GoldSim is used for the transport 
both in the near field and the geosphere, and the calculation endpoints are the annual 
activity releases from the geosphere (the surface environment is not included in the 
calculations). Figure 4-3 shows the computer codes used in the analysis of both the 
repository system (see Chapter 7) and the surface environment (see the Biosphere 
reports listed above). 

 

 

Figure 4-3. Computer codes for analysis of radionuclide release scenarios. Codes used 
for the analysis of repository system scenarios are shown in red and discussed in this 
section. Codes used for biosphere assessment are shown in blue and a summary of them 
is given in the Biosphere Assessment Data Basis, Chapter 5. PSA = probabilistic 
sensitivity analysis. 
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4.4 Overview of the treatment of FEPs 

The treatment of the FEPs in Performance Assessment and in Assessment of 
Radionuclide Release Scenarios for the Repository System for spent fuel is summarised 
in  Table 4-1, for canister in Table 4-2, for buffer in Table 4-3, for backfill in Table 4-4, 
for closure in Table 4-5 and for geosphere in Table 4-6. Treatment of the external FEPs 
is shown in Table 4-7. The surface environment is out of the scope of both these reports 
and hence their related FEPs are not discussed here. 

Many of the FEPs have already been taken into account by the repository design and 
layout; such FEPs include, e.g. (the FEP number according to Features, Events and 
Processes is given in parentheses): 

 The spacing between the deposition tunnels and deposition holes takes into 
account the initial constraint on thermal power of the canisters and heat transfer 
thoughout the EBS and the geosphere (8.2.1). 

 The possibility of permafrost formation (10.2.3) has been taken into account 
primarily in the selection of the depth of the repository to ensure that permafrost 
does not reach the repository level, and secondarily in the selection of the buffer 
and deposition tunnel backfill materials to be used in the repository. The 
potential effects of freezing and thawing (7.2.3) cycles is taken into account in 
the selection of the materials to be used in the upper part of the repository 
closure components. 

 Inadvertent human intrusion (10.2.5) is taken into account in the selection of the 
site and in the design of near-surface closure plugs and structures (e.g. Chapter 3 
in Performance Assessment). 

Table 4-1. Spent nuclear fuel FEPs considered in Performance Assessment (PA) and in 
Assessment of Radionuclide Release Scenarios for the Repository System (AOS). FEP 
number refers to the number of the FEP in the FEPs report (Features, Events and 
Processes). References given in parentheses refer to relevant chapters and/or sections 
of this report.  

FEP FEP 
number 

Treatment in PA Treatment in AOS 

Spent nuclear fuel 

Radioactive decay (and in-
growth) 

3.2.1  Implicitly taken into account in the 
performance of the system 
(intrinsic process for spent fuel). 

Accounted for in the radionuclide 
inventory and in the radionuclide 
transport model (Sections 7.1, 7.3, 
7.4 and 7.5). 

Heat generation 3.2.2  Accounted for in the canister and 
buffer design (3.2.3 and 3.2.4) as 
well as in repository layout 
(Section 3.2), permafrost 
modelling (5.2), groundwater flow 
(Section 6.1), thermal evolution 
(6.3), near-field rock performance 
(spalling, Section 6.4), buffer 
THM evolution (Section 6.6), and 
THC evolution (Section 6.9). 
Addressed at all time windows. 

Radionuclide releases occur first 
during the period when repository-
generated heat is expected to have 
no significant impact on the retention 
and transport properties of the 
repository barriers (Chapter 7). 
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FEP FEP 
number 

Treatment in PA Treatment in AOS 

Spent nuclear fuel 

Heat transfer 3.2.3  See above. Radionuclide releases occur first 
during the period when repository-
generated heat is expected to have 
no significant impact on the retention 
and transport properties of the 
repository barriers (Chapter 7). 

Structural alteration of the 
fuel pellets 

3.2.4  This is a feature of spent nuclear 
fuel. Not explicitly addressed.  

Taken into account in the definition 
of source term (Section 7.3).  

Radiolysis of residual 
water (in an intact 
canister) 

3.2.5  Addressed in canister 
performance against internal 
corrosion (Section 6.15). 

Not treated specifically. 

Radiolysis of the canister 
water 

3.2.6  This addresses a failed canister 
which is out of scope of the PA. 

Addressed implicitly in the definition 
of the rate of alteration and 
dissolution of the fuel matrix (Section 
7.3). 

Corrosion of cladding 
tubes and metallic parts of 
the fuel assembly 

3.2.7  This addresses a failed canister 
which is out of scope of the PA. 

Explicitly taken into account in the 
definition of the source term (Section 
7.3) (release rates from the cladding 
tubes and metal parts of the fuel 
assemblies).  

Alteration and dissolution 
of the fuel matrix 

3.2.8 This addresses a failed canister 
which is out of scope of the PA.  

Explicitly taken into account in the 
definition of the source term (Section 
7.3) (radionuclide release rate from 
the fuel matrix). 

Release of the labile 
fraction of the inventory 

3.2.9 This addresses a failed canister 
which is out of scope of the PA. 

Explicitly taken into account in the 
definition of the source term (Section 
7.3) (instant release fraction). 

Production of helium gas 3.2.10 Not a long-term safety relevant 
FEP (see FEPs report). 

Assumption of 1000y delay of 
radionuclide releases from a failed 
canister (see Appendix J).  

Criticality 3.2.11 Subcriticality is a requirement on 
the canister design (see Sections 
4.2.2 and 6.27). Not a long-term 
safety relevant FEP (see FEPs 
report). 

Not a long-term safety relevant FEP 
(see FEPs report). 

Aqueous solubility and 
speciation 

3.3.1 Out of the scope of PA. Explicitly modelled (Section 7.5). 

Precipitation and co-
precipitation 

3.3.2 Out of the scope of PA. Precipitation in water-filled void 
spaces within the canister is 
modelled explicitly (Section 7.4). Co-
precipitation is conservatively 
omitted. 

Sorption 3.3.3 Out of the scope of PA.  Sorption on the surfaces of the fuel 
and its degradation products and on 
structural materials and their 
corrosion products is conservatively 
omitted. Sorption on the metallic 
structures inside the canister on their 
corrosion products is also 
conservatively omitted.  
 

Diffusion (of radionuclides) 
in fuel pellets 

3.3.4 Out of the scope of PA. Diffusion of radionuclides in the fuel 
pellets during reactor operation is 
taken into account in the definition of 
the source term (Section 7.3) 
(through the IRF, i.e. instant release 
fraction).  
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Table 4-2. Canister FEPs considered in Performance Assessment (PA) and in 
Assessment of Radionuclide Release Scenarios for the Repository System (AOS). FEP 
number refers to the number of the FEP in Features, Events and Processes. References 
given in parentheses refer to relevant chapters and/or sections of this report. 

FEP FEP 
number 

Treatment in PA Treatment in AOS 

Canister 

Radiation attenuation  4.2.1  Explicitly considered in the design 
of the canister (Section 3.2.3) and 
in the loading criteria for spent 
fuel in order not to exceed the 
thermal and dose requirements at 
the surface of the canister.  

Out of the scope of AOS. 

Heat transfer  4.2.2  Taken into account in all thermal 
processes (Section 6.3), THC 
evolution of the buffer (Section 
6.9). 

Taken into account in the repository 
layout. Radionuclide releases occur 
first during the period when 
repository-generated heat is 
expected to have no significant 
impact on the retention and transport 
properties of the repository barriers 
(Chapter 7). 

Deformation  4.2.3  Considered explicitly in the 
canister design (3.2.3) and in the 
creep model (6.25). Also 
considered in the canister 
performance against mechanical 
loads at all times (Sections 6.23 
and 6.24), and specifically in the 
case of rock shear possibly 
caused by a post-glacial 
earthquake (Section 6.5). Also 
implicitly taken into account in the 
corrosion of the copper overpack 
due to handling (6.13). 

Implicitly taken into account in data 
and models underpinning the 
analysis of disturbance scenarios 
due to rock shear (Section 7.2) 

Thermal expansion of the 
canister 

4.2.4  Considered explicitly in the 
canister design and performance 
against early mechanical loads 
(Sections 6.24, 6.25).  

Not addressed since there are no 
associated uncertainties for the 
performance of the canister. 

Corrosion of the copper 
overpack 

4.2.5  Accounted for at all times 
(Sections 6.12 through 6.21). 

Accounted for in variant and 
disturbance scenarios (Section 7.2).  

Corrosion of the cast iron 
insert 

4.2.6  Addressed by requirement on 
residual water amounts (Section 
6.22). 

Implicitly taken into account in all the 
scenarios where corrosion is 
assumed (Sections 7.2.2 and 7.2.3). 
Assumption on the 1000 y delay for 
radionuclide releases (Appendix J). 

Stress corrosion cracking 4.2.7  Addressed in the canister 
performance assessment 
(Section 6.14). 

Implicitly accounted for in scenarios 
assuming corrosion (Sections 7.2.2 
and 7.2.3).  

Aqueous solubility and 
speciation 

4.3.1 The solubility and speciation of 
radionuclides is out of the scope 
of PA. Solubility and speciation of 
other species in groundwater 
(especially Fe and HS-) is taken 
into account in the canister 
performance against corrosion 
(Section 6.19).  

Calculations of the speciation of 
certain elements have been 
performed that indicate the main 
complexes expected to be formed in 
solution in the internal void space of 
the canister. Speciation is taken into 
account when assigning parameter 
values for modelling sorption and 
diffusion. Accounted for in the 
modelling of radionuclide release 
inside the canister (Section 7.5).  
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FEP FEP 
number 

Treatment in PA Treatment in AOS 

Canister 

Precipitation and co-
precipitation 

4.3.2  Precipitation and co-precipitation 
of radionuclides is out of the 
scope of PA. Salt precipitation on 
the surface of the canister is 
implicitly taken into account in the 
canister performance against 
corrosion (Section 6.8.2). 

Precipitation in water-filled void 
spaces within the canister is 
modelled to determine the 
concentration of radionuclide inside 
the canister. Precipitation in water-
filled void spaces within the canister 
is modelled explicitly (Section 7.4). 
Co-precipitation is conservatively 
omitted.  

Sorption 4.3.3  Sorption of radionuclides out of 
the scope of PA. 

Sorption of radionuclides within the 
canister is conservatively omitted. 

Diffusion 4.3.4 Diffusion of sulphide from the 
buffer and the backfill is taken 
into account in performance of 
the canister against corrosion 
(e.g. sections 6.8.2, 6.9.3, 6.9.4 
and 6.19) 

Implicitly treated via the assumption 
that radionuclides in the form of 
dissolved species are well-mixed in 
the water-filled void space in the 
canister interior (Section 7.4).  

Advection 4.3.5 Advection of radionuclides in the 
canister is out of the scope of PA. 

See above. 

Colloid transport 4.3.6 Colloid transport is out of the 
scope of PA. 

Modelled in the complementary case 
CS3-COLL (Sections 7.2.4 and 
7.5.3).  
The possibility that capacity of buffer 
to filter intrinsic colloids formed within 
or around the canister is lost is 
considered in the context of Variant 
Scenario 2 (VS2) and disturbance 
scenario RS-DIL addressing 
chemical erosion of the buffer 
(Sections 7.2.2, 7.2.3, 7.4.3). 

Gas transport 4.3.7 Gas transport inside the canister 
is out of the scope of PA. 

Included implicitly in modelling gas-
mediated release and transport of C-
14 as methane (Sections 7.2.4)  
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Table 4-3. Buffer FEPs considered in Performance Assessment (PA) and in Assessment 
of Radionuclide Release Scenarios for the Repository System (AOS). FEP number refers 
to the number of the FEP in Features, Events and Processes. References given in 
parentheses refer to relevant chapters and/or sections of this report.  

FEP FEP 
number 

Treatment in PA Treatment in AOS 

Buffer 

Heat transfer 5.2.1  Addressed in the thermal 
evolution (Sections 6.3), buffer 
THM evolution (Section 6.6), 
buffer THC evolution (Section 
6.9). Taken into account at all 
times.  

Taken into account in the repository 
layout. Radionuclide releases occur 
first during the period when 
repository-generated heat is 
expected to have no significant 
impact on the retention and transport 
properties of the repository barriers. 
However, potential impacts on buffer 
performance considered in scenario 
VS1. 

Water uptake and swelling 5.2.2  Addressed in the THM and THC 
evolution the buffer and of the 
canister (Sections 6.6 and 6.9) at 
all times 

Implicitly taken into account in 
modelling the radionuclide transport 
properties of the buffer (Sections 7.5, 
7.6). 

Piping and erosion 5.2.3  Addressed in the performance of 
the buffer (Section 6.10) during 
the excavation and operational 
phase. 

Implicitly accounted for in scenario 
VS1 (Section 7.6.3). 

Chemical erosion 5.2.4  Addressed in the performance of 
the buffer (Section 6.11) from 
10,000 years up to the end of the 
next glacial cycle and beyond. 

Accounted for in scenario VS2 
(Section 7.6.3). 

Radiolysis of porewater 5.2.5  Addressed in the performance of 
the canister (copper corrosion, 
Sections 6.15). Not included in 
the performance of the buffer, 
because of minor influence on the 
buffer; see the reasoning in 
Features, Events and Processes. 

Not accounted for for the same 
reasons as explained in Features, 
Events and Processes. 

Montmorillonite 
transformation 

5.2.6  Addressed in the geochemical 
evolution (Sections 6.9) at all 
times.  

Accounted for in scenario VS1 
(Section 7.6.3). 

Alteration of accessory 
minerals  

5.2.7  Addressed in the geochemical 
evolution (Sections 6.9) at all 
times.  

Implicitly accounted for in scenario 
VS1 (Section 7.6.3).  

Microbial activity 5.2.8  Addressed in the performance of 
the buffer (Section 6.9.3). 
Considered in the performance of 
the canister (microbially-induced 
corrosion, Section 6.20) for all 
time windows.  

Implicitly accounted for in all variant 
scenarios (VS1, VS2) (7.2.2). 

Freezing and thawing 5.2.9 Discussed in Section 7.3 of 
Performance Assessement; 
shown to be not safety relevant in 
Section 5.2.  

Implicitly accounted for in scenario 
VS2 and RS-DIL (poor bentonite 
behaviour could be due to chemical 
erosion and/or freezing and thawing 
cycles) (Sections 7.2.2, 7.2.3). 

Aqueous solubility and 
speciation 

5.3.1  Taken into account in the 
geochemical evolution of the 
buffer (Section 6.9). 

Calculations of the speciation of 
certain elements have been 
performed that indicate the main 
complexes expected to be formed in 
solution in the pore water of the 
buffer. Speciation is then taken into 
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FEP FEP 
number 

Treatment in PA Treatment in AOS 

Buffer 

account when assigning parameter 
values for modelling sorption and 
diffusion (Section 7.5). 

Precipitation and co-
precipitation 

5.3.2  Precipitation is taken into account 
in the geochemical evolution of 
the buffer (Section 6.9). 

Precipitation of radionuclides within 
the buffer is modelled explicitly 
(Section 7.5). Co-precipitation is 
conservatively omitted.  

Sorption 5.3.3  Taken into account in the 
geochemical evolution of the 
buffer (Section 6.9).  

Sorption of radionuclides within the 
buffer is modelled explicitly (Section 
7.6). 

Diffusion 5.3.4  Taken into account in the 
geochemical evolution of the 
buffer (Section 6.9). Taken into 
account in the performance of the 
canister against corrosion by 
sulphide (6.19). 

Diffusion within the buffer is 
modelled explicitly (Section 7.6). 

Advection 5.3.5  Advective transport in the buffer 
is negligible, except in cases 
where the buffer becomes 
degraded over time (Section 
6.11). 

Advective transport in the buffer is 
negligible, except in cases where the 
buffer becomes degraded over time 
(Section 7.6.3). 

Colloid transport 5.3.6  Colloid formation (Section 6.11) is 
addressed in PA. 

In a complementary case CS3-COLL 
intrinsic colloids formed in the 
internal void space of the canister 
escape following erosion of the 
buffer. Colloid transport in the 
unperturbed buffer is excluded. In 
the analysis of scenarios involving 
buffer erosion, the boundary 
between the buffer and flowing water 
in fractures is assumed to act as a 
source of colloids (Sections 7.2.4 
and 7.6.3).  

Gas transport 5.3.7  Gas-mediated radionuclide 
transport is out of the scope of 
PA. 

Included implicitly in modelling gas-
mediated release and transport of C-
14 as methane (Section 7.2.4). 
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Table 4-4. Backfill FEPs considered in Performance Assessment (PA) and in 
Assessment of Radionuclide Release Scenarios for the Repository System (AOS). FEP 
number refers to the number of the FEP in Features, Events and Processes. References 
given in parentheses refer to relevant chapter and/or sections of this report.  

FEP FEP 
number 

Treatment in PA Treatment in AOS 

Backfill 

Heat transfer 6.2.1  Addressed in the HM evolution of 
the backfill (Section 6.6). 
Excavation and operational 
phase, up to 50,000 years after 
closure. 

Taken into account in the repository 
layout. Radionuclide releases occur 
first during the period when 
repository-generated heat is 
expected to have no significant 
impact on the retention and transport 
properties of the repository barriers. 
However, potential impacts on 
backfill performance considered in 
groundwater flow modelling.  

Water uptake and swelling 6.2.2  Addressed in the HM evolution of 
the backfill (Section 6.6). Up to 
50,000 years after closure. 

Implicitly accounted for in the 
transport properties of the backfill 
(Section 7.7). 

Piping and erosion 6.2.3  Addressed in the performance of 
the backfill (Sections 6.10). 
Excavation and operational 
phase. 

Not taken into account explicitly as 
the flow related  transport properties 
of the migration paths are quite 
similar both for cases with degraded 
backfill as for cases with reference 
values for backfill. 

Chemical erosion 6.2.4  Addressed in the performance of 
the backfill (Sections 6.11). From 
10,000 years up to the end of the 
next glacial cycle and beyond. 

See above.  

Montmorillonite 
transformation 

6.2.5  Addressed in the geochemical 
evolution of the backfill (Sections 
6.8).  

See above. 

Alteration of accessory 
minerals  

6.2.6  Addressed in the geochemical 
evolution of the backfill (Section 
6.8).  

See above. 

Microbial activity 6.2.7  Addressed in the performance of 
the backfill and production of 
sulphide (6.8.2). Taken into 
account in the performance of the 
canister against corrosion by 
sulphide (6.19). Considered 
implicitly for all time windows. 

Implicitly accounted for in all variant 
scenarios involving enhanced 
corrosion of the canister (V1, V2) 
and in AIC (Chapter 7.2).  

Freezing and thawing 6.2.8  Discussed in Section 7.3 of 
Performance Assessement; 
shown to be not safety relevant in 
Section 5.2.  

Not taken into account explicitly.  

Aqueous solubility and 
speciation 

6.3.1  Implicitly taken into account in the 
geochemical evolution of the 
backfill (Section 6.8.1). 

Explicitly taken into account (Section 
7.5). Calculations of the speciation of 
certain elements have been 
performed that indicate the main 
complexes expected to be formed in 
solution in the pore water of the 
backfill. Speciation is then taken into 
account when assigning parameter 
values for modelling sorption and 
diffusion. 

Precipitation and co-
precipitation 

6.3.2  Implicitly taken into account in the 
geochemical evolution of the 

Precipitation within the backfill is 
taken into account explicitly (Section 
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FEP FEP 
number 

Treatment in PA Treatment in AOS 

Backfill 

backfill (Section 6.8.1). 7.5). Co-precipitation is 
conservatively omitted.  

Sorption 6.3.3  Implicitly taken into account in the 
geochemical evolution of the 
backfill (Section 6.8.1). 

Sorption in the backfill is taken into 
account explicitly (Section 7.7). 

Diffusion 6.3.4  Taken into account implicitly in 
the geochemical evolution of the 
backfill (Section 6.8). Taken into 
account in the performance of the 
canister against corrosion by 
sulphide (6.19). 

Diffusion of radionuclides (and other 
species) within the backfill is taken 
into account explicitly (Section 7.7). 

Advection 6.3.5  Taken into account in the HM 
evolution of the backfill (Section 
6.6). 

Advective transport within the backfill 
(Section 7.7).  

Colloid transport 6.3.6  Colloid-mediated transport is out 
of the scope of PA. 

Colloid transport within the backfill is 
not modelled explicitly because the 
colloid transport within the buffer is 
considered more penalising (shorter 
travel distance and time to the 
geosphere). 

Gas transport 6.3.7  Gas-mediated radionuclide 
transport is out of the scope of 
PA. 

Gas transport within the backfill is 
not modelled explicitly.  

 

Table 4-5. FEPs related to closure (auxiliary components) considered in Performance 
Assessment (PA) and in Assessment of Radionuclide Release Scenarios for the 
Repository System (AOS). FEP number refers to the number of the FEP in Features, 
Events and Processes. References given in parentheses refer to relevant chapters and/or 
sections of this report.  

FEP FEP 
number 

Treatment in PA Treatment in AOS 

Auxiliary (Closure) components 

Chemical degradation  7.2.1  Taken into account in the 
evolution of closure components 
(Section 6.7). The interaction of 
the chemical species from the 
degradation of cement with 
bentonite is taken into account in 
the performance of the buffer and 
backfill (Sections 6.8.3 and 
6.9.5).  

Not taken into account explicitly. 

Physical degradation 7.2.2  Taken into account in the 
evolution of closure components 
(Section 6.7).  

Not taken into account explicitly. 

Freezing and thawing 7.2.3  Taken into account in the 
evolution of closure components 
(Section 6.7).  

Not taken into account explicitly. 

Transport through auxiliary 
components 

7.3.1 The declined performance of 
closure components is taken 
implicitly into account in the flow 
model by using an increased 
hydraulic conductivity of closure 
components (Section 6.1). 

Not taken into account explicitly. 
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Table 4-6. Geosphere FEPs considered in Performance Assessment (PA) and in 
Assessment of Radionuclide Release Scenarios for the Repository System (AOS). FEP 
number refers to the number of the FEP in Features, Events and Processes. References 
given in parentheses refer to relevant chapter and/or sections of this report. 

FEP FEP 
number 

Treatment in PA Treatment in AOS 

Geosphere 

Heat transfer 8.2.1  Taken into account in the 
repository layout and explicitly 
modelled in some of the variants 
of the groundwater flow modelling 
(Section 6.1), modelling of 
thermal evolution (Section 6.3), 
and in the assessment of rock 
damage in the near field (6.4) as 
well as in the permafrost 
modelling (5.2).  

Radionuclide releases occur first 
during the period when repository-
generated heat is expected to have 
no significant impact on the retention 
and transport properties of the 
repository barriers. However, 
impacts on the buffer/rock and 
backfill/rock interfaces are taken into 
account in data and models for the 
releases from the near field to 
geosphere (Section 7.6 and 7.7) and 
in the flow-related data for the 
geosphere (Section 7.8). 

Stress redistribution  8.2.2  Explicitly modelled to estimate 
the rock damage in the near field 
(Section 6.4) and rock stability 
with respect to earthquakes 
(Section 6.5). 

Not modelled. 

Reactivation-
displacements along 
existing fractures 

8.2.3  Explicitly modelled to estimate 
the rock damage in the near field 
(Section 6.4) and earthquake-
induced shear displacements 
(Section 6.5). Considered in 
canister performance assessment 
(Section 6.23). 

Accounted for in all disturbance 
scenarios considering rock shear 
(Chapter 7). 

Spalling  8.2.4  Explicitly modelled to estimate 
the rock damage in the near field 
(Section 6.4) and accounted for in 
some of the cases in groundwater 
flow modelling (Section 6.1). 

Implicitly taken into account in data 
and models for the releases from the 
near field to geosphere (Section 7.6 
and 7.7) and in the flow-related data 
for the geosphere (Section 7.8). 

Creep 8.2.5  Considered implicitly after tens of 
thousands of years. Effects of 
creep are considered to be 
insignificant for repository 
evolution compared with more 
rapid stress re-adjustment and 
reactivation or displacement of 
pre-existing faults. 

Not modelled. 

Erosion and sedimentation 
in fractures 

8.2.6  Not considered because of low 
significance or low likelihood at 
Olkiluoto. 

Not modelled. 

Rock-water interaction 8.2.7  Main rock-water interaction 
reactions are explicitly modelled 
(Section 6.2). Taken into account 
in the chemical degradation of 
closure (Section 6.7) and in the 
buffer and backfill geochemical 
evolution (Sections 6.8 and 6.9) 

Implicitly taken into account in the 
assumed groundwater composition 
(Section 7.8) and the buffer and 
backfill porewater composition 
(Sections 7.6 and 7.7). 

Methane hydrate formation 8.2.8  Not considered because of low 
significance or low likelihood at 
Olkiluoto. 

Not accounted for because of low 
significance or low likelihood at 
Olkiluoto. 

Salt exclusion 8.2.9  Not considered because of low Not considered because of low 
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FEP FEP 
number 

Treatment in PA Treatment in AOS 

Geosphere 

significance or low likelihood at 
repository depth at Olkiluoto. 

significance or low likelihood at 
repository depth at Olkiluoto. 

Microbial activity 8.2.10  Considered implicitly (Section 
6.2). 

Implicitly taken into account in the 
assumed groundwater composition 
(Section 7.8) and the porewater 
composition of buffer and backfill 
(Sections 7.5, 7.6 and 7.7). 

Aqueous solubility and 
speciation 

8.3.1  Dissolution/precipitation of the 
main fracture minerals is 
modelled explicitly (Section 6.2). 
 

Accounted for in the modelling of 
sorption (FEP 8.3.3, see Section 
7.8). 

Precipitation and co-
precipitation 

8.3.2  Dissolution/precipitation of the 
main fracture minerals is 
modelled explicitly (Section 6.2). 

Accounted for in the modelling of 
solubility limits (FEP 8.3.3, see 
Section 7.5). 

Sorption 8.3.3  Sorption of radionuclides is out of 
the scope of PA. 

Sorption on fracture coatings and 
rock matrix pore surfaces is 
modelled explicitly (Section 7.8). 

Diffusion and matrix 
diffusion 

8.3.4  Modelled explicitly (Sections 6.1 
and 6.2). 

Molecular diffusion within fracture 
coatings and the rock matrix is 
modelled explicitly (Section 7.8). 

Groundwater flow and 
advective transport 

8.3.5 Modelled explicitly (Sections 6.1 
and 6.2). Taken into account in 
the EBS performance (Chapter 
6). 

Advective transport along geosphere 
transport paths is modelled explicitly 
(Section 7.8). 

Colloid transport 8.3.6 Out of the scope of PA Modelled explicitly only in a 
complementary case involving buffer 
erosion, where the boundary 
between the buffer and flowing water 
in fractures is assumed to act as a 
source of colloids (Section 7.8). 

Gas transport 8.3.7 Out of the scope of PA. Included implicitly in modelling gas-
mediated release and transport of C-
14 in the AIC disturbance scenario 
(Section 7.8). 

 



104 
 

Table 4-7. External FEPs considered in Performance Assessment (PA) and in 
Assessment of Radionuclide Release Scenarios for the Repository System (AOS). FEP 
number refers to the number of the FEP in Features, Events and Processes. References 
given in parentheses refer to relevant chapters and/or sections of this report. 

FEP FEP 
number 

Treatment PA Treatment in AOS 

External FEPs 

Climate evolution 10.2.1 Climate modelling is discussed in 
Section 5.1. Overarching FEP 
(includes current-like climate, and 
climate leading to glaciations, 
permafrost) taken into account in 
the evolution of the surface 
environment and repository 
system (Chapter 6). 

Implicitly taken into account in 
groundwater flow modelling (Section 
7.8)  

Glaciation 10.2.2 Periods of glaciation are taken 
into account according to the 
climate evolution (Section 5.1). 
Effects of the glaciation are taken 
into account in the evolution of 
the geosphere and of the EBS for 
the representative periods.  

Taken into account in groundwater 
flow modelling through modified flow 
rates (Section 7.8). 
 

Permafrost formation 10.2.3 Permafrost modelling is 
discussed in Section 5.2. Effects 
of the permafrost on groundwater 
flow are explicitly modelled for 
selected representative 
permafrost periods (see Section 
6.1). 

Implicitly taken into account in 
groundwater flow modelling 
supporting the formulation of 
scenarios (Section 7.8). 
However no scenario explicitly 
accounts for radionuclide transport 
under permafrost conditions.  
 

Land uplift and depression 10.2.4 Models for land uplift are 
discussed in Section 5.3. It is 
accounted for in the groundwater 
flow modelling (Section 6.1) and 
thereby in modelling of 
hydrogeochemistry (Section 6.2) 
and evolution of the rock stresses 
(Section 6.5). 

Implicitly taken into account in 
groundwater flow modelling, in the 
assumed groundwater composition 
and in scenarios considering rock 
shear (Section 7.8). 
 

Inadvertent human 
intrusion 

10.2.5 Out of the scope of PA. Not considered, inadvertent human 
intrusion is handled in Biosphere 
Assessment and related documents. 

 

4.5 Overview of the main parameters 

An overview of the main parameters for the repository system used in the modelling 
studies of the TURVA-2012 safety case is provided in Table 4-8, Table 4-9 and Table 
4-10. The key parameters are listed in the first column, the main output of the modelling 
in the second, and the assessments using these output data as input are listed in the third 
column. Table 4-8 provides the key parameters used in the modelling of external 
processes (Chapter 5 of this report), Table 4-9 the key input and output parameters used 
in the performance assessment (Chapter 6) and Table 4-10 the key parameters used in 
the assessment of radionuclide release scenarios (Chapter 7). Summary of the data used 
in Performance Assessment and in Assessment of Radionuclide Release Scenarios for 
the Repository System is presented in Appendices B to I. 
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Table 4-8. Key input and output parameters associated with modelling the external 
processes and the assessments using these output data. The numbers within parentheses 
in the table refer to sections in this report. 

Key input to modelling Main output Primarily supports 

Climate evolution (5.1) 

Atmospheric CO2 
concentration, solar insolation, 
atmospheric dust, geothermal 
heat flux  

Mean annual near-surface 
temperature, mean annual 
precipitation at Olkiluoto, evolution 
of the Northern Hemisphere ice 
sheets, vegetation, global mean 
sea level  

Definition of climate evolution and 
time windows for temperate, 
permafrost and glacial climate 
conditions (5.1) 
Permafrost modelling (5.2) 
Hydrogeological (surface water and 
groundwater) modelling (6.1) 
Rock stress modelling (6.5)  
 

Permafrost (5.2) 

Climate modelling data (mean 
annual near-surface air 
temperature, mean 
precipitation, evolution of ice 
sheets), surface hydrological 
modelling data (topographical 
wetness index, soil cover and 
peat growth, water bodies), 
site-specific data (thermal, 
hydraulic and mechanical 
properties of bedrock, 
groundwater salinity, heat 
production from the spent fuel)  

Ground temperatures, unfrozen 
ground content, depth and areal 
distribution of permafrost and 
perennially frozen ground  

Groundwater flow modelling (6.1) 

Post-glacial crustal uplift (5.3) 

Shoreline displacement data, 
crustal thickness data  

Effective sea-level change  Groundwater flow modelling (6.1)  

Seismicity (5.4) 

Historical data on seismic 
events and site-specific data 
on lineaments and 
deformation zones  

Future seismicity, especially 
probabilities of large earthquakes 

Estimation of the likelihood of 
canister failures due to shear 
displacements (6.5, 7.4-7.8) 
Formulation of radionuclide release 
scenarios and calculation cases 
(7.2) 
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Table 4-9. Key input and output parameters for the performance assessment and the 
assessments using these output data. The numbers within parentheses in the table refer 
to sections in this report. 

Key input to modelling Main output Primarily supports 

Hydraulic evolution of geosphere (6.1)  

Model of the hydrogeological 
zones, description of the 
sparsely fractured rock either 
by an equivalent porous 
medium (EPM) model or 
discrete fracture network 
(DFN) model; repository 
layout and construction 
schedule, geometry and 
hydraulic properties of buffer, 
backfill and closure and 
damage zone caused by 
excavation; transport and 
thermal properties of the rock.  
 
Hydraulic head taking into 
account climate evolution 
(shoreline displacement, 
presence of ice sheet) is used 
as top boundary condition. 
  

Groundwater flow rates, flow 
paths with flow and transport 
properties along the paths, salinity 
distribution in the geosphere and 
around the repository 

Assessment of the geochemical 
evolution (6.2) 
Assessment of the performance of 
the buffer, backfill and closure 
(6.6−6.11) 
Assessment of copper corrosion by 
sulphide (6.19) 
Radionuclide release and transport 
analysis (7.5−7.8) 

Geochemical evolution of geosphere (6.2) 

Groundwater velocity field and 
the initial salinity field derived 
from the groundwater flow 
modelling for representative 
times, site-specific 
mineralogical data, 
thermodynamic data, 
composition of the initial and 
infiltrating waters 

Groundwater composition at the 
repository depth, evaluation of the 
buffering capacity of the host rock 
against infiltrating waters; 
reference and bounding 
groundwater composition at 
different times  

Assessment of the backfill and 
buffer geochemical evolution 
(Sections 6.8 and 6.9) and 
performance of the canister with 
respect to corrosion (6.16−6.19) 
Determination of the solubility, 
speciation and retention parameters 
for the radionuclide release and 
transport analysis (7.5−7.8) 

Thermal evolution (6.3) 

Heat output of the canister, 
repository layout, and the 
thermal properties of the 
canister, buffer and backfill, 
and the surrounding rock 

Temperature in the near field (at 
the canister surface in the buffer 
and at the buffer/rock interface) 
and in the far field 

Considered in the modelling of each 
of the barriers (Ch. 6, 7) 
Groundwater flow modelling (6.1) 
Permafrost modelling (5.2) 

Rock damage in the near field (6.4) 

Site-specific data on rock 
mechanics properties of the 
rock mass and fractures, 
thermal properties of the rock 
and rock stresses  

Disturbances caused by the 
excavation and thermal load 
generated by the spent fuel 

Groundwater flow modelling (6.1) 
Conceptualisations of the releases 
from the near field to the far field 
(7.6−7.8) 

Earthquake-induced shear displacements (6.5) 

Stress model, ice load (model 
of the Weichselian ice sheet), 
variant Earth models for the 
lithosphere, site-specific data 
on lineaments, deformation 
zones and fractures and rock 
mechanics properties of the 
rock mass, fractures and 
deformation zones and 
thermal properties of the rock, 

Stress magnitudes and 
orientations, fault stability, induced 
fracture displacements, the 
number of canisters in critical 
positions i.e. with potential for 
shear failure 

Estimation of the number of canister 
failures due to shear displacements 
( 7.4) 
Formulation of radionuclide release 
scenarios and calculation cases 
(7.2) 
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Key input to modelling Main output Primarily supports 

probabilities of large 
earthquakes, repository layout  

Thermal, mechanical and hydraulic evolution of buffer and backfill (6.6) 

Initial dry density, porosity, 
initial degree of saturation, 
thermal properties, hydraulic 
properties, mechanical 
properties, gap properties 

Temperature evolution, degree of 
buffer saturation as a function of 
time, swelling pressure 
homogenisation process and 
evolution 

Assessment of canister corrosion 
via sulphide (6.19) and radionuclide 
transport in the buffer and backfill 
(7.6 and 7.7) 

Evolution of closure components and foreign materials (6.7) 

Fracture apertures, 
transmissivities, hydraulic 
gradients, underground 
opening geometries, average 
cement masses, cement 
density and cementitious 
sources, reference design of 
closure, monitoring of the 
effects of grouting and the 
leachates of cement grouting 
of fractures in ONKALO, 
estimated amounts of foreign 
materials 

Chemical and physical 
degradation of cement 

Assessment of the buffer and 
backfill geochemical evolution with 
respect to cement-clay interaction 
(6.8−6.9) 
Assessment of conditions (presence 
of organic materials and steel) that 
could support microbially-induced 
corrosion (6.20) 
Groundwater flow modelling (6.1)  

Geochemical evolution of deposition tunnel backfill (6.8) 

Mineral composition of the 
backfill, groundwater 
composition and its evolution 
(reference and bounding 
water types), groundwater 
flow rates in the repository 
near field (DFN model), 
mineralogical and cation 
exchange properties of MX-80 
bentonite, inventory data for 
foreign materials 

Backfill porewater composition, 
possible ranges of sulphate fluxes 
out of the backfill for different 
types of groundwater, maximum 
estimate of swelling clay loss 
 

Assessment of maximum sulphide 
production rates, considered in 
corrosion analyses (6.19)  
Microbially-induced corrosion (6.21) 
Assessment of radionuclide 
transport and retention parameters 
in the backfill (7.7) 

Geochemical evolution of buffer (6.9) 

Groundwater composition, 
mineralogical and porewater 
composition of the buffer, 
cation exchange properties of 
MX-80 bentonite, groundwater 
flow rates in the repository 
near field, flow conditions, 
diffusion parameters for the 
buffer, thermal properties for 
near-field materials 

Buffer porewater compositions for 
different types of groundwater, 
possible ranges of sulphate fluxes 
out of the buffer with and without 
microbial activity 

Assessment of maximum sulphide 
production rates, considered in 
corrosion analyses (6.19) 
Microbially-induced corrosion (6.20) 
Assessment of radionuclide 
transport and retention parameters 
in the buffer (7.6) 

Mechanical erosion of buffer and backfill (6.10) 

Solution concentration (TDS), 
flow rate 

Estimate of the mass loss, 
hydraulic conductivity of the buffer 

Formulation of radionuclide release 
scenarios (7.2) and radionuclide 
transport parameters (7.6 and 7.7) 

Chemical erosion of buffer and backfill (6.11)  

Evolution of groundwater 
velocity with time in fractures 
intersecting the deposition 
holes and tunnels, transport 
apertures of these fractures, 
periods during which low-ionic 
strength conditions can be 
expected to prevail around 
each deposition hole 

Number of deposition holes in 
which advective conditions are 
established as a function of time 
based on the mass of eroded 
buffer (or backfill) 

Canister corrosion calculations by 
sulphide attack in the long term 
(6.19) 
Formulation of radionuclide release 
scenarios (7.2) 
Assessment of radionuclide release 
scenario RS-DIL addressing 
chemical erosion of the buffer 
(7.2.2, 7.2.3, 7.6.3). 
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Key input to modelling Main output Primarily supports 

Assessment of radionuclide release 
scenario CS3-COLL involving 
colloid transport (7.2.4 and 7.6.3) 
 

Atmospheric corrosion of the copper overpack (6.12) 

Information from the literature 
and experimental data 

Corrosion depth Formulation of radionuclide release 
scenarios (7.2) 

Corrosion due to handling and operational factors (6.13) 

Qualitative assessment using 
galvanic series of metals and 
mechanical properties of 
copper 

This process does not affect the 
long-term performance of the 
canister 

Formulation of radionuclide release 
scenarios (7.2) 

Stress corrosion cracking (6.14) 

Data associated with the 
arguments against SCC under 
anaerobic conditions 

(Lack of) occurrence of SCC 
under anaerobic conditions 

Formulation of radionuclide release 
scenarios (7.2) 

Corrosion due to radiolysis (6.15) 

Amount of water entrained in 
the canister, amount of air 
(specifically O2 and N2) inside 
the canister at the time of 
sealing, surface area of the 
copper overpack that is 
subject to corrosion; amount 
of air trapped in the porewater 
and dose rates on the canister 
surface 

Estimate of the amount of HNO3 
and hence internal corrosion; 
depth of corrosion due to external 
radiolysis 

Formulation of radionuclide release 
scenarios (7.2)  
 

Localised corrosion/surface roughening (6.16) 

Information from the literature 
and experimental data  

A measure of the peak-trough 
height of the observed surface 
roughness  

Formulation of radionuclide release 
scenarios (7.2) 

Aerobic corrosion in the deposition holes (6.17) 

Amount of atmospheric O2 
initially trapped in the buffer 
and backfill materials, surface 
area of the canister or the 
fractional area over which 
corrosion occurs, 
stoichiometry of the corrosion 
reaction 

Depth of aerobic corrosion Formulation of radionuclide release 
scenarios (7.2) 

Copper corrosion in highly saline groundwater (6.18) 

Near-field pH and [Cl-] and (for 
thermodynamic analyses) 
reliable thermodynamic data, 
including activity coefficients 
for concentrated solutions 

Rate of corrosion of copper by Cl-  Formulation of radionuclide release 
scenarios (7.2) 

Corrosion by sulphide (6.19) 

Source concentration, the 
location of the source, and the 
mass-transport properties of 
the buffer, backfill, and/or rock 
across which the sulphide 
must be transported 

Rate of mass transport of HS- to 
the canister surface  
Number of canisters failed by 
corrosion in the long term 

Formulation of radionuclide release 
scenarios (7.2) 

Microbiologically influenced corrosion (6.20) 

Rate of sulphate reduction, 
the composition and amounts 
of various buffer and backfill 

Possible rate of corrosion and 
reasoned arguments of why the 
extent of microbial activity is 

Corrosion via sulphide (6.19) 
Formulation of radionuclide release 
scenarios (7.2) 
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Key input to modelling Main output Primarily supports 

materials and other potential 
nutrients and energy sources 

limited  

Hydrogen development from copper in oxygen-free water (6.21) 

H2 partial pressure, H2 
diffusivity in bentonite, Henry’s 
law constant used in a what-if 
corrosion rate calculation 
assuming this process were to 
occur 

Postulated corrosion rate and 
overall depth (if this process is 
assumed to occur) 

This process has not been taken 
into account in the formulation of 
radionuclide release scenarios 

Corrosion of the cast iron insert (6.22) 

Amount of entrained water, 
the internal surface area of the 
insert subject to corrosion 

Extent of internal corrosion due to 
entrained water, rate of corrosion 
of the cast iron insert after failure 
of the copper overpack; 
assessment whether conditions 
for SCC are fulfilled for the insert, 
depth of cracks 

Formulation of radionuclide release 
scenarios (7.2) 

Impact of rock shear on the canister (6.23) 

Material models for copper 
and bentonite mechanical 
behaviour, loading on the 
canister buffer system (e.g. 
isostatic load), shear load in 
terms of velocity and forced 
displacement 

Peak values for Mises’ stress and 
plastic strain (PEEQ) or equivalent 
creep strain (CEEQ), hot spot 
regions 

Formulation of radionuclide release 
scenarios (7.2) 

Impact of other mechanical loads on the canister (6.24) 

Geometry of the canister 
components (dimensions and 
tolerances), load data (amount 
of pressure, variation of 
pressure in location and time, 
ambient temperature), 
materials mechanical 
properties (Young’s modulus, 
Poisson’s ratio, yield strength, 
ultimate strength) 

Modelled ultimate elongation at 
rupture, critical stress 
concentration factor for crack 
initiation, insert fracture 
resistance, creep resistance of the 
copper  

Formulation of radionuclide release 
scenarios (7.2) 

Copper creep model (6.25) 

Mechanical properties from 
two weld types (electron beam 
weld, friction stir weld)  

Representative creep strain 
curves and strain rates over a 
large stress and temperature 
range 

Formulation of radionuclide release 
scenarios (7.2) 

Initial canister defects (6.26) 

Assumptions on the reliability 
of the sealing process and on 
the probability for human error 
during the NDT process 

Probability of emplacing canisters 
with an initial defect 

Formulation of radionuclide release 
scenarios (7.2) 
 

Long-term criticality safety (6.27) 

Calculation of the reactivity of 
the fuel, expressed as keff 
(neutron multiplication factor) 

Criticality does not occur No radionuclide release scenario 
concerning criticality has been 
formulated 
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Table 4-10. Key input and output parameters for the analysis of radionuclide release 
scenarios and the assessments using these output data. The numbers in the table refer to 
sections in this report. 

Key input to modelling Main output Primarily supports 

Source term (7.3) 

Fuel assembly types, fuel 
parameter variants, reference 
inventory of the potentially 
safety-relevant radionuclides, 
crud inventory data 

Activity and mass partitioned to 
1) fuel matrix, 2) IRF (instant 
release fraction), 3) zirconium-
based alloys, 4) other metal parts 

Releases of radionuclides from the 
canister (7.4) 
Radionuclide speciation and 
solubility limits (7.5) 

Radionuclide releases from the canister (7.4) 

Radionuclide release rates 
from the source term (7.3), the 
number and location of failed 
canisters, the size and 
evolution of any initial 
penetrating defect, the volume 
of water in the canister as well 
as speciation and solubility 
data (7.5), the diffusion 
coefficient within any initial 
penetrating defect  

Radionuclide (activity) release 
from a failed canister as a function 
of time 

Radionuclide transport in the buffer 
(7.6) 

Radionuclide speciation and solubility limits in the near field (7.5) 

Releases from the source 
term (radionuclide and stable 
elements) (7.3), composition 
of water inside the canister, 
water at the bentonite/host 
rock interface, buffer and 
backfill pore water 
composition based on 
groundwater composition and 
material properties of buffer 
and backfill 

Oxidation state and speciation for 
all elements in the base, variant 
and disturbance scenarios, 
solubility limits used throughout 
the near field in all cases; 
concentrations of radioactivity in 
the canister 

Radionuclide releases from the 
canister (7.4) 
Radionuclide transport in the near 
field (7.6−7.7) 
Radionuclide transport in the 
geosphere (7.8) 

Modelling radionuclide transport in the buffer (7.6) 

Solubility limits, distribution 
coefficients in the buffer 
dependent on the assumed 
groundwater composition, 
effective diffusion coefficients 
and porosities, equivalent flow 
rates according to 
groundwater flow modelling 

Radionuclide release rates to the 
geosphere  

Radionuclide transport in the backfill 
(7.7) 
Radionuclide transport in the 
geosphere (7.8) 

Modelling radionuclide transport in the backfill (7.7) 

Solubility limits, distribution 
coefficients in the backfill 
dependent on the assumed 
groundwater composition, 
effective diffusion coefficients 
and porosities, equivalent flow 
rates according to 
groundwater flow modelling 

Radionuclide release rates to the 
geosphere 

Radionuclide transport in the 
geosphere (7.8) 

Modelling radionuclide transport in the geosphere (7.8) 

Release rates from the near 
field, flow paths and properties 

Spatially-integrated radionuclide 
release rates to the surface 

Radiological impact analyses 
(comparison with regulatory release 
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Key input to modelling Main output Primarily supports 

along the flow paths; transport 
resistance (WL/Q), porosity, 
diffusion coefficients and 
elemental distribution 
coefficients in the fracture 
coatings and rock matrix 
adjacent to the flow path  

environment (the geo-bio fluxes) 
and the release locations 
associated  

constraints) 
Biosphere Assessment 
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5 MODELS AND DATA FOR THE EXTERNAL PROCESSES 

5.1 Climate evolution  

Climate projections for the past and future by climate modelling are based on the 
fundamental geophysical principles of the Earth’s climate system. The Earth’s climate 
system consists of the atmosphere, the hydrosphere, the cryosphere, the geosphere and 
the biosphere. The phenomena driving climate changes, and thus, climate evolution in 
the long term depend on the time scale of the climate simulation.  
 
The phenomena causing climate change on the time scale of 100–10,000 years are 
(Harvey 2000): 

 changes in the atmospheric greenhouse gas concentration 
 internal climate variability (e.g. arising from factors such as El Niño, fluctuations in 

the thermohaline circulation, and changes in ocean heat content) 
 changes in solar activity. 
 
The phenomena causing climate change on the time scale of 10,000–100,000 years are: 

 orbital variations 
 internal climate variability (e.g. atmosphere-biosphere interaction and the ice-

albedo feedback effect) 
 changes in the atmospheric greenhouse gas concentration 
 changes in solar activity (Harvey 2000). 
 
The continental drift, which causes significant climate change only on a time scale of 
millions of years or more (Harvey 2000), is not included in the modelling for TURVA-
2012. 
 
In climate modelling, the model complexity is limited by computing resources. In multi-
millennial simulations with global models, a relatively low spatial resolution and 
simplified models for e.g. atmosphere, ocean and ice sheet have to be used. In order to 
achieve a better spatial resolution, the results of the global models need to be 
downscaled. This is commonly done by downscaling the results of the global model 
dynamically with a regional model or by finding the statistical relationships between the 
smaller-scale variables (based on observations) and larger-scale variables (results of 
global models).  
 
The results of climate modelling have been used to define the climate evolution, as well 
as to provide input to hydrogeological (surface water and groundwater) and permafrost 
modelling at the Olkiluoto site. The description of climate evolution also supports 
modelling of rock stresses and faulting analyses, although the results by Pimenoff et al. 
(2011) were not directly used. 

5.1.1 Description of the model 

In Pimenoff et al. (2011), the climate evolution on a time scale of 120,000 years was 
studied with Earth System Models of Intermediate Complexity (EMIC). These models 
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lie (in terms of their complexity) between simple energy-balance models and 
comprehensive general circulation models (GCMs). EMIC models have a rather low 
spatial resolution enabling very long simulations with reasonable computing time. The 
used CLIMBER-2-SICOPOLIS EMIC (Calov et al. 2005a, b, Ganopolski et al. 2010) 
model includes simplified component models for the atmosphere, ocean, sea ice, land 
surface, terrestrial vegetation, ice sheets and lithosphere/relaxing asthenosphere. 
CLIMBER (CLIMate and BiosphER model) is used for climate modelling of 
temperature and precipitation, whereas SICOPOLIS (SImulation COde for 
POLythermal Ice Sheets), coupled to CLIMBER, simulates the evolution of large ice 
sheets. SICOPOLIS is based on the shallow ice approximation for grounded ice and the 
shallow shelf approximation for floating ice (e.g. Greve & Blatter 2009). It is coded in 
Fortran 90 and uses finite difference discretisation on a staggered grid, the velocity 
components being taken between grid points. Its particularity is the detailed treatment of 
basal temperate layers (that is, regions with a temperature at the pressure melting point, 
i.e. the melting point of ice at a specific pressure), which are positioned at the interface 
to the cold ice regions. Within the temperate layers, the water content is computed, and 
its influence on the ice viscosity is taken into account. 

The CLIMBER-SICOPOLIS model system consisted of 

 an atmosphere component: a 2.5-dimensional statistical-dynamical model with a 
horizontal resolution of roughly 51 in longitude × 10 in latitude (Petoukhov et al. 
2000), 

 an ocean component: a 2-dimensional zonally-averaged 3-basin oceanic module 
(Atlantic, Indian and Pacific) (Petoukhov et al. 2000), 

 a sea ice component (Petoukhov et al. 2000), 
 a terrestrial vegetation component: a 2-layer soil moisture module (Brovkin et al. 

1997), 
 an ice sheet component: 3-dimensional thermomechanical ice sheet model 

SICOPOLIS (Greve 1997) with a horizontal resolution of 1.5 × 0.75 extending on 
the Northern Hemisphere from 21 N to 85.5 N, 

 a physically-based energy and mass balance interface (SEMI) coupling the climate 
and ice sheet components bi-directionally as described in detail by Calov et al. 
(2005a), and 

 a local lithosphere/relaxing asthenosphere model for calculating the isostatic 
adjustment of the lithosphere due to changing glacial load (Le Meur & Huybrechts 
1996), with a relaxation time of 3000 years. 
 

To investigate the climate at Olkiluoto on a regional scale, the data output of the climate 
modelling with CLIMBER, which was of too coarse a spatial resolution to be 
applicable, was downscaled using a regression model, a Generalized Additive Model 
(GAM; Wood 2006, Pimenoff et al. 2011), so that the climate conditions relevant for 
the Olkiluoto site could be extracted. For fitting the regression equations, observations 
of the present climate and results of short time-slice simulations were used. These 
simulations were performed by the Swedish Meteorological and Hydrological Institute 
with the regional climate model RCA3 (Kjellström et al. 2009). The climate modelling 
approach is summarised in Figure 5-1. 
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Figure 5-1. Schematic presentation of the climate modelling approach using global 
models and downscaling the results to the regional scale. NH = Northern Hemisphere.  

 

A more detailed study of the climate evolution on a time scale of 10,000 years was also 
carried out (Pimenoff et al. 2012). Present state-of-the-art comprehensive atmospheric 
General Circulation Models (GCMs) coupled with modules simulating the marine 
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environment, land biospheres and the sea ice are major tools for the study of past, 
present and future climates. The resolution of GCMs is usually 100–300 km (Solomon 
et al. 2007), which makes the GCMs suitable for modelling the climate on a 100−1000 
years’ timescale. Several time-slice runs of distant past climate have been made 
successfully, when comparing with palaeoenvironmental records (Otto-Bliesner et al. 
2006, Kjellström et al. 2010, Strandberg et al. 2010). In Pimenoff et al. (2012), the 
Earth System Models (ESM) MPI/UW and UVic were used. MPI/UW has been 
developed at the Max-Planck-Institute for Meteorology, Germany, and University of 
Wisconsin Madison, USA (Mikolajewicz et al. 2007) and UVic at the University of 
Victoria, USA (Eby et al. 2009). 

The MPI/UW model consists of: 

 the atmospheric GCM ECHAM3 (Roeckner et al. 1992; resolution approximately 
5.6 in longitude × 5.6 in latitude), 

 the ocean general circulation model LSG2 (Maier-Reimer et al. 1993), 
 the ice-sheet model SICOPOLIS (Greve 1997), 
 the ocean carbon cycle model HAMOCC3 (Maier-Reimer 1993) and 
 the dynamic vegetation model LPJ (Sitch et al. 2003) 

 

The UVic model consists of: 

 a 3D primitive equation ocean circulation model (Weaver et al. 2001), 
 a dynamic-thermodynamic sea-ice model (Weaver et al. 2001), 
 an energy-moisture balance model of the atmosphere (Weaver et al. 2001; 

resolution 3.6 in longitude × 1.8 in latitude), 
 an ocean carbon cycle model (Schmittner et al. 2008), 
 a land surface, terrestrial vegetation and land carbon flux model (Meissner et al. 

2003) 
 soil carbon and vegetation pools (Matthews et al. 2004) and 
 an oxic-only sediment respiration model (Archer 1996). 

 

 
5.1.2 Key data 

Three CLIMBER-SICOPOLIS simulations assuming varying atmospheric CO2 
concentrations used solar insolation according to Berger (1978), geothermal heat flux 
by Pollack et al. (1993) and Lee (1970), and atmospheric dust composition as described 
in Schneider et al. (2006). SICOPOLIS used the surface mass balance given by 
CLIMBER (precipitation, evaporation, runoff), the mean annual air temperature above 
the ice, and geothermal heat flux. 

The detailed input data for the three CLIMBER-SICOPOLIS simulations are: 

 evolution of the atmospheric CO2 concentrations 
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o Last Glacial Cycle simulations: Vostok ice core data, the uncertainties of which 
are described in Barnola et al. (1987); values are between 180 ppm and 280 
ppm, 

o 120,000 years into the future with 280 ppm atmospheric CO2 concentration, a 
value typical of interglacial periods (no greenhouse gas emissions) (Solomon et 
al. 2007), 

o 120,000 years into the future with 400 ppm atmospheric CO2 concentration, a 
value that has been actually nearly reached (Solomon et al. 2007). A value 
substantially higher than 400 ppm is likely to be achieved in the near future, but 
there are considerable uncertainties in the maximum value that will be reached 
and the subsequent time course of decline. These uncertainties, which are by far 
the largest in climate simulation, are determined by a lack of knowledge of 
future greenhouse-gas emissions by humans and limitations in the 
understanding of carbon-cycle feedbacks within the climate system. 

 
 evolution of the solar insolation 

o taken directly from Berger (1978) 
 
 evolution of the atmospheric dust concentration 

o the additional (compared to present day) radiative forcing of the atmospheric 
dust Rd was parameterised by the relation: 

 
Rd = Rd

LGM V/VLGM 

according to Schneider et al. (2006). Rd
LGM is the radiative forcing of dust at the 

last glacial maximum (LGM). V is the simulated Northern Hemisphere ice 
volume and VLGM is an approximate estimate for the Northern Hemisphere ice 
volume during the LGM (VLGM = 100 metres of sea-level equivalent) 

 geothermal heat flux data 
o was interpolated from the data by Pollack et al. (1993). In areas of missing data, 

the following values were applied: 42 mW/m2 for Precambrian shields, 60 
mW/m2 for Palaeozoic orogenic areas, and 100 mW/m2 for Mesozoic/Cenozoic 
orogenic areas (Lee 1970). 

 
The input data for the regression model GAM are: 

 the evolution of the mean near-surface air temperature over Fennoscandia 
o data output of CLIMBER 

 the evolution of the mean precipitation over Fennoscandia 
o data output of CLIMBER 

 the evolution of the topography over Fennoscandia 
o data output of SICOPOLIS 

 the evolution of the distance (from Olkiluoto grid point) to the ice sheet over 
Fennoscandia 
o data output of SICOPOLIS. 

 
The input data for the MPI/UW and UVic simulation are: 
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 greenhouse gas (GHG) emissions scenarios based on SRES (Special Report on 
Emissions Scenarios, IPCC 2000) scenarios. Total emissions were between 0 and 
6600 GtC because the uncertainties related to the future GHG emissions are large. 
The lower limit (0 GtC) represents no emissions after year 2000, which is very 
unrealistic, whereas the upper limit represents approximately all known fossil fuel 
resources (Rogner 1997), 

 evolution of the global mean sea level due to thermal expansion and changes in the 
land-based glaciers 

 evolution of the incoming shortwave radiation at the surface. 
 
The key output data of the models are as follows: 

CLIMBER-2 (global, resolution 51 × 10) 

 evolution of the mean annual near-surface air temperature 
 evolution of the mean annual precipitation 
 evolution of the solar flux at the surface 
 evolution of the global radiation at the surface 
 vegetation (grass/trees/ice sheet; classification according to Brovkin et al. 1997). 

 

SICOPOLIS (Northern Hemisphere from 21 N to 85.5 N) 

 evolution of the Northern Hemisphere (NH) ice sheets, thickness and areal extent, 
 evolution of the basal temperature of the ice sheets (the resolution of SICOPOLIS is 

80 × 80 km over Fennoscandia, which limits very fine calculation at the ice sheet 
margin; Calov et al. 2005a, b). 

GAMs 

 evolution of the mean annual near-surface air temperature at Olkiluoto 
 evolution of the mean annual precipitation at Olkiluoto. 

 

MPI/UW (global, resolution 5.6 × 5.6) 

 evolution of the atmospheric CO2 concentration: The MPI/UW model system is 
able to faithfully reproduce the historic CO2 concentration (Mikolajewicz et al. 
2007), 

 evolution of the mean annual near-surface air temperature (MAAT); the MPI/UW 
model does not have a dynamically active Baltic Sea, which resulted in 
temperatures lower than the MAAT at present, 

 mean annual precipitation evolution; the MPI/UW model system shows 
overestimation of precipitation over the Arctic and near the South Pole and 
underestimation of precipitation at mid latitudes with respect to present day 
measurements (Mikolajewicz et al. 2007), 

 evolution of the global mean sea level due to thermal expansion and changes in the 
land-based glaciers; uncertainties in simulating the changes in the land-based 
glaciers are described in Mikolajewicz et al. (2007). Briefly, the MPI/UW model 
system showed a 19 % overestimation of the volume of the NH ice sheets and 9 % 
overestimation of the Antarctic ice sheet, 
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 evolution of the incoming solar shortwave radiation at the surface; the model 
overestimates the absorption of solar radiation due to an underestimation of the 
absorption of solar radiation in the atmosphere (Roeckner et al. 1992, Wild et al. 
1995). 

UVic simulations (global, resolution 3.6 × 1.8) 

 evolution of the atmospheric CO2 concentration; the UVic model system 
successfully reproduces the historic CO2 concentration between 1850 AD and 2000 
AD (Eby et al. 2009), 

 evolution of the mean near-surface air temperature; the UVic model system 
successfully reproduces the evolution of atmospheric surface air temperature 
between 1850 AD and 2000 AD (Eby et al. 2009), 

 evolution of the global mean sea level due to thermal expansion, 
 evolution of the incoming shortwave radiation at the surface. 

 

5.1.3 Confidence in the model and data 

Climate modelling is the only available method to project future climate. Climate 
modelling is used to reproduce the past climates along with reconstructions using 
palaeoenvironmental data. The Earth’s climate system is a non-linear coupled dynamic 
system. Its evolution is driven by external factors, and it also has a capacity for rich 
internal variability. All the governing processes are not yet fully understood. The Earth 
system modelling is thus necessarily incomplete. The forcing factors are not sufficiently 
well known over extended periods relevant for past and future glaciations. For example, 
the well-known insolation variations do not alone explain abrupt climate variations. 
These have indeed been amplified by the interactions and feedbacks of the Earth’s 
climate system. Uncertainties in the evolution of the incoming shortwave radiation at 
the surface arise from the effect of clouds and this may result in underestimates or 
overestimates of the absorption of solar radiation (Weaver et al. 2001, Matthews et al. 
2003). The responses of the carbon cycle (redistribution of carbon between the 
atmosphere and ocean), the hydrological cycle (ice-albedo feedback, changes in the 
ocean circulation) and the terrestrial biosphere (albedo effect, and CO2 fertilisation 
effect) also influence climate changes. Human influence on the planet is highly 
uncertain. Thus, even though we have the possibility to project scenarios of the future 
forcing factors into plausible future climate scenarios, the largest uncertainty in the 
climate evolution remains in the evolution of the atmospheric chemical composition. 
This is why from the projections of the future climate scenarios on a time scale of 
120,000 years (Pimenoff et al. 2011), only continuous climate data up to 50,000 years 
AP have been used further in the modelling of groundwater evolution (Löfman & 
Karvonen 2012, Formulation of Radionuclide Release Scenarios), and only selected 
time windows beyond 50,000 year AP with the appropriate climate data have been used 
in the modelling of groundwater evolution during glacial and permafrost periods 
(Löfman & Karvonen 2012). 50,000 years AP years is the time when the first future 
cold period leading to permafrost and glaciations is estimated to start (Formulation of 
Radionuclide Release Scenarios). The CLIMBER-SICOPOLIS EMIC that has been 
used is a state-of-the-art model system for past and future climate projections. 
CLIMBER-2 has been used in intercomparison studies for the last interglacial climate 
and found especially suitable for climate simulations covering very long time periods 
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(Bakker et al. 2013). The fair reproduction of the last glacial maximum and of the 
temperatures during the Holocene gives confidence in the use of those models and data. 
The output temperature data of the simulations of the past glacial cycle were used in 
permafrost simulations (see Section 5.2.2). 

The projections of the future climate scenarios on a time scale of 10,000 years made use 
of the MPI/UW and UVic models, complementing each other and the EMIC studies 
described above. These models are able to simulate present-day climate fairly 
realistically, and it is in this where confidence relies. 

The spatially coarse simulation data of the global model simulations were downscaled 
to Olkiluoto by a statistical method. Uncertainties related to the climate projections will 
be reduced in the future by a fully coupled climate–ice sheet–carbon cycle model that is 
under development (Brovkin et al. 2012). 

The climate modelling report, considering climate scenarios for the next 100,000 years, 
by Pimenoff et al. (2011) was the subject of a review by an expert panel comprising 
Professor Richard Peltier (University of Toronto, Canada), Dr Shuting Yang (Danish 
Meteorological Institute) and Professor Juha Pekka Lunkka (University of Oulu, 
Finland). Similarly to Pimenoff et al. (2011), the expert panel concluded that the climate 
model does not provide reliable quantitative information about the future climate. This 
conclusion is based on the uncertainties in the CO2 levels in the future and the lack of 
reliable models for the glacial-interglacial carbon cycle. The expert panel, however, 
found the selected future scenarios for the CO2 levels (280 ppm and 400 ppm) 
reasonable. The two scenarios do not capture the variability in future conditions, but 
they possibly bound the long-term average values. The results of climate modelling of 
the last glacial cycle were criticised for the overestimation of the extent of the ice sheets 
covering Fennoscandia during the Weichselian, which did not match proxy data 
(Lunkka et al. 2004, Johansson et al. 2011).  

Thus, the results for the future climate modelling were not used as such in Posiva’s 
safety case. Only the timing of the next cold period at 50,000 years AP was selected as 
the starting point for the next glacial cycle. In addition, the results were amended using 
proxy data (see Chapter 4 and Appendix 1 in Formulation of Radionuclide Release 
Scenarios) and the repetition of the Weichselian, after 50,000 AP, eight times during the 
next million years was selected for the purpose of Posiva’s safety case. As noted in 
Formulation of Radionuclide Release Scenarios, this is a simplistic assumption because 
previous glacial cycles have not been identical to each other. The use of the last glacial 
cycle is based on the consideration that much more evidence (proxy data) for the 
detailed characteristics of that cycle exists than for earlier cycles. A schematic 
presentation of the occurrence of temperate periods, permafrost, ice sheets used in 
TURVA-2012 is shown in Figure 5-2.  

As it is, Posiva is at this stage confident in the models and data used in and obtained 
from climate modelling, and they have been propagated to be used for permafrost 
modelling (Section 5.2), terrain and ecosystems development modelling (Terrain and 
Ecosystems Development Modelling), surface hydrological modelling (Surface and 
Near-Surface Hydrological Modelling) and groundwater flow modelling (Section 6.1). 
Climate-related data used in further modelling is summarised in Appendix B.  
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Figure 5-2. A) Schematic representation of the occurrence of permafrost, ice sheets, 
and temperate periods during the last glacial cycle (LGC). B) The repetition of the past 
glacial cycle after 50,000 years after present (AP), which is the selected climatic 
evolution for the TURVA-2012 safety case (Formulation of Radionuclide Release 
Scenarios, Figure 4-2).  

 

5.2 Permafrost  

Permafrost occurs when cold and dry climate conditions prevail for extended periods 
without ice sheet cover, and beneath cold-based ice sheets. The development of 
permafrost and frozen ground depends on heat-exchange processes across the 
atmosphere-ground boundary layers and on heat transfer processes in the ground. A 
main driver for permafrost development is the evolution of the climate conditions at the 
site. The development of permafrost at the Olkiluoto site has been modelled by 
Hartikainen (2013). The results of the modelling have been used in the formulation of 
the radionuclide release scenarios as well as for providing input to groundwater flow 
modelling. 

5.2.1 Description of the model 

The studies on permafrost evolution at Olkiluoto on a time scale of 120,000 years 
(Hartikainen 2013) were performed with a Permafrost model in which a subsurface 
model based on continuum mechanics is combined with a surface model based on 
experimental findings on relations between air temperature and ground surface 
temperature. The permafrost modelling process is illustrated in Figure 5-3. A detailed 
description of the Permafrost model has been presented in Hartikainen et al. (2010) and 
is outlined below.  

The subsurface model, which includes the bedrock, soil cover and growing peat 
deposits, is based on the theory of mixtures and basic principles of continuum 
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mechanics and thermodynamics considering the ground as a saline water saturated 
porous medium. The saline water is a non-ideal solution of water and dissolved salts. 
The model consists of the energy balance equation of ground and a combination of the 
component mass balance equations of water, ice and dissolved salts, as well as the 
following constitutive equations for the saline water: the generalised Clausius-
Clapeyron equation for the phase change between water and ice, the Darcy equation for 
groundwater flow and the Fickian equation for salt diffusion. The model describes the 
heat and mass transfer in freezing and thawing ground, the phase change of 
groundwater being affected by groundwater pressure and salt concentration, the 
exclusion of salt during freezing, and the density-dependent groundwater flow in 
unfrozen and partially frozen ground. In addition, anisotropic and nonlinear material 
properties such as anisotropy of permeability and temperature-dependent thermal 
conductivity and heat capacity are involved in the model.  

The surface model deals with the effects of vegetation and snow cover and other climate 
and landscape factors (e.g. distribution of water bodies) on the thermal evolution of 
ground. In general, mean annual air temperatures ranging between –9 and –1 °C are 
required to ensue subzero ground temperatures and thereby permafrost development for 
a majority of surface covers. In the surface model, statistical relations between near-
surface air (2-m above ground) temperature and ground surface temperature, the so-
called n-factors, are used to construct the temperature boundary condition on the ground 
surface in the vegetated or barren locations as follows. Using the definitions of the 
freezing n-factors, nfr, and thawing n-factors, nth, (Lunardini 1978) given as 
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the annual mean surface temperature can be represented as 
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Above, Ts is the inter-annual surface temperature and Ta the near-surface air 
temperature, and time intervals ts, ta, ts+ and ta+ denote the periods of a year, 
tyear, when the corresponding temperature is below (–) or above (+) the freezing point 
such that tyear = ts + ts+ = ta + ta+. In addition, the n-factors are used to 
approximate the interannual ground surface temperature as  
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The n-factors are related to the dominant vegetation types within different climate zones 
by using the Topographical Wetness Index (TWI), which is able to identify and contrast 
low-lying, moist locations and more dry exposed locations in the landscape (Harti-
kainen et al. 2010). The surface model also deals with the thermal offset – a decrease – 
into the annual mean ground temperature profile due to seasonal freezing and thawing 
of ground (Goodrich 1978). When the site is submerged by the sea or other water 
bodies, the ground surface temperature corresponds to the bottom temperature of the 
water body. Moreover, when the site is covered with ice, the surface temperature equals 
the ice-sheet basal temperature.  

In addition, on the ground surface, groundwater pressure equals the hydrostatic pressure 
following the water depth of sea or other water bodies or weight of a warm-based ice 
sheet, and is zero on dry land or under a cold-based ice sheet. Groundwater salinity is 
set to zero on the surface. At the bottom of the model domain, the heat flow equals the 
prescribed geothermal heat flow. The bottom of the model domain is also impermeable 
to water. All vertical sides of the model domain are adiabatic and impermeable to water. 

The initial conditions are based on current state at Olkiluoto determined by site 
investigations and modelling (Posiva 2009, Löfman & Karvonen 2012, Hartikainen 
2013). 

The permafrost model has been implemented into a finite element research code, which 
is based on the methodologies described in Kouhia (1999) and Mikkola & Hartikainen 
(2001, 2002). The space-time discretisation is based on the finite element method and 
an implicit adaptive time integration scheme. The unstructured finite element mesh is 
based on linear line elements or trilinear hexahedral elements. The mean grid spacing in 
depth varies from less than one metre close to the ground surface to several hundred 
metres at the bottom of the model domain, depending on the model dimension. The 
maximum time step for the adaptive time integration scheme was limited to 100 years. 
The coupled nonlinear equations are linearised using the Newton-Raphson method and 
discontinuities due to phase changes are dealt with using a consistent regularisation 
technique (Mikkola & Hartikainen 2002). The system of linearised equations is solved 
by using a preconditioned stabilised bi-conjugate gradient algorithm.  
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Figure 5-3. Illustration of the permafrost modelling process using surface and 
subsurface models.  

 

5.2.2 Key data 

The input data for the surface model consist of the output data of the climate modelling 
by Pimenoff et al. (2011) and surface hydrological modelling by Löfman & Karvonen 
(2012). The output data from the climate modelling include air temperature, 
precipitation, ice-sheet thickness, basal temperature, basal condition and periods when 
the site is submerged after the glacial stages (Pimenoff et al. 2011). The output data of 
the surface hydrological modelling involve information about Topographical Wetness 
Index (TWI) values, soil thickness, type and properties, and location and growth of peat 
as well as information on the development of surface water bodies, i.e. location and 
water depth at Olkiluoto for a 50-ka long time period (2000−52000 AD) before the next 
glaciation (Löfman & Karvonen (2012) Chapter 2). Table 5-1 presents the TWI values 
corresponding to dominant vegetation types in different climate zones are given.  
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The n-factors that give a statistical relation between the air temperature and ground 
surface temperature for the Olkiluoto site are determined as average values of n-factors 
for different biophysiographic units in North America (Klene et al. 2001, Karunaratne 
& Burn 2003, 2004, Kade et al. 2006, Hinkel et al. 2008, Karunaratne et al. 2008, Klene 
2008) such that they correspond to Olkiluoto’s climate and ground surface moisture 
conditions. The Northern American data are the most comprehensive and suitable data 
available since they include all the relevant surface conditions that Olkiluoto is assumed 
to experience during a glacial cycle. The freezing n-factors are presented in Table 5-2 
and the thawing n-factors in Table 5-3.  
 

Table 5-1. Topographical Wetness Index (TWI) (-) values associated with dominant 
vegetation types in different climate zones (Hartikainen 2013, Table 2-1). 

Climate zone Trees Shrubs Grassland Barren Peat 

Boreal > 0 > 13.2

Subarctic > 13.2 10.9–13.2 < 10.9 > 13.2

Arctic  > 13.2 10.9–13.2 < 10.9 > 13.2

 

Table 5-2. Values of freezing n-factors (-) for Olkiluoto (Hartikainen 2013, Table 2-3). 
TWI = Topographical Wetness Index. 

Climate zone Dry 
(TWI < 10.9) 

Fresh-moist 
(10.9 < TWI < 13.2) 

Wet 
(TWI > 13.2) 

Peatland 
(TWI > 13.2) 

Boreal 0.2  0.1 0.2  0.1 0.2  0.1 0.1 

Subarctic 0.5  0.4 0.4  0.4 0.2  0.4 0.1  0.3 

Arctic 0.7  0.3 0.4  0.4 0.3  0.3 0.2  0.3  

 

Table 5-3. Values of thawing n-factors (-) for Olkiluoto (Hartikainen 2013, Table 2-4). 
TWI = Topographical Wetness Index. 

Climate zone Dry 
(TWI < 10.9) 

Fresh-moist 
(10.9 < TWI < 13.2) 

Wet 
(TWI > 13.2) 

Peatland 
(TWI > 13.2) 

Boreal 1.1  0.3 1.1  0.3 1.1  0.3 1.0 

Subarctic 0.8  0.2 0.7  0.1 0.6  0.2 1.0  0.2 

Arctic 1.0  0.2 0.5  0.3 0.4  0.3 0.6  0.3  
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The input data for the subsurface model include the thermal, hydrological and 
mechanical parameters of the rock mass and geochemical properties of groundwater 
which are presented in Table 5-4. The data outside the range of site investigations, e.g. 
below the depth of 1000 metres, are assumed to be constant or linearly dependent on 
depth. The evolution of the decay heat from spent fuel with time has been provided by 
Anttila (2005b). 

The key output data of the modelling consist of the depth and areal distribution of 
permafrost (the 0 °C isotherm) and perennially frozen ground as well as ground 
temperature and unfrozen groundwater content. The main results are summarised as 
follows. 

When considering environmental conditions akin to the last glacial cycle on the time 
scale of 120,000 years, the maximum permafrost depth over the repository area can 
reach a depth of 310 m and the maximum depth of perennially frozen ground can reach 
280 m. If Olkiluoto, after a 50,000 years long temperate phase of boreal climate, was 
subjected to a 10,000 years long periglacial period with an air temperature that was 
decreased to values between 5 °C and 10 °C, the maximum permafrost depth would 
range between 60 and 240 m and the maximum depth of perennially frozen ground 
between 50 and 220 m. Furthermore, permafrost would reach the repository depth in 
10,000 years, if the air temperature was lowered to –15 °C and the ground surface had a 
very thin vegetation and snow cover. Alternatively, if Olkiluoto experienced an 
approximately 120,000 years long glacial cycle with a very long periglacial period of 
low air temperatures and thin vegetation and snow cover and without any ice sheet 
development, permafrost would reach the depth of 400 m in 98,000 years and 
perennially frozen ground in 101,000 years.  

The areal distribution of permafrost and perennially frozen ground are broadly affected 
by the snow cover, lakes and the peat areas, especially when an extensive peat growth 
occurs. Lack of snow cover can increase the maximum depth of permafrost and 
perennially frozen ground by over 50 %. In addition, ground thermal conditions and the 
heat generation from the spent fuel modify the spatial and temporal development of 
permafrost and perennially frozen ground. A combination of the uncertainties regarding 
thermal diffusivity and geothermal heat flow can result in 5 % deeper permafrost depths 
and depths of perennially frozen ground, whereas the heat from the repository can 
reduce the depths of permafrost and perennially frozen ground by more than 8 % 
throughout the whole period of 125,000 years, regardless of the attenuating rate of heat 
generation of the spent nuclear fuel with time. 

A comparison between results from the 3D modelling and the 1D modelling with 
corresponding surface and subsurface conditions shows a good agreement regarding the 
evolution of maximum permafrost depth. For example, for a 10,000 years long 
periglacial period with air temperature decreased to 7.5 °C and dry surface conditions, 
the 3D model resulted in a maximum permafrost depth of 240 m in the repository area, 
while the 1D model gave a maximum permafrost depth of 230 m. The effect of heat 
production on the ground temperature is greater in the 1D model than in the 3D model 
which may be the main reason for the difference in the results.  
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Table 5-4. Values of the parameters of the rock mass and groundwater used as input in 
the permafrost simulations (Hartikainen 2013, Table 2-2). 

Rock mass 

Thermal properties by temperature 

Parameter Unit 25 °C 60 °C 100 °C Rock type 

Thermal conductivity  W/(m·K) 2.91 2.82 2.64 Mica gneiss 

Specific heat capacity J/(kg·K) 712 764 885 Mica gneiss 

Present-day thermal conditions by depth 

Parameter  Unit 0 m 500 m 1000 m 10,000 m 

Geothermal heat flow  mW/m2 32.9 38.2 42.3 35.8 

Radiogenic heat 
production W/m3 2.65 2.52 2.40 0.97 

Temperature C 5.4 12.0 19.4 168.4 

Temperature gradient C/km 12.4 14.0 15.6 15.3 

Glaciation-cycle mean thermal conditions by depth 

Parameter  Unit 0 m 500 m 1000 m 10,000 m 

Geothermal heat flow  mW/m2 52.5 51.2 50.0 35.8 

Radiogenic heat 
production W/m3 2.65 2.52 2.40 0.97 

Temperature C 0 9.4 18.7 168.4 

Temperature gradient C/km 19.7 18.7 18.4 15.3 

Hydro-mechanical properties by depth 

Parameter Unit 25 m 75 m 150 m 300 m 400 m 10,000 m 

Bulk density kg/m3 2749 2749 2749 2749 2749 2749 

Young’s modulus GPa 62.6 62.6 62.6 62.6 62.6 62.6 

Poisson’s ratio - 0.25 0.25 0.25 0.25 0.25 0.25 

Total porosity - 0.0128 0.0082 0.0061 0.0046 0.0041 0.0011 

Hydraulic conductivity m/s 1.0·10-7 1.0·10-8 3.0·10-9 1.0·10-9 3.0·10-10 3.0·10-10 

Present-day hydro-mechanical conditions by depth  

Parameter  Unit 0 m 500 m 1000 m 10,000 m 

Pore water pressure MPa 0 4.96 10.0 98.3 

Vertical stress MPa 0 12 24 240 

Groundwater 

Present-day hydro-chemical conditions by depth 

Parameter Unit 10 m 100 m 300 m 500 m 910−10,000 m 

Total dissolved solids  kg/m3 3.0 3.3 6.4 17.9 82.5 

Total molar fraction - 0.0012 0.0015 0.0031 0.0089 0.0403 
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5.2.3 Confidence in the model and data 

There are no direct measurements to enable a reconstruction of the evolution of 
permafrost during the last glacial cycle. Only over the past thirty years, have precise 
ground temperature observations to depths greater than 125 m become available in the 
permafrost regions of northern Canada (e.g. Taylor et al. 1982). Therefore, modelling is 
the sole method to investigate the evolution of permafrost and perennially frozen 
ground in a time scale of 120,000 years. The development of permafrost and perennially 
frozen ground are governed by the nonlinear dynamic climate system and an almost 
time-independent geothermal heat flow from the Earth’s interior. The major processes 
are the heat exchange between the atmosphere and the ground surface and heat transfer 
in the ground. Since all the governing processes in the climate system are not 
sufficiently well known (see Section 5.1.3), the uncertainties in the climate modelling 
results affect confidence in the permafrost modelling. On the other hand, the heat 
transfer processes are fairly well known as well as the phase change process of saline 
groundwater. In addition, the sensitivity to the relevant ground thermal parameters is 
well understood. Thus, the relevant uncertainties in the permafrost modelling process 
were identified and sensitivity analyses have been carried out to add confidence to the 
modelling results. Nonetheless, further information about long-term effects of these 
processes and parameters such as salt transport in partially frozen ground would be 
valuable to further improve the reliability of the model to predict the long-term 
evolution of permafrost and perennially frozen ground.  

The results of permafrost modelling has been considered in Formulation of 
Radionuclide Release Scenarios and as an input to the groundwater flow modelling (see 
Section 6.1). Because of the uncertainties in the results, mainly related to the 
uncertainties in the future climate conditions, selected time windows beyond 50,000 
years AP with the appropriate climate data have been used in the modelling of 
groundwater evolution during permafrost periods (see Löfman & Karvonen 2012 and 
Section 6.1). As discussed in Section 5.2.2, permafrost is not expected at the repository 
level, it is only under extreme and very unlikely conditions that permafrost could reach 
the repository depth. Thus, freezing of buffer and backfill is not expected. Even if 
permafrost would reach the repository, freezing of buffer and backfill is not considered 
to be a threat to their long-term performance, as the materials and design selected for 
the buffer and backfill withstand the freeze/thaw cycles without sustaining any 
permanent damage to their safety functions (see Section 7.3 in Performance 
Assessment). 

5.3 Post-glacial crustal uplift 

Post-glacial crustal uplift, as a consequence of the melting of ice sheets after the last 
(Weichselian) glaciation, is determined by mainly two factors: the viscosity or rheology 
of the mantle, and the ice loading and unloading histories of the surface of the land. The 
ice loading and unloading histories of the surface of the land have an effect on the rock 
stresses, hydrogeology and thereby hydrogeochemistry of the site. Post-glacial crustal 
uplift together with changes in the global sea level affects also the development of the 
surface environment (Terrain and Ecosystems Development Modelling). This section 
describes how the post-glacial uplift is modelled in order to provide input to the 
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hydrogeological modelling (Section 6.1) and development of the surface environment, 
whereas Section 6.5 discusses the effects of ice sheets on rock stresses. 

5.3.1 Description of the model 

During and soon after the last deglaciation in Fennoscandia, when the ice sheet retreated 
and melted and the load decreased and finally ceased, the initial uplift was rapid. The 
land uplift module includes an implementation of Påsse’s semi-empirical model (Påsse 
2001) as interpreted by Vuorela et al. (2009), who also provide updated parameter 
values for the Olkiluoto site by fitting the equations to geological shoreline 
displacement observations. In essence, the present and future land uplift is modelled 
using two s-curves for isostatic rebound of the crust (U (m)) and eustatic sea level 
adjustment (E (m)), respectively: 

 
 

 5-4

 
 

 5-5

where As (m) is a download factor determining the magnitude of the vertical moment 
(related to ice-sheet thickness), Bs (1/a) is a factor adjusting the rate of the uplift (related 
to the bedrock properties), Ts (a) the timing factor of the maximum of the uplift rate 
related to the ice recession time, and tAD is the time in the common calendar years. The 
effective sea-level change (S (m)) is then derived by subtracting the eustatic sea level 
adjustment (E (m)) from the isostatic rebound of the crust (U (m)). In addition, 
depending on the climate scenario envelope of the overall safety case, additional sea 
level change can be taken into account as a relative increase, or decrease, for each time 
step. This is modelled simply as a supplementary term  (m): 

S = U  E +  
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A simplified model for shoreline displacement and salinity evolution 

For hydrological modelling purposes, Hartley et al. (2013a, see also Section 6.1) used a 
simplified uniform model for shoreline displacement has been used based on the 
displacement as calculated at a single point near the centre of the island (coordinates in 
the Finnish national KKJ1 system:1526000, 6792200) where the soil thickness does not 
change over time. For the groundwater flow modelling by Hartley et al. (2013a) (see 
also Section 6.1), the shoreline displacement relative to present day was calculated by 
taking the difference between the height of the land at this point in 2009 AD and its 
height in future years, in 500 year intervals, until 12009 AD according to soil surface 
elevation data presented in Löfman & Karvonen (2012, Section 2.2.1). Only the future 
shoreline displacement is calculated from the latest data (the reference data set in 
Section 5.3.2). Consistent with biosphere modelling, the shoreline displacement prior to 
2009 AD is kept identical to that in Site Description (based on Löfman et al. 2009, p. 
43-44). Changes to the shoreline displacement curve relative to the one used in Site 
Description are small, as shown in Figure 5-4. 
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Figure 5-4. Comparison of the shoreline displacement curves used in groundwater flow 
modelling by Hartley et al. (2013a) (dark blue) and the one used in Site Description 
(red) (Hartley et al. 2013a, Figure 4-8). 

 
5.3.2 Key data 

The terrain model describes the elevation of the ground and the depth of the sea-bottom 
surface, and it is a key input in land uplift and surface hydrological modelling.  

A high-resolution statistical terrain model of Olkiluoto Island and its surroundings has 
been derived by combining the existing data with the uncertainty information from 
various sources (Pohjola et al. 2009; Pohjola et al. 2012, App. 2).  

Reference input dataset 

The reference input dataset to the land uplift modelling is the same as was used in the 
2009 biosphere assessment based on a review of shore level dating information 
(Vuorela et al. 2009, Appendices 1 and 4). Figure 5-5 presents the coverage of the input 
data for derivation of the raster parameters, and Figure 5-6 the actual rasters in larger 
scale to illustrate the overall variability. For the timing factor Ts, in Equation 5-4 a value 
of 12,000 years (calibrated) is used (Vuorela et al. 2009, p. 119). 

The main assumptions of the dataset relate rather to the original modelling approach of 
Påsse (2001) than to the data per se; it is assumed that the land uplift can be sufficiently 
described by using individual shore level dating points that are aggregated into arc-
tangent-formed shore level displacement curves representing larger areas and then the 
arc-tangent parameters are interpolated to cover the super-regional area.  
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Figure 5-5. On the left, locations of the local ancient shoreline and other dating points 
(blue) and regional sites (orange spots) where a shore-level displacement curve has 
been fitted to the local points (Vuorela et al. 2009). On the right, the crustal thickness 
(km ± about 10 %) by Grad & Tiira (2008) and Grad et al. (2009), which has been 
assumed to correlate with the Bs parameter (Chapter 5 of Vuorela et al. 2009) Map 
layout by Arto Vuorela/Pöyry Environment Oy. 

 

  

Figure 5-6. Land uplift model parameters As (left) and Bs (see Equation 5-4) in 
Fennoscandian scale (Vuorela et al. 2009). Points indicate input data for the 
interpolation. Map layout by Arto Vuorela/Pöyry Environment Oy. 
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A simplified input dataset 

A simplified input dataset to the land uplift model was defined following a more 
traditional method: by constructing a regional shore level displacement curve for 
Olkiluoto. The details are presented in Vuorela et al. (2009) and the overall approach is 
illustrated in Figure 5-7; the arc-tangent functions of the Påsse (2001) model are fitted 
to the shore level observations in the region. The fitted functions were determined by 
the UNTAMO Toolbox implementation  basically they could be e.g. polynomials 
fitted even more closely to the data (e.g. Figure 14 in Eronen et al. 1995) but this would 
have been in conflict with the simulation model at hand. The Ts parameter is kept the 
same as in the reference dataset, and As gets the value of 258 m and Bs 6766/a, which 
are taken into the simulation as constant value surfaces. 

5.3.3 Confidence in the model and data 

For land uplift modelling parameters (Figure 5-6), the main uncertainty is that the input 
data points (the shore level dating points, Figure 5-5) are scattered rather sparsely and 
heterogeneously in different directions; adding data requires finding suitable ancient 
shore level locations that can be reliably positioned and dated, which requires 
substantial effort for a single point whose contribution may remain marginal.  

The models fitted to the shore level dating points from the Olkiluoto-Pyhäjärvi area 
(Figure 5-7), the main uncertainties relate to the data and its density, though the data in 
Figure 5-7 suggest that the shore level results are robust. The main assumptions are 
related to the underlying model (Påsse 2001) and to that the crustal rebound occurs 
spatially uniform, which holds only in an area of a limited size (roughly the size of the 
modelling area in the biosphere assessment. Nonetheless, the methods and data used are 
the state-of the-art, and as such Posiva is confident that this is the best approach that can 
be used at the Olkiluoto site and its surroundings.  

The future shoreline evolution is strongly dependent on the climate evolution and 
uncertainties in the climate evolution are likely to dominate any other uncertainties. 
This uncertainty is taken care of by using climate scenarios as discussed in Section 5.1. 

The post glacial uplift and the ensuing shoreline displacements are taken into account in 
the top boundary condition of the hydrogeological models (see Section 6.1). Following 
from the uplift, the hydraulic gradients and the groundwater flowrates increase slightly 
(see e.g. Löfman & Karvonen 2012, Figure 5-9). However, once the shoreline has been 
displaced farther away from the site, its further retreat has no significant effect on the 
flow rates, especially at the repository depth, as no significant changes in the hydraulic 
gradient are expected. Rather, these changes in flow may be more related to the changes 
in the surface environment (see e.g. Löfman & Karvonen 2012, p. 94). Therefore, 
uncertainties in the data used in the uplift model parameters have a limited impact on 
the flow results in the long term. 
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Figure 5-7. Arc-tangent functions of the Påsse (2001) models fitted to the shore level 
dating points from the Olkiluoto-Pyhäjärvi region (Vuorela et al. 2009 Figures 56 and 
57 reproduced); Olkiluoto site is at points 257−258. 
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5.4 Seismicity  

This section discusses the seismicity in the Olkiluoto area. Future seismicity is 
estimated based on historical data and on regional structural geology and it is used to 
estimate the potential of canister failures due to shear displacements (see Performance 
Assessment, Section 7.2, and Section 6.5 in this report).  

Located away from active plate margins, Fennoscandia, and Olkiluoto in particular, is 
known as a seismically quiescent region. Increased seismicity in Fennoscandia is 
possible in connection with glaciations; post-glacial faults have been discovered in 
northern Fennoscandia (e.g. Kuivamäki et al. 1998). There are, however, no direct signs 
of post-glacial faulting in the vicinity of Olkiluoto (e.g. Lindberg 2007) although 
disturbances of the sea-bottom sediments have been suggested to be related to post-
glacial faulting (Hutri et al. 2007).  

5.4.1 Description of the model 

The evaluation of future seismicity, with emphasis on the frequency and magnitude of 
the earthquakes, as well as on recognition of the fault zones that may host large 
earthquakes, was carried out by Saari (2012). 

The assessment was based on historic data on earthquakes taken from the earthquake 
catalogue for Northern Europe (FENCAT). Although the number of instrumentally 
located events increases gradually, currently still a half of the events in southern Finland 
are macroseismically located. Due to the insufficient location accuracy, it is mainly not 
possible to accurately associate the epicentres with specific individual zones of 
weakness. Instead, seismic belts characterised by different levels of potential seismicity 
can be distinguished. 

The Gutenberg-Richter (1944) equation was applied to estimate the number of 
earthquakes (N) with magnitude > M  

LogN = a – b · M 
 

 5-7

where N is the number of earthquakes whose magnitude is  M occurring in a specified 
time interval and a and b are constants. The constant b describes the relative proportion 
of larger earthquakes to smaller earthquakes. As b increases, the proportion of large 
earthquakes decreases. As a increases, the number of events increases for earthquakes 
of all magnitudes. The parameters a and b are defined on the basis of available data for 
distinct seismic belts. The earthquake frequency for Olkiluoto is scaled from the results 
for the relevant seismic belts, see Section 5.4. 2. 

The historical data used to determine the earthquake frequency–magnitude relations do 
not contain any observations related to events at the time of, or relatively soon after, 
deglaciation. Data on large earthquakes M > 5 are also lacking. Therefore, Saari (2012) 
discussed the maximum magnitude of earthquakes based on available information on 
post-glacial faults in Fennoscandia (Kuivamäki et al. 1998), data on large earthquakes 
in stable continental regions (Johnston et al. 1994, Fenton et al. 2006) and considering 
the accumulated strain release (Ahjos et al. 1984). The maximum magnitude could be 
based on calculations of seismic strain release, which is proportional to the square root 
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of seismic energy release; the seismic energy release as a function of magnitude can be 
expressed by the following equation (Richter 1958): 

Log(E) = 2.9 + 1.9ML – 0.024 ML
2 

 

 5-8

where energy (E) is expressed in J (joules) and ML is local magnitude (based on 
instrumental recordings).  

It was assumed that the future earthquakes are associated with old Precambrian faults 
and shear zones that have been reactivated, similar to the earthquakes for which data are 
available. The frequency of earthquakes of certain magnitude in the Olkiluoto area was 
estimated using the earthquake frequency calculated as above, considering the faults in 
the area according to the brittle deformation zone model and the lineament 
interpretation of the site, as well as the relationship between the magnitude and fault 
size based on the work by Wells & Coppersmith (1994) and Leonard (2010). It is 
reasonable to assume that the area where the released strain is accumulated is 
comparable to the fault length.  

5.4.2 Key data 

Seismic parameters 

With the scarce data in FENCAT it was not possible to establish statistically reliable 
seismic parameters for the Olkiluoto target area directly. Saari (2012) solved this 
problem by scaling parameters of larger regional seismic belts to represent the target 
area (region within a 100 km radius of Olkiluoto). The Olkiluoto area is located within a 
zone of lower seismicity, the Southern Finland Quiet Zone (SFQZ), between two 
seismically active belts, Åland–Paldis–Pskov (Å-P-P) and Bothnian Bay–Ladoga (B-L) 
(see Figure 5-8). These seismically active zones seem to be essential elements when the 
driving mechanisms of the seismicity of southern Finland are considered. The zones are 
distinguished from their surroundings particularly by the occurrence of relatively large 
magnitude (M  3.5) earthquakes. As Olkiluoto is located rather close to the seismically 
active Å-P-P zone, the seismicity of the Å-P-P cannot be disregarded when the 
seismicity of Olkiluoto is characterised. In practice this is done by the concept of the 
Olkiluoto target area, of which about 2/3 belongs to SFQZ and about 1/3 to the Å-P-P 
Seismic Zone. Based on recent studies, Saari (2012) presented a revised interpretation 
of the Central Finland Active Zone (CFAZ) (Figure 2-2 of Saari 2012 and Figure 5-8 
below), which combines seismicity, geology and Moho depth maps compared to a 
presentation that is mainly based on observations of seismic activity (Saari 2012, p. 11). 
The revised interpretation affects also the interpretation of the seismic parameters for 
the SFQZ as the southeastern part of the B-L zone is included in the revised SFQZ 
zone. In the following the revised interpretation is called model 2011 and the earlier one 
model 2000. 

Owing to the long recurrence interval of Finnish earthquakes, the forecasting of future 
seismicity relies strongly on historical data. There are temporal gaps in FENCAT and its 
subrecords representing events inside the seismic belts (Figures 2-4a...2-4d of Saari 
2012). The longest gap in reported earthquake observations from 1942 to 1951 is 
probably related to the Second World War and the period (1942−1951) was disregarded 
when the annual numbers of events was approximated. According to FENCAT, the first 
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known earthquake in Finland occurred in 1610. Since 1750, the number of felt 
earthquakes in each decade has fluctuated but shows a certain continuity. The 
foreshocks and aftershocks of swarms represent dependent events in the population that 
should represent independent events. Declustered earthquake catalogue, where only the 
main shocks are taken into account, was used in the analysis, in order to comply with 
the requirements of temporal Poissonian distribution of seismicity. 

 

 

Figure 5-8. Epicentres of earthquakes in during the period 1375−2010 according to the 
catalogue of earthquakes in northern Europe (FENCAT 2011). The seismic belts Å-P-P 
and B-L as well as Southern Finland quiet zone (SFQZ) are also shown. The alternative 
interpretation of the active zone in central Finland (CFAZ) is outlined by a dashed line 
(Saari 2012, Figure 2-3).  
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The number of observed events inside the revised area of SFQZ (2011 model) is 156 
(133 in 2000 model) and the number of such events inside the Å-P-P belt is 62 (Saari 
2012, p. 14, Figures 2-4a, 2-4b and 2-4c). The largest observed event inside the SFQZ 
zone is the 1846 Hauho earthquake (M = 3.4) (Saari 2012, p. 14), both in the 2000 and 
2011 models. The largest observed event of the Å-P-P zone is the Osmussaar 
earthquake (25th October 1976, ML = 4.9) near the Estonian coast (Saari 2012, p. 16). 

The seismically active zone B-L delineates the northern border of SFQZ. B-L runs 
about 150 km north of Olkiluoto. This subrecord has the most complete and continuous 
data set with 149 events and a relatively short period of missing observations after 1880 
(Figure 2-4d of Saari 2012). The largest event (M = 4.6) occurred in the Bothnian Bay 
in 1909 (Saari 2012, p. 16). 

The input data as well as the calculated least square fits of the annual number of 
earthquakes (N) as a function of magnitude for SFQZ are presented in Saari (Figures 2-
5, 2-6), and for Å-P-P and B-L in Saari (2012, Figures 2-8 and 2-9). The resulting 
parameters a and b of the seismic belts are presented in Table 5-5. Also shown in the 
table is a/km2, which is the value from number of events per year and per square 
kilometre.  

According to Saari (2012), the expected number (N) of earthquakes greater or equal to a 
magnitude M in the seismic zones B-L, SFQZ and Å-P-P and in the Olkiluoto area is as 
shown in Table 5-6. The values are normalised to number of events per year and per 
square km.  

 

Table 5-5. Annual seismicity parameters (a and b) for seismic zones according to 
FENCAT (Saari 2012, Figure 2-3). Constant a/km2 is the value for number of events per 
year and per square kilometre (Table 2-1 of Saari 2012). 

Seismic zone b a a/km2 

B-L 0.752  0.013 1.337  0.042 -3.760  0.042 

SFQZ (model 2000) 
SFQZ (model 2011) 

1.441  0.074 

1.268  0.077 

2.728  0.197 

2.152  0.207 

-2.370  0.197 

-2.946  0.207 

Å-P-P 0.715  0.033 1.015  0.099 -3.885  0.099 
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Table 5-6. Annual number of earthquakes per square kilometre. Estimates for three 
seismic zones and the Olkiluoto target area (Table 2-2 of Saari 2012). 

M B-L SFQZ Å-P-P Olkiluoto 

0.0 1.74E-04 1.13E-03 1.30E-04 7.98E-04 

0.5 7.31E-05 2.63E-04 5.72E-05 1.94E-04 

1.0 3.08E-05 6.11E-05 2.51E-05 4.91E-05 

1.5 1.29E-05 1.42E-05 1.10E-05 1.31E-05 

2.0 5.45E-06 3.30E-06 4.84E-06 3.81E-06 

2.5 2.29E-06 7.66E-07 2.13E-06 1.22E-06 

3.0 9.64E-07 1.78E-07 9.33E-07 4.30E-07 

3.5 4.06E-07 4.13E-08 4.10E-07 1.64E-07 

4.0 1.71E-07 9.59E-09 1.80E-07 6.64E-08 

4.5 7.18E-08 2.23E-09 7.90E-08 2.78E-08 

5.0 3.02E-08 5.18E-10 3.47E-08 1.19E-08 

5.5 1.27E-08 1.20E-10 1.52E-08 5.15E-09 

6.0 5.35E-09 2.79E-11 6.68E-09 2.25E-09 

6.5 2.25E-09 6.49E-12 2.93E-09 9.82E-10 

7.0 9.46E-10 1.51E-12 1.29E-09 4.30E-10 

7.5 3.98E-10 3.50E-13 5.66E-10 1.89E-10 

8.0 1.67E-10 8.13E-14 2.48E-10 8.28E-11 

8.5 7.05E-11 1.89E-14 1.09E-10 3.64E-11 

9.0 2.96E-11 4.39E-15 4.79E-11 1.60E-11 

 
 
 
Faults likely to be associated with seismicity 

The analysis of potential fault movements in the Olkiluoto area was based on the 
lineament interpretation and on the brittle deformation zone model (BFZ) of the 
site. The brittle deformation zone model for the Olkiluoto site (Site Description) is 
suitable to assess the fault zones that can host events with magnitudes M > 5 (fault 
length > 2.5−3 km). It is not suitable to assess the fault zones that can host events with 
magnitudes M > 6 (fault length > 10 km) as this model contains only few such large 
zones. Therefore, to asses the even larger faults that may host larger earthquakes (M > 
7), the lineament interpretation by Kuivamäki (2000) and Paananen & Kuivamäki 
(2007) was used. Within a distance of 100 km from Olkiluoto, there are 44 faults with 
fault length > 40 km in total. 

According to Saari (2012, p. 46), there are five NW-SE oriented lineaments and six NE-
SW oriented lineaments within the active Å-P-P seismic belt that probably are the faults 
with the most potential for post-glacial events as large as M = 7. Other, less active but 
probably with similar potential, NW-SE oriented lineaments are located northeast of 
Olkiluoto. The closest of those lineaments are NW-SE oriented lineaments 15 km NE 
and 20 km SW from Olkiluoto. The latter lineament can be associated with the year 
1926 earthquake (M = 3.1) in Uusikaupunki (Saari 2012, Figure 4-3, p. 44). It is likely 
that future seismicity would also be associated with some of those lineaments with 
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length over 40 km. Saari (2012, p. 46) estimated that about 60 % of the 40 km long 
lineaments could be capable of hosting an earthquake of M = 7. This percentage is 
much higher than found in the lineament study for the BFZ model in the Olkiluoto area, 
where less than 15 % of lineament data were included in the BFZ model (Mattila et al. 
2008). The frequency estimates for the earthquakes within a 5 km area of Olkiluoto and 
fault specific earthquake probabilities are given in Table 5-7. The lower limit for the 
probability of M ≥ 7 earthquakes during the period of 10,000 years, 50,000 years and 
100,000 years per fault in Table 5-7 is calculated by assuming that 15 % of the 
lineaments are actual faults and the upper limit assuming that 60 % of the lineaments 
are faults. 

The faults capable of hosting events with M ≥ 5 should have a fault length of at least 
2.5  km (according to Leonard 2010) or 3 km (according to Wells & Coppersmith 1994 
and as assumed in SKB 2011). It is, however, reasonable to assume that the fault should 
have some extra length in order to host a rupture length of 2.5 km. Therefore the 
previously used 3 km fault length is considered to be a better choice to represent a zone 
susceptible to reactivation in M ≥ 5 earthquake (Saari 2012, p. 50). The lower limit for 
the probability of M ≥ 5 earthquakes during the period of 10,000 years, 50,000 years 
and 100,000 years per fault in Table 5-7 is calculated by considering the faults with 
length greater than 2.5 km and the upper limit by faults with length greater than 3 km.  

For safety assessment purposes, the average annual probability of an earthquake large 
enough to lead to canister failure (M > 5) has been estimated based on the zone-specific 
probability for earthquakes M > 5 (fzone(t)) for a given time period t according to Table 
5-7 and the number of zones capable of hosting such earthquakes (Nzones). In calculation 
of Nzones, it was taken into account that the potential instability of a zone in a given 
stress condition is dependent on the orientation of the zone. There are roughly ten fault 
zones around and within the area of the repository, which are considered large enough 
to host a magnitude M > 5 earthquake. Some of these zones are relatively shallow 
dipping (striking predominantly NE-SW) and some are relatively steeply dipping 
(striking predominantly NW-SE). Nzones is set to 5 following the results by Lund & 
Schmidt (2011, see also Section 6.5) and Saari (2012). According to these assessments, 
the fault orientation with respect to prevailing stress state determines whether a fault is 
stable or unstable. Further, it is assumed that only one earthquake of magnitude M > 5 
would occur within the time frame of 100,000 years. This assumption is reasonable 
based on, e.g., the median distance to earthquakes with a certain magnitude and 
recurrence period (see Saari 2012, Section 4.2) or the strain accumulation (see SKB 
2011, p. 468-469), which both indicate that there would not be another large earthquake 
(M > 5) within a few kilometres of the site for 500,000 years. Based on this, the average 
annual probability of an earthquake leading to canister failure is estimated to be low, in 
the order of 10-7, given that there are around 5 zones that could host such an earthquake 
at any specific time. 
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Table 5-7. Frequency estimates for periods of 10,000 years, 50,000 years and 100,000 
years within a 5 km radius of Olkiluoto. Estimates for magnitudes M > 5 are based on 
the BFZ study and for magnitudes M > 7 on the lineament study within a 100 km radius. 
Column N (N = the number of earthquakes) is based on magnitude frequency values of 
Table 5-6. f gives the probability for an earthquake (M > 5) per one fault zone based on 
the approximated minimum and maximum number of fault zones susceptible to 
reactivation (see text). Table 4-8 of Saari (2012). 

Period 
(a) 

N 
 (M > 5) 

f 
 (M > 5) 

N 
(M > 7) 

f 
(M > 7) 

10,000 0.0093 2.3E-4 ... 4.7E-4 0.00034 1.2E-5 ... 5.0E-5 

50,000 0.047 1.2E-3 ... 2.4E-3 0.0017 6.0E-5 ... 2.5E-4 

100,000 0.093 2.3E-3 ... 4.7E-3 0.0034 1.2E-4 ... 5.0E-4 

 

5.4.3 Confidence in the model and data 

Uncertainties in the model of future seismicity are related to the scarceness of 
earthquake data, especially on earthquakes with larger magnitude. This could be 
handled by taking into account larger areas (see Figure 5-8). On the other hand, using 
data from a smaller area can be considered to reflect better the geological setting of the 
site. The seismic belts have so far been defined mainly based on observations of seismic 
activity. However, alternative interpretations are suggested by recent studies, which 
combine seismicity, geology and Moho depth maps. Such interpretations may change 
the parameters a and b in Equation 5-7 slightly and can be used to assess the sensitivity 
of the results in the future. Already in the current study, an alternative interpretation of 
the SFQZ was used. According to results, the frequency of earthquakes with magnitudes 
in the range of 3 to 6 are virtually equal. The revised interpretation of SFQZ gives a 
slightly lower frequency of earthquakes with small magnitudes and higher frequency of 
earthquakes with large magnitudes (see Saari 2012, Figure 2-7). 

If the BFZ model used by Saari (2012) were larger, the interpretation would be more 
reliable for earthquake magnitudes M ≥ 5, and it might be possible to extend its use to 
larger magnitudes. For this purpose, it would be also useful to estimate the total length 
of the brittle shear zone, when the zone continues over the model edge (Saari 2012, p. 
54).  

A reliable study of brittle fault zones is not available at the scale of over 10 km long 
faults, which have potential to host an earthquake M > 6. Faults longer than 40 km have 
the potential to host an earthquake M > 7. There are 44 lineaments over 40 km long 
within a distance of 100 km from Olkiluoto. It is assumed that the number of faults with 
potential to host magnitude M = 7 earthquakes is maybe 15 %−60 % of the lineaments 
found in the lineament interpretation. The closest of those lineaments are NW-SE 
oriented lineaments 15 km NE and 20 km SW from Olkiluoto. The latter lineament can 
be associated with the year 1926 earthquake (M = 3.1) in Uusikaupunki (Saari 2012, p. 
54). 

A reliable study of brittle fault zones is not available at the scale of over 40 km long 
faults, which represent potential hosts to an earthquake M > 7. The low rate of 
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identified faults makes it difficult to characterise the long-term seismotectonic 
behaviour, leading to uncertain estimates of seismic activity. In addition, many faults 
that may be capable of generating large, damaging earthquakes may never rupture to the 
surface. That adds uncertainty to the interpretation based on lineament data. However, 
seismicity can be associated with some over 40 km long lineaments. It is likely that the 
future seismicity will, to some extent, be related to those faults. On the other hand, the 
area of the available tectonic model of good quality is so limited that there are no 
earthquake data available. This emphasises the importance of larger area of brittle fault 
zone interpretation and earthquake rupture modelling of reliably studied fault zones in 
the vicinity of Olkiluoto (Saari 2012, p. 54). 
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6 MODELS AND DATA FOR PERFORMANCE ASSESSMENT  

6.1 Hydraulic evolution of geosphere  

The models and data that are used in Performance Assessment to describe the hydraulic 
evolution of the geosphere take into account either implicitly or explicitly in the 
following FEPs in Features, Events and Processes (FEP number in parentheses): 

 Heat generation (3.2.2), 

 Chemical degradation (of closure components) (7.2.1), 

 Physical degradation (of closure components) (7.2.2), 

 Freezing and thawing (of closure components) (7.2.3), 

 Heat transfer (in the entire repository and specifically in the geosphere) (8.2.1), 

 Spalling (8.2.4), 

 Diffusion and matrix diffusion (8.3.4), 

 Groundwater flow and advective transport (8.3.5), 

 Climate evolution (10.2.1) 

 Glaciation (10.2.2), 

 Permafrost formation (10.2.3), 

 Land uplift and depression (10.2.4). 

Hydrogeological modelling is at centre stage of the TURVA-2012 safety case. On the 
one hand, modelling of the hydraulic evolution of Olkiluoto provides knowledge of 
groundwater movement for the evaluation of groundwater and surface water release 
pathways from and to the deposition holes, transport resistance along the release paths 
and hydrogeological stability in the long term. Key input data are largely based on site 
data and site modelling. Important data supporting future evolution comprise, for 
example, plans for disposal operational phase (excavation and closing disposal tunnels), 
emergence of land due to the withdrawal of shoreline (i.e. crustal uplift), and influence 
of, in the far future, possible permafrost and glacial melting water. The release 
pathways and related transport resistance distributions (Assessment of Radionuclide 
Release Scenarios for the Repository System) essentially serve the purpose of estimating 
activity fluxes at the interface between the geosphere and surface environment for dose 
estimates (Biosphere Radionuclide Transport and Dose Assessment Modelling) due to 
one or more assumed failed canisters. The assessment of hydrogeochemical stability, in 
turn, utilises the knowledge of groundwater flow distributions of the pathways coming 
from the ground surface. Rock matrix diffusion along the pathways then influences the 
chemical composition of water coming into contact with the bentonite buffer. 

6.1.1 Description of the model 

The key models for hydraulic evolution in Performance Assessment are presented in the 
reports by Löfman & Karvonen (2012) and Hartley et al. (2012, 2013a, b, a summary of 
the modelling cases by Hartley et al. 2013a is presented in Appendix I, Table I-2, see 
also Hartley & Joyce 2013). The hydrogeological system at Olkiluoto has experienced
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and will experience continuous evolution due to both natural changes in the surface environment, 
and due to underground open facilities. The models consider the evolution of the site from the 
initial state that was specified at 8000 years before present (BP) until the present day, in 
the near future over the operational phase of the disposal facility, and during the 
temperate phase first up to 10,000 years after present (AP), and then up to 50,000 years 
AP. The temperate phase ends with climate turning colder, which first leads to 
permafrost and finally to the onset of glacial conditions that are projected to last 
thousands of years, after which an ice sheet withdraws from Olkiluoto. 

Typically, for crystalline hard rocks such as those at Olkiluoto, groundwater flow takes 
place through an interconnected network of fractures (Figure 6-1). The groundwater 
flow models utilised in the analyses for TURVA-2012 are based on Darcy’s law. 
Darcy’s law has been originally introduced in the context of a porous, granular medium 
where the volume of the flow system (aquifer) is divided into one sub-volume occupied 
by water and another one of solid skeleton5. Accordingly, the key concepts of the model 
are the hydraulic head or groundwater pressure and hydraulic conductivity. Spatial 
changes in the groundwater pressure field – which arise from precipitation over an 
uneven ground surface – are quantified in terms of hydraulic gradient which as a 
product with the hydraulic conductivity yields the volumetric flow rate or Darcy 
velocity. The volumetric flow rate, in turn, is divided with the flow porosity to obtain 
the (advective) flow velocity. 

Darcy’s law and the law of mass conservation lead to a partial differential equation for 
the groundwater pressure, i.e. the flow equation. The transport of dissolved solids, 
groundwater salinity, is modelled with the advection-dispersion equation (ADE). The 
transport equation may be supplemented with a term to account for rock matrix 
diffusion, which occurs between the mobile fracture water and the immobile water in 
the rock matrix.  

The flow and transport equations form a coupled system that is solved numerically for 
groundwater pressure and salinity. In the numerical scheme employed for the TURVA-
2012, the finite element method (FEM), the flow equation and the ADE are expressed in 
the so-called weak form. While other numerical schemes are also possible (for example, 
the finite difference, or the finite volume scheme, which is implemented in SKB’s 
Darcy Tools code (Svensson & Ferry 2010)), to Posiva’s knowledge, there is no single 
numerical scheme that is superior to others but the feature sets offered by the different 
computer code packages vary. 

                                                 
 

5  There are numerous textbooks on subsurface hydrology, groundwater transport and modelling. These include, with varying 
levels of difficulty and intended audience, Bear (1972, 1979), Dagan (1989), Strack (1992), Sahimi (2011), de Marsily (1986), 
Fetter (1988) and Huyakorn & Pinder (1983).  
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Figure 6-1. Schematic illustration of the hydrogeological site description of Olkiluoto. 
dZ = depth zone (Hartley et al. 2013a, Figure 2-1). 

 
The velocity field is the source data to calculate the flow routes from the repository to 
the ground surface. The velocity field is also used to trace the origins of the incoming 
flow paths “backwards in time”. In both cases, the magnitude of a key performance 
measure, the transport resistance, is calculated and used further in the analyses of the 
radionuclide release and transport and to estimate time scales for emergence of dilute 
groundwater conditions. This is obtained through the knowledge of fracture transport 
aperture and travel time. Besides the estimates for the bedrock performance measures, 
the groundwater flow model is also used to compute the equivalent flow rate that is used 
in the near-field modelling to obtain near-field activity release rates.  

Hydrogeological fabric of the Olkiluoto bedrock 

The description of the fabric of Olkiluoto is based on a large body of hydrogeological 
data from several tens of drillholes. Besides the data on transmissivities and hydraulic 
conductivities acquired with the Posiva Flow Log (PFL) and HTU (hydraulic testing 
unit), pressure monitoring has also provided essential data on hydraulic connections on 
the site scale. The Posiva Flow Log is an instrument that is able to measure water 
exchange flow rates between the drillhole and bedrock fractures it intercepts accurately 
and speedily. Reconciling the hydrogeological measurement data together with the 
geological site model (Aaltonen et al. 2010) yields the description of 13 site scale planar 
hydrogeological zones (Vaittinen et al. 2011, Figure 6-2). Furthermore, the bounding 
lineaments surrounding Olkiluoto Island are also introduced in the model as planar 
features to offer continuous hydraulic connections. Hartley et al. (2013a) also discuss 
hydrogeological zones outside the well characterised area (site scale) that are generated 
stochastically. 
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Figure 6-2. Site scale hydrogeological zones (HZ), according to Vaittinen et al. (2011, 
Figure 5-1). This model describes 13 zones as two-dimensional planar features. The 
shoreline of Olkiluoto is indicated with the grey border. BFZ = brittle fault zone. 

 

Vaittinen et al. (2011) argue that the hydrogeological network on the site scale also 
reflects the influence of the tectonic units (Figure 6-3) described by the geological site 
model (Aaltonen et al. 2010). This is reflected in the hydraulic connectivity of the 
hydrogeological zone system HZ19 and HZ20, so that they were limited within the 
Central Tectonic Unit.  

The tectonic units were also described by Fox et al. (2012) as the basis for a spatial 
division of geological discrete fracture statistics. Following the statistical geological 
DFN description by Fox et al. (2012), specific to the tectonic units, Hartley et al. (2012) 
assessed the statistical significance of the interdomain PFL data and concluded that, 
from a hydrogeological point of view, some of the tectonic units can be merged into 
hydraulic domains (Figure 6-4). 

Moreover, in the hydraulic fracture data, a very significant reduction with depth for both 
the intensity of PFL fractures and the specific capacity of 50 m drillhole intervals, 
calculated as the sum of the transmissivities divided by the drillhole length, was 
apparent. This resulted in defining the four depth zones of weakening capacity for 
groundwater flow; depth zone 1 (DZ1) extended from the top of the bedrock to about 
−50 m elevation, depth zone 2 (DZ2) extended to about −150 m, depth zone 3 (DZ3) to 
about −400 m, depth zone 4 (DZ4) below −400 m. Interestingly, while the model 
clearly describes the deepest depth zone exhibiting the lowest susceptibility for 
groundwater flow, this can be interpreted supported by independent, hydrogeochemical 
data. The hydrochemical data suggest that the groundwaters below 300 m depth have 
not been affected by infiltration of glacial, marine or meteoric origin (see Section 3.1). 
The larger part of the repository is to be located within the deepest depth zone (DZ4).  
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Figure 6-3. Tectonic units and major ductile deformation zones of Olkiluoto (Aaltonen 
et al. 2010). SDZ = Selkänummi Shear Zone, FDZ = Flutanperä Deformation Zone, 
D4-1 = D4 phase deformation zone, LSZ = Liikla Shear Zone. 

 

 

Figure 6-4. Horizontal slice at –385 m elevation illustrating the four hydraulic domains 
(northern hydraulic unit NHU: blue, central hydraulic unit west CHUW: green, central 
hydraulic unit east CHUE: orange and southern hydraulic unit SHU: red). A repository 
layout variant and shoreline are also shown (Hartley et al. 2013a, Figure 2-2). 
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In line with the repository design (Saanio et al. 2012 and Figure 6-5 below), the 
hydrogeological model describes the repository structures and components − ONKALO 
access tunnel, central tunnels, deposition tunnels, deposition holes − together with the 
hydraulic properties of the buffer and backfilling materials, also considering the 
excavation damaged zone underneath the deposition tunnels and rock spalling around 
the deposition holes (Figure 6-6). It is noted that Löfman & Karvonen (2012) used an 
earlier version of the repository layout (see Appendix H) for some of the modelling 
cases. The deposition tunnels are to be situated within a rock mass of good quality 
(McEwen et al. 2012). Therefore, the long-term performance and containment/isolating 
capacity rest foremost on the small-scale hydrogeological characteristics of the sparsely 
fractured rock mass between the site-scale hydrogeological zones. In practice,  
knowledge on the location and the geometry and the properties of each bedrock fracture 
cannot be obtained. Therefore the modelling approach to the sparsely fractured rock is a 
statistical one, in other words, discrete fracture network (DFN) modelling.  

 

Figure 6-5. Visualisation of the complete underground spent fuel facility to 
accommodate 9000 tU), the deposition holes are drawn as red “studs” underneath 
(green) deposition tunnels, which, in turn, are connected to (blue) central tunnels. The 
disposal facility for low and intermediate level waste from encapsulation plant is shown 
in orange. From Hartley et al. (2013a, Figure 3-2).  
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Figure 6-6. Conceptualisation of the rock damage in the near field for groundwater 
flow modelling of the deposition tunnel and holes, central case. The features shown are 
the deposition tunnel (green), discontinuous EDZ fractures below the deposition tunnel 
(purple), the deposition holes (yellow) and the eight fractures per hole representing 
rock damage around the holes. Four are parallel to the faces of the deposition hole 
(blue) and four crossing fractures connect these to the deposition hole (red). Figure 
4-18 of Hartley et al. (2013a). 

 

Hydrogeological DFN models explicitly represent fractures through which groundwater 
flows, and are characterised by the stochastic nature of the structural-hydraulic 
quantities associated with these fractures. The DFN naturally reflects the individual 
flow conduits in fractured rock, and the available field data.  

The DFN models characterise bedrock fractures in terms of: 

 spatial distribution (e.g. Poissonian, fractal, clustered around points or 
hydrogeological zones/lineaments), 

 fracture intensity (and its spatial variation), 
 fracture sets distinguished by orientation (strike and dip), 
 fracture size (e.g. log-normal, power-law distributions), 
 transmissivity-size relationships. 

For stochastic fractures, the properties are sampled from probability density functions 
(PDFs) specified for each fracture set. An example of a stochastic realisation of the 
DFN model is shown in Figure 6-7. It includes both stochastic fractures, each of which 
is a square, combined with deterministic hydrogeological zones that are defined as more 
complex non-planar surfaces. 

The intensity and size distribution of potential flowing fractures are uncertain as a result 
of uncertainties in identifying open and connected fractures in the drillholes and 
determining the extent of fractures beyond the drillhole wall. These can only be inferred 
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based on assumptions and constraints implied by the intensity of flows detected by PFL 
hydraulic tests. Hartley et al. (2012) discuss three quite different conceptual approaches 
to provide a quantitative illustration of the sensitivity of predictions about 
hydrogeological conditions to underlying uncertainties in fracture characteristics:  

 Case A: The intensity of potential flowing fractures is based on an estimate of 
open fracture intensity. This case uses a power-law size model. 

 Case B: The intensity of potential flowing fractures is estimated from the 
intensity of flowing fractures detected from PFL measurements. This case uses a 
log-normal size model. 

 Case C: The intensity of potential flowing fractures is estimated from the 
intensity of all fractures. This case uses a global power-law size model derived 
for the Geo-DFN, but removes parts of the fracture surface area available for 
flow according to some probability function that depends on fracture size (i.e. a 
larger proportion of fracture surface area is open in large fractures than in small 
ones, since connected channels are more likely to occur over large surface areas, 
for example). 

 
 

 

 

Figure 6-7. Visualisation of one realisation of a stochastic DFN model for the Olkiluoto 
site showing fractures coloured by hydraulic domain (NHU: blue, CHUW: green, 
CHUE: orange, SHU: red, hydrogeological zones: purple). See Figure 6-4 caption for 
acronym definitions. From Hartley et al. (2012, Figure 7-2). 
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These definitions provide specifications for the intensity-size of potentially flowing 
fractures that can be obtained from the analysis of different portions of the total fracture 
intensity. The intensity of potentially flowing fractures was approximately: Case A 
~31 %, Case B ~6 %, and Case C ~100 % (although in this case only a portion of the 
fracture surface area is open to flow) of the intensity of all fractures. The above 
percentages are overall averages; it is notable that the percentage of fractures that are 
open decreases with depth as does the percentage of flowing fractures. The groundwater  
flow modelling cases used in the Assessment of Radionuclide Release Scenarios for the 
Repository System are summarised in Table I-2 of Appendix I.  

Properties of the elements of the hydrogeological flow models 

The most important property for two-dimensional features on the scale of description − 
such as fractures on the detailed scale or hydrogeological zones on the site scale − is the 
transmissivity. In case of three-dimensional features − such as sparsely fractured rock 
mass in the regional/site scale and tunnel backfill on the detailed scale, hydraulic 
conductivity (or permeability) is the most important property. 

The starting point to determine the transmissivities is the PLF data set (comprising a 
few thousand records of transmissivities greater than 10−9 m2/s). The PFL data are then 
expressed as fracture-specific “flow rate over drawdown”, Q/s. These values were  
applied to each fracture specific PLF measurement for the drillholes that were singled 
out to represent the data set per each hydrogeologic domain (NHU, CHUW, CHUE, 
SHU). Thereafter the central model parameters, fracture transmissivity distributions and 
size-intensity relations were statistically fitted, calibrated, against the actual fracture 
data in the representative drillholes. The calibration yields the fully specified stochastic 
DFN model with the model parameters for the distributions fracture intensity and 
fracture transmissivity. Hartley et al. (2012, 2013a) considered three alternatives for 
fracture intensity: case A) based on open fracture frequency described by a power-law 
fracture size distribution; case B) based on PFL-fractures described by a  log-normal 
fracture size distribution; and case C) based on all fractures described by a power-law 
fracture size distribution and a parameter describing the area of the fracture surface that 
is not open for flow. Three cases assuming different correlation between fracture size 
and transmissivity are also considered: i) correlated size and transmissivity described by 
a power-law relationship; ii) Semi-correlated described by a log-normal distribution 
about a power-law correlated mean; and iii) uncorrelated described by a log-normal 
distribution with a specific mean.  

Generally, the use of the DFN concept provides more details of flow and solute 
transport within fractured rock, and the discrete/discontinuous nature of the concept 
allows investigation of spatial variability in flow and transport characteristics in a 
manner more representative of the physical situation in crystalline rocks. In order to 
assess the implications of the fracture system on long-term transient flow and transport 
on the regional scale, however, it is often necessary for practical reasons to convert the 
DFN model to an ECPM  model with appropriate properties. This means that the flow 
(hydraulic conductivity) and transport (kinematic porosity and connected fracture 
surface area per unit volume) properties of hydrogeological DFN models can be 
upscaled to ECPM properties. This way the ECPM approach honours the intrinsic 
heterogeneity and anisotropy of hydrogeological DFN models on the scale of resolution 



152 
 

of the chosen computational grid. Since each ECPM model is based on a particular 
underlying stochastic hydrogeological DFN realisation, the ECPM models are also 
stochastic. Uncertainties relating to spatial variability in the geometrical and/or 
hydraulic properties are quantified by means of multiple realisations.  

This requires an upscaling method to convert the properties of a network of discrete 
fractures of lengths less than the continuum blocks into equivalent continuous porous 
medium block properties. The resulting parameters are a directional hydraulic 
conductivity tensor, fracture kinematic porosity and other transport properties (such as 
the fracture surface area per unit volume). To calculate equivalent hydraulic 
conductivity for a block, the flux through the network is calculated for a linear head 
gradient in each of the axial directions (Figure 6-8). Using the DFN flow simulations, 
the fluxes through each face of the block are calculated for each head gradient direction. 
The hydraulic conductivity tensor is then derived by a least-squares fit to these flux 
responses for the fixed head gradients. The method is described in Jackson et al. (2000). 
An example of an upscaled hydraulic conductivity field generated for Olkiluoto is 
shown in Figure 6-9. The kinematic porosity in the ECPM model is based on 
calculating the total connected fracture volume (surface area multiplied by transport 
aperture) within each ECPM block. For the modelling purposes, the transport aperture, 
in turn, is assumed to be related to fracture transmissivity through the so-called cubic 
law. It is noted that this is not formally an analogous method to the hydraulic 
conductivity upscaling to determine upscaled transport properties. In particular, solving 
the advection-dispersion equation for the salinity distribution requires specifying the 
(hydrodynamic) dispersivity which in itself is poorly known but could in principle be 
calculated with the formal upscaling. 

An additional constraint on the minimum fracture transmissivity is included in order to 
ensure that calculations are numerically stable. A minimum transmissivity of 
3·10-10 m2/s was applied to the majority of the model domain, but with a lower 
minimum transmissivity of 1·10-10 m2/s used in a region in the vicinity of the repository. 
The intensity of PFL fracture above approximately 1·10-10 m2/s is about 0.1/m and so 
the minimum hydraulic conductivity can be estimated to be approximately 1·10-11 m/s.  
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Figure 6-8. Two-dimensional illustration of flow through a network of fractures. A 
random network of fractures with variable length and transmissivity is shown top left 
(orange fractures are large transmissivity, blue are low). Top right: flow-paths (dotted 
arrows) for a linear head gradient E-W decreasing along the x-axis. Bottom left: flow-
paths through the network for a linear head gradient S-N decreasing along the y-axis. 
After Hartley et al. (2013a, Figure C-4 in Appendix C). 
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Figure 6-9. Example of ECPM properties generated by upscaling the Hydro-DFN: 
vertical hydraulic conductivity (Kzz) for z = 20 m (top left); z = 80 m (top right); z = 
250 m (bottom left); z = 410 m (bottom right). In the upscaling, fractures having side 
length greater than 15 m were included for the upscaling as smaller fractures would not 
contribute significantly to flow over the block scales considered. After Hartley et al. 
(2013a, Figure C-6 in Appendix C). 

 
In connection to the hydrostructural model on the site scale, Vaittinen et al. (2011) also 
determined CPM (continuous porous medium) properties of the hydrogeological zones 
and sparsely fractured rock mass between the hydrogeological zones. In their CPM 
description, the hydrogeological zones are treated as two-dimensional. For the 
hydrogeological zones the numeric values are obtained as a geometric mean of the total 
transmissivities at the intercepts of the drillholes and the hydrogeological zones. An 
example of a fully composed hydrogeological model built on such conceptualisation is 
the “2010SH” model of Löfman & Karvonen (2012). 

In the case of ECPM, the hydrogeological zones (HZs) may be represented in two 
different ways. The first method, the so-called Implicit Fracture Zone (IFZ) method, is 
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used in ConnectFlow and it modifies the hydraulic properties of any finite-element 
intersected by one or more hydrogeological zones to incorporate the structural model in 
terms of the geometry and properties of zones, as described in Marsic et al. (2001). In 
an ECPM model, the methodology is to first create one or more realisations of the 
stochastic DFN including also the hydrogeological zones on the regional scale and then, 
using the upscaling method described earlier, to convert this to a realisation of the 
ECPM model. In the ECPM model, the hydraulic conductivity of the elements including 
HZs is modified to take into account the effects of HZs. The result of this process is to 
produce a spatial distribution of ECPM finite-element properties. The second method is 
to represent hydrogeological zones with two-dimensional finite-elements embedded in 
an otherwise three-dimensional finite-element mesh (Figure 6-10).  

 

 

Figure 6-10. Three-dimensional finite-element mesh (top) and embedded two-
dimensional finite elements representing hydrogeological zones (bottom). 
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In the modelling for TURVA-2012, these conductivities are only changed when the 
influence of permafrost – freezing ground (Figure 6-11 and Figure 6-12) – is considered 
in connection with the long-term future evolution toward the onset of the next 
glaciation. The computation of water fluxes during the permafrost periods are heavily 
influenced by the frozen ground due to the fact that hydraulic conductivity is strongly 
decreased as permafrost penetrates to deeper layers. In the hydrogeological model, the 
effect of permafrost is taken into account by reduced hydraulic conductivity  

K = K0χb 
 

 6-1

where b = (1/2)log(K0/10−13 m/s) and K0 is the hydraulic conductivity for the unfrozen 
water content χ = 1. 

 

 

Figure 6-11. Simulation of permafrost periods (Hartikainen 2013) for the last glacial 
cycle in 1D using data provided by Pimenoff et al. (2011). The evolution of the selected 
permafrost periods (Period 1 and Period 2) is used for surface and deep groundwater 
flow modelling. From Formulation of Radionuclide Release Scenarios, Figure 4-3. 
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Figure 6-12. Unfrozen water content down to the depth of 25 m at 16000 AD in a future 
permafrost stage (Löfman & Karvonen 2012, Figure 2-10e, permafrost results 
according to Hartikainen 2013).  

 

For the buffer, backfill and sealing materials, the hydraulic conductivities are specified 
according to Posiva’s VAHA requirements6 and they are described in Tables E-1, F-1, 
G-1, and H-1 in Appendices E to H.  
 
Initial state of the site’s hydrogeological model 

The initial state of the site’s evolutionary description is defined at 8000 BP. At that time 
the site was submerged under sea, the salinity of which was twice as high as currently 
around Olkiluoto. At the initial state, the salinity is assumed to change vertically 
according to Figure 6-13. At any given depth, there is no variation in salinity 
horizontally. The initial state for the groundwater pressure was nearly hydrostatic − 
save some possible weak flow due to density difference between the saline Littorina 
seawater and less saline groundwater in the upper part of the bedrock. After the initial 
state the site stayed submerged for about 5500 years during which groundwater flow 
was very weak. A much stronger driving force for groundwater flow developed only 
after approximately 2500 years BP when the highest parts of the emerging island rose 
above sea level. This sets off fresh water infiltration within the ever growing area of the 
dry land that will continue thousands of years into the future.  

                                                 
 

6  VAHA (VAatimusten HAllinta) is Posiva’s system for requirements management. 
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Figure 6-13. Initial fractions of reference watertypes assumed at 6000 BC in the 
calculated evolution of hydrogeology at Olkiluoto (Hartley et al. 2013a, Figure 4-11). 

 

Boundary conditions and extent of the model area 

The hydrogeological model for Olkiluoto describes the groundwater flow circulation 
within a block of rock that embraces the whole Olkiluoto Island. The model’s lateral 
boundaries are located sufficiently far away so that the uncertainty of the assigned 
boundary conditions is not significant with respect to the results of the model. In a 
similar manner, the model has to be deep enough that the uncertainty in the boundary 
condition on the bottom boundary is not significant from the point of view of model 
results. While there is no unequivocal way of defining the locations of the boundaries of 
the model, applying the above-mentioned principles has resulted in the domain of the 
hydrogeological model shown in Figure 6-14. 
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Figure 6-14. Groundwater flow model area in Hartley et al. (2013a, Figure 4-1). The 
grey region illustrates the extent of the domain, with the innermost yellow area a 
refined region local to the repository extending to a depth of 835 m. The red line shows 
the position of a vertical slice used to illustrate the groundwater composition in Hartley 
et al. (2013a, Figure 4-1). The model reaches down to a depth of 2000 m. On all 
boundaries, except on the top boundary, a no-flow boundary condition is applied to 
groundwater flow and a fixed boundary condition for groundwater salinity. 

 

No-flow conditions are imposed at both the bottom and lateral boundaries. Löfman & 
Karvonen (2012) use a surface hydrology model to calculate the water table as a 
function of time. This water table is then used as a hydraulic head boundary condition 
on the top boundary of the groundwater flow model (Figure 6-15). In the case of the 
model by Hartley et al. (2013a, b) the top boundary condition is determined based on 
the “full recharge potential” (that is precipitation minus evapotranspiration), local 
topography and overburden properties. Essentially this is similar to that of Löfman & 
Karvonen (2012) although the latter is somewhat more specific on the overburden’s 
properties.  
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Figure 6-15.  Hydraulic head boundary condition (m) for the FEFTRA deep 
groundwater flow model at three future moments of time. Present shoreline and 
location of the horizontal cross-section (WCA, well characterised area) are shown in 
the maps. The values of the “head boundary condition” use the sea level as a reference 
at respective times. In the lowermost figure, the sea shoreline is located outside the 
frame of the figure (after Löfman & Karvonen, 2012, Figure 2-11a−c).  
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The construction of the underground facility ONKALO presents a significant 
groundwater impact on the site scale. In the model, ONKALO may be represented 
either with (in)flow condition or pressure boundary condition7.  
 
The top boundary condition evolves due to land uplift far into the future. More and 
more land area is uncovered as the shoreline recedes and is subsequently exposed to 
freshwater precipitation. However, after thousands of years the Olkiluoto area has 
turned into an inland landmass, and while land uplift still goes on, it ceases to influence 
the deep groundwater circulation8. 
 
Continuing land uplift is a consequence of crustal recovery and rebound, toward its state 
preceding the Weichselian ice sheet(s). Eventually, due to orbital and planetary 
mechanics leading to a decrease in the solar insolation in the northern latitudes, a new 
ice sheet is expected to develop in the far future (Pimenoff et al. 2011). A fully 
developed continental ice sheet estimated to be 2.5 km thick over the Olkiluoto area, 
while it may give rise to a much greater groundwater pressure than that prevailing 
today, is not expected to give rise to significant hydraulic gradients. Significantly 
increased groundwater infiltration may only be expected in the very far future when the 
ice sheet withdraws and the retreating ice front moves over the site According to the 
climate scenario presented in Section 5.1.3, it is assumed that the ice sheet is preceded 
by a permafrost  period with reduced flows. Therefore increased flow rates are expected 
first at the end of the glaciation. Figure 6-16 shows the pressure boundary conditions 
used for the simulation cases considering ice sheet retreat. The location of the ice sheet 
front considered in the simulation is shown in Figure 6-17.  

 

 

                                                 
 

7  Strictly speaking, as these are introduced inside the model domain − and not on its boundaries − they are not boundary 
conditions, but in numerical practical modelling they are treated in the same manner as literal boundary conditions. 

8  A second order of influence due to the uneven land uplift rate (it is slightly weaker more inland that at Olkiluoto) on the 
regional scale would still persist. Over many thousands of years this may influence the regional water balance and, thereby, the 
flow rates in the nearby Eurajoki and Lapinjoki rivers.   
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Figure 6-16. The pressure boundary condition on the top surface used in the ice sheet 
retreat simulations by Löfman & Karvonen (2012, Figure 7-4, top) for reconstructed 
Yoldia Sea level (Case 1) and the simulated sea level (Case 2). 

 

 

Figure 6-17. Location of ice sheet above Olkiluoto Island at different times (Hartley et 
al. 2013a, Figure 5-11 after Löfman & Karvonen 2012, Figure 7-1). 
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Computer codes 

ConnectFlow 

The groundwater flow modelling uses the software package ConnectFlow (AMEC 
2012a, b, c, d), for simulation on different scales using both continuous porous medium 
(CPM) and discrete-fracture network (DFN) concepts, including embedded CPM/DFN 
models. ConnectFlow is the suite of AMEC’s groundwater modelling software (AMEC 
2012a) that includes NAMMU (AMEC 2012b), a CPM module, and NAPSAC (AMEC 
2012c), a DFN module. Hydrogeological zones are represented in the CPM mesh with 
the IFZ method described earlier. 

ConnectFlow is also the name given to the software capable of embedding CPM and 
DFN sub-models into a combined CPM/DFN model (Figure 6-18). This is achieved by 
extra equations added to the discrete system matrix to link nodes in the DFN model to 
nodes in the finite-element CPM model. The equations used are specified in Hartley et 
al. 2012).  

 

 

Figure 6-18. Example of a DFN model embedded within an ECPM model for the 
Olkiluoto site. The DFN region is shown in the inner box, by a slice taken at -410 m and 
shows fractures coloured by transmissivity. The ECPM is the outer area, coloured by 
conductivity. The Olkiluoto Island outline is shown in black (Hartley et al. 2013a, 
Figure 4-12). 
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ConnectFlow was used for the groundwater flow and transport modelling for TURVA-
2012 since it offers flexibility in modelling groundwater flow and transport in both 
fractured and porous media on a variety of scales. It allows the modelling of a wide 
range of physical processes of relevance to Olkiluoto site such as: transient groundwater 
flow; saturated and unsaturated groundwater flow; coupled groundwater flow and salt 
transport; transport of references watertypes  including rock matrix diffusion; coupled 
groundwater flow and heat transport; variable-density flow and transport in fracture 
networks; and radionuclide transport. 

In addition to the capability to create distinct models based on the concepts described 
above, ConnectFlow offers the option to construct embedded models that integrate sub-
models of different types. That is, the model can be split into two different domains: one 
that uses the CPM concept, and one that uses the DFN concept.  

FEFTRA  

FEFTRA (Löfman et al. 2007) is a finite element program package – for the 
components, see Figure 6-19 – developed at VTT for groundwater flow analyses for a 
final repository of spent nuclear fuel. The code is capable of modelling steady-state or 
transient groundwater flow, solute transport and heat transfer as coupled or separate 
phenomena. Highly advective cases can be handled with different upwind methods. The 
potential water table drawdown caused by the excavation of the tunnels can be 
simulated by employing the free-surface approach. The time discretisation in FEFTRA 
is based on the finite difference approximation. The matrix equations resulting from the 
finite element formulation can be solved either using the direct frontal solver or various 
iterative solvers. In coupled cases, a set of nonlinear algebraic equations is solved 
applying the Picard iterative approach with options for the relaxation. The FEFTRA 
code uses linear or quadratic one-, two- and three-dimensional elements but only linear 
finite elements were used for the groundwater flow modelling for TURVA-2012. Two-
dimensional elements can also be applied in a three-dimensional mesh and one-
dimensional elements in both two and three-dimensional meshes. For example, in three-
dimensional groundwater flow simulations, the sparsely fractured rock between the 
hydrogeological zones can be described by three-dimensional elements, the zones or 
other planar structures by two-dimensional elements and drillholes by one-dimensional 
elements. FEFTRA’s preprocessor includes the quadtree/octree algorithm, which 
enables an efficient local refinement of mesh around natural and engineered bedrock 
structures (e.g. hydrogeological zones, tunnels, drillholes, sinks, etc.) (static mode) or at 
locations with high hydraulic gradient (dynamic mode). 
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6.1.2 Key data 

Key input data 

The key data for hydrogeological models for the TURVA-2012 safety case constitute a 
large number of different types of data. The data are derived from: 

a) site investigations and site descriptive modelling (Site Description), 

b) results of other modelling of the past and future evolution (terrain, surface 
hydrology, permafrost, glacial melting), 

c) descriptions of underground excavations and closure of deposition tunnels, 
sealing of the repository, 

d) largely uncertain parameter values that are connected to rock damage caused by 
the drill & blast excavation technique, rock mechanical response of the host 
rock, and uncertainty connected to backfilling initial state, and 

e) well-known or assumed values of various input data (density and viscosity of 
water, dispersivities, matrix diffusion porosity, ONKALO inflows). 

Input data from Olkiluoto site investigations 

A very essential part of the first-hand hydrogeological information to support the 
development of the hydrogeological model is constituted by drillhole investigation and 
monitoring data. Such data have been gathered since the beginning of the 1990s, 
starting with the first deep Olkiluoto drillhole OL-KR19. Currently the total number of 
ground-based investigation holes is more than 60 (see e.g. Site Description, Figure 2-2 
and 6-1).  

The key input data from site investigations and site descriptive modelling10 facilitated 
the description of the hydrogeological structure of the Olkiluoto bedrock on site scale 
(Vaittinen et al. 2011) and detailed scales (Hartley et al. 2012). Basically, Vaittinen et 
al. (2011) arrived at the site scale hydrostructural model – describing 13 deterministic 
hydrogeological zones – through reconciling with each other the geological brittle 
deformation zone (BFZ) model (Site Description, Aaltonen et al. 2010)11, pressure head 
(Figure 6-20), hydraulic pumping test responses (Vaittinen et al. 2008) and ONKALO’s 
groundwater impact (Vaittinen et al. 2008, 2013), and fracture specific transmissivities 
(Tammisto & Palmén 2011, Hartley et al. 2012 and references therein), which also 
contribute to the transmissivity of the hydrogeological zones for interpreted intercepts 
of the drillholes (Site Description, Tables 6-2 through 6-11).  

                                                 
 

9  Some drillholes – connected e.g. to the investigations for the low and intermediate level power plant waste – were drilled even a 
few years earlier.  

10  Hydrogeological modelling for the Olkiluoto site has been carried out for more than 20 years. A brief historical account is given 
in report POSIVA 2011-02, in which the latest version of the hydrogeological site model – that underpins the groundwater flow 
calculations for the TURVA-2012 safety case – is also described. 

11  Obviously, the consideration of the BFZ model bolsters the spatial similarity of the bedrock structures in the geological BFZ 
model and hydrogeological structural model. Since developing the hydrogeological model puts emphasis on observed 
hydrogeological responses – which are not considered in the BFZ model – the correspondence of the two models is not one-to-
one, however.  
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Figure 6-20. Baseline pressure heads characterising an undisturbed situation before 
the construction of the ONKALO started. The enveloping lines for “TDS head” are 
calculated assuming a groundwater table elevation and a groundwater salinity profile. 
Below approximately z = −500 m the pressure head exhibits a strongly increasing trend 
due to groundwater salinity. In the upper part of the bedrock the pressure head is 
typically nearly constant implying a weakness of the vertical component of the 
hydraulic gradient, and thus weakness of freshwater infiltration at Olkiluoto (Site 
Description, Figure 6-3). 

 

The pumping test responses have so far (Vaittinen et al. 2008) been used in order to 
identify hydrogeological connections on the site scale and to estimate qualitatively the 
strengths of the connections. Further support to determine the hydrogeological 
connections on the site scale was obtained from the tectonic domain description of the 
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geological site model (Site Description). In principle it should be possible to use the 
drawdown values (Vaittinen et al. 2008, Vaittinen & Pentti 2013) for the quantitative 
calibration of groundwater flow models; but it would technically be very arduous, and a 
robust numerical and practical technique is yet to be developed.  

In addition to hydraulic pressure head and drawdown data, the database that supported 
the modelling for the TURVA-2012 safety case covers Posiva’s fracture log and Posiva 
Flow Log (PFL) data from 80 surface drilled drillholes and 15 pilot holes constructed 
ahead of the ONKALO tunnel (Tammisto et al. 2009, Palmén et al. 2010, Tammisto & 
Palmén 2011, Hartley et al. 2012 and references therein). 

On the detailed scale the hydrogeological structure is described in terms of statistical 
distributions for occurrence, orientation, size, and transmissivity of bedrock fractures. 
The orientation and occurrence data are provided by the geological discrete fracture 
network model, geo-DFN, but supplemented by matching the PFL fractures and 
borehole imagery (Tammisto et al. 2009, Palmén et al. 2010, Tammisto & Palmén 
2011). The geo-DFN model, that is important source of geological fracture data to the 
hydrogeological DFN model by Hartley et al. (2012), is described by Fox et al. (2012) 
in their meticulous, definitive treatise. The geo-DFN is based on a vast body of site 
investigations data, in particular drillcore mapping, outcrop (an example visualisation in 
Figure 6-21) and tunnel wall (an example visualisation in Figure 6-22) mapping of 
fracture traces, which are critical data for determining fracture size distributions. Here it 
is referred to for further geological description, but the input data of the models by 
Hartley et al. (2012) are discussed in more detail.  

The fracture data also includes knowledge of fracture specific PFL transmissivity values 
from about 80 surface drilled holes and 15 ONKALO pilot holes. Out of the total of 
approximately 66,000 geological fractures, approximately 3750 have indicated a 
transmissivity (TPFL) above the lower limit of approximately 10−9 m2/s of the PFL 
device.12 This suggests that the vast majority of the fractures have at most a very weak 
capacity to contribute to deep groundwater circulation. The TPFL data are used as a 
(statistical) calibration target in the hydro-DFN modelling by Hartley et al. (2012), 
essentially to facilitate the determining of the fracture transmissivity distributions per 
hydrogeological domain (NHU, CHUW, CHUE, SHU) and depth zone (DZ1–DZ4).13  

                                                 
 

12  This is a typical lower limit of the PFL transmissivity in the case of surface based boreholes. Due to technical reasons the PFL 
measurements in the ONKALO deep drillholes (pilot holes, characterisation holes) can measure even lower tranmissivities, 
even down to 10−12 m2/s. 

13  In the sparsely fractured rock the “choke effect” analysed by Öhman & Follin (2010) may blind the PFL from being sensitive to 
the transmissivity (as its intrinsic property) of the intercepted fracture, and therefore the fracture specific Q/s (flow rate over 
drawdown) ratios, that may be recovered from the TPFL data should be used in inferring the statistics of the hydrogeological 
properties of the bedrock fractures. 
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Figure 6-21. Fracture traces mapped on outcrop OL-TK11 in central tectonic unit 
CTU2. “Null” traces represent mapped fractures without orientation data (Site 
Description, Figure 4-63). 

 

Kinematic porosities are calculated from the cubic-law for connected fractures, 

eh = (12 μ T / ρ g )1/3 6-2

where eh is the hydraulic aperture, defined in terms of the fracture transmissivity, T and 
related to the transport aperture et by 

et = 10 eh 6-3

Similar relationships for transport aperture have been interpreted from tracer test 
programmes, for example (Hjerne et al. 2010). The interpreted coefficient is often in the 
range 5–20, and the value of 10 is used here. The cumulative void space accessible for 
flow within a block is estimated as the sum of connected fracture volumes (area 
multiplied by transport aperture) within a block. 

Groundwater in the connected fracture network interacts with the water in rock matrix 
pores through diffusion. Based on the site data (Kuva et al. 2012, Eichinger et al. 2004, 
2010, 2011; see also Figure 6-23) the rock matrix porosity at Olkiluoto was set to 0.5 % 
in order to facilitate practical transport modelling of the groundwater salinity.  

1: Vertical East-West (VEW)

2: Vertical North-South (VNS)

3: Folation Subparallel (FP)

11: NE striking local set

12: NNW striking local set

1: Vertical East-West (VEW)
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12: NNW striking local set
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Figure 6-22. Fracture traces mapped on a section of the walls of the ONKALO tunnel, 
coloured by the number of tunnel walls the fracture intersects. The inset map illustrates 
mapped fracture traces in the rest of the tunnel, coloured by their dip angle. The 
preponderance of green to teal-coloured traces represents the domination of foliation 
subparallel fracture sets. 
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Figure 6-23. Water-loss porosity determined on out-diffusion cores from borehole OL-
KR47 as a function of vertical depth. Highlighted in yellow are samples, which are 
macroscopically altered or crosscut by veins (VGN = veined gneiss; PGR = pegmatitic 
granite; Min.Lith = minor lithologies). Yellow squares mark samples, which are 
crosscut by clay-filled veins. Figure adopted from Eichinger et al. (2010). 

 

Descriptions of underground excavations and closure of deposition tunnels, 
sealing of the repository 

The near future modelling makes use of the planned excavation, closure, and sealing 
schedule. The repository layout (Figure 6-24) is based on the plans to dispose of the 
amount of 9000 tU in approximately 4500 canisters. Based on constraints in placing the 
holes with respect to each other, the layout itself could accommodate nearly 5400 
deposition holes. So, the layout includes some redundancy (of approximately 20 %). 
While the layout was simplified and slightly modified for its representation in the 
numerical models for the TURVA-2012 safety case, formally several results (model 
output data) are presented for the “full” number of deposition holes (that is 5391). The 
properties of the tunnel backfill and closure materials are set consistently with the 
VAHA requirements for the respective part of the underground facility (see Appendices 
F, G and H). 
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Figure 6-24. The repository layout adaptation 2011. It was designed for the needs of 
Posiva’s SAFCA project in 2D at a level of 420 m. In the flow models the layout was 
placed at a depth of 410 m, which is a mean depth of the corresponding 3D layout 
(400–420 m). In order to avoid the intersections between the deposition tunnels and the 
layout determining features in the numerical finite element model some tunnels were 
shortened, so that the total length of the deposition tunnels (approx. 56 km) was 
decreased 4.3 %. The numbers show the assumed order of construction of the panels 
(Löfman & Karvonen 2012, Figure 4-9) 

 

Descriptions of EDZ and rock damage zone around the deposition holes 

Drilling and blasting method for tunnelling gives rise to a damage zone (EDZ, 
Excavation Damaged Zone). According to some results, the EDZ typically extends up 
to 30 cm below the tunnel floor (see Heikkinen et al. 2010, Mustonen et al. 2010).14 See 
also Section 6.4.2. While it is natural to expect such a layer of affected rock being more 
conductive than the unaffected sound rock, this is basically not known. In the modelling 
for the TURVA-2012 safety case, its (base case) transmissivity is chosen to be 
TEDZ=10−8 m2/s; but with a sensitivity case with TEDZ= 10−7 m2/s. 

                                                 
 

14  Blasting would obviously bring about an EDZ at tunnel walls also (Olsson 2010). Due to the blasting arrangement, the EDZ 
underneath the tunnel floor -- besides being the closest to the deposition holes -- is unavoidably best developed. In the 
modelling, only the EDZ underneath the tunnel floor is considered. 
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Moreover, the results of the EDZ-studies in ONKALO (Mustonen et al. 2010) suggest 
that blast-induced fracturing does not form a continuous, connected network over larger 
distances along the tunnel – even in the floor of the tunnel where the EDZ is best 
developed. On this basis, the EDZ represented in the modelling for the TURVA-2012 
safety case includes a discontinuity of 0.5 m between 4 m sections of continuous EDZ 
(Figure 6-6). A sensitivity case of a continuous EDZ was also included (and another 
without the EDZ). 

One process by which rock damage can arise around deposition holes is spalling. 
Damage can lead to the degradation of hydraulic properties of the bedrock in the 
vicinity of the deposition holes. Spalling can occur via the altered stress field in the 
bedrock due to drilling the deposition hole, or most likely through thermally-induced 
effects after the canister is emplaced. Around each deposition hole – of which the depth 
is different for the waste assemblies from different reactors (Appendix H) – the 
thickness of the region affected by rock damage is taken to be 0.1 m, which is the 
maximum damage depth observed in the POSE experiment (Site Description, Section 
9.2) and also corresponds the value used by Neretnieks et al. (2010). Consequently, 
spalled fractures are defined with a thickness of 0.1 m, and cross-fractures are also 
0.1 m wide. All damage zone fractures have a porosity of 0.02, consistent with 
Neretnieks et al. (2010). The hydraulic conductivity of the damage layer is taken to be 
identical to the EDZ, resulting in a transmissivity for rock damage fractures of 
0.23·10−8 m2/s. A summary of the data used to describe the properties of the rock 
damage around the deposition holes and EDZ is presented in Appendix H. 

Both deposition and central tunnels will be backfilled with a material of low 
permeability. Over a period of time, this backfill may consolidate, leaving a crown 
space between the top of the backfill and the roof of the tunnel (Åkesson et al. 2010). 
The extra flow in the repository possible by the formation of a crown space (Figure 
6-25) may lead to additional transport pathways for particles. This conceptualisation 
incorporates a 0.1 m thick crown space with high hydraulic conductivity, 10−3 m/s (see 
also Appendix H). There is no first hand data to support the adopted value – it certainly 
would be a high one – but the adopted value is chosen to be much higher than the 
backfill and surrounding rock without causing numerical problems (Hartley et al. 
2013a). Consistently with the idea of practically open space at the roofs of the 
deposition tunnels, the porosity of the crown space is chosen to be 1.0. 
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Figure 6-25. Inclusion of crown space in the continuous porous medium (CPM) 
repository-scale representation. The tunnels are shown in green, the EDZ is coloured 
red and the crown space is coloured blue. The crown space is conceptualised as a 0.1 m 
thick highly conductive (10−3 m/s) zone at the roofs of the tunnels. Figure adopted from 
Hartley et al. (2013a, Figure 5-2). 

 

Key data from other discipline-specific model projections 

The near future evolution of the site, covering the time up to the end of the disposal 
operations, is influenced by the ongoing and future rock excavations. The actual 
disposal operations are scheduled to start in the early 2020s, and last approximately 100 
years. It is expected that the site’s groundwater circulation would almost recover the 
former natural state soon after the underground facility is covered − while the 
operational phase would have left its imprint in groundwater chemistry, and excavated 
rock would have been replaced by materials of different characteristics.  

The far future evolution is going to be much more gradual. In the temperate stage, that 
is, during the next few ten thousand years, the ongoing post-glacial land uplift will 
render the current Olkiluoto Island an inland site (Figure 6-26). This will influence the 
deep groundwater circulation to some extent as, from the point of view of hydrology, 
the areal landscape is overall going to be more uneven, thus allowing stronger (and 
enduring) gradients to develop. 
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Figure 6-26. Three snapshots (present day, 3000 AD and 5000 AD). While the land 
keeps lifting up until the next glacial period, further uplift affects the surface system 
only very little after 5000 AD as the site has already turned into an inland site (after 
Hartley et al. 2013a, Figure 4-10).  
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Eventually after a few ten thousand years, climate turns colder (Pimenoff et al. 2011) 
leading to a development of permafrost (Hartikainen 2013) at Olkiluoto at 
approximately 50 ka AP, but the emergence of a continental ice sheet over the Olkiluoto 
site is still farther in the future (Figure 5-2 B)15.  

In a periglacial environment, a considerable part of the land area may still be frozen, but 
areas covered by water may be connected to an unfrozen channel that allows interaction 
of the surface hydrology and deep groundwater circulation (Hartikainen 2013, Löfman 
& Karvonen 2012; see also Figure 6-27). Groundwater flow is expected to be strongest 
during a glacial melting stage when the melting ice margin is residing at the site. In the 
modelling, the melting ice margin is represented by assuming a hydraulic head profile 
depending on the height of the ice sheet as was already explained in Section 6.1.1. Due 
to the land depression under the weight of the ice, and Olkiluoto’s location in a 
topographically low area (by the shore of the Baltic Sea), as well as the presence of 
large amounts of water (melt water and sea water), it is likely that Olkiluoto would be 
submerged under a deep layer of water. This would effectively moderate the influence 
of the ice margin in particular if the water were deep enough to float the ice (Figure 
6-28). 

 

 

Figure 6-27. The assumed locations of taliks (the parts of soil and bedrock remaining 
unfrozen during the permafrost period) that were used by Löfman & Karvonen (2012, 
Figure 2-9) together with 1D permafrost conditions by Hartikainen (2013). 

                                                 
 

15  Based on comments from an expert evaluation panel and uncertainties in the model assumptions and results by Pimenoff et al. 
(2011), this was seen as a reasonable basis for a narrative for the far future climate evolution for Performance Assessment.  
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Figure 6-28. The black contour represents Nye’s (1952) ice sheet profile. The green 
horizontal dashed line represents the reconstructed Yoldia sea level (Glückert 1976) 
and the green vertical line (HFy) is the critical flotation thicknesses defined for 
reconstructed Yoldia Sea level. The orange horizontal dashed line represents the 
CLIMBER-SICOPOLIS simulated sea level and the orange vertical line (HFs) marks the 
critical flotation thicknesses defined for the simulated sea level. The blue mark is the 
approximate ice sheet flotation thickness of the Greenland outlet glacier Helheim 
during year 2003 (Howat et al. 2007). On the left hand side of the y-axis, the ice sheet 
profile is relative to the present global mean sea level considering the simulated 
490.6 m depression of the grid cell nearest to Olkiluoto. On the right hand side of the y-
axis the ice profile is depicted as ice sheet thickness. Figure adopted from Löfman & 
Karvonen (2012, Figure O-2). 

 

Additional input data 

In addition to the numerous data sets mentioned earlier, the complete hydrogeological 
flow model has to specify several other parameter values (Table 6-1) of which some are 
known with precision and some are assumed (therefore their uncertainty is discussed in 
the relevant modelling reports.) 
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Table 6-1. Miscellaneous modelling parameters.  

Parameter Value Nature of knowledge

Fresh water density at the reference temperature 
(20 °C), 0 

998.0 kg/m3 Known 

Density of ice, ice 900.0 kg/m3 Known 

Density dependence on salinity (TDS), ac 0.76 [-] Adequate over a 
reasonable range of 
the TDS 

Thermal expansion coefficient of water (mean 
value for range 20–60 °C), aT 

0.385 kg/(m3·K) Known 

Viscosity of fresh water at the reference 
temperature (20 °C), 0 

1.0·10−3 kg/(m·s) Known 

Ratio of transport aperture to hydraulic aperture 10 Assumed 

Longitudinal dispersion length, L 30 m Assumed 

Transverse dispersion length, T 15 m  Assumed 

Molecular diffusion in water, D0 1.0·10−9 m2/s Known 

Diffusion porosity of rock, ’ 5.0·10−3  A working 
approximate value 
based on site data 

Thermal conductivity of rock at the temperature 
60 °C,  

2.61 W/(m·K) A working 
approximate value 
based on site data 

Specific heat of rock at the temperature 60 °C, cr 784 J/(kg·K) A working 
approximate value 
based on site data 

Density of rock, r 2749 kg/m3 A working 
approximate value 
based on site data 

Thermal diffusivity at the temperature 60 °C,  
cr·r) 

1.21·10−6 m2/s A working 
approximate value 
based on site data 

 

Key output data 

The primary flow modelling results for TURVA-2012 concern groundwater inflow into 
deposition holes and tunnels (pertinent to the open tunnel conditions), the 
hydrogeochemical stability at the repository depth during various evolutionary stages 
(operational, temperate, permafrost, glacial melting) and radionuclide transport 
modelling.  

The distribution of inflow into the deposition holes (Figure 6-29 and Figure 6-30) and 
tunnels (Figure 6-31) are relevant information for assessing the performance of the 
buffer and backfill at the early stages following canister emplacements and during 
backfilling. According to the current Rock Suitability Classification criteria, the 
deposition holes where a greater inflow rate than 0.1 L/min is met are to be discarded. 
As seen in Figure 6-29, the number of such holes is projected to be small (around 100 
depending on the calculation case).  

 



179 
 

 

Figure 6-29. Cumulative distribution of the inflow into the deposition holes (based on 
Hartley et al. 2013a), variation between different DFN model variants (ps_r0_2000 is 
the reference case; see Appendix D of their report for details). One realisation of each 
model variant is plotted in the figure. Fraction calculated based on all the potential 
canister positions (5391) in the layout. The 0.1 L/min initial inflow limit is shown as a 
vertical line. 

 

The numerical flow modelling explores the hydrogeochemical stability in terms of 
groundwater salinity. This may be calculated either by solving the advection-dispersion 
equation for groundwater salinity (Löfman & Karvonen 2012; see examples of the 
results in Figure 6-32 and Figure 6-33) or calculating first incoming particle tracks and 
respective transport resistances Fr, (Figure 6-34) from the surface (Hartley et al. 2013a), 
which allows the estimation of the fraction of meteoric water at the repository depth 
(Figure 6-35). The groundwater salinity below 0.4 g/L is thought to contribute a 
chemical environment where bentonite colloids may form (and thus bentonite buffer 
might become prone to erosion). 
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Figure 6-30. Distribution of the flow into the deposition holes (after Hartley et al. 
2013a), ps_r0_2000 = rock damage around the deposition hole and a non-continuous 
EDZ below the tunnel floor, ps_r0_no_edz 2000 = rock damage around the deposition 
hole and no EDZ below the tunnel floor, ps_r0_cont_edz_2000 = rock damage around 
the deposition hole and a continuous EDZ below the tunnel floor, ps_r0_condx10_2000 
= ten times higher hydraulic conductivity of the rock damage zone around the 
deposition hole and EDZ below the tunnel floor. Assuming no rock damage around the 
deposition hole does not change the inflow distribution compared to case ps_r0_2000. 
Fraction calculated from all potential canister positions (5391) in the layout. 
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a) 

 

 

b) 

 

Figure 6-31. Complementary cumulative distribution (as histogram representation) of 
(a) the total flow into the deposition tunnels and (b) the proportion of tunnels having a 
certain number of inflow points for various inflow limits. Inflow through EDZ fractures 
included (after Hartley et al. 2013b, Figure 3-10 and 3-12). 
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Figure 6-32. The calculated salinity (Total Dissolved Solids, TDS) just before the 
disposal operations and after 45 years of the disposal operations (topmost row); after 
90 years of the disposal operations and approximately 900 years later (middle row); 
and after 10000 and 50000 years (at the end of the temperate stage). A set of selected 
example results from Löfman & Karvonen (2012, Figures 5-14, 5-15 and 5-16) are 
shown here; see the reference for a more complete discussion.  

Open

Open



183 
 

 

 

 

Figure 6-33. The calculated groundwater salinity (TDS, g/L) at the horizontal cross-
section at a depth of 410 m at three time moments during the ice sheet retreat 
conditions and assuming that the melting ice sheet margin stops in front of the 
repository area. Example results from Löfman & Karvonen (2012, Figure 7-11, see 
Löfman & Karvonen 2012 for details). 
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Figure 6-34. Recharge pathlines (blue) and discharge pathlines (red) for the base case 
model at 2000 AD. Pathlines with Fr greater than 1·106 a/m are omitted (Hartley et al. 
2013a, Figure 6-28). 

 

 

Figure 6-35. A comparison of the fraction of meteoric water at repository depth by 
12000 AD simulated by the 3D regional-scale flow and transport modelling and the 
positions (indicated by dots) of deposition holes estimated to have been potentially 
diluted below 0.4 g/L based on the flow-related transport resistance for recharge 
pathways (Hartley et al. 2013a, Figure 6-31). 
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For the radionuclide transport assessment, the discharge (downstream) particle tracks 
are customarily divided into the following release paths (Figure 6-36): 

 F-path is a release path starting in a natural fracture that intercept the walls or 
base of the deposition hole and that has flow, i.e. is connected to another 
fracture, EDZ, rock damage around the hole or tunnel, 

 DZ-path is a release path starting in the EDZ that intercepts the walls or base of 
the deposition hole and that have has flow i.e. is connected to another fracture, 
EDZ, rock damage or tunnel, 

 TDZ-path is a release path starting from the tunnel backfill immediately above 
the deposition hole.  

The strength with which each depostion hole is connected to deep groundwater 
circulation may be characterised with the “initial flow rate”, UF, that is the flow rate 
through the fracture (natural or induced by the rock excavation) that is intercepted by 
the deposition hole. In particular this performance measure is used in connection to 
estimations of the buffer erosion during the future evolutionary stages with dilute water 
intrusion.  

Obviously all release routes have to traverse several hundred metres in the bedrock 
before entering the surface, but a TDZ release path may be quite complex even before 
entering the bedrock (cf. Figure 6-37 and Figure 6-38). On the other hand, due to 
sparseness of the connected fracture network, a large part of the deposition holes are not 
connected to the F release route. In practise, the larger contribution to Fr of the F release 
path is gained in the sparsely fractured rock enclosing the deposition tunnels. While Fr 
is infinite for the deposition holes that do not intercept fractures connected to the deep 
groundwater circulation at Olkiluoto, the overwhelming majority of the Fr values 
implies very strong retardation of the transport of radionuclides (Figure 6-40). The 
portion of Fr lower than 10000 a/m (which is required to be exceeded by the transport 
paths connected to the deposition holes) is minute. Because the ongoing land uplift 
changes the deep groundwater flow pattern underneath the Island very little anymore, 
the Fr and UF for the F-path is nearly unaffected by the future evolution of the surface 
environment during the temperate stage (Figure 6-39 and Figure 6-40) even if the 
discharge point of the particle tracks show a consistent change with the evolving surface 
environment (Figure 6-41). Moreover, since all the three types of the release paths 
essentially traverse the bedrock – and thus experience essentially the same hydraulic 
driving field – their respective discharge points as a whole do not exhibit any noticeable 
difference (Figure 6-42).  
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Figure 6-36. Three release paths start from each deposition hole. Starting locations 
are in the stochastic fracture intersecting the deposition hole (F-path), in the EDZ 
fracture (DZ-path) and in the deposition tunnel (TDZ-path). Starting locations of the 
geosphere release paths are indicated by open circles. Migration in the near-field 
model is indicated by dashed lines. The near-field TDZ-path ends at the first 
downstream fracture along the deposition tunnel. Far-field TDZ-path is followed by 
particle tracking along the flow field and it may not necessarily leave the tunnel at the 
first fracture intersection (after Assessment of Radionuclide Release Scenarios for the 
Repository System, Figure 3-5). 
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Figure 6-37. Release routes F (red), DZ (blue), TDZ (green) for particle release at a 
specific deposition hole (Hartley et al. 2013a, Figure 6-2). 

 

 

Figure 6-38. A TDZ pathline with a large tunnel length (approximately 650 m) 
accumulated from time spent in the deposition tunnel, EDZ and spalling fractures, 
before exiting the repository structure into the fracture network (Hartley et al. 2013a, 
Figure 6-3). 
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Figure 6-39. CDF (cumulative distribution function) plots of transport resistance, Fr 
with inflow screening for all particles that reach the top surface (their Fr values are 
finite). Results are shown for the F-path release at 2000 AD, 3000 AD and 5000 AD 
(Hartley et al. 2013a, Figure 6-23). 

 

Figure 6-40. CDF plots of initial flow-rate, UF with inflow screening for all particles 
that reach the top surface. Results are shown for F-path release at 2000 AD, 3000 AD 
and 5000 AD. Figure adopted from Hartley et al. (2013a, Figure 6-24). 
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Figure 6-41. Evolution of exit locations calculated using the site-scale base case model 
used to select appropriate time slices for repository-scale modelling. Particles are 
tracked from F-path release positions to the top of bedrock for the flow field at 2000 AD 
(yellow), 3000 AD (green), 5000 AD (blue), and 12000 AD (red). The hydrogeological 
zones at z = -10 m are shown in green, BFZ100 in red, along with the shoreline at 
2000 AD (black) (Hartley et al. 2013a, Figure 4-15). 
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Figure 6-42. Exit points across Olkiluoto for ten particles released per start point. 
Results are shown for releases F (top), DZ (middle), and TDZ (bottom) in the 
hydrogeological base case model at 2000 AD. A cross-section of the hydrogeological 
zones are shown at −10 m, and coloured purple (Hartley et al. 2013a, Figure 6-1). 
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6.1.3 Confidence in the model and data 

The groundwater flow modelling for the TURVA-2012 safety case is characterised with 
massive amount of data from various sources, complex system of coupled equations for 
groundwater flow and salt transport and a number of modelling assumptions and 
simplifications. The challenge posed by the task was only successfully faced with an 
effort that should be regarded as the state-of-the-art.  

The model for groundwater flow is based on Darcy’s law − which has been applied to a 
huge variety of subsurface flow problems − and mass conservation. These are 
considered justified modelling approaches under sufficiently smooth hydraulic gradients 
and on scales much larger than the size scale of rock porosity. On the scale of fractures 
the same general modelling framework is used. In other word, Darcy’s law is applied to 
relate the volumetric flow rate to the product of the hydraulic gradient and 
transmissivity. The transmissivity is then assumed to be related to the transport aperture. 
The flowing fracture frequency is obtained from PFL data, which also gives information 
of the flow wetted surface used in transport calculations.  

From the point of view of the site data, the modelling strives for a realistic suite of 
parameters, while in some cases the uncertainty is embraced with cautious model 
parameters. The confidence in the source data that can be supported by actual 
measurements (fracture specific Q/s, orientation, intensity) is high, but a number of 
assumptions are still needed in order to establish model parameters such as the 
transmissivity distribution, fracture intensity-size relationships, flow porosity, or 
transport aperture; while the impact of uncertainty in many of such assumptions has 
been explored with sensitivity analyses. For example, there is an uncertainty in the 
portion of all fractures which constitutes the open network for groundwater flow. 
However, this uncertainty is dealt with by specifying three different cases with quite 
different assumptions − which in the end perform nearly equally in terms of 
groundwater flow as they all can be calibrated against PFL measurements.   

The confidence in structural description within the well characterised area is good, but it 
is clear that the deterministic model cannot capture hydrogeological zones in the 
domains where there is no borehole data. A variant including extra stochastically 
generated hydrogeological zones outside the well characterised area showed that the 
performance measures were not sensitive to the addition of such structures since they 
only affect the far-field transport pathways. The most significant consequence was a 
greater concentration of some discharge locations towards the stochastic structures, 
which were otherwise diffuse around the shoreline of the island. Hence, this variant may 
have some consequences for biosphere modelling. 

In the ECPM modelling concept, the uncertainties of the parameters of flow porosity 
and dispersivities related to salt transport are high. The former is linked to the temporal 
scale of salinity transport and the latter is linked to the strength of the concentration 
variations. While values of these parameters adopted for the modelling for the TURVA-
2012 safety case should be regarded as conventional ones and thus "tested by 
experience", the rock matrix porosity, in turn, is relatively well founded by the studies 
on drillcore samples indicating quite consistently porosities around 5×10−3.  
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Uncertainties associated with the EDZ or rock spalling around the deposition holes, or 
the long-term performance of drillhole sealing should be rated as high as there is little 
actual measurement data on these. In such cases these uncertainties are dealt with using 
conservative assumptions and it is then required that confidence in such assumptions 
(that they are conservative) is high. For example removing the rock damage or EDZ 
significantly reduces the connectivity of fractures and flow around the deposition holes. 
However, a continuous EDZ has only a minor effect on flow in fractures around the 
tunnels.  

The confidence in the material properties of the engineered barrier system  is high. On 
the other hand, the effects of more conductive tunnel backfill had relatively minor 
effects on flow in fractures around the repository. Increasing the conductivity of backfill 
even by two orders of magnitude in the shafts, access and central tunnels had little 
effects on performance indicators. 

The confidence in the model boundary condition is high for the period of temperate 
conditions but weaker for glacial conditions. During the permafrost period, the 
hydraulic gradients, fresh water infiltration and the flow rates in the repository volume 
reduce significantly, because of the low hydraulic conductivity of frozen ground and 
rock. Therefore uncertainties related to the depth of permafrost have relatively limited 
effect on the groundwater flow in the unfrozen rock. The most challenging situation is 
where the margin of the retreating ice sheet is assumed to be located so that it is 
vertically above the repository. Therefore, the profile of the retreating ice margin is 
parameterised using conservative values for ice melting rates, the time the ice margin 
resides in the vicinity of the site has been handled with conservative assumptions, and 
sensitivity studies have been done. The credibility of the results can only be supported 
by geological evidence. 

6.2 Geochemical evolution of geosphere  

The models and data that are used in Performance Assessment (Sections 5.1.3, 6.1.3 and 
7.1.3) for the geochemical evolution of the geosphere take into account either explicitly 
or implicitly the following main FEPs (FEP number in parentheses): 

 Rock-water interaction (8.2.7), 

 Microbial activity (8.2.10), 

 Aqueous solubility and speciation (8.3.1), 

 Precipitation and co-precipitation (8.3.2), 

 Diffusion and matrix diffusion (8.3.4), 

 Groundwater flow and advective transport (8.3.5), 

 Climate evolution (10.2.1), 

 Glaciation (10.2.2), 

 Permafrost formation (10.2.3), 

 Land uplift and depression (10.2.4). 
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The performance of the EBS system as well as the solubilities of the radionuclides and 
retention parameters are dependent on the prevailing groundwater composition. 
Therefore understanding of the hydrogeochemical evolution of the site is important. The 
hydrogeochemical evolution of the site has been addressed by means of reactive 
transport modelling (Trinchero et al. 2013) and the processes affecting especially the 
sulphide concentrations was studied by Wersin et al. (2013c). In addition, groundwater 
flow and transport modelling discussed in Section 6.1 provides not only key input for 
the reactive transport modelling, but also information of the geochemistry and 
especially about salinity evolution at the site.  

For the assessment of the performance of the EBS system and for definition of the 
solubility limits and retention parameters both in the near and far field, reference and 
bounding groundwaters have been defined. The reference groundwaters represent the 
expected groundwater conditions at the repository depth, and bounding groundwaters 
bound the expected range of water compositions (e.g. salinity and pH) at the repository 
depth during different time periods. Bounding groundwaters take into account possible 
hydrogeochemical disturbances, such as the intrusion of glacial melt water. For a more 
detailed discussion, see Hellä et al. (2013). 

The discussion in this section focuses on the reactive transport modelling, but the 
definition of the reference and bounding groundwaters is also presented in Section 
6.2.2. 

6.2.1 Description of the model  

Summary of the conceptual model 

Groundwater flow at Olkiluoto is characterised by a high spatial and temporal 
variability that is a direct consequence of the large heterogeneity of the geological 
medium. In particular, preferential flow is driven by a network of brittle deformation 
zones (Site Description) and local flow patterns are highly influenced by a complex 
geometry of small-scale fractures (Site Description). The hydrogeological background, 
assumptions and conceptualisation used for the hydrogeochemical evolution 
calculations are those described by Löfman & Karvonen (2012). In this hydrogeological 
model, the fractured bedrock is conceptually modelled by “dividing” the rock volume 
into two hydraulic units: planar hydrogeological zones (HZ) and the sparsely fractured 
rock (SFR) between the zones. In both of these units the averaged hydraulic 
characteristics of fractured rock were used (Andersson et al. 2007). 

At Olkiluoto, the groundwater chemistry is characterised by a significant range in 
salinity (up to 100 g/L at 1000 m depth, Site Description, Figure 7-17). Fresh, HCO3

--
rich groundwater of present day meteoric origin is present but is restricted to the first 30 
m. Oxygen is consumed over the first few metres of infiltration paths. Down to 100 m 
depth, brackish-HCO3 groundwater results from the mixing between meteoric and 
former Littorina Sea waters. At these depths, organic matter oxidation, calcite 
precipitation, sulphate reduction, and pyrite precipitation take place (Site Description, 
Chapter 7). Between 100 and 300 m depth, a sulphate-rich groundwater, mainly 
originating from the Littorina Sea is encountered. From 300 m down to 400 m depth, a 
brackish-Cl water type is present as a result of mixing between saline and some ancient 
meteoric water(s). In this depth zone, also methanogenesis occurs. The saline 
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groundwater below 400 m has probably been diluted from hydrothermal brine during 
geological history (Posiva 2009b). 

For the modelling, the initial groundwater system is presented by horizontal layers of 
various groundwater types. At the initial state, these layers with increasing depth are: 
(1) brackish bicarbonate, (2) brackish sulphate, (3) brackish saline, (4) saline, and (5) 
highly saline water. Fresh, HCO3

--rich groundwater at shallow depths is not included in 
the model as a layer, but infiltration of the fresh meteoric water altered by the 
geochemical reactions in the overburden and in shallow bedrock is included in the 
model; that is prior to reactive transport calculations, this infiltrating Meteoric Water 
has been equilibrated with Fe(OH)3(am) and calcite. The third layer is called brackish 
saline, because salinity of used initial reference water is about 10 g/L, i.e. the limit 
between brackish and saline water generally used in hydrogeochemical classification. 

The main geochemical processes identified and implemented in the model rely on a 
number of previous characterisation studies. In summary, the following reaction 
processes have been accounted for and implemented in the numerical model: 

 calcite and pyrite/ amorphous FeS (FeS(am)) dissolution/precipitation,  
 aluminosilicate weathering,  
 cation exchange reactions,  
 aqueous redox reactions.  

In addition, three different geochemical constraints have been applied in the 
calculations in order to evaluate the evolution of different Fe2+ sources on sulphide 
concentrations in the geosphere: i) Fe2+ concentrations in groundwaters; ii) an additional 
source of iron provided by kinetic dissolution of chlorite and iii) additional iron inputs 
due to dissolution of Fe-bearing calcite solid solution, (Fe Ca)CO3.  

A sketch of the geochemical conceptual model is shown in Figure 6-43. 
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Figure 6-43. Scheme of the geochemical conceptual model used in the reactive 
transport simulations. Reference waters in the figure refer to the present day 
groundwater types which are used as initial groundwaters in the model and the 
infiltrating waters. Reactions marked in red are considered in the dedicated study to 
assess the sulphide content (Wersin et al. 2013c). 
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The evolution of the groundwater composition at repository depth is conceptualised as 
the result of a number of processes: 

 Infiltration of altered meteoric water (or glacial water in the case of a melting 
period simulation) from the surface to the deposition depth. It is assumed that 
this process is dominated by advection through the conductive zones.  

 Mass exchange between the conductive zones and the low-conductive matrix 
(rock blocks). It is assumed that this process is dominated by molecular 
diffusion. 

 Water-rock interactions and aqueous chemical reactions. These geochemical 
processes can be represented under a local equilibrium approach or taken to be 
kinetically controlled, depending on the velocity of the reaction considered. 

Numerical tool 

The methodology aims at coupling the complex hydrological functioning of the site 
(described in detail by Löfman & Karvonen 2012) with the main site-specific 
geochemical processes in order to provide reliable predictions of the hydrochemical 
evolution at repository depth over very large time frames. Nonetheless, the complex 
geometry of the hydrogeological numerical model (consisting of more than 5 million 
elements), the large temporal scale of the simulations and the intrinsically high 
computational requirements of multicomponent reactive transport modelling rendered 
the implementation of a fully coupled flow and reactive transport model unfeasible. 
Thus, an alternative approach has been adopted where flow and reactions are coupled 
using a streamline-based methodology. This approach, known as FASTREACT 
(FrAmework for STochastic REACtive Transport, Trinchero et al. 2010), consists in 
coupling a set of 1D reactive transport simulations with one or multiple random-walk 
particle tracking realisations. The FASTREACT approach relies on the theory of 
stochastic-convective models (Simmons et al. 1995, Shapiro & Cvetkovic 1988, van der 
Zee & van Riemsdijk 1987, Cirpka & Kitanidis 2000). The basic assumptions behind 
stochastic-convective models are that: (i) groundwater flow is steady and (ii) local-scale 
dispersion is negligible (i.e. transverse dispersion, as a result of mass exchange between 
streamlines, is not taken into account).  

In the FASTREACT numerical framework, the solute concentration in the whole set of 
particle trajectories is reproduced using a set of PHREEQC (Parkhurst & Appelo 1999) 
one-dimensional reactive transport simulations where the longitudinal coordinate (e.g. 
the distance from the infiltration location) is interpreted in terms of travel time 
(Yabusaki et al. 1998, Kaluarachchi et al. 2000). This approach is similar to that 
described by Malmström et al. (2008). In other words, since each point of a trajectory 
can be described by its travel time, t, the concentration of the entire set of trajectories 
can be back mapped by relating the spatial location of any given point to a 
corresponding cell of the reference simulation having the same travel time. An 
illustrative sketch of the methodology is shown in Figure 6-44. 
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Figure 6-44. (a) Illustrative sketch of the “homogenisation procedure” (see text) 
(Trinchero et al. 2013, Figure 3-11), (b) travel time histogram in the ith interface, (c) 
Dirac delta function.  

 
Figure 6-45 shows a schematic of the application of FASTREACT for simulating the 
hydrogeochemical evolution of the repository, by combining hydrogeological and 
geochemical models of the site. 

Modelling methodology 

The simulation time frame, spanning one glacial cycle, is divided in sequential periods 
according to the conditions of the tunnels (the tunnels are open during the operational 
period and closed after that) and the climatic conditions at the surface (temperate 
period, melting period). 

For each considered modelling period (Figure 6-46), a snapshot of the velocity field is 
taken from the hydrogeological model (model 2009SH in Löfman & Karvonen 2012; 
see also Figure 6-45). The velocity field is assumed to be constant (i.e. steady-state flow 
regime) during the simulated period. 
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Figure 6-45. Scheme of the methodology used for the evaluation of the groundwater 
composition at repository depth (Trinchero et al. 2013, Figure 1-2).  

 

 

Figure 6-46. Sketch of the sequence of operational and climatic periods modelled in the 
framework of the present study (the permafrost period has not been accounted for in the 
calculations) (Trinchero et al. 2013, Figure 3-2). The arrows indicate the time at which 
each snapshot of the velocity field has been taken. The velocity field at t = t2 (i.e. grey 
arrow) has been analysed but not used in the modelling work. 
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About 4000 particles are injected at repository depth and backtracked along the 
recharge flowpaths to the surface, using the water velocity field for each considered 
modelling period. The simulations, which are performed using the random walk particle 
tracking code RW3D-MT (Fernández-García et al. 2005), aims at delineating the 
infiltration paths and corresponding travel times. 

As described previously, the FASTREACT methodology is suited for systems where 
the initial conditions are homogeneous (i.e. the same mineral distribution and initial 
water throughout the whole domain). However, in the case of the Olkiluoto site, the 
conditions are such that they require dealing with a geological medium where 
groundwater is chemically stratified. Thus, to account for these heterogeneous initial 
conditions (i.e. different groundwater types initially present at different depths), an 
approximation referred to as a “homogenisation procedure” was defined. 

The procedure is illustratively shown in Figure 6-44. If we consider two path lines (path 

A and B) that take ti
A

 and ti
B

 to travel from the surface to the water interface i ( ti
A  ti

B

), the homogenisation procedure consists in assuming that both path lines cross the 
interface at the same time. An equivalent time, te, is thus used to describe the position of 
this interface (te is defined based on expert judgment). The related reference simulation 
is then subdivided into two zones, having different initial waters.  

It is obvious that when the distributions of travel times to the different water interfaces 
are very heterogeneous this approximation might have some implications for the results. 
Thus, in order to minimise its influence on the results, relatively homogeneous groups 
of recharge paths have to be defined. A single one-dimensional reactive transport 
simulation is then used to describe each group of paths. When dealing with many 
streamlines, the homogenisation procedure consists in describing the travel time 
histogram to the ith interface using a Dirac delta function (t-tei) where tei is the 
equivalent travel time, as illustrated in Figure 6-44c. 

The total travel time of a given trajectory (i.e. particle) is used to relate the injection 
location of the considered particle in the repository to the corresponding reference cell 
of the PHREEQC simulation (see Figure 6-45). The travel time to the different water 
interfaces is used to define the initial conditions (i.e. initial distribution of water types) 
of the different PHREEQC simulations. The equivalent travel time is defined on the 
basis of the expectation value of the travel time distribution. 

Key assumptions and simplifications 

The streamline approach selected relies on three main simplifying assumptions: (i) the 
velocity field is steady (i.e. the streamlines do not change with time), (ii) the model 
domain presenting the host rock and the streamlines is geochemically homogeneous, 
even though heterogeneous hydrochemical conditions can be considered, (iii) mass 
transfer between streamlines is neglected (i.e. transverse dispersion is neglected).  

The validity of the first two assumptions depends on the hydrological and 
hydrochemical conditions of the system at the site, including their temporal variability. 
The third assumption has more subtle implications for key transport processes such as 
mixing. As shown by Kitanidis (1994), while solute spreading is produced by the spatial 
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velocity variability, mixing is triggered by the combined effect of heterogeneity and 
local scale dispersion, as well as by diffusion/matrix diffusion. In particular, due to the 
relatively small magnitude of local scale dispersion, mixing occurs in a very narrow 
zone located along the irregular edges of the contaminant plume (Oya & Valocchi 
1998).  

In the specific case of modelling transport in fractured media, as it is the case for 
Olkiluoto, flow is generally channelised, i.e. goes primarily through a network of 
preferential flow paths. Transport is usually advection-dominated, while mixing 
processes occur as a result of mass exchange between the mobile regions (within 
fractures and brittle deformation zones) and the rock matrix. Inclusion of matrix 
diffusion in the reactive transport models justifies the neglection of transverse 
dispersion in reactive transport models, although there is some loss of accuracy in 
favour of numerical efficiency. Another major simplification in the numerical 
methodology is the approach adopted for solving the matrix diffusion phenomena, in 
which the temporal derivative of the diffusion equation is represented using a first-order 
exchange approximation (van Genuchten 1985), 

 
 

 6-4

Here,  is the average concentration in the immobile zone (mol/kgw) and  is an 

empirical rate coefficient (1/s) that can be expressed as (van Genuchten 1985): 

 
 

 6-5

where  is a shape factor (-) and  is the characteristic length of the matrix (m) and De 

effective diffusion coefficient (m2/s). For the case of a parallel fracture model, the 
equivalent value of  is 0.533 (van Genuchten 1985) and  = a (i.e. half of the matrix 

thickness, which is set equal to half the fracture spacing), while the mobile porosity is 
given by : 
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b (m) being half of the fracture aperture. Effective diffusion coefficient De (m2/s) is 
calculated using Archie’s law (Valkiainen 1992): 

	 ∙ 0.71 ∙ ∅ .   
 

 6-7

where  (m2/s) is the molecular diffusion coefficient in free water. 
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6.2.2 Key data 

Key hydrogeological and transport data 

As explained above, the FASTREACT methodology uses the 3D groundwater velocity 
field computed by Löfman & Karvonen (2012) to define the streamlines. Key data for 
the hydrogeological modelling are described in Section 6.1.  

A very relevant set of parameters for transport model results are those influencing the 
matrix diffusion behaviour, such as fracture aperture and matrix porosity. In this 
modelling exercise, the arithmetic mean of available data in the depth range of 0−400 m 
was used.  

Table 6-2 shows the values of the key parameters involved in matrix diffusion 
modelling. Note, that the parameter values are based on the values used in the 
groundwater flow modelling based on the EPM (equivalent porous medium) approach 
by Löfman et al. (2009) and Löfman & Karvonen (2012), i.e. similar to the ones used in 
the groundwater flow modelling supporting the reactive transport modelling. Therefore, 
the values are slightly different from those used in the radionuclide release and transport 
calculations (see Section 7.8.2) which are based on the groundwater flow modelling by 
Hartley et al. (2013a), which applies the DFN approach and more recent data (see also 
Section 6.1). 

Key hydrogeochemical data 

As explained in Section 6.2.1, five different hydrochemical zones have been identified 
where the initial groundwater chemical composition can be assumed to be homogeneous 
and can be described by a single representative sample. These hydrochemical zones are 
related to the following water types: Brackish HCO3 – Brackish SO4 – Brackish saline – 
Saline – Highly saline. This is based on an extensive site characterisation database and a 
critical analysis of all the available information. The compositions of the infiltrating 
waters, meteoric water, Baltic Sea water and glacial meltwater are given in Table 6-3. 
The composition of the representative samples for the water types are given in Table 
6-4. 

 
Table 6-2. Parameters and values used for the dual porosity (DP) model 
parameterisation (after Trinchero et al. 2013, Table 3-2).  

Symbol Parameter Value 

a Half matrix thickness 4.15 m(1) 

b Half fracture aperture 1.83˙10-4 m (1) 

D0 Molecular diffusion coefficient in the water 1.0·10-9 m2/s (2) 

De 
Effective diffusion coefficient 
(according to Archie’s law, Equation 6-7) 

4.9·10-13 m2/s 

 
Matrix porosity 1.0·10-2 (-)(2) 

1) based on Löfman et al. (2010), Table 4-2, arithmetic means over the depth interval 0–400 m.  
2) Löfman et al. (2010), Table 4-3. 

 

im
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Table 6-3. Chemical composition of the infiltrating waters (units mol/L unless otherwise 
indicated, Trinchero et al. 2013, Table 4-2). Composition of Baltic Sea water and 
glacial meltwater after Pastina & Hellä (2010). DIC= Dissolved inorganic carbon. 

 Meteoric water Altered meteoric 
water  

after equilibrium 

Baltic  
Sea water  

Glacial meltwater  

Based on sample PVP4_2    

Ionic strength 0.01  0.997 0.0324 

pH 7.3 7.2 7.7 5.8 

Eh (mV)  48 789 919 

Total concentrations (mol/L) 
Concentration 
(mmol/L) 

Cl 1.69·10-3 1.69·10-3  8.53·10-2  

SO4 4.99·10-4 4.99·10-4  4.68·10-3 5.2·10-4 

DIC 5.80·10-3 5.69·10-3   2.6·10-3 

SiO2 3.56·10-4 3.56·10-4  9.65·10-6 1.7·10-4 

PO4 2.11·10-7 2.11·10-7   3.1·10-6 

F 3.16·10-5 3.16·10-5  1.42·10-5  

Br 1.25·10-6 1.25·10-6  1.29·10-4 1.2·10-5 

Al 9.64·10-8 9.64·10-8   3.7·10-6 

Na 1.07·10-3 1.07·10-3  7.70·10-2 6.5·10-3 

K 1.71·10-4 1.71·10-4  1.69·10-3 3.8·10-3 

Ca 2.30·10-3 2.20·10-3  2.00·10-3 3.2·10-3 

Mg 6.49·10-4 6.49·10-4  9.00·10-3 4.1·10-3 

Fe 9.51·10-5 9.51·10-5   1.8·10-6 

Mn 2.28·10-5 2.28·10-5    

 

The initial waters used in the numerical modelling for the different periods, after 
equilibrating the original water samples with the minerals included in the model are 
presented in Appendix I (Tables I-3...I-5). There are analytical uncertainties in the 
samples, although they are assumed to be in equilibrium with bedrock, because they 
represent thousands of years residence times (Site Description, Chapter 7). In addition, 
there are uncertainties in the thermodynamic data. By pre-equilibrating the samples, 
anomalies due to such uncertainties on the simulations can be reduced. All the 
information (i.e. water samples aggregated into water types) was analysed statistically 
in order to define quantitative values representative of the interfaces between the 
different hydrochemical zones (Figure 6-47). 
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Table 6-4. Chemical composition of the groundwater samples used to define the initial 
water composition in the model (units mol/L unless otherwise indicated, Trinchero et al. 
2013, Table 4-3). DIC= Dissolved inorganic carbon. 

 
Brackish 
HCO3 

Brackish SO4 
Brackish saline 
water 

Saline water 
Highly saline 
water 

Sample KR4_81_1 KR6_135_8 KR20_465_1 KR10_498_1 KR12_741_1 

TDS (mg/L) 1122 7225 10,544 22,099 49,483 

Ionic strength 0.02 0.15 0.22 0.48 1.13 

pH 7.4 7.6 7.4 8.0 8.2 

Total concentrations (mol/L) 

Cl 9.90·10-3 1.13·10-1 1.81·10-1 3.81·10-1 8.63·10-1 

SO4 9.58·10-4 4.79·10-3 2.10·10-4 1.00·10-5 5.00 ·10-5 

DIC 4.87·10-3 1.86·10-3 5.50·10-4 1.10·10-4 4.00 ·10-5 

SiO2 2.00·10-4 3.92·10-4 3.60·10-4 2.80·10-4 2.10 ·10-4 

PO4 3.87·10-6 - - 1.05·10-7 2.63 ·10-6 

F 3.16·10-5 1.58·10-5 5.26·10-5 6.32·10-5 6.32 ·10-5 

Br 1.75·10-5 1.65·10-4 5.51·10-4 1.19·10-3 2.55 ·10-3 

Al 1.48·10-6 - - 3.70·10-7 2.22 ·10-6 

Na 1.31·10-2 7.70·10-2 1.15·10-1 2.10·10-1 3.61 ·10-1 

K 2.48·10-4 4.87·10-4 2.80·10-4 3.60·10-4 4.90 ·10-4 

Ca 1.34·10-3 1.63·10-2 3.24·10-2 8.91·10-2 2.55 ·10-1 

Mg 7.40·10-4 7.41·10-3 2.60·10-3 1.60·10-3 1.50 ·10-3 

Fe 1.15·10-5 6.45·10-6 2.50·10-6 2.00·10-6 3.80 ·10-7 

Mn 3.46·10-6 2.18·10-5 5.83·10-6 7.28·10-6 9.28 ·10-6 

 

It is recognised that there is a lack of accurate Eh measurements representative of 
undisturbed conditions. To overcome that situation, it was assumed that the redox state 
is controlled by the Fe system. The exact chemical nature of groundwater during the 
future glacial melting period is also unknown and has been based on expert judgement. 
According to the site data, redox conditions at Olkiluoto are anoxic except locally in 
shallow infiltrating groundwater. Organic matter is the dominant energy source for 
changing conditions to anoxic. Scarce observations of iron oxyhydroxides on fracture 
surfaces at depths in excess of ten metres in the bedrock and the lack of corroded pyrites 
support the interpretation of long-term reducing conditions of the groundwater. Iron 
levels are relatively high in the uppermost part of the bedrock, decreasing with depth as 
sulphide levels are increasing, iron and sulphide showing an inverse relationship. The 
redox conditions are sulphidic and methanic at even greater depths. Hydrogeochemical 
data and thermodynamic considerations indicate that sulphidic and methanic conditions 
will dominate redox conditions in the future (Site Description).  
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Figure 6-47. Statistical analysis of the TDS for the different water types and TDS 
values representative of the interfaces between zones (green lines) (Trinchero et al. 
2013, Figure 3-9). The statistical measures shown are the median, the 25th and 
75th percentile (box), the mean (square), the 5th and 95th percentile (“whiskers”), the 
1st and the 99th percentile (crosses) and the maximum and the minimum values. B in 
water types denotes brackish. 

 

Key geochemical data 

The fracture coating minerals play a key role in the chemical evolution of groundwaters 
and this is why mineralogical data are key parameters for the hydrogeochemical models. 
The set of reactive minerals included in the reactive transport calculations are based on 
the mineralogical descriptions of fracture fillings (Kärki & Paulamäki 2006, Pastina & 
Hellä 2010, Andersson et al. 2007, Posiva 2009b).  

Several hydrothermal circulation events have produced extensive alteration zones, 
which appear as thin fracture fillings and/or penetrative altered rock. The thickness of 
these alteration zones ranges from tens of centimetres to tens of metres and they can be 
grouped into the following types: 1) kaolinisation, 2) illitisation, 3) carbonisation, 4) 
sulphidisation and 5) silicification. The first three types are the most frequently 
observed and the most common fracture-filling assemblages contain clay mineral 
phases and calcite. The main clay mineral phases identified in the facture fillings are 
kaolinite, illite, the smectite group and the chlorite group. These minerals, with large 
specific surface area, can potentially behave like active solid ion exchangers for mono 
and divalent cations. Ion exchange processes are described by reversible chemical 
reactions that take place between ions held near a mineral surface and ions in 
groundwaters in contact with the mineral. The key role of the exchange reactions is 
related to their ability to control uptake/release processes in aquifers exposed to 
intrusion of meteoric, marine or glacial waters. Kaolinite is the most abundant reported 
clay mineral but its reactivity, in terms of exchange reactions, is only relevant under 
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acid conditions. For this reason it is assumed that an illite-like phase is the main solid 
exchanger and the model of Bradbury & Baeyens (2002) has been used to describe the 
electrochemical reactions involved in the interface mineral/groundwater. 

In groundwater, silicate mineral kinetic dissolution is a slow process with great 
implications for pH buffering mechanisms. In general terms, the effect of these 
processes on the water chemistry is the addition of cations and silica resulting from the 
consumption of protons and the related increase of pH. The consumption of silicate 
minerals is controlled by the groundwater chemistry, dissolution rates and kinetic 
reactions. In the model conceptualisation this process is taken into account by including 
kinetic dissolution reactions for illite, albite and K-feldspar. As the buffering capacity of 
fracture minerals is controlled by their amounts on fracture surfaces, an estimation of 
the initial concentrations and their reactive surface areas is required. The average 
coverage of fracture minerals and their thickness on fractures have been estimated from 
data reported by Andersson et al. (2007, Table 9-26) and the values used in the 
simulations are shown in Table 6-5. Although based on an earlier version of the 
Olkiluoto site description, the mineralogical data are consistent with the information 
published in Site Description. For the calculation of the reactive surface area, 
conductive fracture zones have been assumed to be mineralogically homogeneous, with 
a porosity value of 0.5 (Andersson et al. 2007, p. 420). As the water velocities 
according to hydrological model are directly used, the results are not very sensitive to 
the porosity value adopted in the reactive transport calculations. The porosity value has 
some influence for the minerals for which the kinetics are taken into account but no 
influence on minerals for which local equilibrium is assumed.  

Table 6-5. Summary of model parameters for minerals and related processes 
(Trinchero et al. 2013, Table 4-1). References are as follows: (1) Andersson et al. 
(2007), (2) Schweda (1989), (3) Wieland & Stumm (1992), (4) Chou & Wollast (1985).  

 

 Assumptions 
Initial 
amount 
(mol/L) 

Reactive 
surface 
area 
(m2/L) 

Reference 
Reference 
kinetic law 

Calcite 
Fracture filling 
mineral 

Equilibrium 
Dissol./Precip. 

6.065 1.120 (1)  

Pyrite 
Fracture filling 
mineral 

Equilibrium 
Dissol./Precip. 

1.170 0.280 (1)  

Kaolinite 
Fracture filling 
mineral 

Equilibrium 
Dissol./Precip. 

0.643 0.428 (1)  

K-feldspar 
Fracture filling 
mineral 

Kinetic 
dissolution 

0.239 0.260 (1) (2) 

Illite 
Fracture filling 
mineral 

Kinetic 
dissolution 

0.144 0.482 (1) (3) 

Albite 
Fracture filling 
mineral 

Kinetic 
dissolution 

0.289 0.292 (1) (4) 

Siderite 
Able to 
precipitate 

Equilibrium 
precipitation 

0.000  
Geochemical 
assumption 

 

Amorp.Fe(OH)3 
Able to 
precipitate 

Equilibrium 
precipitation 

0.000  
Geochemical 
assumption 

 

Amorp. SiO2 
Able to 
precipitate 

Equilibrium 
Dissol./Precip. 

0.000  
Geochemical 
assumption 
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Thermodynamic database 

The PHREEQC.dat database (database provided with the PHREEQC code v.2.18.5570) 
has been used for the reactive transport simulations of the geosphere evolution. The 
reasons for this choice are based on the large number of mineral phases included in it. 
Furthermore, this database has been extensively used in a broad number of published 
scientific studies and, therefore, the results can be easily compared. 

The solubility constants for FeSam has been based on the THERMOCHIMIE database 
(v.7b) which rely on the (well-established) study of Davison (1991) whilst the source 
for the PHREEQC data is based on older work from Berner (1967) and Robie & 
Waldbaum (1968). In addition, for chlorite calculations have been performed with the 
Chlorite_Cca-2 mineral from the THERMOCHIMIE database and the dissolution rate 
reported by Lowson et al. (2005). 

The evaluation of Fe2+ inputs into the groundwaters by dissolution of Fe-bearing calcite 
has required the inclusion of a new mineral phase denominated (Fe Ca)CO3. A mineral 
phase as a calcite containing 0.1wt% Fe, in agreement with experimental data obtained 
from calcite fracture fillings in the Olkiluoto site has been assumed (Sahlstedt et al. 
2009, 2012a, b). This is supported by the fact that solid solutions of different carbonate 
minerals and Fe(II) co-precipitated calcite are common in the geosphere (Reeder, 1983). 
Specifically the variant case that considers Fe-bearing calcite, thermodynamic 
calculations have been performed by using a solid solution (SS) ((Fe Ca)CO3) with a 
log K equal to -8.48 (by assuming the same log K reported for calcite in the PHREEQC 
database, see Table 6-6) and a dissolution reaction producing the release of 2x10-3 
moles of Fe2+ per mole of dissolved mineral (Sahlstedt et al. 2012) according to the 
following reaction: 

Fe0.002Ca0.998CO3 = 0.002Fe2+ + 0.998Ca2+ + CO3
2- 6-8

Since a number of scoping calculations have been performed in order to evaluate the 
influence of methane production, the PHREEQC.dat database has been modified by 
uncoupling the reaction that involve the production of methane via carbonate reduction. 
This reaction is only thermodynamically favourable under high pressure and 
temperature conditions in abiotic environments (Small et al. 2008) and it is not 
considered in this study. All the geochemical calculations included in this report have 
been obtained using this uncoupled database. 

PHREEQC.dat uses ion-association and Debye-Hückel expressions to account for the 
non-ideality of aqueous solutions. This type of aqueous model is adequate at low ionic 
strength. The upper ionic strength limit recommended is around 1 molal. In this specific 
case, one of the selected reference groundwaters (Highly saline water) has an ionic 
strength value which is slightly above the limit. Yet, this has very limited impacts on 
the results, as only very few trajectories reach the highly saline water layer during the 
operational period. 

A summary of the geochemical reactions used in the numerical modelling by Trinchero 
et al. (2013) and Wersin et al. (2013) is presented in Table 6-6. 
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case, one of the selected reference groundwaters (Highly saline water) has an ionic 
strength value which is slightly above the limit. Yet, this has very limited impacts on 
the results, as only very few trajectories reach the highly saline water layer during the 
operational period. 

A summary of the geochemical reactions used in the numerical modelling by Trinchero 
et al. (2013) and Wersin et al. (2013) is presented in Table 6-6. 

 

Table 6-6. Summary of geochemical reactions used in the numerical model. (1) 
PHREEQC database, (2) THERMOCHIMIE database. 

Mineral Reaction Log K Source 

Pyrite FeS2 + 2 H+ + 2 e- = Fe2+ + 2 HS- -18.479 (1) 

Mackinawite FeS + H+ = Fe2+ + HS- -3.915 (1) 

Pure FeS(am) FeS + H+ = Fe2+ + HS- -2.95 (2) 

Calcite CaCO3 = CO3
2- + Ca2+ -8.48 (1) 

Siderite FeCO3 = Fe2+ + CO3
2-     -10.89 (1) 

Albite NaAlSi3O8 + 8 H2O = Na+ + Al(OH)4
- + 3 H4SiO4 -18.002 (1) 

SiO2(am)  SiO2 + 2 H2O = H4SiO4 -2.71 (1) 

Chlorite (Mg2.964 Fe1.712 Fe 0.215 Al 1.116 Ca 0.011)(Si 2.633 Al 
1.367)O10(OH)8 = 0.011 Ca2+ +2.964 Mg2+  +0.215 Fe+3 
1.712 Fe2+ + 2.483 Al3+ - 17.468 H+ + 2.633 H4SiO4 
+7.468 H2O   

61.23 (2) 
Lowson et al. 

(2005) 

K-feldspar KAlSi3O8 + 8 H2O = K+ + Al(OH)4
- + 3 H4SiO4 -20.573 (1) 

 

Treatment of data uncertainties 

The main source of uncertainty related with the data is the inherent heterogeneous 
nature of fractured rock media. The heterogeneity of the hydrogeological system is 
implicitly accounted in the hydrogeochemical model through the 3D groundwater 
velocity field computed by Löfman & Karvonen (2012), which uses a semi-
homogeneous distribution of hydraulic parameters based on the best hydrogeological 
knowledge and description available at the time of performing the hydrogeological 
modelling (see Section 6.1).  

The hydrochemical initial conditions and mineralogical composition of the flowing 
fractures are also subjected to important uncertainty because the amount of observations 
is limited. 

Iron sulphides have been identified as key fracture-filling minerals controlling the redox 
conditions at the Olkiluoto site. One of the most relevant uncertainties in terms of 
implications for the safety assessment is whether such Fe sulphides are pyrite or FeS(am). 
Therefore, two different geochemical cases have been defined: the Base Case that 
assumes equilibrium conditions with pyrite and a Variant Case where FeS(am), treated in 
equilibrium, is assumed to be the main iron sulphide mineral. Pyrite is considered to 
control iron-sulphide concentrations in stagnant, steady state system in the long-term 
whereas FeS(am) is dominant in dynamic hydrologic system. It is worth noting that, 
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The latter is a key parameter for the evaluation of canister corrosion rates in the near 
field. Thus, such a “Variant Case” can be seen as an important sensitivity analysis in 
order to take into account this major uncertainty in the data. Because of the uncertainties 
in the equilibrium constant for FeS(am), two alternative variant cases were considered: 
in Variant Case 1, equilibrium constant logK = -3.92 according to the PHREEQC 
database (Parkhurst & Appelo 1999) is applied, and in Variant Case 2 equilibrium 
constant logK = -2.95 according to Davison (1991) is applied. The larger value (logK = 
-2.95) from Davison (1991) is currently preferred. The lower one (logK = -3.92) 
corresponds relatively well to those constants reported for mackinawite in different 
sources. 

Key results 

The key results of the modelling exercise are: 

 Evaluation of the key hydrochemical indicators (major chemistry, pH, Eh, 
sulphide concentrations, iron, etc.) at repository depth, for the operational, 
temperate and melting periods. 

 Evaluation of the buffering capacity of the geosphere in terms of pH, Eh and 
oxygen consumption. 

 Other important parameters, such as methane, nitrate and organic matter that 
were not included in the quantitative models, rather they have been evaluated 
qualitatively by expert judgement and educated guesses. 

Key results for the operational and temperate period 

For the case of temperate period, the results indicate that groundwater pH at the 
Olkiluoto site is fairly constant (i.e. around 7.5) while a slightly larger variability is 
observed during the operational stage. This variability is related to the high gradients 
produced by the operational tasks, which enhance the radius of influence of the 
hydraulic perturbation, triggering mechanisms of preferential flow from the surface and 
groundwater upconing. 

Reducing conditions are observed over the whole temperate simulation as a 
consequence of the mineral control (either pyrite or FeS(am)) and the buffering effect of 
the matrix during the temperate period. 

The computed ranges of salinity and TDS at the Olkiluoto site are within the limits set 
by the target values. Higher variability in the results is observed during the operational 
stage compared with the computed variability in the model. The results of the different 
models show that the total charge concentration of cations (Na, K, Ca, Mg considered in 
the model) is above the lower threshold (i.e. 4 mM).  

The analysis of sulphate shows a slight but constant rate of increase of concentration 
over time. This increase is explained by the arrival of brackish SO4 water at repository 
depth. Nonetheless, the constant decrease of HS-, whose concentration is far below 
detrimental levels for the repository, indicates that the progressively larger signature of 
brackish SO4 water at repository depth has limited impact on the sulphide concentration 
at the Eh conditions computed by the models. Very low HS- concentrations, in the range 



209 
 

of 10-11 M have been computed for the Base Case. On the contrary, the Variant Case 
seems to represent a more realistic situation as the obtained results fit very well with the 
range of HS- concentrations measured in natural waters at Olkiluoto. 

The concentration of Fe2+ is fairly constant during the temperate period (around 10-6 M) 
while larger variability is observed during the operational period as a consequence of 
the higher heterogeneity of the flow field. 

Tables 6-7 through 6-9 show the summary of key computed hydrochemical results for 
the operational and temperate periods. 
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Key results for the ice-sheet retreating period 

Given the epistemic uncertainty associated with the melting period model, two 
simulation cases representative of two extreme situations were defined and simulated. 
In the first approach (i.e. Single Porosity Model), the glacial water infiltrates through 
the transmissive zones and no interaction with the surrounding matrix is considered. 
This conceptual model is somewhat unrealistic since matrix diffusion has been shown to 
be a key hydrodynamic process at the Olkiluoto site (Löfman & Karvonen 2012). A 
second approach incorporates the effect of the matrix using the dual porosity 
formulation.  

Consistent with the temperate period simulations, two different geochemical cases have 
been defined: the Base Case that assumes equilibrium conditions with pyrite and a 
Variant Case where FeS(am), treated in equilibrium, is assumed to be the main iron 
sulphide mineral. The results were calculated using both single porosity approach 
neglecting the matrix diffusion as well as using dual porosity approach. 

The single porosity model shows that glacial water has a certain impact on the evolution 
of the groundwater composition at repository depth. More specifically, in some 
positions of the repository (5 % after 1 ka and 25 % after 2 ka) the target property of pH 
(i.e. pH < 10) is exceeded. The average pH for the ensemble of computed values is 8.6. 
As a consequence of their mutual interdependence, redox conditions are affected by the 
increase in pH and a decrease in the Eh values is observed. The average values of Eh 
are around -250 mV for the Base Case and -300 mV for the Variant Case. The 
differences observed between the two geochemical cases are due to the different 
mineral control (i.e. pyrite for the Base Case and FeS(am) for the Variant Case). The 
remaining geochemical parameters show similar behaviour, i.e. the computed values are 
within the target limits except for a few positions within the repository. It is worth 
stressing that neglecting the role of the matrix is quite an unrealistic assumption since 
matrix diffusion has been shown to be a key hydrodynamic process at the Olkiluoto site. 
However, this case is used to illustrate a highly pessimistic simulation from a 
geochemical perspective. 

In the simulations accounting for double porosity, the variability of the results is very 
limited and the temporal changes are smoothed. This is directly related to the role of the 
rock matrix, as solutes are diffusing from the matrix pore water at a fairly constant rate 
and buffer the changes triggered by the infiltration of glacial water. For all the 
computed cases and all the simulation times, the key geochemical properties (i.e. pH, 
Eh, Cl, TDS, total charge concentration of cations and sulphur and iron species) are 
within the limits established by the target values. 

For the Base Case, the increase in HS- concentrations does not represent a problem from 
a safety point of view because the concentrations range between 10-11 and 10-10 M. On 
the contrary, if FeS(am) is assumed under equilibrium conditions, HS- concentrations will 
be much higher, in the range of 10-6−10-7 M. In the Variant Case assuming FeS(am) 
equilibrium, an interesting result related to the HS- concentration is that the high pH 
resulting from the infiltration of glacial water modifies the speciation of sulphur, 
limiting the concentration of HS- at repository depth. Tables 6-10 and 6-11 show the 
summary of key computed results for the melting period. 
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Key results for the buffering capacity 

The analysis of the evolution of the pH and redox sensitive minerals has pointed out that 
the “main reactions” occur in the mixing fringe that originates between the different 
water types. Limited mineral precipitation is computed in these mixing fringes, which in 
turn results in modest changes of the pH and the redox conditions. The results also point 
to the strong “barrier effect” played by pyrite against oxygen intrusion. The maximum 
penetration depth of oxygen through a transmissive fracture at steady state is always 
less than 0.5 m.  

The analysis of the mineral depletion shows that the amount of dissolved pyrite is of the 
order of magnitude of 10-4 mol/L (i.e. four orders of magnitude less than the total 
available pyrite). The amount of calcite consumption at the end of the simulated time is 
slightly higher (about 0.2 % of the total available calcite). Nevertheless for both 
minerals, the dissolution occurs in very few cells located close to the “entrance” 
boundary of the domain. 

In those simulation cases where the geochemical processes in matrix are also taken into 
account, the analysis of chlorite consumption shows that the iron bearing minerals 
present in the matrix act as secondary buffer minerals. 

Reference and bounding groundwaters 

For the assessment of the performance of the EBS system and for definition of the 
solubility limits and retention parameters both in the near field and far field, reference 
and bounding groundwaters have been defined. The reference groundwaters represent 
the expected groundwater conditions at the repository depth. On the other hand, 
bounding groundwaters bound the range of water compositions (e.g. salinity and pH) at 
the repository depth taking into account the evolution during different time periods. The 
bounding groundwaters could arise as a result of strong hydrogeochemical disturbances, 
either due to stronger than expected drawdown caused by the repository and subsequent 
mixing of the different groundwater types, interaction with high pH leachates from the 
cementitious materials used in the construction of the repository; or intrusion of glacial 
melt water. 

These groundwater compositions form the basis for simplified water recipes that have 
been used in laboratory tests, e.g. for definition of the distribution coefficients in the 
geosphere and the buffer and backfill performance tests. Further, mass balance 
calculations have been performed to define buffer and backfill porewaters, the water 
compositions inside the canister and at the buffer-rock interface. These calculations 
have used the reference and bounding groundwaters as an input. Here the definition of 
the reference and bounding groundwaters is discussed; the buffer and backfill 
porewaters and canister waters are discussed in Section s 6.8.1, 6.9.1 and 7.5.2. 

As the work was initiated in 2010, the expected groundwater composition and the 
potential deviations at different time frames were initially defined based on the 
information in Pastina & Hellä (2006) and the scenarios analysed in previous safety 
assessments (Smith et al. 2007 for KBS-3H and Nykyri et al. 2008 for KBS-3V). The 
work on characterisation and modelling of the hydrogeochemical conditions at the site 
(Posiva 2009b, Site Description, Löfman et al. 2010), update of the climate scenarios 
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(Pimenoff et al. 2011), as well as the work on scenario development (Formulation of 
Radionuclide Release Scenarios and Posiva 2012), have been taken into account to the 
extent possible.  

To support the selection of the reference and bounding groundwaters for the safety case, 
the composition and origin of the groundwater in the repository during the different 
phases of the evolution of the repository and the site is determined by means of 
numerical groundwater flow and solute transport modelling. This modelling has been 
carried out using the most recent hydrogeological model, layout of the repository and 
initial distribution of salinity and is reported in Hellä et al. (2013). The evolving 
groundwater compositions in the repository are assessed by simulating transport of 
different water types under the pre-calculated transient background flow field (pressure 
and salinity), based on the simulations performed by Löfman & Karvonen (2012) in 
support of Formulation of Radionuclide Release Scenarios. Initial conditions for the 
simulations were the estimated distribution of groundwaters at the time when the 
highest point of Olkiluoto Island emerged above the sea level (approximately 2000 
years ago) and before infiltration of the meteoric waters started. The initial groundwater 
distribution is defined by brackish-sulphate type water, brackish-saline type water and 
highly saline water with a fraction varying with depth. Infiltrating waters were taken to 
comprise meteoric water and Baltic sea water. The resulting groundwater composition 
was determined based on the mixing fractions provided by the groundwater flow and 
transport modelling. The results of this study as well as the results of the reactive 
transport modelling discussed above were carried out to support the selection of the 
reference and bounding groundwaters. 

The reference and bounding groundwater compositions are based on reference samples 
collected from the site. The reference samples present different evolutionary phases of 
the groundwater system at the Olkiluoto site that are also assumed to repeat during the 
following glacial cycles. A main factor for defining reference groundwaters has been 
the expected salinity evolution, whereas the bounding groundwaters are defined 
considering also disturbance as discussed above. The reference samples have been 
selected based on the quality of the sample and its representativeness for the water type 
for a certain evolutionary phase of the site. The samples are mainly from the main 
hydrogeological zones of the site, which contribute the most to the water flow and 
hydrogeochemical evolution at the site. These samples are also less prone to errors due 
to disturbances caused by sampling. The deposition tunnels and the deposition holes are 
allowed to be intersected only by fractures of lower transmissivity. The site data, 
however, indicates that the groundwater composition in less conductive fractures is 
similar to the well conductive fractures at the repository level (see Site Description, 
Figure 7-17 and 7-18). The reference and bounding groundwaters cover a range of 
compositions differing from the current groundwater composition at the repository 
depth. However, according to present observations (see Site Description, Section 7.5), it 
can be assumed that water entering repository level in the long term infiltrates also to 
the low transmissivity system at the repository level. The selection of the reference 
samples was also driven by consistency with the earlier reference groundwaters used for 
the determination of the solubility limits by Grivé et al. (2008) and with the waters used 
for definition of the geosphere sorption parameters (Pastina & Hellä 2010) has been 
looked for. 
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The compositions of the reference and bounding groundwaters, equilibrated with calcite 
and quartz, and used in further analyses (e.g. determination of the buffer and backfill 
porewaters see Sections 6.8.1, 6.9.1 and 7.5.2), are shown in Table 6-12. The 
equilibration was done using thermodynamic database Thermochimie v.7b by Andra 
(Andra 2009). For the brine water the Nagra/PSI database (Hummel et al. 2002) was 
used. The selection of the reference samples and their detailed composition is discussed 
in Hellä et al. (2013, Chapter 6).  

Following the assumed climate evolution and taking into account the results of the 
groundwater flow modelling and geochemical modelling, the assumed evolution of the 
water types and groundwater velocity factor is given in Table 6-13. Currently the saline 
water is present at the repository level. The groundwaters at the repository level will 
however get less saline during the repository evolution, although there is a reason to 
believe that saline groundwater will also remain in parts of water-conducting fractures 
with very low transmissivity for some time after closure. After thousands of years 
salinity at repository level will correspond to brackish water. Therefore both saline and 
brackish water types are considered as the reference or expected waters at repository 
level during temperate periods and solubility, sorption and diffusion data are estimated 
for both water types. However, for the base scenario assuming radionuclide releases 
from a canister with an initial penetrating defect, brackish water is assumed because the 
releases to the geosphere are likely to take place after at least one thousand years. The 
safety assessment period up to 1 Ma and covers events of ice sheet retreat with possible 
associated glacial water intrusion to the repository depth, and thus the periods with 
potentially dilute water present at the repository level is of interest (Table 6-13). For 
other times brackish water at the repository level based on the groundwater flow 
simulations (Löfman & Karvonen 2012). Other waters presented in Table 6-13 have 
been used in variant scenarios to assess the impact of uncertainties in the expected 
geochemical conditions at the repository level. 

Most of the groundwater chemistry data clearly indicate sulphide concentrations below 
1 mg/L in the long term at steady state, In some cases, related to field activities, even 
higher sulphide concentrations have been observed, but based on the monitoring results 
they have been interpreted as short-lived anomalous values related to transient 
conditions. The modelling results also suggest that the sulphide levels (see Table 6-7... 
Table 6-11) are about 0.3 mg/L at maximum. However, a pessimistic upper bound of 3 
mg/Lof sulphide level is adopted for corrosion calculations, which accounts for the 
possible solubility control by the more soluble amorphous iron sulphide in combination 
with the kinetically constrained availability of iron, and the uncertainties related to 
microbial activity and availability of nutrients and energy sources as well as the 
microbial sulphate reduction and iron sulphide precipitation (Performance 
Assessment, Section 10.1, see also Section 6.8.2). 
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Table 6-12. Composition of the reference and bounding groundwaters after 
equilibration with calcite and quartz, saturation indices are also given (Hellä et al. 
2013, Section 6.7). Units in mmol/L unless otherwise indicated. Temperature is 25 °C. 

  
  

  
  

Reference 
groundwaters   Bounding groundwaters 

Saline 
water  

Brackish 
water  

  
Dilute, 

carbonate 
rich water  

Brine 
water  

High 
alkaline 
water 

Glacial melt 
water  

 

Based on sample KR20/465/1 KR6/135/8 
 

KR4/81/1 
KR4/861/1, 
Nagra/PSI 
database 

Based on 
saline 
water 

Grimsel 
water 

Depth of the sample 
(z, m) 

-360.71 -101.77 
 

-69.97 -818.75 
 

- 

TDS (mg/L) of the 
sample 

10544 7225 
 

1122 69114 
 

82.71 

G
ro

u
n

d
w

at
er

 i
n

 e
q

u
ili

b
ri

u
m

 w
it

h
 c

al
ci

te
 a

n
d

 q
u

ar
tz

 

log p(CO2) -2.74 -2.28 -2.11 -3.91 -8.30 -5.72 

pH 7.21 7.12 7.49 7.18 10.0 9.69 

Eh (mV) -222 -198 -224 -296 -408 -204 

Alkalinity 
(meq/L) 

0.60 1.53 4.26 0.041 1.93 0.43 

Ionic 
strength 
(meq/L) 

215 144 18.94 1299 218 1.21 

Na 116 77.12 13.15 424 117 0.69 

K 0.28 0.47 0.25 0.560 0.28 0.0050 

Mg 2.63 7.45 0.74 4.52 2.66 0.00062 

Ca 32.75 16.19 1.19 392 33.77 0.13 

Cl 182 114 9.91 1214 184 0.16 

SO4 0.21 4.82 0.96 - 0.21 0.061 

S 0.0057 0.00060 0.00030 - 0.0058 - 

HCO3 0.77 1.74 4.52 0.103 0.0095 0.19 

Sr 0.16 0.093 0.0057 1.841 0.16 0.0020 

Si 0.17 0.18 0.18 0.121 1.91 0.32 

Mn 0.01 0.02 0.00 0.040 0.01 - 

Fe 0.0023 0.0057 0.0081 0.036 0.0023 3.00E-06 

F 0.051 0.016 0.032 0.084 0.052 0.36 

Br 0.56 0.17 0.018 4.363 0.57 - 

B 0.12 0.057   0.027 0.083 0.12 - 

S
at

u
ra

ti
o

n
 in

d
ex

 
S

.I
. 

Calcite 0.0 0.0 0.0 0.0 0.0 0.0 

Quartz 0.0 0.0 0.0 0.0 0.0 0.0 

Siderite -1.88 -1.18 -0.23 -2.45 -2.25 -3.89 

FeS(am) -1.59 -2.26 -2.01 - 1.00 -30.34 

Magnetite -4.92 -3.58   -1.34 -5.67 9.92 4.22 
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Table 6-13. Assumed evolution of climate and water type in the geosphere at repository 
depth around the deposition holes. The velocity factor used to scale the steady-state 
groundwater flow rates to account for increased flow rates during glacial retreat is also 
shown. The velocity factor is determined according to the groundwater flow simulations 
by Löfman et al. (2012, discussed in Section 6.1)  

Climate  Time window in 
years  
(starting from 
present) 

Water type at 
repository 
depth 

Velocity 
factor, fv 

Comments  

Temperate 

 

0 to 50,000 Brackish 1 Initial temperate period 

 
 
 
 
 
 
 
 
 

Permafrost 
 

50,000 to 105,000 Brackish 1 

120,000 year cycle, 
subsequently repeated 
up to one million years 

 

Temperate 
 
 
 

Permafrost  

Temperate 
 
 

Ice sheet 
 
 
 

Permafrost 
 

105,000 to 105,333 Glacial 10 
 
 

105,333 to 120,000 Brackish 1 
Ice sheet 

 
 
 

Permafrost 
 

120,000 to 120,333 Glacial 10 
 
 

120,333 to 155,000 Brackish 1 
Ice sheet 

 
 
 

Temperate 

 
155,000 to 155,333 Glacial 10 

 
 

155,333 to 170,000 Brackish 1  

 

6.2.3 Confidence in the model and data  

The confidence in the modelling methodology is very high. The main numerical tool 
used for the hydrogeochemical modelling is PHREEQC, which can be considered for 
this application the most accepted and verified tool for this type of modelling in the 
scientific and technical community of geochemistry. PHREEQC is used as the 
geochemical calculator within the numerical framework FASTREACT (Trinchero et al. 
2010), which consists of a coupled set of 1D reactive transport simulations with one or 
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multiple random-walk particle tracking realisations. The FASTREACT approach is 
based on the well established theory of stochastic-convective models (Simmons et al. 
1995, Shapiro & Cvetkovic 1988, van der Zee & van Riemsdijk 1987, Cirpka & 
Kitanidis 2000). The numerical framework of FASTREACT has been developed 
following a QA policy and has been extensively documented and peer-reviewed, 
according to the standard procedures of SKB (SKB 2010a). 

It is acknowledged that at least two alternative (quantitative) modelling methodologies 
would be possible, namely reactive mixing model and a full 3D reactive transport 
modelling of the site. Neither of these two alternatives were used in the current work 
because of the shortages discussed below. It is considered that the adopted approach 
was the best compromise solution between computational feasibility and conceptual 
representation of the coupled reactive transport phenomena.  

Reactive mixing modelling is the methodology used by Salas et al. (2010) for the 
equivalent hydrogeochemical modelling exercise in support of the SR-Site safety 
assessment of SKB. The methodology is based on using the mixing fractions of end-
member waters computed with the hydrogeological models (conservative transport), and 
uses those mixing fractions to do batch (static) geochemical simulations at every point 
and every time step. The advantage of the methodology is that a full 3D description of 
the model domain is possible. The main disadvantage of the methodology is that 
reactive transport phenomena are absolutely neglected by a complete decoupling 
between transport and geochemical reactions, neglecting all the possible geochemical 
processes occurring from the surface to the point where geochemical calculations are 
done. 

Nowadays Full 3D reactive transport modelling of the site is practically unfeasible with 
the numerical tools and approaches available in the market. Due to the inherent 
complexity and high non-linearity of the coupling between solute transport and 
geochemical processes, large-scale, long-term simulations result in unaffordable 
computational requirements. Current R&D projects about High Performance Computing 
applied to reactive transport problems show promising results (Lichtner & Hammond 
2012) and, most probably, these kinds of large models will be available for application 
in real cases in the next years by using supercomputers. 

The confidence in the data used for the modelling is also high, since most of the key 
data and parameters used come from well documented and reliable sources, mainly Site 
Description. The major uncertainty sources for the calculations can be attributed to 
some geochemical parameters such as kinetic constant and specific surface areas of the 
minerals. These have been evaluated based on values available in the scientific literature 
for similar environmental conditions, and expert judgment.  

It is worth noting that the hydrochemical evolution has been evaluated quantitatively by 
reactive transport modelling, i.e. by coupled hydrogeological and geochemical 
modelling. This methodology has the great advantage of providing a quantitative 
framework able to integrate the hydrogeological and geochemical knowledge of the site. 
The uncertainty related to the hydrogeological understanding of the site is implicitly 
introduced and propagated into the geochemical calculations. This can be of special 
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relevance for the long-term temperate and melting periods where uncertainties in 
hydrogeological boundary conditions are inherent to the long-term climatic predictions. 

Microbially mediated reactions have, so far, not been explicitly taken into account in the 
reactive transport modelling, although microbial populations and processes also affect 
the groundwater composition. However, considering only inorganic oxygen 
consumption in the reactive transport modelling is conservative as the microbial 
reactions would increase oxygen consumption. The role of microbially mediated 
reactions in sulphate reduction has been assessed based on the extensive groundwater 
and microbial sampling data from the site (see Performance Assessment, Chapter 3 and 
Section 5.1.3, and Wersin et al. 2013c). To account for the uncertainty in the 
understanding of these reactions, a pessimistic upper bound for sulphide concentration 
of 3 mg/L is used in the corrosion calculations as discussed in Section 6.2.2. The SURE 
project studies the role of CH4 and availability of energy sources in microbial processes 
(see Chapter 8). 

There are uncertainties in the geochemical evolution of the site, related to the 
uncertainties in the hydrological evolution. Therefore, in addition to the reference 
groundwaters, which describe the expected conditions at the site, a set of bounding 
groundwaters has been defined and considered in the analysis. The bounding 
groundwaters cover a wide range of chemical conditions and bound thus the range of 
water compositions (e.g. salinity and sulphide content) that might be encountered.  

6.3 Thermal evolution  

The thermal evolution of the repository system is discussed in Performance Assessment 
taking into account the following FEPs in Features, Events and Processes (FEP 
numbers in parentheses): 

 Heat generation (3.2.2), 

 Heat transfer (in the fuel) (3.2.3) 

 Heat transfer (in the canister) (4.2.2) 

 Heat transfer (in the buffer) (5.2.1), 

 Heat transfer (in the geosphere) (8.2.1). 

The thermal compatibility of the barriers is achieved through thermal dimensioning of 
the repository, which is done to ensure that the heat from the spent fuel is efficiently 
dissipated while respecting the temperature limit imposed on the buffer, which is 
100 °C. The thermal dimensioning of the repository takes into account the total decay 
power of encapsulated fuel elements as a function of time, thermal properties and the 
geometry of the buffer, thermal properties and the geometry of the backfill and rock 
hosting the deposition holes and tunnels. The canister, buffer and rock temperatures in 
the repository are analysed in Ikonen & Raiko (2012).  

The report by Ikonen & Raiko (2012) contains the updated temperature dimensioning of 
the nuclear fuel repository in Olkiluoto for the canisters, which are disposed in vertical 



223 

 

 

deposition holes in horizontal tunnels. The thermal analysis is made for a large panel of 
rectangular geometry representing a typical panel in the Posiva layout plan.  

The dimensioning criterion is the maximum temperature on the canister/buffer interface, 
which due to very good thermal conductivity of copper is practically constant all around 
the canister surface.  

The maximum temperature at the canister-bentonite interface is +100 C according to 
the design requirement. Due to uncertainties in thermal analysis parameters (such as 
variability in rock thermal properties or in predicted decay heat), the nominal calculated 
maximum canister temperature is set to 95 °C giving a safety margin of 5 °C. In case of 
saturated conditions, the maximum nominal temperature would be 90 °C. The nominal 
temperature is controlled by adjusting the spacing between adjacent canisters, the 
distance between adjacent tunnels and the pre-cooling times of the spent fuel bundles, 
which affects the decay heat output of the canisters. The output of the analysis is the 
evolution of the temperature in the near field (at the canister surface, in the buffer and at 
the buffer/rock interface) and in the far field. 

For the Olkiluoto repository, the dimensioning was made assuming the canisters to be in 
a rectangular panel of 900 canisters of BWR, VVER or PWR spent fuel. The analyses 
were performed for each fuel type with an initial canister power of 1700 W, 1370 W 
and 1830 W, respectively. These decay heat powers correspond to the average decay 
heat of the spent fuel with pre-cooling time of 32.9, 29.6 or 50.3 years for fuels with 
average burn-up of 40, 40 or 50 MWd/kgU, respectively. 

6.3.1 Description of the model 

The analytical and numerical thermal heat transfer analyses were performed with the 
computing package that has been developed and verified for this purpose at VTT.  

The calculation methodology combines analytical and numerical methods. The 
analytical approach is much more efficient than the numerical approach, but the canister 
surface temperature calculation by the analytical method needs first a calibration by 
numerical analysis.  

Heat transfer across the air-filled gap between the canister and the bentonite will take 
place by conduction, radiation and convection. The effect of convection is omitted, 
since the gaps are rather small and the surfaces are rough. Heat transfer across the outer 
gap of 50 mm filled with bentonite pellets will take place by conduction and to some 
extent by convection. The surfaces of bentonite and rock are rough. The effect of 
convection in the gap is assumed to be small and it is conservatively neglected in the 
outer gap heat transfer modelling. 

Analytical solution 

The starting point for the analytic solution is a case in which the energy (Q) is 
instantaneously released at a certain point in spherical symmetry. In this case, the 
temperature at a given point in presence of a point heat source in an infinite space is  
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where d = /(c) is the thermal diffusivity of the material ( ,   and c are thermal con-
ductivity, density and thermal capacity of the material, respectively, and they are 
constants in the whole space), r is distance and t  is time. This solution can be extended 
to a line heat source case. For details, see Ikonen & Raiko (2012, Section 3.3). In an xyz 
co-ordinate system the temperature at a considered point and caused by a line heat 
source (Figure 6-48) aligned vertically with the z axis is  
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where H is the height of the vertical line heat source, P is the time-dependent power, 
tmax is the considered time and dt  is the time differential. 

 

 

 

Figure 6-48. Line heat source in the thermal model.  
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In practice, temperature T(x, y, z, tmax) from Equation 6-10  is calculated by numerical 
integration. The flow of the groundwater, and the small heat flow caused by this, is 
conservatively not taken into account. 

The assumptions concerning Equation 6-10  are that the material (in this case the 
surrounding rock) is homogeneous, it extends to infinity, has constant thermal 
diffusivity and the line heat source has uniform power generation. Equation 6-10 can be 
applied in the whole infinite rock for an actual spent fuel canister except in the very near 
surrounding area of the canister. The accuracy of Equation 6-10 is improved if the 
height H of the canister is replaced by the effective height Heff, as presented below.  

Effective height of the canister 

Equation 6-10 can be applied to calculating the temperatures of the surroundings of the 
cylindrical canister with reasonable precision, when the actual height of the canister is 
replaced by the effective height (Figure 6-49). At the mid-height of the canister the 
temperature gradient in the vertical direction equals zero from symmetry and the highest 
temperatures are induced at the mid-height also in the buffer and rock. 

 
 

 

Figure 6-49. Effective height of the canister, when the canister is modelled as a line.  
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Let us set a requirement that at the mid-height of the canister, heat is transferred in the 
line source model as  
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where qmean is the line density of heat power in the line model and mean is the mean 

heat flux through the whole external surface of the canister. The mean heat flux mean is 
obtained by dividing the power P by the total area of the canister giving 
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Equations 6-11 and 6-12 give the mean line heat density 
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The effective height Heff in the line heat source model (Equation 6-10) is then (Figure 
6-49) 
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The equal effective height result can be obtained also geometrically by extending the 
cylinder so that the area of the extension of the cylinder equals the areas of the circular 
lids. The actual height of the canister is substituted by this height. 

Evaluation of canister surface temperature in analytic line heat source 
analysis 

The highest temperature on the canister surface, which is the most important dimen-
sioning quantity, is calculated in the mid-height of the canister with the applied bound-
ary conditions. When applying the line heat source solution of Equation 6-10, the 
temperature of the canister surface needs to be evaluated in a special way. In the 
following, a formula for calculating the surface temperature T0 is presented, when the 
rock wall temperature Trock is determined by the line model from Equation 6-10 and the 

mean heat flux mean, given by Equation 6-12, is reduced to give the heat flux 0 at the 
mid-height of the canister in a way as presented later. 

In the axisymmetric model the clearances are assumed to be of uniform width around 
the entire circumference. The average dimensions of the gap are used. Heat transfer 
across the air-filled gap will take place by conduction, radiation and convection. The 

qmean = mean 2 r0 ,

mean = P
2r0H  2r0

2
 = P

2r0 (H  r0)
  .

qmean = P
H  r0

  .

Heff  = H  r0  .
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effect of convection is omitted, since the gap width is only 10 mm and the surface of 
bentonite is rough.  

At the mid-height of the canister and close to the canister surface the temperature field 
is cylindrically symmetric, whereas at greater distances the temperature field becomes 
spherically symmetric. Due to cylindrical symmetry the vertical thermal gradient equals 
zero at the mid-height and heat flow in the vertical direction is accordingly zero.  

The situation can be considered as heat conduction at the horizontal insulated plate. 
Temperature T0b on the external surface of the air gap (i.e. on the internal surface of the 
bentonite, Figure 6-50) is calculated by adding the temperature increments across the 
pellet slot and bentonite layers to the temperature Trock on the deposition hole (rock 
wall): 

 

 

 

  

Figure 6-50. Air- and pellet-filled gaps on canister surface cylinder and between buffer 
and rock. 
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where r is radius, δ is the gap width, λ is the thermal conductivity, and T temperature. In 
the subscripts, “air” and “pel” mean the air and pellet gaps. Due to continuity of heat 
flux over the air gap it can be written (for more details, see Equation 4 in Ikonen & 
Raiko 2012): 
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The total emissivity (εtot) is calculated in the case of a wide gap from Equation 6-23 (see 
below) and in the case of the thin gap from Equation 6-22 (see below). The symbol σ 
stands for the Stefan-Bolzmann constant. In the last term related to radiation the 
temperatures are expressed in Kelvin scale. Radiative heat transfer can be expressed as 
effective heat conductivity: 
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where Tmean is the mean temperature in the gap (the average of the surface tempera-
tures). Effective conductivity decreases proportionally to the air gap width δair. In the 
numerical heat conduction analysis the radiative heat transfer term in Equation 6-16 can 
be substituted by effective conductivity of Equation 6-17. 

The equation for solving the canister surface temperature T0 starting from the rock sur-
face temperature Trock is 
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Tbentonite surface = Trock wall  + ∆Tpellet slot  + ∆Tben
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The last line is related to the air gap. Inaccuracies are primarily related to the rock 
surface temperature Trock and the thermal flux 0 at the mid-height of the canister (in 
boxes). The rock wall temperature Trock and the heat flux 0 at the middle of the can-
ister surface may be inaccurate, since the radius of the heat source (canister) does not 
equal to zero as assumed in the line heat model (Equation 6-10), the system consists of 
different materials and there are internal gaps. Further, the temperature field is not in 
steady state. However, the transient is so slow that the assumption of steady state is 
valid. The inaccuracy is primarily related to the thermal flux 0, which is corrected as 

follows. The reduction of thermal flux 0 at the mid-height of the canister can be pre-
sented by introducing the heat flux reduction coefficient k (Equation 6-19): 
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Equation 6-18, i.e. the iteration formula of the canister surface temperature T0, can 
finally be written as 
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Numerical solution 

The objective of numerical heat conduction analysis is to calibrate the analytical line 
heat source model when using it for calculating the canister maximum surface tem-
perature, which is the most important output quantity. The numerical solution part, and 
also the analytical part, as described above, are described in Ikonen & Raiko (2012). 

The canister is assumed to be a homogeneous material with uniform power generation 
over its volume inside the 50 mm thick copper overpack and the heating input in the 
insert is not modelled in detail, since the copper overpack has very high thermal 
conductivity (390 W/(m·K)) causing a practically uniform temperature distribution on 
the external surface of the canister. Temperatures inside the canister were analysed in 
detail in Ikonen (2006). In this context, it is important that the modelling of the canister 
is thermally equivalent in the simplified modelling and in the actual case. Essential 
parameters are the total decay heat output and the effective volumetric thermal capacity 
of the entire canister. 

For handling the temperatures on the outer boundaries of the numerical model, two 
alternatives exist. The boundaries may be chosen far from the canister to avoid heat 
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reflection. This makes the model large. The other possibility is to calculate the tempera-
tures on the boundaries from the analytic solution (Equation 6-10). The latter alternative 
is adopted. 

6.3.2 Key data 

Geometry of canister near-field 

Figure 6-51 shows the dimensions and layout of the deposition hole and tunnel for the 
BWR, VVER and PWR fuel canisters. The repository geometry is from Saanio et al. 
(2012) and the canister geometry from Raiko (2013). 

 

Figure 6-51. Nominal dimensions of the canister, deposition hole and tunnel. For the 
BWR fuel type, height (H) = 4752 mm, for VVER type H = 3552 mm and for PWR fuel 
type H = 5223 mm.  
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All the dimensions for the fuel canisters are the same, except for the canister heights, 
which are for the PWR canister 5.223 m, for the BWR canister 4.752 m and for the 
VVER canister 3.552 m. Also, the tunnel heights are 4.4 m for BWR or PWR canisters 
and 4.0 m for VVER canisters. Actual tunnel dimensions may be 300−400 mm more 
due to over-excavation. 

In the analyses, no gaps are assumed at the lower or upper end planes of the canister or 
the buffer due to gravity loads, which keep the interfaces closed. The total weight of a 
canister alone is 18.8 to 29.0 t (depending on canister type), thus the canister bottom can 
be assumed to be tightly pressed against the bottom supporting bentonite block. On the 
top lid of the canister, the supporting force against the bentonite is much lower, but, in 
any case, the gravity is assumed to keep the bentonite block in contact with the canister 
lid, too. 

At a depth of 400 m, the ambient rock temperature in Olkiluoto is +10.5 °C and the am-
bient temperature gradient is 1.5 °C per 100 metres increasing in the downward 
direction. 

Thermal-mechanical properties of materials 
The thermal analyses are generally made with simple and theoretically well-founded 
methods and the thermal properties are selected to reflect the real and expected values 
applicable to the system components. Some margins have been added between the 
calculated temperature and the allowable temperature to cover the effect of possible 
uncertainty in the thermal parameters. 

Many of the thermal analyses concerning the operational phase can be verified by 
simple measurement during the pre-operation test phase of the encapsulation plant and 
repository. As for the thermal properties of large-scale rock, additional data are to be 
collected during the construction phase of the repository. Thermal dimensioning of the 
repository can be updated later, if new data become available and the local canister 
distances can be adapted accordingly even during plant operation. 

The thermal conductivity and the heat capacity of Olkiluoto rock are based on labora-
tory measurements with core drilled samples (Kukkonen et al. 2011). The conductivity 
of the rock decreases slightly as a function of temperature (Figure 6-52a) and at the tem-
peratures of 25 °C, 60 °C and 100 °C the conductivity is 2.91±0.51, 2.82 and 
2.72 W/(m∙K), respectively (see also Table I-1 in Appendix I, Thermal properties of 
rock). The actual resulting temperature varies in the rock around a canister from 10.5 to 
65 °C. Thus the constant average value of 2.82 W/(m∙K) (at 60 °C) is used for all the 
Olkiluoto repository thermal analyses in the base cases. 

The heat capacity of the rock increases slightly as a function of temperature, and at the 
temperatures of 25 °C, 60 °C and 100 °C the capacity is 712, 764 and 824±32 J/(kg∙K), 
respectively (Figure 6-52b). The value of 764 J/(kg∙K) (at 60 °C) is used throughout the 
analysis. With the rock density of 2743 kg/m3 the applied volumetric heat capacity of 
the rock material is 2.1 MJ/(m3∙K). The diffusivity d = λ /(ρc), which appears in the 
analytic formulas is 1.47.10-6, 1.34.10-6 and 1.20.10-6 m2/s at temperatures of 25 °C, 
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60 C and 100 C, respectively. The thermal dependency of the parameter is weak in the
actual temperature range. 

The conductivity of bentonite buffer depends on the saturation rate (Figure 6-53). In 
normal atmospheric humidity conditions the bentonite conductivity is about 0.75 
W/(m·K) (Börgesson et al. 1994). In dry conditions the conductivity is about 0.3 
W/(m·K) and in saturated conditions 1.3 W/(m·K). In repository conditions the effective 
conductivity of bentonite is estimated to be 1.0 W/(m·K) (Hökmark et al. 2010). This 
estimate is based on an instrumented in situ demonstration test made in Äspö. 

Figure 6-54 shows the conductivity of dry and humid air (relative humidity 100 %) as a 
function of temperature (Fletcher 1991). The curves are nearly the same at lower 
temperatures. Possible humidity is diffused to bentonite. Thus the conductivity for dry 
air is applied. This is not a major consideration, as humidity has only a minor 
decreasing effect on conductivity. The upper curve in Figure 6-54 (left) and thermal 
capacity in Figure 6-54 (right) are approximated by 

l(T)=0.0243+7.07·10-5T 

cv(T)=1245-2.29·T 

[W/m/°C] 

[J/m3/°C] 
6-21

The linear fits from Equation 6-21 are used in the analyses. The gap between the 
canister and bentonite is assumed to be filled with dry air. 

The conductivity of a pellet slot is 0.2 W/(m·K) and this value is based on preliminary 
measurements performed at VTT in 2012. The volumetric thermal heat capacity of 
1.34 MJ/(m3·K) of the pellet slot is calculated from the thermal heat capacity of 
bentonite and the void fraction. 

 

 

  (a) (b) 

Figure 6-52. Thermal conductivity and heat capacity of Olkiluoto rock (Kukkonen et al. 
2011). 
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Table 6-14 summarises the thermal-mechanical properties of solid materials used in the 
analyses (Agelskog & Jansson 1999, Kukkonen et al. 2011). The tunnel backfill is of 
Friedland clay. 

 

 

 

 

Figure 6-53. Thermal conductivity of bentonite (Börgesson et al. 1994). The thermal 
conductivity 1.0 W/(m·K) is used for “dry” condition and 1.3 W/(m·K) for “saturated” 
condition. 

 

Figure 6-54. Thermal conductivity of dry air (continuous line) and humid air (dotted 
line) at atmospheric pressure (left) and thermal capacity of dry air (right) (Ikonen & 
Raiko 2012 based on Fletcher 1991). 

 

      

0

0,2

0,4

0,6

0,8

1

1,2

1,4

0 0,2 0,4 0,6 0,8 1 1,2

Conductivity [W/m/K]

Saturation

Used value

      

0

0,01

0,02

0,03

0,04

0 10 20 30 40 50 60 70 80 90 100

Air with relative
steam humidity 100%

Temperature [C]

Conductivity [W/m/K] Air



234 

 

 

Table 6-14. Thermal-mechanical properties used in the analyses. 

Parameter Value Unit Reference 

Canister overpack conductivity    390 W/(m·K)  

Bentonite (buffer) conductivity    1.0 W/(m·K) 
Hökmark et al. 
(2010) 

Conductivity of pellet slot    0.2 W/(m·K) VTT *) 

Volumetric capacity of pellet slot   1.34 MJ/(m3·K) VTT *) 

Rock conductivity at 60 °C   2.82 W/(m·K) 
Kukkonen et al. 
(2011) 

Tunnel (backfill) conductivity    1.6 W/(m·K) VTT *) 

Canister effective volumetric heat capacity 2.4/2.5/2.7 MJ/(m3·K) calculated 

Buffer (bentonite) volumetric capacity   2.4 MJ/(m3·K) 
Hökmark et al. 
(2010) 

Rock volumetric capacity   2.1 MJ/(m3·K) 
Kukkonen et al. 
(2011) 

Tunnel (backfill) capacity   1.75 MJ/(m3·K) VTT *) 

*)  Preliminary design values used at VTT. 

 

Emissivity of air gap surface 

The radiation heat flux rad between two flat parallel surfaces having temperatures of T1 
and T2 is calculated from 
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where the total emissivity is calculated from formula (Ryti 1973) 
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where 1 and 2 are the emissivities of the surfaces. The Stefan-Bolzmann constant is 

 = 5.669710-8 W/(m2·K4). Equation 6-22 is applied to the narrow annular gap between 
the canister and bentonite. 

In the dimensioning case, i.e. under dry conditions, the most important thermal 
resistance in the canister cooling chain is the 10 mm air gap between the canister and 
the buffer. The thermal conduction over the gap is the sum of thermal radiation and 
conduction in the air. Before the maximum temperature is reached after some 15 years, 
the oxygen in the trapped residual air in the deposition hole and tunnel oxidises the 
canister surface x (see Section 6.17). The increasing oxidation makes the canister 
surface emissivity better and thus decreases the thermal resistance of the gap and lowers 

rad  = tot   (T1
4  T2

4) ,

tot = 1
1
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  1
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the canister temperature. When the buffer starts to saturate, the thermal resistance is 
substantially lowered and the temperature is lowered, too. The emissivity of the copper 
surface depends strongly on the quality of the surface. A polished surface has an 
emissivity of about 0.02, a clean machined surface about 0.3 and an oxidised surface 0.6 
(Ryti 1973). The canister surface will be matte and somewhat oxidised during storage. 
The canisters are stored after encapsulation in the canister storage of the encapsulation 
plant or in the repository in a ventilated room for typically a few weeks. Thus the 
emissivity coefficient used for dry condition analyses, 0.3, is conservative at least for 
the longer term and in particular, when the maximum temperature is expected after 10 
to 15 years. 

The total emissivity expressed by Equation 6-23 is applied in a narrow cylindrical gap be-
tween the canister and bentonite (view factor = 1). If the gap width increases, the view 
factor is less than one and the total emissivity is calculated from Mills (1999): 
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where r1 and r2 are the radii of the internal and external cylinders, respectively, and 
view factor F12 = 1 (other view factors between internal and external cylinders 1 and 2 
are F11= 0, F21 = r1/r2 and F12 = 1 - F21). If for instance r1 = 0.525 m, gap width is 10 
mm, i.e. r2 = 0.535 m, 1 = 0.3 and 2 = 0.8, it follows from Equation 6-21 that tot = 
0.2794. From Equation 6-20 follows tot = 0.2791. If the gap width is 50 mm, from 
Equation 6-21 follows tot = 0.2808. Thus Equation 6-23 gives accurate enough results 
in the case of gap widths of practical interest. 

Exponential decay heat modelling 

The decay heat decreases strongly with time and, for example, after 50 years the decay 
heat is only a half of the amount it was after canister emplacement. The decay power of 
the spent fuel was calculated by Anttila (2005b) with the ORIGEN-S computer code of 
the TRITON functional module of the SCALE program package (Oak Ridge National 
Laboratory, ORNL 2004, 2009). An acceptable decay heat level is reached after 30 to 
50 years cooling time depending on the burn-up value of the spent fuel. The evolution 
of the decay power with time is shown in Table 6-15. 

The average burn-up of all spent fuel for Olkiluoto 1 and 2 (OL1, OL2) as well as Lovi-
isa 1 and 2 (LO1, LO2) units is about 40 MWd/kgU and the estimated average burn-up 
from Olkiluoto 3 and 4 (OL3, OL4) units will be about 45 MWd/kgU. Thus the decay 
power functions have been selected as those for 40 MWd/kgU for OL1&2 and LO1&2 
canisters and conservatively 50 MWd/kgU for OL3&4 canisters. 

 

tot = 1
1  1
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  1
F12

  1  2
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Table 6-15. Decay heat of BWR, VVER and PWR spent fuel (Anttila 2005b). 

 
            Decay heat [W/tU] 

Time 
[years] 

BWR 
40 MWd/kgU 

VVER 
40 MWd/kgU 

PWR 
50 MWd/kgU 

    10    1339.0   1416.0    1890.0 

    20    1036.0   1107.0    1455.0 

    30     854.4    927.5    1204.0 

    40     713.8    787.6    1013.0 

    50     602.7    675.9     862.9 

    60     514.0    586.6     743.9 

    70     443.0    514.6     648.8 

    80     386.1    456.5     572.5 

    90     340.1    409.2     510.9 

   100     303.1    370.9     460.8 

   110     273.1    339.5     419.9 

   120     248.5    313.6     386.3 

   130     228.5    292.2     358.4 

   140     211.8    274.3     335.1 

   150     198.0    259.2     315.4 

   160     186.6    246.5     298.5 

   170     176.8    235.5     284.2 

   180     168.5    226.1     271.7 

   200     155.2    210.5     251.2 

   300     119.5    165.6     191.9 

   600      77.8    107.0     120.2 

  1000      51.8     69.5      77.6 

  3000      22.3     27.7      30.5 

  6000      17.1     21.3      23.3 

 10000      13.1     16.8      18.0 

 30000       4.9      6.8       6.9 

 60000       2.2      2.9       3.0 

100000       1.1      1.4       1.5 

300000       0.6      0.7       0.9 

 

Figure 6-55 shows the evolution of the temperature in the repository taking into account 
the exponential decay heat model and the effect of the saturation degree of bentonite. 
This is also the main output of the thermal model. The tunnel spacing is 25 m. The 
reference design includes a copper plate of 30 mm at the bottom of the deposition hole 
and its effect on the heat flux has been taken into account in the thermal model. During 
the first decades the inner gap on the canister surface is assumed to stay dry. The outer 
gap between the buffer and the rock is assumed to be pellet-filled. The red line in Figure 
6-55 shows the maximum canister temperature evolution in repository in the dry case, 
when the air gap is conservatively assumed to be open during whole analysis. The outer 
gap between buffer and rock is assumed to be pellet-filled. Later after the disposal, air 
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gaps are closed due to saturation and swelling of bentonite. The green line shows the 
saturated buffer case, where the bentonite thermal conductivity is 1.3 W/(m·K) and the 
gap is closed. The black line shows the temperature on the rock edge of the deposition 
hole. Thermal conductivity of bentonite is 1.0 W/(m·K) in case of the buffer at its initial 
water content  and 1.3 W/(m·K) in case of “saturated” buffer.  

Sensitivity analyses by Ikonen (2009, Appendix B) show that the maximum temperature 
on the canister surface depends on the thermal conductivity of bentonite at a rate of 
approximately 4 C per 20% variation in thermal conductivity (assuming a linear 
dependency) or less (Figure 6-56). Roughly, this would correspond to a maximum 
increase of 10 C on the canister surface if the bentonite was completely dry (thermal 
conductivity of 0.3 W/(m·K)). The effect of the variation of the thermal conductivity of 
the outer slot filled with pellets has also been studied (Ikonen & Raiko 2012, Figure 29). 
The thermal conductivity of the pellet-filled slot is 0.2 W/(m·K) in the dry case and 0.6 
W/(m·K) in the saturated case. In the low thermal conductivity range (0.2-0.3 W/(m·K)), 
a change in the conductivity has a strong effect on the surface temperature; in the high 
thermal conductivity range (>0.6 W/(m·K)), the effect on the canister temperature is less 
pronounced.  

 

  
 

Figure 6-55. Surface temperature evolution of a BWR canister locating centrally in a 
panel in dry case (red line) and in saturated case (green line). The black line shows the 
rock surface temperature in both cases. The canister spacing is 8.92 m (Ikonen & Raiko 
2012, Figure 21). 
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Figure 6-56. Effect of the thermal conductivity of bentonite on the canister temperature 
(Ikonen 2009, Figure B-5). 

 

The decay power between two calculated points is interpolated by a linear fitting on log-
log-scale 
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By setting the times of the end points t1 and t2 and corresponding powers P1 and P2 the 
coefficients a and b of the fitting are readily determined and the interpolation for power 
is 

 

 

 6-26

This fitting is accurate enough, if the points are given after sufficiently short time in-
crements, for instance after every 10 years. 

6.3.3 Confidence in the model and data 

The maximum allowable temperature of the bentonite buffer is stated in Design Basis 
and is +100C. The maximum temperature of the canister surface is reached in10 to 15 
years after canister disposal. Saturation of the buffer cannot be guaranteed to occur 
before the maximum temperature is reached, because the rate of groundwater ingress to 
deposition holes may vary considerably in various parts of the repository. 

ln P = a  b ln t .

ln P
P1

 = 
ln P1

P2

ln t1
t2

 ln t
t1
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The thermal dimensioning analysis is made using thermal properties for various materi-
als that in general are conservatively selected. The properties of the Olkiluoto rocks that 
are used are averaged statistical values. However, the temperature dependency of the 
rock thermal properties is taken into account and the corrected parameter values at a 
temperature of +60 C are conservatively used. The conservatism of using the rock 
thermal properties of upper limit temperature leads to overestimated temperature, 
because the rock thermal conductivity is decreasing with increasing temperature. The 
average thermal conductivity at +60 C is 2.82 W/(m·K). The analysis report for rock 
thermal properties (Kukkonen et al. 2011) gives the standard deviation in thermal 
conductivity at +25 C as ±0.51 W/(m·K). These numbers are based on a few hundred 
of measured rock samples that are a few millimetres thick. From the canister cooling 
point of view, the effective rock thermal properties can be averaged at one metre or tens 
of metres scale. The larger scale decreases the variation of the average rock properties. 
However, when making sensitivity analyses of the canister temperature having the rock 
thermal conductivity as a variable (see Appendix B of Ikonen 2009), it can be 
concluded that the maximum temperature changes by about 0.9 C for every 0.1 
W/(m·K) that the rock thermal conductivity differs from the nominal value. In practice 
this means that if the effective thermal conductivity were as low as 2.5 instead of 2.82 
W/(m·K), the maximum temperature would increase by +2.9 C. 

The amount of canister heat decay power is effectively controlled by the selection 
procedure for fuel elements to be encapsulated in a single canister. The decay heat for 
every fuel element is calculated and the elements are selected so that the total decay 
power is not more than the nominal design power for the canister type. In spite of a 
sophisticated procedure, the accuracy is estimated to be about ±2 % in the decay heat 
estimates. Thus the 2 % inaccuracy in the decay heat leads to variation of 2 % of 85 C 
= 1.7 C in the maximum temperature. The 85 C is the average allowable temperature 
increase of the canister. Of course, the possible inaccuracy in decay heat estimates could 
be taken into account in the fuel element selection procedure. 

The two inaccuracies mentioned above (rock thermal conductivity variations and 
estimated decay inaccuracy) lead to summed variation of 2.9 + 1.7 = 4.6 C in 
maximum temperature for worst combination. Thus it seems reasonable that a margin of 
5 C is large enough in maximum calculated temperature, if all the other parameters are 
selected conservatively. 

The thermal conductivity of the pellet slot is selected conservatively. The thermal con-
ductivity of the pellet slot has variable values in the literature (e.g. Hökmark et al. 2010) 
and in tests made recently by Posiva. The pellet slot conductivity estimates vary 
between 0.2 and 0.5 W/(m·K) and in saturated condition between 1.0 and 1.3 W/(m·K). 
In dry-condition analyses used for thermal dimensioning, the conservative value 0.2 is 
used. Later, when the buffer design and pellet investigations are finalised, the pellet slot 
conductivity may appear to be higher, and the analyses may be updated or the 
temperature margin can be increased. 

The sensitivity to various thermal parameters was studied in Ikonen (2009) and updated 
in Ikonen & Raiko (2012). The effect of emissivity of copper, air gap width, bentonite 
conductivity and rock conductivity on the maximum canister surface temperature were 
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studied. The study in Ikonen (2009) showed that the emissivity of the copper surface 
and the conductivity of the bentonite buffer have the greatest effect on the maximum 
temperature on the canister surface and the needed canister spacing. In that study, using 
the new buffer design, it turned out that the conductivity in the pellet slot is also a 
sensitive parameter. 

In all analyses uniform power generation over the volume of the canister inside of the 
50 mm thick overpack was assumed. An alternative way to model the heat generation is 
to direct uniformly distributed heat flux onto the inner surface of the copper overpack. 
This gave about 0.8C higher temperature than the Basic Case. Thus, the difference 
between the two ways of modelling the heat generation is quite small. 

Considering all the uncertainties, there is high confidence on the thermal modelling and 
on the thermal margins that are set between the calculated maximum temperatures and 
the highest allowable temperatures. The rationale for setting the temperature margins is 
given in Ikonen & Raiko (2012, Section 4.10). 

6.4 Rock damage in the near field  

The models and data that are used in Performance Assessment to describe rock damage 
in the near field take into account the following FEPs: 

 Heat generation (3.2.2), 

 Heat transfer (in the entire repository and specifically in the geosphere) (8.2.1), 

 Stress redistribution (8.2.2), 

 Reactivation-displacements along existing fractures (8.2.3), 

 Spalling (8.2.4). 

6.4.1 Description of the model 

Excavation of the repository and the thermal load generated by the spent nuclear fuel 
will change the stress conditions around the repository, and the increased stresses may 
cause rock damage in the near field. The modelling of mechanically and thermally-
induced rock damage (spalling, surface damage, fracture opening/shearing) and the 
handling of the excavation damaged zone (EDZ) in TURVA-2012 are discussed below. 

The approach to modelling the rock damage in the near field, and the basis for 
conceptualisation of the rock damage for the groundwater flow modelling, are 
summarised in Figure 6-57. In addition to the available initial experimental data from 
Posiva’s Olkiluoto Spalling Experiment (POSE, see below), predictive modelling of this 
experiment as well as estimation of spalling based on Monte Carlo and fuzzy numbers 
has been carried out.  
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Figure 6-57. Flow chart of the modelling of rock damage in the POSE experiment using 
the 3DEC and Fracod2D codes (Site Description, Section 9.2), and in the repository 
using the Monte Carlo methodology and fuzzy numbers, and the data inputs and 
outputs. 

 

Rock damage 

Rock damage16 occurs when the concentrated rock stress around an excavation reaches 
the rock damage strength (Hakala et al. 2008). Based on the results in Underground 
Research Laboratory (URL) in Canada and Äspö Hard Rock Laboratory (HRL) in 
Sweden, the damage strength is estimated to be 50−60 % of the uniaxial compressive 
strength (UCS) (Posiva 2009b, p. 197, Siren 2011, p. 13, Johansson et al. 2013, p. 7-8). 

                                                 
 

16  Often, the term ‘spalling’ is used, it is one type of damage where rock slabs spall off the rock surface. Spalling is the failure 
mechanism in hard massive rock where it is commonly observed in the walls of underground excavations.  

Conceptualisationof rock damage

Rock damage (spalling etc.) and EDZ conceptualised for groundwater flow modelling in the 
TURVA-2012 safety case
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Several modelling studies have been carried out to estimate the extent of damage in the 
ONKALO access tunnel, technical rooms and in the deposition tunnels (Hakala et al. 
2008, Site Description, Section 9.2 and Siren et al. 2011). To study both mechanically 
and thermally-induced rock damage at the deposition hole scale in ONKALO, the POSE 
experiment (Posiva’s Olkiluoto Spalling Experiment) has been set up. The main 
objective of the experiment is to define the damage strength in the Olkiluoto rock mass. 
The experiment uses three large holes (Ø 1524 mm) bored at the bottom of a niche in 
the ONKALO, called the POSE niche. The POSE niche is located at a depth of 345 m 
(access tunnel chainage 3620), i.e. about 60 m above the planned deposition tunnels 
(Site Description, Section 9.2.2). The POSE experiment phases 1 and 2 (Pillar Test and 
Pillar Heating Test) were finished by the time of the TURVA-2012 safety case 
(Johansson et al. 2013).  

For the POSE experiment, two types of rock damage/spalling predictions have been 
made; one based on fracture mechanics (Siren 2011) and the other based on traditional 
continuum thermomechanics (Site Description, Section 9.2, Johansson et al. 2013). The 
prediction by Siren (2011) is made using the fracture mechanics code Fracod2D, which 
is based on the Displacement Discontinuity Method (DDM). Tensile and shear stresses 
and strengths are used in the model to determine the initiation of a new fracture. 
Fracture initiation occurs when two principal stresses reach a critical value (see Siren 
2011, Section 2.1.1). The fracture propagation is determined by using fracture 
toughness parameters (see Siren 2011, Section 2.1.2). Mainly anisotropic models 
simulating the behaviour of migmatitic gneiss, but also isotropic models simulating the 
pegmatitic granite, were used. The anisotropic models have lower strength parameters 
in the anisotropy direction (Siren 2011). Thermal effects were not considered in the 
model. 

A continuum mechanics prediction for the POSE experiment has been performed with 
the 3DEC code (Site Description, Section 9.2). 3DEC (Discrete Element Code, Itasca 
2010) is a thermomechanics code, a three-dimensional numerical program based on 
distinct element method for discontinuum modelling. 3DEC is capable of simulating 
transient heat conduction using either a numerical or analytical formulation. The code 
has also been used for other rock mechanics studies. The effects of heating have also 
been included. In POSE Phase 1 and 2 predictions, the rock was assumed to be 
continuous, homogeneous linear elastic/plastic using so-called brittle strength criteria, 
i.e. a cohesion softening friction hardening model (Diederichs et al. 2010). In this 
model, the strength at the initial state is determined mainly by the cohesive component 
and, during the damage, cohesion is lost and fraction mobilised. For heat conduction, an 
analytical method was applied and the code calculates thermal stresses based on the 
thermal expansion coefficient and elastic parameter values of rock. 

Rock damage estimations for Olkiluoto have also been made using Monte Carlo 
simulations and fuzzy numbers and utilising the property distribution of rock stress and 
rock strength (Hakala et al. 2008). The Monte Carlo simulations were done by using 
Monte Carlo programs in MATLAB and Excel. In association with the Monte Carlo 
simulation approach, the same analysis was conducted using fuzzy numbers and fuzzy 
arithmetic. For this analysis, the stress and strength values were presented as fuzzy 
numbers. A fuzzy number expands the usual concept of number to a membership grade 
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between two limits – in this case a triangular membership functions were used. The 
calculation of concentrated stress and comparison with the damage strength is then 
conducted using the set of rules governing fuzzy arithmetic (Kaufman & Gupta 1984).  

To evaluate the potential for rock damage, the maximum concentrated stress in the 
periphery of excavation was estimated. For circular tunnels, the maximum secondary 
stresses  in the cross-section of the tunnel are (see Hakala et al. 2008, p. 13): 

 for tunnels parallel to the major horizontal stress (H):hv, 
hv, 

 for tunnels parallel to the minor horizontal stress (h):Hv, Hv 
and 

 for tunnels parallel to the vertical stress (v):Hh, Hh. 

Distributions of maximum  were calculated by considering the primary stresses either 
as random variables for the Monte Carlo simulation or as fuzzy numbers. Rock damage 
occurs when the maximum secondary stress exceeds the damage strength (s, 
which is assumed to be proportional to the uniaxial compressive strength (UCS) also 
presented either as random variable or as fuzzy number. As a result, an estimate of the 
spalling potential is obtained for the tunnels and deposition holes.  

To estimate the depth of spalling (Sd), the empirical formula by Martin (2005) and 
Martin & Christiansson (2008) was used: 

	 0.5  0.52 , for s 

 

 6-27

where a is the radius of excavation. 

Additionally, the maximum secondary stress obtained by the approach presented above 
was compared to the maximum concentrated stresses considering the real 3D geometry 
of the tunnel and the deposition hole. The effect of the correlation of the principal 
stresses were tested and the effect of foliation on the rock strength parameters was 
studied (for a detailed discussion, see Hakala et al. 2008, Chapter 4).  

EDZ 

The excavation damaged zone in the repository has not been modelled for the 
performance assessment. Instead, its extent and properties are based on observations 
and tests in the ONKALO (Mustonen et al. 2010, Section 6.6). 

6.4.2 Key data 

Data needed for the estimation of rock damage 

The assessment of rock damage involves, firstly, establishing the rock stress and rock 
strength values and, secondly, comparing the two for the various depths and orientations 
of the ONKALO and repository tunnel excavations. The input data for the analyses are 
mainly site-specific data on rock mechanics properties of the rock mass, fractures and 
brittle deformation zones, thermal properties of the rock and rock stresses. Statistical 
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methods have been used for defining the input data. As described in Section 6.4.1, there 
is little site-specific information on the damage strength available yet, although an 
experiment aiming to obtain such data is currently ongoing in the ONKALO. Therefore 
the damage strength in the modelling was assumed to be around 57 % of the UCS based 
on the results from other crystalline sites (URL, Canada and Äspö HRL, Sweden). 

The Fracod2D prediction of the POSE experiment was done by using the parameters 
reported in Posiva (2009b) and by using laboratory results on the anisotropic behaviour 
of the rock (Siren 2011, Section 1.2). The parameters for the anisotropy direction for 
migmatitic gneiss were determined by using Posiva’s geological mapping of the POSE 
niche and projected to plane surfaces of the models. Posiva’s geological mapping of the 
foliation direction is shown in Figure 2-2 of Siren (2011), dipping 52 degrees to 
direction of 175 degrees. A variation of 30° in all directions with steps of 15° was used 
in the models to investigate the effect of a change in the anisotropy direction (Siren 
2011, Section 2.2). The input parameters were determined by using existing test results 
for pegmatitic rock, which is assumed to be isotropic, and for migmatitic gneiss, which 
is assumed to be anisotropic. Both types are assumed to be homogeneous and linearly 
elastic. For migmatitic gneiss, individual rock strength and fracture toughness 
parameters were determined for two perpendicular foliation directions (Siren 2011, 
Section 2.3; Siren 2012). The input parameters are listed in Table 6-16, Table 6-17  
and Table 6-18. The definition of these input values is explained in Siren (2011, 
Sections 2.3.1−2.3.5) and the related sensitivity studies are described in Siren (2011, 
Section 2.4). 

The input data used in the 3DEC predictions of the POSE experiment (Johansson et al. 
2013) are presented in Table 6-16, Table 6-17 and Table 6-19. The values are based 
on Site Description, the POSE Phase 1 and 2 outcome report (Johansson et al. 2013) and 
Diederichs et al. (2010). 

The rock damage assessments by Hakala et al. (2008) have been made for tunnels at 
various depths and directions and deposition holes at the –420 m level. In order to 
account for the variation in the rock stress magnitudes, upper and lower limits were 
specified as a function of depth (Table 2-1 of Hakala et al. 2008). To account for the 
uncertainty in the magnitudes of the principal stresses at Olkiluoto, triangular stress 
component distributions for each depth level were assumed (Figures 2-4 and 2-5 of 
Hakala et al. 2008), both in the Monte Carlo analysis and in the fuzzy number analysis. 
The minimum, mean and maximum values for the distributions assumed for the -420 m 
level are given in Table 6-17. Based on these in situ stresses, the maximum value of the 
concentrated stress in the periphery of the excavation was estimated (Figure 2-6 of 
Hakala et al. 2008). 
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Table 6-16. Input data on intact rock and rock mass properties used in the rock damage 
analyses. Values of the mechanical parameters of the intact rock used as input in 
Fracod2D are from Siren (2011, Table 2-1). The intact rock and rock mass parameter 
values used in the 3DEC modelling are based on Site Description, the POSE Phase 1 
and 2 outcome report (Johansson et al. 2013) and Diederichs et al. (2010), and the 
strength values used in the Monte Carlo simulations and fuzzy number analyses are 
from Hakala et al. (2008). PGR means pegmatitic rock and MIGM.GN migmatitic 
gneiss. 

Parameter Value Unit

Intact rock properties (POSE predictions with Fracod2D, Siren 2011, Table 2-1) 

Rock type PGR MIGM.GN  

Young’s modulus (E) 55 55 GPa 

Poisson’s ratio (ν) 0.20 0.20 - 

Anisotropy dip - 52° deg 

Anisotropy direction - 175° deg 

Anisotropy direction isotr. parallel perpend.  

UCS (σUCS) 115 105 123 MPa 

Rock mass strength (σcm) 65.6 60 70 MPa 

Cohesion (c) 12.9 12.4 13.8 MPa 

Friction angle (φ) 47° 45° 47° deg 

Tensile strength (σT,I) 12 10 14 MPa 

Intact rock properties (POSE predictions with 3DEC, Johansson et al. 2013, Section 3.3.1 and 
Table 2-3) 

Young’s modulus (E) 55 GPa 

Poisson’s ratio (ν) 0.20 - 

Uniaxial compressive strength (UCS) 108 MPa 

Crack initiation (CI) 52 MPa 

Tensile strength (T) 12.1 MPa 

Rock mass properties (POSE predictions with 3DEC, Johansson et al. 2013, Section 3.3.1) 

Rock mass quality (GSI) 100 - 

Young’s modulus (ERM) 55 GPa 

Poisson’s ratio (νRM) 0.20 - 

Damage strength (σ1, damage) 52 MPa 

Density ( ) 2700 kg/m3 

CSFH-parameter values initial / residual  

Cohesion (c) 19.1 / 1.9 MPa 

Friction angle (φ) 17° / 50° deg 

Tensile strength (σT,I) 12.1 / 0.001 MPa 

Intact rock properties (Monte Carlo and fuzzy number analyses, Hakala et al. 2008, p. 18 and 
Table 2-2) 

Damage strength/UCS ratio 0.57 

 Median 
[MPa] 

Mean 
[MPa] 

Standard 
deviation 

[MPa] 

Number 
of 

samples 

UCS (σUCS) distribution 118 119 31.1 1208 
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Table 6-17. Input data on in situ stresses used in the rock damage analyses. The in situ 
stresses used as input in Fracod2D are from Siren (2011, Table 2-1). The stress values 
used in the 3DEC modelling are from Johansson et al. (2013, Section 3.3.1) and the 
stress value distributions used in the Monte Carlo simulations and fuzzy number 
analyses are from Hakala et al. (2008, Figures 2-4 and 2-5, based on Table 2-1 
assuming z = 420). 

In situ stresses 

In situ stress values (POSE predictions with Fracod2D and 3DEC)

Stress component Value Unit Direction Unit 

Major principal stress (σ1) 25.1 MPa 166° (hor.) deg 

Intermediate principal stress (σ2) 17.1 MPa 256° (hor.) deg 

Minor principal stress (σ3) 12.3 MPa up deg 

Triangular stress distributions for the -420 m level (Monte Carlo and fuzzy number analyses) 

Stress component Minimum 
value 
[MPa] 

Mean 
[MPa] 

Maximum 
value [MPa] 

Direction 

Maximum horizontal stress (σH) 13.8 20.7 27.6 NW-SE 

Minimum horizontal stress (σh) 8.8 12.6 16.3 NE-SW 

Vertical stress (σv) 6.3 9.5 12.6 - 

 

Table 6-18. Fracture-related input data used in Fracod2D modelling of the POSE 
experiment (Siren 2011, Table 2-1, and references therein). 

Parameter Value Unit 

Fractures 

Cohesion − tensile (c) 10 MPa 

Cohesion − shear (c) 10 MPa 

Friction angle − tensile (φt) 35° deg 

Friction angle − shear (φs) 35° deg 

Dilatation angle − tensile (ψt) 2.5° deg 

Dilatation angle − shear (ψs) 2.5° deg 

Normal stiffness − tensile (kn) 20,000 GPa/m 

Normal stiffness − shear (kn) 20,000 GPa/m 

Shear stiffness − shear (ks) 2000 GPa/m 

Shear stiffness − tensile (ks) 2000 GPa/m 

Initial aperture 10·10-6 m 

Residual aperture 1·10-6 m 

 isotr. parallel perpend.  

Fracture toughness I (KIC) 1.96 1.87 3.05 MPa√  

Fracture toughness II (KIIC) 3.30 3.00 3.86 MPa√  

Fracod models 

Initial crack element size 60 mm 

Model element size 37−75 mm 

 



247 

 

 

Table 6-19. Input data on the thermal properties of the rock (at 25 °C) used in 3DEC 
modelling of the POSE experiment (Johansson et al. 2013, Section 3.3.1). 

Parameter Value Unit

Thermal conductivity 2.92 W/(m·K) 

Thermal expansion coefficient 9.76·10-6 1/K 

Specific heat capacity 716 J(kg·K) 

Diffusivity 1.465 ·10-6 m2/s 

 

The numerical values for the estimates of the uniaxial compressive strength and the 
associated standard deviations for all rock types at Olkiluoto assumed by Hakala et al. 
(2008) are given in Table 6-16. The damage strength at Olkiluoto was taken as 57 % of 
the UCS (Hakala et al. 2008, p. 18). When estimating the thermally-induced rock 
damage, an additional thermal stress component of ~20 MPa was added to the 
horizontal components of the in situ stress, based on the anticipated temperature rise 
(about 50 degrees, Ikonen 2007) and the coefficient of thermal expansion of the rock 
(Hakala et al. 2008, p. 47).  

Modelling results 

The Fracod2D and 3DEC codes produced damage/spalling predictions for the POSE 
experiment in the ONKALO. Based on both predictions, surface damage or spalling 
should occur in the pillar between the two adjacent holes after drilling the second hole. 
Fracture mechanics prediction performed with the Fracod2D code shows the cracks to 
form only ‘crevices’ in one model but, in the rest of the models, the fractures form 
wedges or, in other words, spalling. According to the results, the notches formed by 
spalling have a depth in the range of 40 mm to 240 mm and width ranging from 300 to 
600 mm (Siren 2011, Table 5-1). The fracture growth starts when the rock stress is in 
the range of 63–73 % of the uniaxial compressive strength, depending on the orientation 
of the anisotropy (Site Description, Section 9.2.2). 

A continuum mechanics prediction performed with the 3DEC code also shows rock 
damage on the pillar walls with a maximum depth of 80 mm after drilling the second 
hole. The maximum principal stress in the rock pillar between the holes is around 75−80 
MPa. In the 3DEC analyses, the effect of heating was also studied: after two weeks 
heating in the pillar area, the stresses were increased to the level of 130 MPa (Site 
Description, Section 9.2.2, Performance Assessment, p. 142). Based on the prediction, 
the heating would cause further rock damage between the POSE holes (with a 
maximum extent of 500 mm assuming the holes are open) (Site Description, Figure 
9-10). 

The Monte Carlo simulations and the fuzzy numbers give estimates of potential rock 
damage for various depth levels and tunnels orientations. According to the results, 
excavation-induced rock damage is locally possible both in the deposition holes and 
tunnels. The Monte Carlo simulation process indicates that in 16 % of the cases, the 
deposition hole will spall. The mean rock damage depth is about 100 mm for deposition 
holes (Hakala et al. 2008, p. 21). For the fuzzy arithmetic result, the percentage of rock 
damage expected for deposition holes at the 420 m depth level is 14 % and the mean 
rock damage depth is 28 cm (Hakala et al. 2008, p. 24-25). The depth of rock damage 
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can be reduced by optimal orientation of the facilities (Hakala et al. 2008, p. 54). 
Estimates were also made of the potential for thermally-induced rock damage after 
emplacement resulting from the heat produced by the canisters. This estimation process 
was similar to the estimates for excavation-induced rock damage except that the thermal 
stresses were considered. In this situation, rock damage will occur regardless of the 
tunnel orientation, but the depth of rock damage can be limited with optimal orientation 
(Hakala et al. 2008, p. 47, 54). It was found that an active bentonite swelling pressure of 
1.0 MPa seems to limit effectively the depth of rock damage and induced displacements 
(Hakala et al. 2008, p. 52). 

Experimental data 

The drilling of the two POSE holes did not induce any spalling type damage in the pillar 
side walls. The only damage that was observed was two sub-vertical fractures that were 
formed on the wall of hole 1 and one sub-vertical fracture on the wall of hole 2 after 
drilling had been completed. Thus, the most likely fracturing to occur is the sub-vertical 
fracture in hole 2 at a location where there is a weak zone (Performance Assessment, p. 
142). The fracture is located in a mica layer, which typically indicates a low strength 
(Figure 9-12 of Site Description). The fractures did not propagate further during the 
drilling of hole 2; also, microseismic monitoring did not record any events during the 
drilling (Site Description, Section 9.2.2). Damage was induced by heating. The damage 
was well localised and controlled by the foliation and rock type contacts which were 
known to be weak. The depths of the damaged areas due to heating were less than 100 
mm (Johansson et al. 2013). 

In addition to the POSE niche, there are experimental data on rock mass stability in 
other parts of ONKALO (e.g. Site Description, Sections 5.2.7, 5.2.8, 9.2.2, 9.2.3). 
Monitoring of bedrock stability has been carried out using microseismic (MS) 
measurements, GPS measurements and precise levelling measurements (Lahti & Hakala 
2010). Visual observations have also been made of rock damage after excavation. 
Several observations of the increased stress field with depth have been made. These 
observations are mainly the occurrences of rock noises and loose rock slabs (Site 
Description, p. 335). Actual spalling appears rare (Johansson et al. 2013).  

The EDZ assessment of Mustonen et al. (2010) was based on comparing rock mass 
conditions before excavation (baseline conditions) and after it. The baseline 
investigations included a reflection seismic single-hole survey and seismic tomography 
between two drillholes and seismic tomography between two pairs of drillholes. The 
surveys in these holes also included geological core logging, geophysical logging, 
acoustic and optical drillhole imaging, differential flow logging, borehole radar 
measurements, and water loss measurements. Interference tests were also conducted, as 
well as GPR (Ground Penetrating Radar) surveys (Mustonen et al. 2010). 

The EDZ studies in ONKALO (Mustonen et al. 2010) indicate that blast-induced 
fracturing does not form a continuous, connected network over larger distances along 
the tunnel, when a well controlled excavation procedure is applied. Instead, the EDZ 
appears as patches of reduced rock quality, increased fracturing and to some extent 
increased porosity. The depth extent of the EDZ is typically 0−15 cm, reaching 
occasionally 70 cm, although the maximum depth is usually 30 cm. The depth extent 
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and the spread of the EDZ are greater (the extent is approximately twice as great) in the 
floor than in the wall (Mustonen et al. 2010, Figure 5-27 and Section 6.6.2). The 
impacts of the presence of the EDZ on groundwater flow have been studied as part of 
the groundwater flow modelling by Hartley et al. (2013a). 

Conceptualisation of the rock damage in the near field 

For the purposes of groundwater flow modelling (Hartley et al. 2013a, see also Section 
6.1), rock damage around the deposition holes was conceptualised as a thin layer with 
enhanced conductivity around each deposition hole. This conceptualisation is based on 
the results of the modelling studies described above as well as on the first results from 
the POSE experiment.  

Around each deposition hole, the thickness of the region affected by rock damage is 
taken to be 10 cm, which is the maximum, conservative damage depth observed in the 
POSE experiment (Site Description, Section 9.2) and also corresponds to the value used 
by Neretnieks et al. (2010). 

Based on the findings in Mustonen et al. (2010), three different EDZ cases have been 
considered in the groundwater flow modelling by Hartley et al. (2013a) to study the 
impact of EDZ below the deposition tunnel floor: 

1. discontinuous EDZ (4 m sections divided by 0.5 m gaps) in the central case (Figure 
6-6) and several variant cases,  

2. continuous EDZ in a variant case and 

3. no EDZ in a variant case. For a summary of the results, see Sections 5.1.2 and 6.1.2 
in Performance Assessment. 

In the groundwater flow modelling, no EDZ along the tunnel walls or roof has been 
assumed (Hartley et al. 2013a, Section 3.3.4; Performance Assessment, Section 5.1.2). 
This is considered to be a reasonable model simplification. The EDZ observed in the 
ONKALO is most pronounced below the tunnel floor, although it occurs also along the 
tunnel walls (see discussion in the previous section). 

The transmissivities measured by Mustonen et al. (2010, p. 94) after excavation of the 
EDZ tunnel varied between 10-12–10-7 m2/s. However, the lack of data just below the 
actual floor of the tunnel makes the use of these results for the comprehensive 
description of hydraulic properties highly uncertain (Mustonen et al. 2010, p. 161). To 
cope with these uncertainties, a reference assumption of T = 10-8 m2/s and a variant case 
with T = 10-7 m2/s were considered (Hartley et al. 2013a, p. 78-79). For the case with a 
continuous EDZ, an extra layer of finite-elements of thickness 0.4 m and hydraulic 
conductivity 2.5·10-8 m/s was added below each tunnel (Hartley et al. 2013a, p. 89). 

6.4.3 Confidence in the model and data 

Although the statistical deviation in the values of strength is well known for laboratory-
scale samples, the main uncertainty is the large variation of in situ strength, i.e. the 
damage strength (Site Description, Section 5.5.2). However, as the ONKALO 
excavation work proceeds, and as more is learnt about the rock mass and its properties, 
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the uncertainties are gradually being reduced in all the subject areas relating to rock 
mechanics. Moreover, statistical techniques, e.g. geostatistics, Monte Carlo simulation 
methods and fuzzy analysis (see e.g. Hakala et al. 2008, Siren et al. 2011), are able to 
account for the variability of the rock properties (Site Description, Section 5.5.4). 
Uncertainties related to in situ rock stress are discussed in Section 6.5. 

The fact that the drilling of the two POSE holes did not induce any rock damage in the 
hole-to hole pillar side walls is an indication that the damage strength is higher than 
anticipated, or that the stress state is different from that estimated, or that the effect is 
due to a combination of both of these (Site Description, Section 9.2.2).  

The rock response (displacement) measurements in the POSE niche have not produced 
consistent results: strain measurements at different depths in the POSE holes 
corresponded well with the predicted ones; convergence results − wall-to-wall − 
matched well with the predicted ones; but the wall-to-roof results did not. Also, the 
extensometer displacements were about half of those predicted. This is an indication 
that the understanding of the site conditions is not yet complete (Site Description, 
Section 9.2.3). 

The predicted rock temperatures in the POSE monitoring holes matched well with those 
measured. The rock quality predictions from the pilot holes are not very reliable, which 
is mainly due to the rock heterogeneity (Site Description, Section 9.2.3). 

The location of the POSE experiment was selected so that rock conditions would be 
representative of the Olkiluoto repository (Johansson et al. 2013, Appendix A). On the 
other hand, the POSE experiment was located at a depth of 345 m, i.e. somewhat above 
the planned disposal depth, and also the test set-up differed from the disposal conditions 
as the pillar between the two large holes was only 0.9 m thick. However, the difference 
in the depth is estimated to have no significant impact. 

In addition to the rock damage predictions for the POSE experiment discussed above, 
rock damage predictions for the technical rooms have been made with the MIDAS/GTS 
finite element code and Examine3D, a three-dimensional boundary element code (Siren 
et al. 2011). The thermal effects were not considered in these analyses, but as to the 
mechanically-induced rock damage, the results support the damage analyses discussed 
in Section 6.4.1. 

The Monte Carlo and fuzzy number approaches have been compared. The percentage of 
spalling, i.e. percentage of safety factors (damage strength/concentrated stress) which 
are less than unity, expected for deposition holes at the -420 m level was 16 % for the 
Monte Carlo simulation and 14 % for the fuzzy arithmetic result (using strength and 
stress value distributions as input). This is an acceptable agreement and provides 
confidence that both methods adequately account for the variation in both the stress and 
strength values when the damage percentage is being evaluated. The conclusion to be 
drawn from a comparison of the two methods is that they provide a tool for rock 
damage predictions and they give comparable results, especially in terms of the 
estimates of damage proportion (Hakala et al. 2008, Sections 2.5 and 4.4). However, the 
results are sensitive to the value of the damage strength. The results of the POSE test 
indicate that the damage strength may be higher than anticipated.  
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It can be concluded that the assumption made on the extent and continuity of the EDZ 
and rock damage around the deposition hole in the subsequent groundwater flow 
analysis can be considered cautious. There are uncertainties related to the hydraulic 
properties of the damaged zone and the EDZ, as there is only a limited data set on the 
hydraulic properties of the EDZ or the rock damage zone (spalling) available from the 
ONKALO. Further data from the ONKALO are being acquired that will be beneficial to 
define the input for further modelling. Further studies on the hydraulic properties of the 
EDZ are ongoing in ONKALO. Based on the results by Hartley et al. (2013a, Section 
7.1.1), it can be concluded that the impact of the EDZ on groundwater flow is rather 
limited, which is supported by earlier studies by Mellanen et al. (2008) and Hartley et 
al. (2010). Including the EDZ below the tunnel and the rock damage around the 
deposition hole with relatively high hydraulic conductivity is also considered to cover 
any increase in transmissivity of fractures and potential reactivation of the fractures that 
can take place close to excavation as a result of the changes in stresses due to 
excavation (Hökmark et al. 2010).  

6.5 Earthquake-induced shear displacements  

The models and data that are used in Performance Assessment (Section 7.2) to describe 
earthquake-induced shear displacements take into account the following FEPs (FEP 
number according to Features, Events and Processes in parentheses): 

 Stress redistribution (8.2.2), 

 Reactivation-displacements along existing fractures (8.2.3), 

 Glaciation (10.2.2), 

 Land uplift and depression (10.2.4). 

Olkiluoto is located in a seismically stable area. However, the possibility of future 
larger earthquakes especially in connection with glacial retreat cannot be excluded and 
shear displacements caused by large earthquakes may lead to canister failures. The 
behaviour of the canister-buffer system in the case of shear load has been studied by 
Raiko et al. (2010, see also Section 6.23). According to those analyses, the canister can 
withstand shear displacements of up to 5 cm. The risk of canister failure by shear 
displacement is reduced by locating the canister away from deformation zones and by 
avoiding intersections of canisters with large fractures, which may potentially host 
secondary displacements induced by nearby earthquakes. However, it is possible that 
some of such large fractures may escape detection.  

This section discusses the stress evolution during a glacial cycle and the fault stability 
under varying stress conditions to assess the potential of the faults to host earthquakes. 
Also the modelling carried out to assess the secondary shear displacements in fractures 
in case of an earthquake in a nearby fault is presented. These results are combined with 
the estimated earthquake frequencies (see Section 5.4) to estimate the number of 
deposition holes intersected by undetected large fractures, and thus with potential for 
canister shear failure. A summary of the modelling approach is shown in Figure 6-58.  
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a) 

 

b) 

 

Figure 6-58. Flow chart of the modelling carried out to (a) assess the stresses, fault 
stability, earthquake frequency and shear displacements in order to (b) estimate the 
number of canister failures due to shear displacements. 
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6.5.1 Description of the model 

Glacially-induced stresses and fault stability 

Lund & Schmidt (2011) studied how the Weichselian glacial cycle affects stresses and 
how the changes in stress influence the stability of faults. The focus of the study was the 
evolution of glacially-induced stresses at repository depth in Olkiluoto and the stability 
field at seismogenic depths. The ice sheet increases the mechanical load on the 
repository both through the additional load caused by the weight of the ice and through 
the flexural response of the lithosphere. The ice sheet increases the vertical stresses due 
to the weight of the ice sheet, but the flexural response of the lithosphere induces 
horizontal stresses of similar order (Lund & Schmidt 2011, p. 3). The retreat of the ice 
sheet is relatively rapid compared to flexural response. The resulting changes in stress 
state may act as a driving force for post-glacial earthquakes, and after the deglaciation, 
the lithosphere will experience slow glacial isostatic adjustment (see discussion in 
Section 5.3). In addition, changes in pore pressure may affect the fault stability, 
depending on the duration of the ice sheet and hydraulic properties of the rock, pore 
pressure increases below the ice sheet and elevated values may remain even after the 
retreat of the ice sheet.  

Similarly to the study by Lund et al. (2009) for Forsmark and Oskarshamn, Lund & 
Schmidt (2011) applied three dimensional ice and Earth models to calculate the glacial 
isostatic adjustment (GIA), i.e. the response of the Earth to an ice load, examining both 
stresses and displacements. The GIA models incorporate an ice model for the temporal 
and spatial evolution of the ice sheet and an Earth model which subsides or rebounds as 
the ice load varies. The ice model by Näslund (2006) was applied in this study. Several 
different Earth models, including both horizontally stratified models and models with 
laterally varying lithosphere thickness, were applied (for details, see Lund & Schmidt 
2011, Chapter 4). Lateral variations in viscosity of the mantle were not included. The 
resulting rebound velocities and displacements were compared with GPS observations 
(Lidberg et al. 2007), tide-gauge observations (Ekman 1999) and relative sea level data 
(Lund & Schmidt, 2011, Fig. 16). A selection of the earth models with different 
structure and with reasonable fit to the observed data were then used in the fault 
stability analysis. 

In order to investigate the interaction of the glacial stresses with the background stress 
field, Lund & Schmidt (2011) constructed models of the background stress field and 
showed how the combined stress field evolves. The fault stability was estimated from 
the combined background and glacial stresses using a Mohr-Coulomb failure criterion. 
The analysis was limited to glacially-induced and tectonic stresses; stress accumulation 
during the glaciations, which was suggested to be of significance by Johnston (1987) 
and Adams (2005), was not included.  

There are several techniques and methods for the modelling of glacial isostatic 
adjustment (see e.g. Whitehouse 2009). Lund & Schmidt (2011) used a flat-earth finite 
element approach, based on Wu (1992, 2004), to model GIA adjustment. This approach 
allows the modelling to be done using finite element (FE) packages; in this case 
ABAQUS. The glacio-isostatic adjustment was modelled using the following governing 
equation (Lund & Schmidt 2011, Eq. 2): 
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Here σ is the stress tensor, u the displacement vector,  a unit vector in the radial 
direction and ρ and g the density and gravitational acceleration, respectively. The 
subscript 0 refers to the initial background state. The first term is the divergence of 
stress, the second term is the so-called pre-stress advection term, which describes how 
the initial stress field is carried by the material in motion (Wu & Peltier 1982, Wolf 
1991, Wu 2004).  

The applied FE technique does not take into account the following load related effects: 
(i) water redistribution and sea level change, (ii) effect of the other large ice sheets, e.g. 
Laurentide, (iii) inconsistency of the Earth models and the ice sheet model as none of 
the Earth models applied is a replica of the model used to produce the ice sheet, (iv) 
effects of the previous glaciations. Of these, the omission of the water redistribution has 
likely the most effect, adding approximately 10 % of the total signal to the current 
rebound velocity field. The other omitted effects are estimated to have a relatively small 
influence on the results (for a more thorough discussion, see Lund & Schmidt 2011, 
Section 2.1.1). 

The applied model does not take into account self gravitation accounting for changes in 
the gravitation potential due to redistribution of the material, or the internal buoyancy 
due to the density change caused by compression or dilation of the material. However, 
the material compressibility is taken into account. Omission of self-gravitation is 
counteracted by using the flat-earth approximation as shown by Amelung & Wolf 
(1994). According to Bängtsson & Lund (2008), the ABAQUS implementation of 
material compressibility in an elastic material with Poisson’s ratio 0.2 underestimates 
the vertical displacements by approximately 10 % below the centre of the ice sheet. 
They also show how the solution converges to the expected results for more 
incompressible materials. According to Schotman et al. (2008), Lund (2005) and Spada 
et al. (2011), the results of the Wu (2004) flat-earth FE technique for vertical 
displacements and geoid heights agree well with the spectral models, but the horizontal 
velocity field is less accurately modelled by the FE technique. Further, the model does 
not take into account the effect of the Earth’s rotation, which is however a second order 
effect (Milne et al. 2004). 

Faulting-induced shear displacements 

Fälth & Hökmark (2011, 2012) modelled shear fracture displacements induced by post-
glacial seismic events in nearby fault zones. Seismic events in a selection of fault zones 
representing variable size, orientation and location with respect to the planned 
repository area (BFZ100, BFZ021/099, BFZ214 and BFZ39 according to Aaltonen et 
al. 2010) were considered in the studies. The results, i.e. the induced fracture shear 
displacements, obtained for these zones are valid also for other similarly oriented and 
similarly sized zones at the site.  

Earthquakes were simulated in a schematic way using the dynamic logic of the 3DEC 
code. In the model, large planar discontinuities (called primary faults) representing 
potential earthquake faults are surrounded by a number of smaller discontinuities (called 
target fractures), in which secondary shear displacements can be induced by the 
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earthquake on the primary fault. The simulation work consisted of two phases: the static 
phase was run first to provide the shear stresses along the primary fault prior to 
initiation of faulting, followed by the dynamic phase simulating the seismic event (for 
details, see Fälth & Hökmark 2011, Section 2.9). In the static phase, initial stresses 
based on best estimates of the present day in situ stresses and on the estimated glacially- 
induced stresses (Lund et al. 2009), were applied and the model was allowed to reach 
equilibrium under gravity. A high cohesive strength was assigned to the primary fault in 
order to prevent it from slipping during the static phase. In addition, as pore pressures 
might increase during glaciation, cases with residual excess pore pressure were 
analysed. In the dynamic phase, the rupture was simulated through a programmed 
reduction of the fault shear strength, which resulted in primary fault slip and a 
corresponding release of strain energy. The fault rupture was initiated at a pre-defined 
hypo-centre and programmed to propagate outward radially across the fault plane with a 
specified velocity, until it was arrested at the boundary of the prescribed rupture area. 
To suppress the fault overshoot and the fault oscillations that would follow in case the 
fault shear strength was lost completely, a small residual friction angle was specified 
(see Fälth & Hökmark 2011, Appendix). The fault strength properties were assumed to 
be uniform over the fault plane. The stress-driven modelling approach captures target 
fracture displacements caused both by stress redistribution effects and by dynamic 
oscillation effects. The built-in programming language FISH (Itasca 2007) is used to 
control initiation and propagation of the primary fault rupture and to define the 
geometry of the target fractures. 

The results of the modelling include the maximum moment magnitude of potential 
earthquakes hosted by the studied fault zones, shear displacement along the fault zones 
and fault slip velocities. The main outcome however, is the induced target fracture shear 
displacements. 

Fault zones and the target fractures were modelled as perfectly planar discontinuities. 
Specific model geometries were applied to each of the faults considered. The models 
include large portions of rock with model size determined by the size of the fault under 
study. The faults are located centrally in the models. In order to minimise boundary 
shear effect, the model boundaries are aligned with the major principal stresses. The 
hypocentre is located in the centre of the rupture area. Since it was assumed that the 
rupture area is identical to the area of the fault, the hypocentre was also at the centre of 
the fault, which, for the Olkiluoto zones considered in the 3DEC studies performed so 
far, means hypocentre depth between 0.4 km and 1.5 km. The finite difference zone 
edge lengths were determined to ensure proper wave transmission through the 
continuum (see Fälth & Hökmark 2011, Section 2.5). 

The target fractures have a constant size (radius 75 m) and they were modelled as planar 
disks with centres at 420 m depth, i.e. approximately at the projected repository depth. 
In the first study on induced fracture displacement, each model contained several 
fractures with varying orientation and distance to the primary fault. For a detailed 
description of the representation of the target fractures, see Fälth & Hökmark (2011, 
Section 2.6). In the second study, to increase case coverage, each model was analysed 
several times, each time with a specific target fracture orientation valid at all fracture 
positions, see Fälth & Hökmark (2012). This means that some combinations of target 
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fracture position and target fracture orientation appear in both studies, which allows for 
observations regarding the possible impact of neighbouring fractures on the induced 
slip. Differences between target fracture slip induced in models with identically and 
differently oriented neighbour fractures, respectively, appear to be insignificant (Fälth & 
Hökmark 2012), which strengthens the confidence in the results.  

The rock mass between the target fractures and outside the repository region was 
assumed to be linearly elastic, isotropic, homogenous and continuous. The fracture 
frequency was assumed to be sufficiently low and the compression sufficiently high to 
justify the elastic continuum approximation. The linear elastic assumption is supported 
also by other authors, see e.g. Scholz (2002) and Stein & Wysession (2003). 

Since the rock mass was assumed to behave purely elastically, attenuation was not 
explicitly accounted for in the models (except for the small effects of target fracture 
slip) whereas seismic waves attenuate in real rock masses because of inelastic 
deformations. For the short distances and the competent rock mass considered for the 
present purpose, attenuation effects are judged to be small. Ignoring this effect is 
conservative. 

The target fractures were assumed to respond to load changes according to an idealised 
elasto-plastic material model with linear joint stiffness, zero tensile strength and shear 
failure according to a Coulomb criterion (Figure 6-59). The cohesion, c, was set to zero 
at shear failure (Figure 6-59, right). 

 

 

 

a) 

 

b) 

Figure 6-59. Idealised elasto-plastic material model with linear joint stiffness and 
shear failure according to a Coulomb criterion. a) Linear relation between the fracture 
normal stress, σn, and the normal displacement, un. kn is the normal stiffness. b) Linear 
relation between the fracture shear stress, τ, and the shear displacement, us. The 
cohesion, c, is set to zero at shear failure. P is the pore pressure, ks is shear stiffness 
and φ is friction angle (Figure 2-12 of Fälth & Hökmark 2011). 
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During the static phase, all vertical boundaries and the bottom boundary were locked for 
displacements in the normal direction. During the dynamic phase, these boundaries 
were set to act as non-reflecting (viscous) boundaries. This kind of boundary condition 
prevents the boundaries from reflecting waves back into the model. The top boundary, 
which represents the ground surface, is a free surface that allows for surface reflections.  

The viscous boundary conditions eliminate irrelevant wave reflections, but may 
potentially have other irrelevant effects on the results. The reaction forces acting at the 
boundaries at the end of the static phase are maintained by the viscous boundaries 
during the dynamic phase, although they typically would decrease as a result of the 
stress relaxation following the slip on the primary fault. This is a consequence of how 
viscous boundary conditions are formulated in 3DEC and will result in some fault 
overestimate. This effect was controlled by locating the boundaries at a sufficient 
distance from the region of disturbance, i.e. from the slipping fault. 

Number of deposition holes with potential for canister failure by shear load 

The potential of canister failure by shear displacement depends on the likelihood of the 
damaging earthquakes and on whether the fractures intersecting the deposition holes can 
undergo shear movements that could break the canister. A procedure for selecting 
locations and approving the locations for the deposition holes has been developed (Rock 
Suitability Classification, RSC, McEwen et al. 2012). By applying this approach, 
intersection of large fractures with deposition holes is being avoided. However, even if 
this procedure is applied, there still remains a possibility that some of the large fractures 
may escape detection (see discussion in Performance Assessment, Section 7.2.4). 

According to the analysis by Fälth & Hökmark (2011, 2012) discussed above, away 
from the faults and their proximity, only fractures which have a radius greater than 75 m 
can undergo shear displacements larger than 5 cm, i.e. displacements which may break 
the canister (see Section 6.23). It is noted that fracture growth is possible in seismic 
events, but is not taken into account. Following the assumption of no fracture 
propagation, the displacement in fractures is assumed to be more prominent in central 
parts of the fractures and zero at the tip area (e.g. Muraoka & Kamata 1983, Walsh & 
Watterson 1989, Kim & Sandersson 2005, Barnett et al. 1987, Marrett & Allmendinger 
1990, Dawers et al. 1993). Fracture growth by repeated reactivation has been shown to 
be limited by Cowie & Scholz (1992). They propose that a fracture may, for each 
seismic event, grow in the range of 0.2–2.5 percent of its size as an upper estimate, 
pessimistically assuming that the entire fracture surface also constitutes the faulting 
surface. The low likelihood of earthquakes at the site justifies the neglection of fracture 
growth.  

In order to provide an estimate of the number of deposition holes intersected by large 
fractures and not recognised as such, a DFN-based modelling study was carried out by 
Hartley et al. (2013b). In the DFN models (Hartley et al. 2013b), a deposition hole is 
identified as being intersected by a so-called FPI (full perimeter intersection) fracture, if 
a large fracture intersects the tunnel (the four planes representing the tunnel wall) and 
the deposition hole (at least one of the four pillars representing the deposition hole 
wall). The total number of potential deposition hole locations in the layout applied was 
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5391. Hartley et al. (2013b) considered both a case where the deposition holes had fixed 
locations, i.e. no optimisation with respect to intersection with an FPI fracture was 
made, and a case where the deposition hole locations were adjusted based on the FPI 
intersections. The number of deposition holes which were intersected by large fractures 
(radius > 75 m) and not classified as FPI fractures, and therefore with a potential for 
canister failure due to shear displacements, was calculated. Also, the number of 
deposition holes intersected by each fracture was calculated. In addition, a slightly 
modified version of the criteria, requiring that the large fracture has to intersect a 
number of other deposition holes before it leads to rejection of a deposition hole, was 
considered. 

A deposition hole is considered to be in a critical position, i.e. canister shear failure may 
take place, if it is intersected by a large facture with a radius larger than 75 m that is not 
detected by the FPI or the modified criterion. Further, the intersection of the deposition 
hole needs to be located in the central part of the fracture where detrimental shear 
movements can take place. The deposition hole is considered to be in a critical position, 
if it is within a critical radius rcrit from the centre of the fracture (calculated according to 
Munier 2010, Eq. 30). As the exact location of the intersection is not known, the 
probability of a deposition hole, i, to be within this area, Acrit, is calculated as pi = Acrit/A 
= rcrit

2/ri
2, where ri is the radius of the largest fracture intersecting the specific deposition 

hole and only fractures with ri > rmin = 75 m are considered. The number of deposition 
holes in a critical position, Ncrit, is obtained as a sum of pi over all the deposition holes. 
Finally, the Ncrit is scaled for a repository to host 4500 canisters taking into account the 
degree of utilisation that is obtainable using the specific criteria.  

6.5.2 Key data 

Glacially-induced stresses and fault stability 

Key input data in the models 

The ice model of Lund & Schmidt (2011) is based on Näslund et al. (2003) and Näslund 
(2006) and is built from thermo-dynamical ice sheet models. In such models, 
palaeoclimate data govern the growth and decay of the ice sheet, and geological data, 
such as moraines and raised shore lines, are used as constraints on the models (Lund & 
Schmidt 2011, p. 12). The ice sheet reconstruction of Näslund (2006) used calibration 
against geological information on dated ice marginal positions where available. Such 
data are not available for the northernmost parts, which have resulted in the ice sheet 
coverage over the Barents Sea being highly uncertain (Lund & Schmidt 2011, p. 13). 
The model by Näslund (2006) differs slightly from the ice sheet model produced by 
Pimenoff et al. (2011) discussed in Section 5.1. The main difference is that the 
maximum ice sheet thickness according to Näslund (2006) is approximately 3 km, 
whereas according to Pimenoff et al. (2011) it is approximately 2.5 km.  

The elastic parameters of the Earth models by Lund & Schmidt (2011) are based on 
measured rock properties from the Olkiluoto site investigations (Posiva 2009b) and 
from volume averages of the Preliminary Reference Earth Model (Dziewonski & 
Anderson 1981). In ABAQUS, the elastic material parameters used are Young’s 
modulus, Poisson’s ratio and density. For viscoelastic materials, the viscosity is the only 
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additional parameter. Table 6-20 lists the elastic material parameters (Lund & Schmidt 
2011, p. 17). 

Lund & Schmidt (2011) tested a large number of models and showed detailed results 
only for a few representative models, listed with their rheology in Table 6-21.  

Two synthetic background stress models were used (Section 7 of Lund & Schmidt 
2011), one strike-slip and one reverse, where H (maximum horizontal stress) was 
aligned with the local direction of plate motion. In the models, R (intermediate principal 
background stress) is 0.5 and the ice induced pore pressure head is 50 % of the ice 
weight (Lund & Schmidt 2011, p. 68-70). 

Table 6-20. Elastic parameters used in the Earth models. The boundary between the 
elastic lithosphere and the viscoelastic mantle occurs between layer 3 and 4. Flat-
layered models have lithospheric thickness varying between 80−240 km, models with 
laterally varying lithospheric thickness, thickness varies in both layer 2 and layer 3 
(Table 1 of Lund & Schmidt 2011). 

Layer 
Depth extent 

[km] 
Young’s modulus 

[GPa] 
Poisson’s ratio Density 

[kg/m3] 

1 0−15 64 0.28 2750 

2 15−50 156 0.28 3251 

3 50−(80−240) 170 0.28 3378 

4 (80−240)−410 182 0.3 3433 

5 410−670 263 0.3 3837 

6 670− 552 0.3 4853 

 

Table 6-21. Rheology of the models shown in Section 5 of Lund & Schmidt (2011). ηUM 
is the viscosity of the upper mantle, down to 670 km. ηLM is the lower mantle viscosity. 
Models L have laterally varying elastic thickness,  is the average thickness and for 
L12 the range is indicated in parentheses (Table 2 of Lund & Schmidt 2011). 

Model Elastic thickness [km] UM 1020 
[Pa·s] 

LM 1020 
[Pa·s] 

P23 100 15 15 

P24 120 15 15 

P26 160 15 15 

    

M14 120 5 30 

M118 120 10 300 

M132 120 20 200 

M125 160 10 20 

M128 160 10 300 

    

L10 H = 100 15 15 

L12 H = 100 (60−130) 15 15 

L11  = 120 15 15 

L6  = 120 30 30 
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Modelling results 

The modelling results of Lund & Schmidt (2011) showed that the temporal stress 
evolution at 500 m depth at Olkiluoto is determined by the ice-sheet evolution whereas 
the magnitude of the induced stresses depends on the Earth model. Further, the induced 
horizontal stresses at Olkiluoto have a magnitude similar to the vertical stress from the 
ice load, or smaller. The glacially-induced stresses resulting from a selected set of Earth 
models applied by Lund & Schmidt (2011) are shown in Figure 6-60. According to 
Figure 6-60, the stress field is normal, i.e. v (SV in Figure 6-60) is the highest stress 
component, during the build of the glaciation, a strike-slip stress state (H > v > h) is 
present for short time periods at the peak of the glaciation or shortly thereafter, whereas 
a reverse stress field (v is the lowest stress component) is present at the end of 
glaciation and for a considerable time after glaciation (Lund & Schmidt 2011, p. 48). 
The current stress field at Olkiluoto is thrust faulting (H > h > v, Site Description, 
Chapter 5).  

In the fault stability analyses, Lund & Schmidt (2011, Chapter 8) used three different 
synthetic background stress fields: a reverse, a strike-slip and a stress field constructed 
from the local stress measurements at Olkiluoto. The calculated stability field indicates 
whether or not fault stability is increased or decreased (Lund & Schmidt 2011, p. 80). 
The results of the fault stability analysis (see Lund & Schmidt 2011, Table 6) show that, 
assuming a strike-slip background stress field, there are stable fault conditions at 9.5 km 
depth unless there is high induced pore pressure. At 500 m depth, a number of sub-
vertical faults striking NW-SE have reduced stability. Assuming a reverse state of 
stress, at the 9.5 km depth, Olkiluoto would experience reduced fault stability at the end 
of glaciation. At 500 m depth, a larger number of sub-horizontal faults striking NE-SW 
have reduced stability. 

Assuming a stress field based on the local stress field, the results for the 9.5 km depth 
are similar to assuming a strike-slip stress field and at 500 m similar to the reverse 
background stress field. 

The main factors influencing the modelling results by Lund & Schmidt (2011) are: 

 the viscosity of the mantle affecting the rebound velocities and predicted 
displacements, 

 the assumed background stress field and glacially-induced excess pore pressure 
significantly affecting fault stability and 

 the ice model affecting the induced stresses, stress magnitudes and their 
duration. 
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Figure 6-60. Temporal evolution of the glacially-induced stress field at 500 m depth at 
Olkiluoto during glaciation. SH (red) = maximum horizontal stress, Sh (green) = 
minimum horizontal stress and Sv (blue) = vertical stress (based on Lund & Schmidt 
2011, Figures 29 and 30). Results of the following Earth models are shown: 
homogeneous viscosity structure (P24), two viscosity layers with different 
characteristics (M14, M118) and laterally varying lithosphere thickness (L11).  

 

Accumulation of strain during glaciation is not considered in the model. However, if 
assumed that Olkiluoto was located within the ice sheet margin, stress magnitudes were 
mostly determined by the thickness and duration of the ice-sheet cover. It is noted that 
the ice-sheet thickness in the model by Näslund (2006) applied by Lund & Schmidt 
(2011) is greater and has a shorter duration compared with e.g. Lambeck et al. (1998) 
and Pimenoff et al. (2011), the latter of which is used as a basis for the reference climate 
evolution description. Thus, the maximum stress magnitudes will not be underestimated 
using the Näslund (2006) model results compared with the results of other models 
mentioned. 

Faulting-induced shear displacements 

Key input data in the models 

The numerical models of Fälth & Hökmark (2011, 2012) are similar, i.e. the models 
utilise the same boundary conditions, target fracture size (75 m) and rupture propagation 
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routine. The details of these modelling features are described in Fälth & Hökmark 
(2011). The same constitutive models were also applied. However, some parameter 
variations were made (see below). As a basic assumption, the same state of stress was 
applied. In addition to that, two alternative stress fields were tested (Fälth & Hökmark 
2012, p. 6), as discussed below. In order to reduce the complexity of the models, 
fractures intersecting the fault slip plane were not included in Fälth & Hökmark (2012), 
whereas such a fracture was included in some of the cases in Fälth & Hökmark (2011). 

The study considered faulting along the fault zones BFZ039, BFZ100 and BFZ021 at 
Olkiluoto. Of these fault zones BFZ100 and BFZ021 were included in both studies by 
Fälth & Hökmark (2011, 2012), whereas the zone BFZ214 was only considered by 
Fälth & Hökmark (2011) and the fault zone BFZ039 only by Fälth & Hökmark (2012). 
The dimension and fault data for these zones models are given in Table 6-22 and the 
dimensions are according to Aaltonen et al. (2010). 

75 m diameter circular target fractures with centres at 420 m depth were defined on 
3DEC cut planes generated specifically for this purpose. Three fault-target distances 
were considered: 100 m, 300 m and 500 m (perpendicular from fault plane to centre of 
fracture), in both studies by Fälth & Hökmark (2011, 2012). The target fracture sets are 
given in Table 6-23. The three fracture sets considered in the previous study were those 
identified in the DFN model established for the Olkiluoto site. The orientation of the 
additional fracture set is not supported by site data, but specified such that fractures are 
optimally oriented for low stability assuming the base case stress field, i.e. a stress field 
composed by the background stresses and the glacial stress additions at the time of ice-
sheet retreat (Fälth & Hökmark 2012, p. 9). 

The constitutive models for rock mass and discontinuities are described by Fälth & 
Hökmark (2011). The rock mass between the target fractures and outside the repository 
region was assumed to be linearly elastic, isotropic, homogenous and continuous. The 
target fractures were assumed to respond to load changes according to an idealised 
elasto-plastic material model with linear joint stiffness, zero tensile strength and shear 
failure according to a Coulomb criterion, cf. Figure 6-59 and associated text.  

Table 6-22. Dimension and fault data for the BFZ039, BFZ100, BFZ021, BFZ214 
models (after Table 2-3 of Fälth & Hökmark 2011 and Table 2-1 of Fälth & Hökmark 
2012). L1 and L2 are the horizontal model dimensions and L3 the vertical model 
dimension. 

Component BFZ039 BFZ100 BFZ021 BFZ214 

L1 (km) 9.8 9.8 33 49 

L2 (km) 9.8 9.8 33 49 

L3 (km) 6 6 12 12 

Fault length, Lf (km) 1.2 1.35 7 13 

Fault width, W (km) 0.38 0.65 3 3 

Fault dip direction/dip 125/56 098/67 165/30 195/77 

Hypocentre depth, h 
(km) 

0.54 0.4 0.75 1.5 
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Table 6-23. Target fracture sets (Table 2-2 of Fälth & Hökmark 2012). 

Dip direction/dip 
 (degrees) 

Fälth & Hökmark 
2011 

Fälth & Hökmark 2012 

90/80 Selected locations  All locations considered 

180/80 Selected locations  All locations considered 

150/30 Selected locations  All locations considered 

300/30 - All locations considered 

 

The material property parameter values are presented in Table 6-24. The same rock 
mass parameter values were applied in both studies (Fälth & Hökmark 2011, 2012) and 
they are in agreement with data from Olkiluoto (Posiva 2009b). This holds also for the 
base case target fracture parameter values (Fälth & Hökmark 2012, p. 11). For 
comparison, also cases with the same target fracture parameters as used in a similar 
study for SKB (Fälth et al. 2010) were calculated by Fälth & Hökmark (2011, for data 
see Table 2-5 of that report), but these cases are not discussed further here. 

 
Table 6-24. Material property parameter values (after Table 2-4 of Fälth & Hökmark 
2011 and Table 2-3 of Fälth & Hökmark 2012). 

Component Parameter Value Unit 

Rock mass Density, ρ 2700 kg/m3 

 Young’s modulus, E 65 GPa 

 Poisson’s ratio, ν 0.25 - 

    

Primary fault Residual friction angle:   

 BFZ100 model 3 deg 

 BFZ021 model 6 deg 

 BFZ039 model 0 deg 

 BFZ214 model 1 deg 

 Cohesion* 0 MPa 

 Tensile strength 0 MPa 

 Normal stiffness 10 GPa/m 

 Shear stiffness 5 GPa/m 

    

Target fractures Friction angle, φ 24, 27, 30**, 33, 36 deg 

 Dilation angle 5 deg 

 Cohesion, c 0.5 MPa 

 Tensile strength 0 MPa 

 Normal stiffness 200 GPa/m 

 Shear stiffness 1.5**, 0.15*** GPa/m 

* Final, after completed rupture. **Base case value, the value used by Fälth & Hökmark (2011), ***value 
used in some cases by Fälth & Hökmark (2011). 
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The base case initial stresses are those shown in Figure 2-5 of Fälth & Hökmark (2012). 
The stresses are the sum of two components: 

 Present-day stresses (Figure 2-13 in Fälth & Hökmark 2011). At shallow depths, 
the stresses were assumed to be in accordance with Olkiluoto site data. At larger 
depths, a model for the σH/σv- and σh/σv-ratios proposed by Martin et al. (2003) 
was used. At the ground surface, the trend of the major horizontal stress, σH, is 
10° with respect to north and at depths below 300 m the trend is 125°. The target 
fractures are in the lower stress domain with 125° trend. 

 Glacially-induced stresses. These stresses were obtained from ice-crust/mantle 
finite element analyses by Lund et al. (2009). 

The pore pressure was assumed to be hydrostatic with addition of 1 MPa excess pore 
pressure in most of the calculation cases. This assumption is in accordance with Chan et 
al. (2005) and Hökmark et al. (2010) who concluded that the excess pore pressure at 
repository depth might be in the order of 1 MPa around the margin of a retreating ice 
cover (Fälth & Hökmark 2012, p. 12). Fälth & Hökmark (2011) included also cases 
with no excess pore pressure. 

Since there may be uncertainties regarding the state of stress at Olkiluoto, the sensitivity 
of the results to the present-day stress direction was tested by assuming two alternative 
stress fields: one for the BFZ021 model and one for the BFZ100 model. The magnitudes 
of the alternative present-day stress fields are identical to those of the base case stress 
field, while the directions are set such that the total (present-day + glacially-induced) 
stresses give maximum primary fault instability. The alternative stress fields are given 
by Fälth & Hökmark (2012, p. 13):  

 Present-day σH trend 160° at all depths. This stress field was tested in the 
BFZ021 model. 

 Present-day σH trend 68° at all depths. This stress field was tested in the BFZ100 
model. 

The glacially-induced stresses are the same as in the base case stress model (Fälth & 
Hökmark 2012, p. 13). 

In Table 6-25 the model input is summarised. Fälth &Hökmark (2011) analysed 10 
cases in total, of these four used fracture properties based on SKB data and are therefore 
not included in Table 6-25. These cases consider three fault zones and alternative target 
fracture properties. In total, 24 cases were analysed by Fälth & Hökmark (2012). Three 
fault zones and four fracture sets gave twelve model geometries, each of which was 
analysed for the base case fracture shear strength assumption and the base case stress 
orientation. There are four alternative stress field models and eight alternative shear 
strength models. Since the steeply dipping fractures, which are clamped by the high 
horizontal stresses and have considerable stability margin, appear to respond very 
modestly to the seismically-induced stress disturbances, all sensitivity analyses regard 
the gently dipping target fracture sets (Fälth & Hökmark 2012, p. 13). 
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Table 6-25. Model input summary. BFZ = brittle fault zone, dd = dip direction, σH = 
maximum horizontal stress (after Table 2-7 of Fälth & Hökmark 2011 and Table 2-4 of 
Fälth & Hökmark 2012). 

Fälth & Hökmark (2011), fracture friction angle 30 degrees in all cases 

Primary 
fault 

Target fracture 
orientation (dd/dip) 

Fracture shear 
stiffness (GPa/m) 

Stress field 

BFZ021 90/80, 180/80, 150/30 0.15 Base case* 

BFZ021 90/80, 180/80, 150/30 1.5 Base case* 

BFZ100 90/80, 180/80, 150/30 0,15 Base case* 

BFZ100 90/80, 180/80, 150/30 0.15 Base case 

BFZ100 90/80, 180/80, 150/30 1.5 Base case* 

BFZ214 90/80, 180/80, 150/30 0.15 Base case* 

Fälth & Hökmark (2012), fracture shear stiffness 1.5 GPa/m in all cases 

Primary 
fault 

Target fracture 
orientation (dd/dip) 

Fracture friction 
angle (degrees) 

Stress field 

BFZ021 90/80 30 Base case 

 180/80 30 Base case 

 150/30 30 Base case  

 150/30 30 Present-day σH trend 160º  

 300/30 30 Base case  

 300/30 30 Present-day σH trend 160º 

BFZ039 90/80 30 Base case 

 180/80 30 Base case 

 150/30 30 Base case 

 300/30 30 Base case 

BFZ100 90/80 30 Base case 

 180/80 30  Base case 

 150/30 24, 27, 30, 33, 36  Base case 

 150/30 30 Present-day σH trend 68º 

 300/30 24, 27, 30, 33, 36  Base case 

 300/30 30 Present-day σH trend 68º 

*no addition of excess pore pressure of 1 MPa considered 

 

Modelling results 

The moment magnitudes, seismic moments, seismic moments per unit area, maximum 
fault displacements and slip velocities calculated by Fälth & Hökmark (2011, 2012) are 
presented in Table 6-26. The additional analyses confirmed that the results by Fälth & 
Hökmark (2011) can be taken as reasonable upper bound estimates of fracture shear 
displacements induced by endglacial earthquakes at the Olkiluoto site. Inclusion of an 
additional fracture set and all possible combinations of fracture positions and fracture 
orientations did not increase the maximum induced fracture displacement by more than 
a few millimetres. The largest induced displacement, about 30 mm, was found for a 
gently-dipping fracture at 100 m distance from the BFZ100 fault. The other deformation 
zones did not produce induced displacements larger than about 15−20 mm. No fracture 
belonging to the steeply-dipping sets displaced by more than 6 mm when the higher 
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shear stiffness value was applied. This value is considered to be more relevant for the 
shear load analysis, as the induced displacements with the lower shear stiffness value 
seem to take place elastically, i.e. without actual slip (see Fälth & Hökmark 2011, p. 
63). Target fracture shear velocities did not exceed 200 mm/s for any fracture in any 
model (Fälth & Hökmark 2012). All target fracture displacements of potential 
importance were of reverse type, some of which may have been triggered by the stress 
waves and driven and determined mainly by the prevailing stresses (present-day stress 
plus glacial stress addition) (Fälth & Hökmark 2011, p. 64; Fälth & Hökmark 2012, p. 
36). It is possible, though, that parts of the induced shear displacements are due to stress 
concentrations formed around the edges of the slipping faults. This could mean that the 
schematic earthquake mechanism with abrupt arrest of the rupture propagation at the 
fault edges may have contributed to overestimate the response of nearby target 
fractures. 

The overall conclusion of the studies by Fälth & Hökmark (2011, 2012) is that 
seismically-induced fracture shear displacements would be very modest at the Olkiluoto 
site and, for 75 m radius fractures that do not intersect the potential fault, exceed about 
10 mm only by way of exception even at fault distances as small as 100 m. Fault slip 
magnitudes as well as induced fracture displacement calculated for the Olkiluoto site are 
less than those obtained in a similar study by Fälth et al. (2010) for SKB (Forsmark and 
Laxemar sites). The reason for these differences is the use of site-specific data in the 
Olkiluoto study whereas the SKB study was based on a more general and conservative 
worst case approach. Fälth & Hökmark (2011) concluded that using site-specific data 
gave more realistic upper bound estimates of the potential seismic effects (Performance 
Assessment, p. 324). 

 
Table 6-26. Moment magnitudes, seismic moments, maximum fault slip and maximum 
fault slip velocities (after Table 3-1 of Fälth & Hökmark 2011 and Table 3-1 of Fälth & 
Hökmark 2012). Note that assumptions on the target fracture properties do not 
influence the behaviour of the primary fault. 

Fault Rupture 
area 
(km2) 

Moment 
magnitude 

Seismic 
moment 
(Nm) 

Moment 
/unit area 
(Nm/m2) 

Max slip 
(m) 

Max slip 
velocity 
(m/s) 

Stress 
model 

BFZ039 0.42 3.9 9.8·1014 2.3·109 0.13 0.3 Base case 

BFZ021 21 5.8 6.4·1017 3.0·1010 1.8 3.5 Base case 

BFZ021 21 5.8 7.0·1017 3.3·1010 2.0 3.7 H trend 
160°  

BFZ100 0.88 4.3 3.9·1015 4.4·109 0.3 1.0 Base case 

BFZ100 0.88 4.3 3.9·1015 4.4·109 0.3 1.0 H trend 68°  

BFZ214 39 5.9 9.8·1017 2.5·1010 1.3 2.0 Base case 
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Number of deposition holes with potential for canister failure by shear 
load 

The number of canisters in critical positions, Ncrit, i.e. with potential of shear 
displacements large enough to lead to canister failure, was estimated on the basis of 
simulations on the intersection of large fractures with tunnel and deposition holes by 
Hartley et al. (2013b). They made four realisations of both the static design and the 
adapted design. The DFN model applied and representing all the fractures is a slightly 
adjusted version of the one presented by Fox et al. (2012). Further, a layout according to 
Saanio et al. (2012) of the repository was used in the calculations. The total number of 
potential deposition hole locations in the layout applied was 5391. According to Hartley 
et al. (2013b, Section 5.1.1, 5.2.1, 5.3.1), the distribution of FPI fracture radii is 
insensitive to the realisation, and the variation in the degree of utilisation between the 
realisations is not large. There are differences in the degree of utilisation based on the 
static and adaptive designs, however, the differences are minor in case of fractures with 
radius > 75 m.  

In further analysis, a single realisation was used assuming a static design, i.e. no 
adjustment of the location of the deposition holes based on intersections with large 
fractures. Two cases were considered: 1) deposition holes intersected by an FPI fracture 
or a deformation zone are discarded and 2) deposition holes not fulfilling a modified 
criterion are discarded. According to the modified criterion, a deposition hole is 
discarded if it is intersected by (i) an FPI fracture that intersects at least four deposition 
holes, or (ii) by a fracture that intersects at least six deposition holes. 

From the results by Hartley et al. (2013b), the number of deposition holes discarded in 
cases 1 and 2 and thereby the degree of utilisation was obtained. The results also 
provided the number of deposition holes intersected by large fractures and not detected 
by either of the criteria. 

Based on these calculations, the results for the case applying the FPI criteria (case 1) 
are:  

 The degree of utilisation of 52 % means that the nominal number of deposition 
holes should be 8625 in a repository hosting 4500 canisters. 

 3 %, i.e. 263 deposition holes, are intersected by an undetected large fracture. 

 0.4 % of deposition holes are in a critical position, so the Ncrit = 35.  

 
For the case applying the modified criteria (case 2), the results are as follows: 

 The degree of utilisation of 72 % means that the nominal number of deposition 
holes should be 6250 in a repository hosting 4500 canisters. 

 6 %, i.e. 356 deposition holes, are intersected by an undetected large fracture. 

 1.2 % of deposition holes are in critical position, so the Ncrit = 78.  
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6.5.3 Confidence in the model and data 

Glacially-induced stresses and fault stability 

The evolution of the stresses during a glacial cycle was analysed by Lund & Schmidt 
(2011). The results were used to assess the fault stability at the Olkiluoto site. The 
modelling methodology for glacial isostatic adjustment applied by Lund & Schmidt 
(2011) has been previously reviewed by Lund et al. (2009), which includes also 
reference to the benchmark studies showing the appropriateness of the modelling 
approach. 

Key input for the analysis for the assessment of the stress evolution were the ice sheet 
model and different earth models. The displacements, strains and stresses were 
calculated using a finite element model implemented in ABAQUS. The resulting 
rebound velocities and displacements were compared with GPS observations (Lidberg 
et al. 2007), tide-gauge observations (Ekman 1999) and relative sea level data (Lund & 
Schmidt 2011, Fig. 16) and a reasonable fit was obtained. The results were found to be 
sensitive to the assumed viscosity of the mantle. It was found that the models with 
different structure can fit the observed data in adequate manner, although the match 
between the model results and the observed data sets varies between the models (see 
also Milne et al. 2004, Wang & Wu 2006 and Whitehouse et al. 2006). Similar to other 
GIA studies (e.g. Lambeck & Purcell 2003 and Whitehouse 2009), Lund & Schmidt 
(2011, p. 50, 79) found that the glacially-induced stress distribution and its temporal 
evolution were rather similar irrespective of the earth model, indicating that the rebound 
pattern is determined by the properties of the ice sheet while the magnitude of the 
response depends on the earth model.  

Lund & Schmidt (2011) used only a single ice sheet model by Näslund (2006). Using a 
different ice sheet model, the induced stresses, stress magnitudes and their duration may 
be different. The resulting maximum horizontal stress magnitude during the glaciation, 
was approximately half of the highest stress reported by Lambeck & Purcell (2003). 
This is probably due to a combination of factors, the most obvious being the different 
ice model. Other issues may include the use of incompressibility by Lambeck & Purcell 
(2003) when calculating stresses from strains, low upper mantle viscosity, longer ice 
residence times and the elastic structure of the lithosphere (Lund & Schmidt 2011, p. 
50). However, since Olkiluoto is located within an ice sheet margin, stress magnitudes 
are mostly determined by the thickness and duration of the ice sheet. The ice sheet in 
the Näslund (2006) model is thicker, but of shorter duration than the Fennoscandian ice 
sheet e.g. according to Lambeck et al. (1998). This implies that the stress magnitudes 
using the Näslund (2006) model may not be underestimated, although temporal 
behaviour may vary compared to other ice models, e.g. that of Lambeck et al. (1998). 

Lund & Schmidt (2011) chose four Earth models to include in the study of fault 
stability. The models were chosen according to their fit to the observed data and to show 
a representative sample of different Earth models. No individual Earth model was 
singled out, as the uncertainties in the ice model and the different fit to different data 
sets would make this misleading (Lund & Schmidt 2011, p. 50-51). Lund & Schmidt 
(2011, p. 80, 83) note that the fault stability is not very strongly dependent on the Earth 
models. More important factors are ice sheet-induced pore pressures and the background 
stress field. Different background stress fields, two generic and one based on Olkiluoto 
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conditions, were therefore considered. Simple assumptions of glacially-induced pore 
pressures equal to 50 % of the local ice weight and of immediate propagation of the 
pressures at the base of the ice sheet to the studied depth, were applied. The porewater 
pressure is however seen as a topic for further studies.  

The study by Lund & Schmidt (2011) cannot conclusively determine whether or not 
endglacial faulting will occur (or rather, should have occurred) in Olkiluoto. Lund & 
Schmidt (2011) investigated a number of factors related to endglacial faulting and 
conclude that glacially-induced faulting seems unlikely if: 

 the ice sheet reconstruction is reasonably accurate, 

 the background stress field at Olkiluoto is strike-slip at seismogenic depth (e.g. Uski 
et al. 2003), 

 the direction of background H has been estimated correctly and 

 the subglacial pore pressure heads are 50 % or lower.  

Although the faulting seems unlikely, the possibility of post-glacial earthquakes as well 
as an earthquake occurring even before the glaciation is considered in Assessment of 
Radionuclide Release Scenarios for the Repository System (see Chapter 7 of the present 
report) to account for the uncertainties. 

Faulting-induced shear displacements 

It is acknowledged that the earthquake modelling is carried out in a schematic way and 
a number of development aspect have been suggested to improve the realism of the 
models. Development needs for modelling are related to considering the impact of non-
planarity and varying properties of the faults and fractures and representation of the 
earthquakes, so that impacts at smaller distances from ruptures can be studied. The 
modelling by Fälth & Hökmark (2011, 2012) does not consider fractures closer than 
100 m to the primary fault hosting an earthquake. Fälth & Hökmark (2011, 2012) note 
that the models applied do not account for potential effects of asperities that locally may 
give high stress drops or for irregularities or splays that may cause larger displacements 
in fractures located close by. There are also uncertainties in input data for the models 
regarding the in situ stresses, glacially-induced stresses and fault properties including 
their extent.  

However, despite the simplifications and uncertainties, certain modelling choices and 
treatment of data give confidence in the model and the results (see Fälth et al. 2010, 
Fälth & Hökmark 2011, 2012). The representation of the earthquakes and the rupture 
mechanism in the model produced small rupture areas and high slip velocities compared 
to data from real earthquakes of similar magnitudes. Such a comparison was possible 
for the larger zones considered in the studies by Fälth & Hökmark (2011, 2012), but not 
for zone BFZ039 with limited extent. However, also in this case the low values for fault 
residual shear strengths used lead to release of maximum possible strain energy given 
the assumed stress field and fault geometry (Fälth & Hökmark 2012, p. 34). As a result, 
the fault displacements and the induced shear displacements in the target fractures can 
be considered as conservative estimates. The assumptions of planarity and uniform 
properties of the fractures as well as embedding of the target fractures in the linearly 
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elastic rock all contribute to overestimation of the displacements compared to what can 
be expected in real non-planar fractures with varying properties.  

The sensitivity of the results to the uncertainties in fracture shear strength and in the stress 
models was studied. According to the results, higher friction angles produce somewhat 
larger shear displacements and shear velocities. In these fractures, displacements during 
the period of stress increase before the earthquake are smaller, allowing for more local 
strain energy to be released as a result of the earthquake (Fälth & Hökmark 2012, p. 36). 
However, the variation in shear displacements is very modest. The different assumption 
on the stress direction have only a marginal effect on the results, even when considering 
the most unfavourable combination of the stress orientation, fault orientation and target 
fracture orientation (Fälth & Hökmark 2012, p. 37).  

Fälth & Hökmark (2012) point out that the glacially-induced stresses assumed in their 
study are those calculated for the Forsmark site (Lund et al. 2009). Since there is no 
reason to believe that glacially-induced stresses would differ significantly between these 
two sites for any given ice reconstruction, the Forsmark results are judged to be a 
relevant approximation. 

The shear displacements and shear velocities by Fälth & Hökmark (2011, 2012) are 
about an order of magnitude below the values that are considered as the maximum 
allowable ones in order to avoid canister failure by shear displacements. Given the 
idealised representation of fractures in the dynamic 3DEC modelling, it should be noted 
that the results, i.e. the calculated induced shear displacements along 75 m radius 
fractures, can be scaled to fractures within a reasonably wide diameter range (Fälth et al. 
2010). Also the model suggests that earthquake magnitudes in the studied fault zones 
are relatively modest, even the maximum magnitudes below 6. All this, combined with 
the observed low likelihood of the earthquakes at the site (see Section 5.4) point out that 
post glacial earthquakes leading to canister failure are rare events in the Olkiluoto area. 
However, the possibility of post-glacial earthquakes as well as an earthquake occurring 
even before the glaciation is considered in Assessment of Radionuclide Release 
Scenarios for the Repository System (see Chapter 7) to account for the uncertainties. 

Number of deposition holes with potential for canister failure by shear 
load 

The number of deposition holes with potential for canister failure by shear load has been 
estimated considering the intersection of large fractures with deposition holes and how 
well they can be detected by using an FPI criterion. Further, it is taken into account that 
only a certain part of the fracture area is likely to undergo shear sufficiently large to 
break a canister. 

The estimate for the number of deposition holes with potential for canister failure due to 
shear movement is based on a single realisation of the DFN model by Hartley et al. 
(2013b, Section 5.1.1). They however showed that the fracture size distribution is 
relatively insensitive to the realisation (Hartley et al. 2013b, Figure 5-1). Two 
alternative cases were considered, 1) discarding the deposition holes according to the 
FPI criterion as applied by Hartley et al. (2013b) and 2) using a modified FPI criterion 
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were the fracture need to intersect several deposition holes before leading to rejection of 
a deposition hole.  

The calculated numbers of deposition holes intersected by large fractures and escaping 
detection can be considered as reasonable upper estimates. The FPI rejection criterion 
(case 1) applied by Hartley et al. (2013b) to exclude deposition holes is slightly 
different from the actual criteria formulated in McEwen et al. (2012). The 
implementation by Hartley et al. (2013b) did not account for rejection of deposition 
holes in case the entire deposition hole is intersected by a fracture and the fracture has 
such an orientation that it is not possible to observe its continuation in a tunnel or other 
deposition holes. This neglection means that a number of large fractures considered by 
Hartley et al. (2013b) as undetected, would actually lead to rejection of the deposition 
hole and thus decrease the number of deposition holes with undetected large fractures. 
Neither the position of the canister in the deposition hole was taken into account by 
Hartley et al. (2013b), whereas according to McEwen et al. (2012) only deposition holes 
where an FPI fracture or a suspected large fracture intersects the canister position are to 
be rejected. This neglection means that the degree of utilisation is underestimated by 
Hartley et al. (2013b). A correction based on the degree of utilisation was made to the 
results, and thus the total number of deposition hole positions and the number of 
deposition holes with undetected large fractures is likely overestimated given that the 
fracture size distribution is not expected to be affected. Case 2 criterion gives an even 
more pessimistic estimate as a less strict criterion for deposition hole rejection is applied 
compared to case 1. 

Hartley et al. (2013b, Sections 5.3 and 5.4), using the adaptive design, compared the 
degree of utilisation in case deposition holes are discarded according to the FPI criterion 
and in case they are discarded if intersected by a large fracture with a radius larger than 
75 m, regardless whether it is an FPI fracture or not. According to the results, about 
10 % of the large fractures are not FPI fractures and the number of deposition holes 
intersected by large, but non-FPI fractures is slightly over 200. The difference is mainly 
due to the gently dipping fractures that may intersect the deposition holes, but not the 
deposition tunnels, at least not the same tunnel as the deposition hole, and are thus not 
classified as an FPI fracture. However, as described above, intersection of such a 
fracture with the deposition hole would lead to rejection of the deposition hole 
according to the criterion applied in practice (McEwen et al. 2012).  

In the estimation of the number of deposition holes with potential for canister failure by 
shear load, it has been assumed that all fractures (at least a part of the fracture plane) 
with a radius larger than 75 m would undergo a shear displacement of at least 5 cm. 
Based on the results by Fälth & Hökmark (2011, 2012), discussed also in this section, 
the maximum induced shear displacement is about 30 mm, and the majority of the 
displacements are less than 10 mm, even for fractures being relatively close to the 
primary fault (100 m). These results are considered rather to overestimate than to 
underestimate the induced shear displacements. Some of the deposition holes may be 
relatively close to the fault zones, although they are always placed outside the respect 
distances to the layout determining features. It is thus pessimistic to assume all 
undetected large fractures to undergo shear movements that may lead to canister failure.  
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The significance of uncertainties in estimates of the number of undetected large 
fractures and the shear movements they may undergo, is constrained by the low 
likelihood of the large earthquakes at the site. Based on discussion in Section 5.4, 
because of the low average annual probability of an earthquake leading to canister 
failure, in the order of 10-7, during the first glacial cycles, the probability of occurrence 
of such an earthquake is low. Even after that, due to the low probability of large 
earthquakes and the limited fracture propagation, the same sub-set of fractures is 
assumed to be reactivated, keeping the canister failure rates low (Performance 
Assessment, p. 329, 394). 

6.6 Thermal, hydraulic and mechanical evolution of buffer and backfill  

The thermal, hydraulic and mechanical evolution of buffer and backfill is discussed in 
Performance Assessment (Sections 6.4, 6.7) taking into account the following FEPs in 
Features, Events and Processes (FEP numbers in parentheses): 

 Heat generation (3.2.2) 

 Heat transfer (in the canister, buffer, backfill) (4.2.2, 5.2.1, 6.2.1, respectively) 

 Freezing and thawing (5.2.9 and 6.2.8) 

 Water uptake and swelling (in the buffer and backfill) (5.2.2 and 6.2.2, 
respectively), 

 Groundwater flow (8.3.5). 

The thermal, hydraulic and mechanical evolution of the buffer bentonite and the backfill 
swelling clay in a range of repository conditions at the Olkiluoto site has been modelled 
in the performance assessment, mainly to assess the time needed for buffer saturation 
and swelling (as described in Section 6.4 in Performance Assessment).  

Freezing and thawing of the buffer and backfill, and the associated data, have been 
discussed in Section 7.3 of Performance Assessment. Freezing of the buffer or backfill 
is not anticipated as permafrost is not expected to reach repository depths (see Section 
5.2). The pressure responses of fully saturated buffer and backfill material samples have 
been measured down to -10 °C and shown to recover as the temperature increases 
(Schatz & Martikainen 2010). Such low temperatures are not expected even under the 
most pessimistic assumptions for permafrost occurrence at repository depth (Section 
5.2) and therefore freezing of the buffer and of the backfill is not further discussed in 
the present report. 

6.6.1 Description of the model 

Hydro- (H), thermo-hydro- (TH) and thermo-hydro-mechanical (THM) models have 
been formulated. The conceptual model and geometry for the H and TH evolution are 
shown in Figure 6-61. The H and TH models allow to study the thermal evolution and 
the saturation process. The conceptual model and geometry for the THM model are in 
Figure 6-62. The THM model allows to study the swelling pressure development and 
the density homogenisation process. More details of the H and TH model are in Pintado 
& Rautioaho (2013) and of the THM model in Olivella et al. (2013).  
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The numerical code CODE_BRIGHT (COupled DEformation BRIne, Gas and Heat 
Transport; Olivella et al. 1996) was used to analyse quantitatively the process of 
bentonite saturation. The Barcelona Basic Model (BBM) is implemented in 
CODE_BRIGHT (TEP, thermo-elastoplastic model in the code’s reference). This code 
uses a thermo elasto-plastic model (TEP) able to represent the mechanical features of 
unsaturated soils in a consistent and unified manner. An equivalent viscoplastic model 
(VP) is used in the current model (Alonso et al. 1990). As it will be explained later, the 
TEP and VP are equivalent. 

 

a) 

b) 

 
 

Figure 6-61. Geometry for the buffer and backfill saturation in TH analyses a) for case 
A (TH model only) water provided only from the fractures b) for case B (H+TH models 
combined) water provided by the three fractures and the rock mass between the 
fractures. F denotes a deposition hole location far from a fracture and N a location 
near a fracture (Pintado & Rautioaho 2013). 
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Figure 6-62. Geometry for the buffer and backfill in the THM analysis. Dimensions of 
the axisymmetric geometry (left). Mesh and materials (right). 

 

The following boundary conditions are used: 

 Mechanical forces and displacement rates in any spatial direction (only in THM 
modelling). 

 Liquid pressure (prescribed at boundaries; the canister is considered as impermeable 
material). It is assumed the fracture network is able to maintain the hydrostatic 
pressure at some distance from the repository.  

 Heat flow rate (prescribed at the canister taking into account the loss of power with 
time) and temperature (prescribed at boundaries taking into account the presence of 
the other canisters). 

The gas pressure has been considered constant. The gas filling the pores is considered as 
a mixture of dry air and vapour. The gas pressure is the sum of vapour pressure and dry 
air pressure. When the water evaporates and increases the vapour pressure, it is assumed 

37 m

8.3 m

7.8 m

4.4 m

0.875 m
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that the dry air pressure decreases in order to maintain the gas pressure constant (i.e. the 
dry air flows without any restriction). This assumption has not yet been verified. The 
geometry of the hydraulic (H) and thermo-hydraulic (TH) conceptual model is 
presented in Figure 6-61. The dimensions of the deposition tunnel used are length = 300 
m from the inner plug face and 27.35 m from the inner plug face to the centre of the first 
deposition hole. The distance between the deposition holes is 11 m and 25 m between 
the deposition tunnels.  

Mathematical representation of momentum and balance of mass and 
energy 

More detailed descriptions of the mathematical formulation can be found in Alonso et 
al. (1990), Olivella et al. (1994, 1996), Brooks & Corey (1964), Pollock (1986) and van 
Genuchten (1980). 

The equation of equilibrium of stresses, the mass balance of water and air and the 
energy balance are: 

   b 0    

     w w w w w
l l l g g g l gS S f

t


          


j j

 

     a a a a a
l l l g g g l gS S f

t


          


j j

 

  1 ( )s s l l l g g g c Es El EgE E S E S
t

      


         i j j j

 
 

 6-29

where:  

: porosity b: body forces 
: density : mass fraction 
j: total mass flux : mass content per unit volume of 
phase 
i: non-advective mass flux E: specific internal energy 
q: advective flux ic: conductive heat flux 
: stress tensor jE: energy fluxes due to mass motion 
 
Sl, Sg: degree of saturation of liquid and gas phases i.e., fraction of pore volume 
occupied by each phase. Superscripts w and a refer to water and air, respectively. 
Subscripts s, l and g refer to solid, liquid and gas phase, respectively. Bold non-italic 
symbols refer to a vector or a tensor. 
 
It has been assumed that the gas in pores will flow without any restriction maintaining 
the gas pressure equal to 0.1 MPa. The air mass balance equation is not solved if the gas 
pressure is assumed constant. This assumption does not have any impact on the buffer 
performance assessment since the gas in the buffer pores cannot damage the buffer. In 
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order to study the gas pressure increment due to canister corrosion, the air mass balance 
equation has to be solved and the gas pressure cannot be kept constant.  

Constitutive equations of conductive heat transfer processes. 

The heat transfer process is governed by Fourier´s law, given by the heat flux vector: 

Tc  i  
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where ci  is the conductive flux vector of heat, T  is the temperature,   is the thermal 

conductivity, sat  is the thermal conductivity of the water-saturated porous medium, 
dry  is the thermal conductivity of the dry porous medium, and Sl is the degree of 

saturation.  

The heat is transported mainly by conduction but also convection due to liquid or gas 
flow and vapour diffusion (Ikonen 2009, Chapter 3). The thermal conductivity is 
modified by the degree of saturation (Sl in Equations  6-31 and  6-32) that changes by 
liquid and gas flows ratios. The porosity affects both the thermal conductivity and the 
degree of saturation Sl for a particular water content. Because of the low hydraulic 
conductivity of the different components in deposition hole and the rock, the heat 
transport due to vapour mass motion is quite low compared with conduction. 

Constitutive equations of fluid advective flow processes 

The fluid flow is governed by the Darcy’s law (Equation 6-33) and the Kozeny’s 
equation (Equation 6-34), as follows: 
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where q  is the flux vector in the porous medium, k  is the intrinsic permeability 

tensor at porosity  , ok  is the intrinsic permeability at porosity o , rk  is the phase 

relative permeability, is the viscosity of the fluid, P  is the pressure of the fluid, and 
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  is the density of the fluid. Gravity is represented by the vector g. Parameters o  and 
  are defined as before.  

The fluid density changes with temperature and with pressure. The intrinsic 
permeability changes with porosity. The hydraulic conductivity is affected by fluid 
viscosity that changes with temperature. The density of water is calculated as:  

    0 0 0exp l lP P T T         
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where  is the fluid compressibility,  is a volumetric expansion coefficient; and the 
viscosity is calculated as:  

  exp / 273.15l A B T   
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where A = 2.1·10-2 MPa and B = 1808.5/K. For the gas phase, the ideal gas law is used. 

Relative permeability is considered with a power of degree of saturation from Brooks & 
Corey (1964): 

kr=(Sl)
n.  

 

 6-37

A coupling of flow and deformations is achieved by using Kozeny’s equation (Equation 
6-34) and the thermal coupling is achieved by considering the changes of fluid 
properties with temperature. However, primary couplings are represented in the balance 
equations. Advection of water and air in gas and liquid phases is calculated by means of 
Darcy’s law. Non-advective fluxes include diffusion and dispersion (see below). 

Mathematical representation of water retention (Retention curve) 

For bentonite and rock interfaces, the hydraulic conductivity of the materials considered 
depends on their degree of saturation. The water retention curve establishes the 
relationship between the degree of saturation of the medium and the soil water potential 
(i.e. suction). It can be characterised using the van Genuchten equation (van Genuchten 
1980) as:  
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where Se is the effective degree of saturation of porous media, Sl is the degree of 
saturation of liquid, Srl is the residual degree of saturation, Sls is the maximum degree of 
saturation, Pg is the gas pressure (variable left unchanged because the air-balance 
equation is not solved), Pl is the liquid pressure,  is the shape function coefficient for 
the retention curve, P is the pressure of air entrance at temperature T, Po is the pressure 
of air entrance at a reference temperature, and o is the surface tension at the 
temperature at which Po was measured and  is the surface tension at temperature T (see 
Pintado & Rautioaho 2013, Section 2.4.3).  

Mathematical representation of non advective flow by diffusion 

Non advective flow refers to molecular diffusion and mechanical dispersion. Molecular 
diffusion is governed by Fick’s law (Gens et al. 2009): 

  iii DS    Ii  
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where i
i  is the diffussive mass flux vector,   is the porosity of the medium,   is the 

density of the phase , S  is the degree of saturation of the phase  , iD  is the 

diffusion coefficient in phase  , and i
  is the mass fraction(i), respectively. I is the 

identity tensor. The superscript i refers to species and the subscript index   refers to 
phases.  

The diffusion coefficient of vapour in gas is given by (Åkesson et al. 2010, Eq. 3-6): 
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where   is the tortuosity.  

The diffusion coefficients of dissolved salt and air in a liquid phase are given by: 
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where R  is the ideal gas constant, D = 1.1·10-4 m2/s, and Q = 24530 J/mol are model 
parameters.  

For bentonite and rock interfaces, the vapour pressure depends on temperature, and 
liquid and gas flow through suction changes (psychrometric law). 
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Mass fractions and densities of the gas phase are calculated using the ideal gas law. 
Vapour pressure as a function of temperature and suction is obtained as: 

     , ,v c v cP T P P T F P T 
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where Pc is the capillary pressure, Mw (0.018 kg/mol) is the molar mass of water, T is 
the absolute temperature and R is the gas constant (8.31 J/(mol·K)). 

Non-advective flow by mechanical dispersion is not taken into account because the 
liquid velocity is extremely low and this makes the mechanical dispersion tensor close 
to zero. 

Mechanical constitutive models 

The mechanical model assumed for the buffer and backfill components is the BBM 
(Barcelona Basic Model, Alonso et al. 1990) and linear elasticity for rock and canister. 
The gap between the canister and the bentonite blocks has been modelled with an elastic 
model with two Young’s modulus values: the first one, quite low while the gap is 
closing and the second quite high when the gap is closed. The BBM is a model 
developed for low swelling clays but with some modifications in the elastic parameters 
for taking into account the high swelling capacity of bentonites.  

CODE_BRIGHT has the option of using the BBM with viscoplasticity (VP) based on 
the formulations for viscoplasticity by Perzyna (1966) and Desai & Zhang (1987). 
Sánchez (1997) and Molist (1997) developed and implemented a generalised formula 
that is valid for unsaturated soils and covers a number of options such as flow rule, 
viscoplastic potential, hardening laws, etc. TEP is the BBM with plasticity only. The 
reasons for using the viscoplastic option were: 

 the VP model is more robust than TEP, so the calculation process reaches 
convergence easily, 

 the VP model has been implemented in modules, so it is easier to introduce 
changes such as the implementation of the shear modulus as a function of the 
shear strains. 

The VP model takes into account the Poisson’s ratio and shear modulus and TEP only 
the Poisson’s ratio. It can be demonstrated that the viscoplastic model is equivalent to 
the BBM. 

The strain terms are defined according to the Perzyna viscoplastic model as: 
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where eε  is the elastic strain tensor (with stress, temperature and suction terms), D  is 

the elasticity tensor, v pε  is the viscoplastic strain rate tensor,  is the viscoplastic 

parameter,  F  is the plastic flow function, F  is the yield surface, and G  is the 

plastic potential function.    0

N
F F F , where F0 is a reference stress to 

normalise F, N is a parameter of the model, and the Macaulay bracket notation is used 
to represent a ramp function.  

The model uses effective stress and suction as state variables. The effective stress is 

defined as:  ' max ,g lP P   , which is a modification of the usual effective stress 

considered for saturated soils. This function can be referred to also as net stress (in the 
case of unsaturated conditions) and effective stress (in the case of saturated conditions). 

The thermal expansion of materials is considered as the parameters of the constitutive 
laws change with temperature and suction. The elastic terms in Equation 6-46 related to 
temperature and suction are represented by a nonlinear function as in the BBM. 
Integration of Equation 6-46 gives the stress increments as a function of the strain 
increments, temperature increments and suction increments. The triaxial yield surface 
function F(p,q,s) and plastic potential function G(p,q,s) to be used in Equation 6-46 are 
as follows (Alonso et al. 1990): 
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where p  is the net average stress, q  is the deviatoric stress, s  is the matrix suction, 

M  is the slope of critical state shear strength,   is the parameter that defines the non-
associativity of the plastic potential (with  = 1.0 indicating an associated flow rule), 

sksp ss )( , and sk  is the material parameter that controls the increase in cohesion 

with suction, respectively. The parameter p0, representing the loading–collapse curve 
(LC), is given by  
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where cp  is the reference stress of the loading–collapse curve, *op  is the initial yield 
mean net stress, and  )0(  is the virgin compressibility for saturated conditions, 
with )0(  being the slope of the virgin elastic compressibility for saturated conditions 

and   the slope of the unload–reload line. The parameter (s) is the volumetric 
compressibility index, written as 

        rsrs   exp10  
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where r is the parameter that establishes the minimum value of the compressibility 
index for high values of suction, and  is the parameter that controls the rate of increase 
in stiffness with suction. 

The hardening law, governing the strengthening of bentonite by plastic deformation, is 
given by (Alonso et al. 1990): 
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where e  is the void ratio, and p
vd   is the plastic volumetric strain increment. 

6.6.2 Key data 

Input data for the TH analysis 

The geometry of the hydraulic (H) and thermo-hydraulic (TH) conceptual model is 
presented in the description of the model along with Figure 6-61. The hydrostatic water 
pressure is fixed at a boundary where it is considered the network fractures are able to 
maintain the hydrostatic pressure. This is an important assumption.  

The distance between the upper boundary and the top of the tunnel section, and the 
distance between the bottom of the tunnel section and the bottom boundary are shown in 
Table 6-27. The distances between the tunnel and the boundaries vary slightly because 
the model boundaries are at fixed depth, but the tunnel has a small slope. 

The fractures are simulated as volumes with a thickness of 0.2 m 17 . The fracture 
transmissivities are adjusted to result in the inflows of the three illustrative cases 
discussed above (Table 6-27). The hydraulic conductivity of rock has been evaluated as 
1.52·10-12 m/s (Pintado & Rautioaho 2013). Three values of saturated hydraulic 
conductivity of the backfill have been tested, 10-10 m/s, the maximum value, 10-11 m/s 
and 10-12 m/s, the minimum value expected.  

                                                 
 

17  The fracture thickness is just an artificial dimension needed for the modelling with CODE BRIGHT in which fractures need to 
be presented as volumetric elements. The value does not have any effect on the results. The main parameter is the 
Transmissivity (m2/s) which has been taken into account with the hydraulic conductivity of the fracture (m/s) and its thickness 
(m). T=k x t. The storage capacity of the fracture is negligible in front of the mass of the rock, so the dimension (20 cm) does 
not have any effect in the storage capacity of the rock. The value is selected to avoid numerical problems in the modelling and 
to keep the computational times reasonable. 
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Table 6-27. Distances between the deposition tunnel and the boundaries, and the three 
transmissivities calculated from different flows to the open deposition tunnel 
(Performance Assessment, Section 6.2.4). 

 Upper 
boundary – 
top arch [m] 

Bottom 
boundary-bottom 
tunnel [m] 

Transmissivities [m2/s] 

Fracture 1 26.3 21.8 6.41·10-9 / 6.41·10-10 / 1.28·10-11 

Fracture 2 24.4 23.7 1.17·10-7 / 1.17·10-8 / 2.43·10-10 

Fracture 3 22.3 25.7 6.52·10-9 / 6.52·10-9 / 1.30·10-11 

 

The hydraulic conductivity of the considered saturated buffer is 5.59·10-14 m/s, and is 
derived from different sets of experimental results, as discussed in Pintado & Rautioaho 
(2013, Figure 5-4). The selected value is also close to the values calculated for a dry 
density of 1562 kg/m3 by Martikainen & Schatz (2011). 

The initial densities and the initial conditions are presented in Table 6-28. The thermal 
parameters are listed in Table 6-29. The hydraulic parameters that remain constant 
during the calculations are listed in Table 6-30. 

The initial dry density is the average of the different components (ring blocks, disc 
blocks, pellets and gap between canister and ring blocks and blocks, bottom layer and 
pellets in backfill) and it is equivalent to the porosity at the steady-state conditions 
assuming perfect density homogenisation. When the problem is solved without taking 
into account the mechanical equations, the porosity remains constant. Therefore, a 
constant porosity value is selected between the initial porosity (i.e. during the 
emplacement, where the rings, discs and pellets have different porosities) and the final 
porosity (i.e. when the buffer density has homogenised). This last one has been chosen 
but Figure 6-64 shows that using the initial porosity or final porosity in the buffer 
materials does not have a large effect on the saturation time.  

The initial degree of saturation is fixed and the liquid pressure is calculated with the 
water retention curve. The concrete porosity and thermal conductivity are assumed to be 
the same as that of the rock presented here for reference. Because of the limited volume 
of concrete used in the repository and its position relative to the canisters, this 
assumption does not have a large impact on the results.  

The porosity of the rock is intended as total (i.e. matrix porosity plus interconnected 
porosity). The proposed value (0.2) is much higher than the matrix porosity of the 
unaltered rock (see Table I-7 in Appendix I) due to the assumed high interconnected 
porosity. In reality a low interconnected porosity would be more realistic because it 
reflects the low storage capacity of the rock; on the other hand, it does not allow 
convergence in the calculations. Therefore, the proposed rock porosity value is a model 
simplification that does not influence the saturation process (also because of low storage 
capacity of the rock).  
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Table 6-28. Initial conditions. The initial temperature is 10.5 °C (Pintado & Rautioaho 
2013). Porosity is total (matrix porosity plus interconnected porosity). The rock storage 
capacity increases with the porosity. 

Materials 
Dry density 
[kg/m³] Porosity Liquid pressure [MPa] 

Initial degree of 
saturation [%] 

Buffer 1562* 0.438 -41 60.6 

Backfill 1500 0.4602 -40.2 24.3 

Concrete 2780 0.02 -40.2 24.3 

Rock 2749** 0.02 Hydrostatic 100 

*  Buffer Production Line 

**  Ikonen 2009.  

 

Table 6-29. Thermal properties of the materials in the TH model (Pintado & Rautioaho 
2013 based on Ikonen 2005 and Börgesson et al. 1994). Properties at room 
temperature. 

Materials Specific heat [J/(kg·K)] 
Thermal conductivity 
dry [W/(m·K)] 

Thermal conductivity 
saturated [W/(m·K)] 

Buffer 1287 0.3 1.3 

Backfill 1208 0.3 1.3 

Concrete 800 2.61 2.61 

Rock 784 2.61 2.61 

 

Table 6-30. Hydraulic properties of the materials in the TH model (Pintado & 
Rautioaho 2013). 

Materials 

Relative 
permeability 
exponent, n 

Intrinsic 
permeability 
[m2] 

Retention curve P0 
[MPa] 

Retention 
curve 
 

Buffer 3 5.59·10-21 31.25 0.5 

Backfill 3 1.0·10-17 1.5 0.3 

Concrete 3 5.0·10-19 1.5 0.3 

Rock 3 1.52·10-19 1.5 0.3 

 

Input data for the THM analysis 

The thermo-hydro-mechanical (THM) model is an axisymmetric model with a radius of 
8.3 m and 37 m height (see Figure 6-62). The canister and deposition hole are quite well 
reproduced in the model, but the backfill is only partially represented in the THM 
model. The behaviour of the gaps (rock/bentonite and canister/bentonite) has also been 
simulated. This model allows studying the swelling pressure development and density 
homogenisation. The initial densities are listed in Table 6-31 and the mechanical 
parameters in Tables 6-32 and 6-33. The parameters of the gap between the canister and 
the blocks are listed in Table 6-34. The gap evolution and the relationship between the 
volumetric strains and stress are shown in Figure 6-63.  

In this analysis, the initial values for the different buffer components have been taken 
into account (Buffer Production Line). The backfill initial density is the average after 
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saturation (Autio et al. 2012). This dry density value is different from the dry density 
used in the TH analysis, because it takes into account the evolution of porosity with 
time. The TH model has also been run with the initial dry density and the results have 
been compared with the results with average dry density (see Figure 6-64) and the 
saturation time does not change significantly. The changes in dry density mean changes 
in hydraulic conductivity.  

Table 6-31. Initial density and porosity of the materials included in the model. 

Materials Density (kg/m³) Reference for density Porosity 

Bentonite rings  1752a (dry) Buffer Production Line 0.370d 

Bentonite discs 1701a (dry) Buffer Production Line 0.388d 

Pellets 919a (dry) Buffer Production Line 0.669d 

Backfill blocks after 
saturation  

1758b Autio et al. 2012 0.367d 

Rock 2749c Ikonen 2009 0.02e 
a Buffer Production Line Report (Table 6-3).  
b Autio et al. (2012, Table 4-2).  
c Ikonen, K. (2009, p. 7).  
d The porosity has been calculated using the relationship (Porosity = 1 – Dry density/Grain density); 

grain densities from Kiviranta & Kumpulainen (2011).  
e The porosity of the rock is intended as total (i.e. matrix porosity plus interconnected porosity). The 

value given is an approximation that does not have a large impact on the results (see text). 

 

Table 6-32. Data for the elasto-plastic constitutive model (MX-80 bentonite) (Olivella et 
al. 2013). 

Parameters Symbols Units Values 

Poisson’s ratio υ - 0.35 

Parameters for elastic volumetric 
compressibility against mean stress change 


i0
 - 0.05 


i
 - -0.003 

Parameters for elastic volumetric 
compressibility against suction change 


s0

 - 0.25 


sp

 - -0.145 

Elasto-plastic volumetric compressibility (0) - 0.15 

Parameters to loading-collapse yield curve 
r 0.8 

 1/MPa 0.02 

Reference stress p
c

 MPa 0.01 

Initial porosity 
0
 0.375 

Preconsolidation mean effective stress P
o
* MPa 0.75 

Strength parameter M - 1.07 
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Table 6-33. Parameters for the elasto-plastic constitutive model in Friedland clay 
(Olivella et al. 2013).  

Parameters Symbols Units Values 

Poisson’s ratio υ - 0.3 

Parameters for elastic volumetric 
compressibility against mean stress change 


i0
 - 0.05 


i
 - -0.003 

Parameters for elastic volumetric 
compressibility against suction change 


s0

 - 0.025 


sp

 - -0.145 

Elasto-plastic volumetric compressibility (0) - 0.3 

Parameters to define loading-collapse yield 
curve 

r 0.8 

 1/MPa 0.02 

Reference stress p
c

 MPa 0.01 

Initial porosity 
0
 - 0.38 

Preconsolidation mean effective stress P
o
* MPa 1.5 

Strength parameter M - 1 

 

The boundary conditions are the flow conditions as specified in Performance 
Assessment with references specifically to Appendix A in Performance Assessment.  

In Table 6-35, the hydraulic conductivity of SFR at the repository depth of 400 m is 
3.0·10-11 m/s (see Löfman et al. 2010). As no hydrogeological zone (HZ) intersecting 
the backfilled tunnel was present in the Löfman et al. (2010) model, the conductivity 
value specified is entirely attributable to the SFR. The three fractures taken into account 
in the modelling work reported here reduce the conductivity of the “new” SFR to 
1.52·10-11 m/s. In assessing groundwater flow in fractured rocks, in order to be 
conservative the hydraulic conductivity is further reduced by one order of magnitude, so 
it is therefore given the value 1.52·10-12 m/s.  

The host rock surrounding the backfilled tunnel and the deposition holes is initially 
saturated. It has a density of 2749 kg/m3, a specific heat of 784 J/(kg·K) and a thermal 
conductivity of 2.61 W/(m·K) at 60 °C (Ikonen 2009, p. 7). Even though the thermal 
conductivity of rock decreases slightly as the temperature increases, the conductivity of 
Olkiluoto rock is assigned a constant value in the analyses reported here. 
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Table 6-34. Parameters for the initial gap between the canister and the buffer. The gap 
is modelled as a porous material. 

Thermal parameters 

λdry (W/(m∙K)*) 0.045 

λsat (W/(m∙K)) 0.6 

Hydraulic parameters 

k0 intrinsic permeability (m2) 10-16 

φo porosity (-) 0.8 

λ parameter for van Genuchten equation (-)*** 0.5 

P0 (MPa) in the van Genuchten equation (-)*** 0.001 

“a”, parameter for van Genuchten equation (-)*** 10 

Mechanical properties ** 

Ec (MPa)  1000 

Eo (MPa) 1.0 

εv limit (-) 0.95 

ν (-) 0.3 

* This effective conductivity is chosen according to Hökmark & Fälth (2003). 
**  When the gap is closed, a linear elastic model is used with the parameters ν and Ec. 

***  The van Genuchten equation (see Equation 6-39) applied to the gap is ( ) ( )( )φφφ -aPP ooo exp=  

 

 

 

Figure 6-63. Gap Model. Relationship between the volumetric strains and stress. 
Before the volumetric strains reach a value of εv limit, the gap is considered open and it is 
void, so the E0 is low. When the gap is filled, the volumetric strain reaches εv limit and it 
becomes “rigid” (Ec is high) (Olivella et al. 2013). 
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Figure 6-64. TH calculations for initial and homogenised density of the buffer. The 
figure shows that using initial or “homogenised” porosity (see text) leads to the same 
water pressure in the long term. 
 

Table 6-35. Hydraulic conductivity of the rock (kω1 and kω2) and the flow porosity of the 
sparsely fractured rock (SFR) between the hydrogeological zones in the 2006 and 2008 
groundwater flow models at repository depth. The hydraulic conductivity kω2 
corresponds to the base case for the hydraulic conductivity of the SFR (after Löfman & 
Karvonen 2012, Table 4-4). 

Depth (m) kω2 (m/s)  Flow porosity* 

300−400 1.3∙10-10  1.8∙10-5 
400−500 3.0∙10-11  1.8∙10-5 

*  Interconnected porosity. The value for total porosity includes some pores which are completely 
insulated, so they belong to the solid phase and do not contribute to the interconnected porosity. 

 

Modelling output 
The main outputs of the TH modelling are the evolution of the temperature and of the 
saturation process. The temperature evolution is similar to thermal models (T models). 
This result is expected because the heat transport is mainly by conduction. As the water 
movement is quite slow, the heat transport by convection is quite small. 

Two main geometries have been analysed (see Figure 6-61). The first one takes into 
account only three main fractures assuming the rest of the rock is not able to supply 
water to the tunnels. A total of nine hydraulic cases have been studied by changing the 
transmissivity of the fractures and the hydraulic conductivity of the backfill (Table 6-
36). The results are presented in Pintado & Rautioaho (2013). The thermal case cannot 
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be analysed in this geometry because it is not possible to simulate the heat dissipation in 
the rock. 

The second geometry takes into account the presence of the rock. The concept of “rock” 
includes the matrix or “intact” rock and the fractures that are not dealt as individual 
fractures. It is the same concept the “Sparsely Fractured Rock, SFR” used by Löfman et 
al. (2010), who includes the fractures in the continuos geometry which simulates the 
rock around the tunnels in the EPM (equivalent porous media) models. A total of 6 
hydraulic cases and one thermo-hydraulic case have been analysed in the geometry 
presented in Figure 6-61. Also three more cases have been analysed in a more 
simplified geometry where only one deposition hole has been taken into account (Table 
6-37). Figure 6-65 shows an example of output of the TH model for selected hydraulic 
cases studied (the complete set of results are in Pintado & Rautioaho 2013, Section 
4.4.3, see also Performance Assessment, Figures 6-17 through 6-20). Figure 6-65 shows 
that the saturation time depends strongly on assumptions on the hydraulic conductivity 
of the backfill and on the water supply by the rock.  Using pessimistic assumptions on 
the hydraulic conductivity of the backfill (10-12 m/s) and a few single fractures as the 
only water supply (see Figure 6-61), the saturation time for a deposition hole located far 
from such a fracture can take several thousand years. However, if assumed that the rock 
mass between the modeled fractures, including  low conductive fractures,  also supplies 
some -albeit little- water, the saturation times are much shorter, in the range of 100 to 
1000 years. 

The swelling pressure evolution and the density homogenisation process are outputs 
from the THM modelling. A total of ten cases in two series have been analysed (Table 
6-38) and reported in Olivella et al. (2013). Homogenisation of density during saturation 
is caused by swelling-induced mass redistribution. Figure 6-66 and Figure 6-67 
(Olivella et al. 2013) show the mean effective stress evolution in different points of the 
buffer (i.e. the swelling pressure).  

Table 6-36. Cases analysed in geometries without taking into account the presence of 
rock. Groundwater only flows from 3 fractures to the backfilled tunnel. Transmissivities 
(m2/s) are from Table 6-27; inflows from Performance Assessment, Appendix A). 
Case Fracture 1 

(m2/s) 
Fracture 2 

(m2/s) 
Fracture 3 

(m2/s) 
Inflow to 

open 
tunnel 
(L/min) 

Backfill (m/s) 

C1 6.41∙10-9 1.17∙10-7 6.52∙10-9 5 10-10 
C2 6.41∙10-9 1.17∙10-7 6.52∙10-9 5 10-11 
C3 6.41∙10-9 1.17∙10-7 6.52∙10-9 5 10-12 
C4 6.41∙10-10 1.17∙10-8 6.52∙10-10 0.5 10-10 
C5 6.41∙10-10 1.17∙10-8 6.52∙10-10 0.5 10-11 
C6 6.41∙10-10 1.17∙10-8 6.52∙10-10 0.5 10-12 
C7 1.28∙10-11 2.34∙10-10 1.3∙10-11 0.01 10-10 
C8 1.28∙10-11 2.34∙10-10 1.3∙10-11 0.01 10-11 
C9 1.28∙10-11 2.34∙10-10 1.3∙10-11 0.01 10-12 
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Table 6-37. Modelling case matrix for investigating the influence of rock hydraulic 
conductivity (K), the hydraulic and thermo-hydraulic processes and geometry. The 
fracture transmissivity and backfill hydraulic conductivity are the same as in Case C5 
of the “Fracture model without rock mass” investigations (Table 6-36). 

Case Geometry Rock K (m/s) Processes 

C5_1 2 10-13 H 
C5_2 2 10-14 H 
C5_3 2 10-15 H 
C5_4 2 1.52∙10-12 H 

r_j_C5_4_TH 2 1.52∙10-12 TH 
C5_6 2 3.53∙10-15 H 

C5_7 2 
1.52∙10-12 

3.53∙10-15 H 
4TH 3 1.52∙10-12 TH 
4H 3 1.52∙10-12 H 
7H 3 3.53∙10-15 H 

 

 

 

Figure 6-65. Degree of buffer saturation as a function of time assuming water inflow 
(0.5 L/min) to a backfilled unsaturated tunnel, inflow from the rock mass between the 
fractures and different backfill hydraulic conductivities for selected cases presented in 
Tables 6-36 and 6-37 (Performance Assessment, Figure 6-20). F denotes a deposition 
hole location far from a fracture and N a location near a fracture (see Figure 6-61). 
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Table 6-38. Models for comparative study. 

  
Cases 
 

Rock intrinsic 
permeability 
(k, m2) 

Power in the 
relative 
permeability law (n 
in krl = Sl

n)* 

Coefficient of 
tortuosity** () 

Backfill pre-
consolidation 
pressure (p0*, MPa)*** 

1s
t s

er
ie

s 

Base 10-17  3 0.4 0.5 

A 10-17  6 0.4 0.5 

B 10-18  3 0.4 0.5 

C 10-17  3 0.8 0.5 

D 10-18  6 0.8 0.5  

E 10-17  3 0.4 2  

2n
d 

se
ri

es
 GAP-I 10-18 3 0.4 2 

GAP-II 10-19 3 0.4 2 

NOGAP-II 10-19 3 0.4 2 

GAP-III 1.5·10-20 3 0.4 2 
*  Brooks & Corey 1964 
**  Pollock 1986 
***  Alonso et al. 1990 

Figure 6-66. Position of measuring points for the effective stress shown in Figure 6-67. 
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Figure 6-67. Evolution of mean effective stresses 30 years after the emplacement of the 
canister and engineered barrier system (buffer and backfill) as function of time at the 
different points described in Figure 6-66 (left) (Olivella et al. 2013).  

Table 6-39 presents a summary of results from different THM calculations. The 
maximum temperature of the buffer depends mainly on the spent fuel power and the 
distance between canisters. The thermal properties in geomaterials are quite well 
defined and changes in these properties that could change the layout design are not 
expected. The maximum saturation time depends strongly on the groundwater flow. The 
THM modelling assumes that the hydraulic conductivity of the rock is large enough to 
allow significant water flow, but if the hydraulic conductivity of the rock is low and the 
water only flows through the fractures, the saturation time could be hundreds of years 
(see Figure 6-65). The hydraulic parameters are important and their variation is large in 
geomaterials. The mechanical parameters are also important for determining the stress 
evolution and the density homogenisation process.  

Table 6-39. Outputs of the THM model in Section 6.4 of Performance Assessment 
(reported in Olivella et al. 2013). 

Output parameter Value

Maximum temperature in the buffer 80 °C 

Time to reach maximum temperature 10−30 years 

Maximum suction in the buffer 50 to 150 MPa 

Minimum time for maximum suction in the buffer 0.1 to 1 years 

Minimum time for full saturation (depending on the zone) 2–10 years 

Maximum total stress 11−12.5 MPa 

Maximum effective stress 7−8.5 MPa 
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6.6.3 Confidence in the model and data 

To address the main uncertainties in the THM results, sensitivity analyses for a wide 
range of data have been undertaken in the TM modelling (Pintado & Rautioaho 2013) as 
well as in the THM modelling (Olivella et al. 2013). The main conclusion from these 
analyses is the large importance of the rock hydraulic conductivity in the saturation and 
the density homogenisation process. 

Model simplifications have been used, i.e. gas pressure kept constant in the models. 
Further modelling development will incorporate the air flow without any restriction 
when the vapour concentration increases because of the evaporation near the canister or 
if gases are formed because of canister corrosion (Posiva 2012). These model 
developments are not expected to affect significantly the results.  

The original BBM is a model for clays with low swelling potential but the elastic 
parameters have been modified for high-swelling clays such as bentonite resulting in the 
extended Barcelona Basic Model (BExM). The BBM model has been calibrated via 
oedometer tests (Olivella et al. 2013). The BExM has been implemented recently in 
CODE_BRIGHT and the results show that the BBM is still a reliable model.  

There are some uncertainties concerning the material properties of the pellets and the 
backfill. Therefore, the pellets were modelled as bentonite with low porosity. The 
backfill swelling capacity was assumed lower than that of the buffer but its hydraulic 
conductivity was that required (< 10-10 m/s). Enhanced THM calculations will be carried 
out based on updated information on material properties during the research period 
2013–2015 (see Posiva 2012).  

Models and data used in THM modelling focus on the long-term evolution after 
saturation rather than on the transient state of the buffer (and backfill). The effect of 
temperature on the properties of bentonite has been investigated by full scale tests and 
laboratory and mock up tests, with temperatures up to 100 C, and the results are 
reported in a number of papers (e.g. Burghignoli et al. 2000, Cekerevac & Laloui 2004, 
Lloret et al. 2004, Villar & Lloret 2004, Villar & Gómez-Espina 2007, Villar et al. 
2010, 2012). An increase in hydraulic conductivity with temperature was observed in 
some of the tests, but this behaviour was reversed as saturation continued (e.g. Villar et 
al. 2012). The observation in any of the tested bentonite (mostly FEBEX, MX-80) is 
that even when desiccation and shrinking occur, the properties of bentonite are 
unchanged as it swells and saturates, keeping its desired low permeability, self-healing 
ability and water retention capacity. 

Concerning confidence on the numerical code used (CODE_BRIGHT), this is a 
reference code for Posiva Oy and SKB. Confidence in the code is given by its validation 
by modelling of experimental data from numerous large-scale experiments (e.g. FEBEX 
and the EBS Task Force) as described by Alonso et al. (2005 and references therein). 
Additional details on the validation/verification of the code are available in the Quality 
Assurance manual of the code (UPC 2009). 
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6.7 Evolution of closure components and foreign materials 

The evolution of closure components (and cementitious foreign materials) is discussed in 
Performance Assessment (Sections 5.6, 6.7 and 7.6) taking into account FEPs 7.2.1 
(“chemical degradation”), 7.2.2 (“physical degradation”), and ultimately 8.2.7 (“rock-
water interaction”) in Features, Events and Processes. 

The discussion of the evolution of the closure components, i.e. backfill and plugs used to close the 
underground openings,  is presented mostly at a qualitative level in Performance Assessment.
Closure structures have been accounted for  at  a  quanti tat ive level  in the 
groundwater flow modelling, in which the closure has been taken into account in 
various simulation cases to evaluate the possibility of closure structures forming 
preferential pathways between repository level and ground surface (Figure 6-68), which 
is discussed in Section 6.1. The hydrogeological model adopts a simplified treatment of 
the plugs and closure backfill. The detailed design of these components is presented in 
Closure Production Line. Rather, the closure design is taken into account implicitly 
through the hydraulic conductivities assigned to a continuous backfill, which reflects 
those required for the closure system as a whole.  

The degradation of the closure components is conceptually described in Section 7.6 of 
Performance Assessment. Degradation includes chemical and physical processes. A 
quantitative assessment of how much of the cementitious leachates could potentially 
interact with specific volumes of buffer and deposition tunnel backfill is presented in 
detail in Koskinen (2013). Based on a quantitative estimate of cement leaching under 
Olkiluoto conditions, a mass balance analysis is carried out to cover possible standard-
pH cement – montmorillonite interactions in addition to the low-pH cements that are 
used at the repository level (Koskinen 2013).  

The possibility of freezing and thawing affecting the closure components in the long 
term has been accounted for in the design (Closure Production Line) by selecting 
materials that can withstand freeze and thaw cycles (crushed rock materials) (see 7.6.4 
in Performance Assessment and Nurmikolu 2005, Chapter 7). The process of freezing 
and thawing of bentonite-based structures has been discussed in Performance 
Assessment in Section 7.6. Regarding clay containing backfill materials used in closure 
together with the crushed rock materials (i.e. clay-aggregate mixtures), freezing and 
thawing in permafrost conditions may be relevant for parts of closure near the surface. 
The possible degradation of closure has been taken into account in the groundwater 
flow modelling.  
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Figure 6-68. An illustration of the equivalent fractures, coloured by transmissivity, used 
to represent the repository and the other underground facilities at the site scale. The 
deposition tunnels, central tunnels and access tunnel are modelled as vertical fractures 
(Hartley et al. 2013a, Figure 4-14).  

 
Foreign materials are discussed in Performance Assessment to assess the impact on the 
performance of the multi-barrier system, for example from the canister corrosion and 
buffer and backfill geochemical evolution point of view. The material groups 
considered in the foreign material inventory are: explosives, blasting caps and cords, 
support and anchor bolts, shotcrete, steel mesh, grouting materials, floors and 
miscellaneous constructions, drainage pipes, emissions from vehicles and maintenance 
work, paints, urine and other human waste, impurities in ventilation air, plugs, and 
impurities in the buffer and backfill materials (Karvonen 2011). Note that cementitious 
sources are partly included in the closure components (such as plugs) and partly in 
construction-related foreign materials (e.g. injection grouts and shotcrete).  

The estimated amounts of foreign materials presented in Karvonen (2011) (see also 
the discussion in Section 6.7.2 for key data) are used as initial data in Performance 
Assessment for the amount of organic matter in clay and the amounts of steel (see 
Appendix G).  

6.7.1 Description of the model 

A summary of how closure and foreign materials are taken into account in Performance 
Assessment is illustrated in Figure 6-69. 

In the following section, the decreased performance of the closure and its impact on the 
buffer and backfill is discussed. The approach consists of:  
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 deriving the amount of OH- produced during the degradation of closure 
components, 

 estimating the amount of montmorillonite reacted with the OH- amounts 
calculated in the previous step, 

 estimating the fraction of buffer volume potentially affected by the degradation 
of cementitious components. 
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Figure 6-69. Closure and foreign materials data and how they are used in the 
modelling in Performance Assessment and connection to radionuclide release 
assessment. AOS = Assessment of Radionuclide Release Scenarios for the Repository 
System. 
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6.7.2 Key data 

Conceptual model for cement leaching 

Leaching of cement is expected to take place as staged degradation (see e.g. Miller et al. 
2000, Wang et al. 2010, Section 7.2.1 of Features, Events and Processes and Section 
5.4.4 of Performance Assessment). The degradation of standard high-pH cements is 
conceptualised as a three-stage process. In the first stage, porewater leached from 
cement is rich in alkalis (i.e. Na+ and K+) at pH of > 13. In the second stage, high 
concentrations of Ca are released due to dissolution of portlandite (Ca(OH)2) (pH 
around 12.5). In the third stage, porewater chemistry is controlled by the solubility of 
Calcium-Silicate-Hydrate (CSH) phases (pH ranging from 9 to 12.5). This conceptual 
model is presented in Figure 6-70. In the case of low-pH cements, the first stage does 
not occur and the second stage is more limited than for standard cements (due to lesser 
formation of portlandite in cement) (see Performance Assessment, Section 5.5.4). In 
particular, it is expected that the evolution of low-pH cement starts around the end of 
second phase described above, at around a pH of 12. 

The kinetics of the leaching processes of cementitious materials depend on several 
factors:  

 the cementitious material properties (such as the intrinsic porosity and the 
permeability of the cementitious material),  

 its composition and utilised grouting technique, and  

 groundwater characteristics, such as composition (salinity, pH) and flow rate. 

The leaching rate depends on the silica content and to a lesser extent on the water-to-dry 
material ratio (W/DM) of the grout. Thus by adding silica and adopting lower W/DM 
grout permeability is reduced, making it more resistant to groundwater leaching.  

A conceptual model has been set up for modelling the following: 

 leaching of cementitious materials,  

 reaction in fractures,  

 transport towards backfill and buffer, and  

 clay/montmorillonite interaction, the latter being assessed by a mass-balance 
approach. 

The release rates of OH- for degrading ordinary cement and low pH cement are taken 
from the modelling exercise of Soler (2011), whose modelled temporal pH evolutions 
are depicted in Figure 6-71. This predicted evolution is qualitatively supported by 
leaching tests (Arenius et al. 2008) and monitoring data from ONKALO.  
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Figure 6-70. Estimation of pH evolution of ordinary cement pore fluid (modified from 
Cau-Dit-Coumes et al. 2006) and how leaching of low-pH cements is considered to 
differ from the ordinary case (text boxes). Time is shown on a logarithmic scale. CSH: 
calcium-silicate-hydrate. 

 

 

Figure 6-71. Simulated pH conditions at the grout/fracture water interface for ordinary 
cement and low pH cement predicted by reactive transport modelling in Soler (2011). 

 

The conceptual model used to estimate how much cementitious leachate can reach the 
deposition tunnel and backfill and deposition hole and bentonite buffer is illustrated in 



298 

 

 

Figure 6-72. Of the cementitious leachate products, OH- is considered to be the most 
important, as discussed in Performance Assessment (p. 164). The approach to assess the 
potential impact of the OH- originating from the degradation products of cementitious 
materials potentially migrating to deposition holes and tunnels is presented in detail in 
Koskinen (2013) (see also Performance Assessment, Section 5.5.4). The following 
sections summarise the results of cement-clay interaction.  

 

 

Figure 6-72. Conceptual illustration of cement leaching and leachate transport in 
fractured bedrock. Cement-rock interactions are not taken into account in the mass-
balance calculations. 

 

  



299 

 

 

Mass-balance calculations for cement-clay interaction 

As noted above, the extent of the interaction between cementitious leachate and the 
bentonite in the buffer and backfill has been assessed on a mass balance basis. It is 
argued in Performance Assessment (Section 5.5.4) that, if interaction with cementitious 
leachates leads to degraded buffer and backfill volumes of sufficiently limited spatial 
extent, then there are no significant adverse consequences for performance and safety. 
Illustrations of degraded volumes considered to be of “sufficiently limited volume” not 
to affect the performance of the system are given in Figure 6-73. These illustrative 
volumes are then compared to the results based on calculations of how much leachates 
could actually affect the buffer and backfill, as discussed in Performance Assessment (p. 
167-168), as follows. 

For a deposition hole: 

 A half torus-type degraded region (radius r = 0.03 m) that could result from 
interactions of OH- ions supplied by a horizontal fracture. This degraded region 
occupies slightly less than 10 % of the buffer thickness. 

For deposition tunnel: 

 A half torus-type degraded region (radius r = 0.06 m) that could result from 
interactions of OH- ions supplied by a vertical fracture.  

First, the amounts of OH-, nOH, shape required to dissolve a mass of montmorillonite 
corresponding to each of these volumes were determined (Table 6-40). nOH, shape has 
been calculated using: 

montmo

shapemontmo
OH,shape B

M

m
  =n ,  

 

 6-52

where mmontmo,shape is the montmorillonite mass (g) in a volume of a given shape (in this 
case a half-torus), Mmontmo is the molecular weight of montmorillonite (367 g/mol) and B 
is the stoichiometric factor of the montmorillonite dissolution reaction (4.68, see 
Section “Mass balance analysis of impact of cement leachates on montmorillonite” 
below). For the buffer, mmontmo is determined assuming a grain density of 2750 kg/m3, a 
porosity of 0.42 and a montmorillonite volume fraction of 75 % (Table E-1 in Appendix 
E). The corresponding bulk values for tunnel backfill are a dry density of 1705 kg/m3 
and a montmorillonite volume fraction of 48.6 % (Table F-1 in Appendix F). 
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Figure 6-73. Illustrations of the volumes of a) buffer and b) backfill in a deposition hole 
and a tunnel assumed to be potentially affected by cement leachate-bentonite 
interaction, defined for a mass balance approach.  

 

Table 6-40. Mass of montmorillonite in the assumed degraded volumes (shapes) and the 
amount of OH- required for dissolving the corresponding montmorillonite mass (see 
Figure 6-73). 

 Buffer ring shape Backfill ring shape 

m montmo, shape (kg) 9 43 

nOH, shape (mol) 119 551 
 

 

Calculating the amount of cement derived OH- interacting with the buffer 
and deposition tunnel backfill  

Two calculation cases have been considered in Performance Assessment to assess the 
amounts of OH- ions potentially interacting with the buffer and deposition tunnel 
backfill during operational phase: a realistic case and a conservative case. The main 
outcomes from Performance Assessment for these calculation cases are: 

 for case 1 (termed the “realistic”18 case in Performance Assessment), that 

 ~50 % of the OH- ions entering deposition tunnel or deposition hole via 
ungrouted fracture originate from cementitious materials in the access tunnel 
and shafts below HZ20 

 20−30 % is derived from cementitious sources above the HZ20 

 the remaining 20−30 % is from grouts, including rock bolt grout in deposition 
tunnels 

                                                 
 

18  These assumptions concern a number of cementitious sources, fracture openings at these locations, fracture transmissivities at 
the same locations, radius of excavated openings, mass of cement in a single source, unevenness of the penetration of the 
cementitious materials into fracture intersecting the source, and pH of the cement leachate and ist temporal evolution. 
Assumptions are discussed in detail in Chapter 3 of Koskinen (2013). 
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 and, for case 2 (termed the “conservative”19 case in Performance Assessment), 
that 

 ~50 % of the OH- ions entering a fracture that intersects a deposition hole 
originate from cementitious materials below HZ20 

 ~ 20 % from grouts and shotcrete below HZ20 

 approximately 15 % (20 % for tunnels) is from grouts and rock bolt grouts 
above HZ20 

 approximately 15 % (10 % for tunnels) is from shotcrete above HZ20 and other 
cementitious sources in the repository 

 larger interface grout/groundwater for a single fracture with respect to the 
realistic case 

 number of fractures is twice as high with respect to the realistic case 

 duration of leaching period is 5 times longer. 

Case 1 indicates that the amount of OH- ions entering a deposition hole through an 
ungrouted fracture is estimated to be 0.2 mol. For a deposition tunnel, the corresponding 
amount is 0.3 mol. Case 2 produces estimates of 3.9 mol for a deposition hole and 5.4 
mol for a deposition tunnel. These results are well below the amount needed to produce 
the degraded volumes presented in Figure 6-73 and Table 6-40, which themselves are 
argued not to have a significant impact on performance and safety.  

Calculations are based on the equations presented in Koskinen (2013) that have been 
used to cover the following steps in the OH- migration from source to buffer and 
backfill: 

 release of OH- to flowing groundwater, and  

 leachate migration in a fracture network. 

The complete analysis is presented in Koskinen (2013). The conservative estimates 
remain roughly an order of magnitude smaller than the amounts required for complete 
dissolution of the montmorillonite in the degraded volumes depicted in Figure 6-73. It 
can therefore be argued that the potentially degraded volumes of buffer and backfill 
remain so small that these regions will have no impacts on the performance of the buffer 
and backfill. 

Reference design of the closure 

The detailed design of the closure, consisting of various types of backfill and plugs (see 
Section 3.2.6, Figure 3-11) is used in a simplified manner in hydrogeological modelling 
(Section 6.1) (see Appendix G for closure data)). Data used in Hartley et al. (2013a) 
were selected based on the reference design of the closure. For reference, i.e. 

                                                 
 

19  See the preceeding footnote. 
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undisturbed conditions, three different regimes were assumed following the hydraulic 
conductivity specifications given in the Closure Production Line report. For the section 
from ground surface down to approximately 200 m depth, a reference conductivity of 
10-7 m/s was assumed. The boundary at 200 m is based on the hydrogeological 
properties of the bedrock (see discussion in Dixon et al. 2013). Below this range, a 
hydraulic conductivity of 10-8 m/s is used down to approximately 300 m depth, which is 
the depth where the hydrogeological zone HZ20 is intersected in the access tunnel and 
shafts. The lowest part of the closure, down to the repository level was modelled using a 
hydraulic conductivity of 10-9 m/s. These values correspond to the required 
conductivities, with internalised tolerances in initial state values, which means that the 
initial conductivities in the closure will be either the same or even lower as modelled20 
(See Table 5-1 in Closure Production Line). The highly transmissive region (red) (see 
Figure 6-68) corresponds to the L/ILW hall, that was formerly planned at –180 m 
(Kirkkomäki 2009). Data on hydrological conductivities were used to represent the 
reference conditions in hydrogeochemical modelling (Hartley et al. 2013a). Disturbance 
sensitivity was tested by simulating cases in which the reference parameter values were 
exceeded (see Section 6.1). 

Backfilling used in the hydrogeological modelling is simplified from that of the closure 
reference design. Plug structures have not been considered at all. However, to estimate 
the overall performance, the level of detail is considered to be sufficient, taking into 
account the early stage of the closure design. 

Estimate of the amounts of foreign materials 

The amounts of foreign materials in the final underground disposal facility used in 
Performance Assessment are based on Karvonen (2011). The estimate has been made 
considering the 5500 tU layout (see Figure 3-5). The amount of cementitious materials 
estimated by Karvonen (2011) forms a starting point in estimating the effects of the 
cementitious materials within the underground disposal facility, especially interactions 
between cement leachates and clay/montmorillonite. 

For each source of material, the mass or quantity is calculated, the foreign materials 
comprising the material and their proportions are determined, and the assumed removal 
percentage before the closure of the underground disposal facility is estimated. 
Karvonen (2011) reported the estimates for the entire disposal facility, for ONKALO 
and for 100 m lengths of the deposition tunnels (both OL1−3 and LO1−2 type, which 
are slightly different in dimensions, see Backfill Production Line). Foreign material 
estimates do not include clay minerals and minerals considered inert (e.g. 
montmorillonite, quartz), host rock, spent nuclear fuel and canister, materials assumed 
to be removed completely before the facility is closed, and certain materials for which 
reliable calculation methods were yet to be determined at the time of reporting (e.g. 
microbes and oxygen). It should be noted that the processes concerning microbial 
activity and effects of remaining oxygen have been assessed in Performance Assessment 

                                                 
 

20  Regarding section between -300 m and -420 required conductivity in the reference design is one order of magnitude lower than 
modelled 10-9 m/s. However, due to the margin internalised for initial state this is still within the acceptable range.  
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and are also discussed within this report, see Sections 6.8.2 and 6.9.3 for microbial 
activity and Section 6.17 for aerobic corrosion of canister. 

For the foreign material quantities in Karvonen (2011), most of the materials have been 
estimated by using the known material amounts introduced to the ONKALO facility at 
the time of writing (up to chainage 4340, which corresponds to most of the full access 
tunnel length) to derive an estimate (scaled according to volume or other parameter) 
concerning the rest of the disposal facility, using specific designs or justified decisions 
concerning the deposition tunnels and holes, and, for some materials, the central tunnels 
and technical rooms. Several estimates have included the use of preliminary designs 
(some unpublished), and in many material groups (e.g. grouts, closure plugs) the 
estimates required making quantitative decisions that affected the results. These 
decisions, used designs etc. are described in Karvonen (2011). The known quantitative 
amounts of used materials were acquired from Posiva’s systematically collected data set 
of the materials that have been introduced into ONKALO. 

Most of the materials have been estimated using the disposal facility volume or tunnel 
lengths. Because of over-excavation, a 10 % addition to the theoretical disposal facility 
volume has been used. For the deposition tunnels also an alternative with 20 % over-
excavation has been considered. The deposition holes were considered with the 
theoretical volume only, with two alternatives. Due to possible unsuitable rock quality 
the total deposition tunnel volume has been estimated with a 10 % excess of deposition 
hole places, of which most would be rejected according to data from the tunnel, 1.5 % 
according to pilot hole data and only 0.5 % (ten deposition holes) after drilling.  

The uncertainties in calculating the estimates are the same for many of the materials. 
The material quantities were estimated based on the material quantities actually used in 
ONKALO. The volume excavated at that point was approximately 65 % of total 
ONKALO volume, including shafts. The work at that stage was already near the 
disposal depth in the access tunnel (Karvonen 2011). Quantity estimations beyond this 
chainage have been derived using this last updated material estimate. However, designs 
and plans for the repository are in many respects still at a preliminary stage. Scaling 
according to volume has only been used for some materials (e.g. those that will be used 
for rock support) because the materials and amounts depend on the bedrock 
characteristics and will be updated after the volumes in question have been excavated. 
Some design solutions have also been changed after the last update of the foreign 
material estimations and reference designs have been taken forward, for example the 
layout of the repository and the closure solutions. The changes may affect for example 
the quantity of cement. Also the removal percentages of certain materials containing 
cement are high and may have to be lowered when the next update of foreign material 
estimate is made. This would in turn increase the remaining quantity of cement. The 
foreign material estimations will become more and more accurate as the plans and 
designs move forward and are perfected. The accuracy of the estimates can only be 
verified when the final designs and plans have been made. Data from the foreign 
materials estimate (Karvonen 2011) used in Performance Assessment are collected in 
Appendix G.  
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Data used in cement leaching  

The main data used in Koskinen (2013) are collected in Appendices G (Table G-1) and I 
(Table I-1). They consist of data sets regarding the space above HZ20 and below HZ20, 
reflecting standard pH cementitious masses and low-pH cementitious masses, 
respectively. Main data types cover the average aperture of fractures, average 
transmissivities of fractures in contact with cement, average hydraulic gradients, 
geometries of underground openings, average cement masses, cement densities and the 
number of cementitious sources. Additional background on the data used in 
Performance Assessment is provided in Koskinen (2013). 

Average masses for the cementitious sources have been used as a basis in the 
assessment. Data sets for different parts of the repository have been defined in Koskinen 
(2013, Section 3, see also Appendix G for Foreign materials).  
 
The amounts of cement are derived or justified based on Karvonen (2011) meaning that 
when the foreign materials estimate is not followed, a more conservative value has been 
selected (see Performance Assessment, p. 169). The amount of OH- leaching and 
estimated amounts contacting the buffer and backfill have been estimated based on the 
results calculated with the assumptions discussed here. These results are used as a 
comparison in mass-balance analysis for cement-clay interactions. In Koskinen (2013, 
Section 2.2), it is shown that the total masses are not relevant, but the interfacial area 
between “cementitious masses” and “groundwater” is. This is because most of the 
cementitious materials is degraded with pH < 10. Assumptions are made regarding 
values that could not be obtained from the literature, e.g. considering the plug masses an 
assumed average reference mass for closure plugs used is 20,000 kg, and for the 
deposition tunnel plug 16,600 kg. These values are considered in the former case to best 
reflect the schematic design for plugs in the closure and in the latter case, to fully 
represent the larger of the two plug types that have been considered during the time of 
making calculations (compare to reference plug based on SKB (2010c) and a wedge-
shaped plug developed by Haaramo & Lehtonen (2009)).  

Mass balance analysis of impact of cement leachates on montmorillonite 

The mass balance analysis is based on calculations utilising a stoichiometric factor to 
estimate the consumption of OH- ions in reaction with montmorillonite. One of the most 
widely used way to describe the reaction between montmorillonite and OH- is that given 
in Savage & Benbow (2007). According to it, 4.68 mol of OH- are required to consume 
1 mol of montmorillonite. At pH < 10, montmorillonite degradation is assumed 
negligible due to the low solubility of silicate minerals (see e.g. Savage & Benbow 
2007). pH dependence of the process is expected and for the pH range 10−13, the 
overall reaction used is: 

Na.33Mg.33Al1.67Si4O10(OH)2 + 4.68OH- + 2H2O  

  0.33Na+ + 0.33Mg2+ + 1.67Al(OH)4
- + 4HSiO3

- 
 

 6-53

Uncertainties relate to this value because reaction stoichiometry is complicated by the 
precipitation of neoformed minerals and possible side reactions, which are not 
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accounted for in the present analysis. Based on this assumption the amount of OH- that 
is needed to affect the defined volumes of montmorillonite (see Figure 6-73) has been 
calculated. 

6.7.3 Confidence in the model and data 

Hydrogeological modelling 

Hydraulic conductivity data used for closure in Hydro-DFN modelling are selected to 
comply with the initial state conditions for the reference conditions in the modelling. 
They reflect well the overall function of the closure, which is to prevent the formation 
of preferential pathways between the repository and the surface environment. Closure is 
designed to achieve restoration of the local host rock conditions, i.e. variation in the 
hydrogeological conditions with depth. This function is reflected in the continuous 
backfilling hydraulic conductivity values used in DFN modelling (Hartley et al. 2013a). 
Plug structures and their ability to limit groundwater flow have not been taken into 
account in the current modelling.  

Foreign materials inventory 

The various layouts used to estimate the amounts of foreign materials do not 
significantly affect the geometry of the closure, except for the volumes of central 
tunnels. The effect of enlarging the layout means effectively more deposition tunnels in 
addition to an increase in central tunnel volumes. This is not considered to have 
significant effects on the performance assessment as it does not have a major effect on 
the overall volume ratios, especially concerning deposition tunnel plugs, deposition 
tunnel backfill and buffer volumes. The foreign materials inventory will be updated well 
before 2018 (Posiva 2012). Also, decisions made and some preliminary designs used in 
the inventory are well documented in Karvonen (2011), providing the best available 
estimate of the amounts for the time being.  

Cement leaching and interaction with other engineered barriers 

To treat the uncertainties related to the process of cement leaching and migration through
the fractured network, a conservative approach was adopted in Performance Assessment 
regarding the leaching rate and the leachate-rock interaction.

The conclusions presented in Performance Assessment suggest that cementitious 
leachates will have no significant impact on the performance of either the buffer or 
backfill. The effects of the cement leachates and total mass balance analyses regarding 
interaction with backfill and buffer are based on fracture data from the Site Description 
and the initial values given in the foreign materials report (Karvonen 2011). These 
initial values are subject to the same uncertainties as those affecting the estimate of the 
overall inventory of foreign materials (see above section on “foreign materials 
inventory” and Section 6.7.2, subsection on “estimate of the amounts of foreign 
materials”). A simplified, conservative approach has been used in Performance 
Assessment to assess the amount of cementitious leachates entering deposition tunnel 
and deposition holes during the operational phase (see mass balance analysis in Section 
6.7.2), as the use of reactive transport modelling results would have introduced large 
and poorly quantifiable uncertainties (Soler 2010, 2011). In the simplified approach, the 
groundwater-rock interaction (e.g. reaction with fracture minerals, precipitation) is 
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omitted. Clear evidence from the monitoring results from ONKALO and from 
experimental studies (Arenius et al. 2008) shows that the extent of the alkaline plume in 
the Olkiluoto conditions will be limited by such interactions, both spatially and 
temporally. Furthermore, the largest release of OH- from cementitious materials is 
expected within 10 years after their emplacement (Figure 6-71). As the hydraulic 
gradient is toward the open excavations (e.g. central tunnel, access tunnel), the 
cementitious leachates will follow this gradient. As a result, most of the OH- released 
during the operational phase will be pumped away from the underground openings.  

Uncertainties in the performance of the buffer and backfill due to the presence of 
cementitious leachates are addressed in Sections 9.6.6 and 12.1.2 of Assessment of 
Radionuclide Release Scenarios for the Repository System, which consider radionuclide 
transport in the presence of a degraded buffer and backfill. 

6.8 Geochemical evolution of deposition tunnel backfill 

The geochemical evolution of deposition tunnel backfill is discussed in Performance 
Assessment (Sections 5.5, 6.6, 7.4). The discussion of models and data is structured 
according to the following:  

 Backfill porewater chemistry (interaction with groundwater)  

 Sulphide production in the backfill 

 Cement-clay interaction 

 Iron-clay interaction. 

6.8.1 Backfill porewater chemistry  

The backfill porewater chemistry is discussed in Performance Assessment (Sections 
6.6.2 and 7.4.3) chiefly taking into account FEP numbers 6.2.5 (“montmorillonite 
transformation”), 6.2.6 (“alteration of accessory minerals”), and 8.2.7 (“rock-water 
interaction”) in Features, Events and Processes.  

Description of the model 

After saturation, exchange processes between the backfill porewater and the 
surrounding groundwater will occur mainly by diffusion. The temperatures will be 
lower than in the buffer, albeit variable because of the different saturation times 
depending on local flow conditions, and will slowly approach those of the unaffected 
rock. Salts formed during the saturation stage, such as gypsum and calcite, will be 
redistributed in the backfill by dissolution, solute diffusion and re-precipitation 
according to their solubilities.  

The porewater composition will be constrained by diffusion of solutes from the 
groundwater, reactions between cations and the clay interface and dissolution and 
precipitation of accessory minerals (gypsum, calcite, SiO2). The solubility of the main 
mineral montmorillonite is very low in the expected neutral to slightly alkaline pH 
range and thus its dissolution will have a minor effect on solute chemistry. The 
porewater chemistry and its evolution can be modelled by coupled reactive transport 
modelling (e.g. Sena et al. 2010a, b), accounting for the evolving groundwater 
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composition. Considering the long timescales of interest, the porewater composition can 
also be approximated by assuming diffusive equilibration and chemical equilibrium 
between the groundwater and the clay. This has been done with a thermodynamic model 
for bentonite (Wersin et al. 2013a), which is based on the microstructure, the 
electrochemical properties of the clay and the anion exclusion concept (Tournassat & 
Appelo 2011). The model was first developed for the bentonite buffer and has been 
adapted for the backfill. 

Backfill material 

In a first step, an “averaged backfill material”, which in fact consists of different clay 
components (Friedland clay blocks, Milos-type granules and pellets, see Section 3.2), 
was defined. The idea behind this was to simplify the porewater chemistry model based 
on the assumption that, although the backfill may never become perfectly homogenised, 
the porewater chemistry will be equilibrated fairly rapidly among the different 
components. The effect of potentially limited homogenisation of the clay materials on 
modelled porewaters was tested by considering the porewater composition of each 
material separately (Wersin et al. 2013b). This exercise indicated that the averaged 
porewater composition is rather similar to that of the Milos (DepCan) pellets and 
granules. For Friedland clay blocks, the porewater chemistry differs from that of the 
average backfill, which is primarily explained by the absence of calcite in Friedland 
clay. Calculations were also performed with Na-activated infill material (AC-200) 
rather than with DepCan21. Slight differences are noted, in particular for the saline water 
case where differences in exchanger composition are manifested. Therefore, the 
“averaged backfill material” simplification was deemed suitable for porewater 
calculations.  

It should be noted that the montmorillonite mass fraction ( 49 wt-%) is considerably 
lower than that of the buffer (> 75 wt-%). But because of the bulk dry density (dry), i.e., 
the montmorillonite content per volume often described as effective montmorillonite 
dry density (EMDD), is rather similar. The EMMD is defined as (setting the silica 
content to zero in equation 6 of Sato & Suzuki 2003): 
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where f is the mass fraction of montmorillonite and acc is the grain density of the 
accessory minerals, taken to be 2.7 kg/dm3. This is slightly lower than the EMDD of the 
MX-80 buffer material (1.38 kg/dm3). The porewater model can be applied over the 
range of 1500−2050 kg/m3 saturated density (see e.g. Karnland 2010). 

Key data 

The geochemical porewater model is based on mineralogical and cation exchange 
properties of MX-80 bentonite obtained from experimental studies of Bradbury & 

                                                 
 

21  The material type for the floor granules and wall/roof pellets is not decided yet. 
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Baeyens (1997, 2002), Wieland et al. (1994) and Müller-Vonmoos & Kahr (1983). The 
model is detailed in Wersin et al. (2013b). For the calculations, the thermodynamic 
database Thermochimie Version 7b developed by ANDRA (2009) is applied. The 
composition of the average reference backfill used for porewater chemistry calculations 
is shown in Table 6-42. From the backfill geometry design (Figure 3-10), the volume 
fractions of the Friedland clay blocks, the foundation bed granules and the wall/roof 
pellets are calculated (Table 6-41). The values in Table 6-41 are based on the 
preliminary backfill design of Keto (2011), which is slightly different from that in Autio 
et al. (2012) presented for TURVA-2012. From the fraction of different materials, the 
average petrophysical parameters and mineralogical composition were derived. 

Geochemical model 

Geochemical conditions and their evolution are represented by the concept of reference 
groundwaters, which apply to specific time windows (Wersin et al. 2013b). Reference 
groundwaters are considered as the most plausible water composition for a specific 
time/climate window at Olkiluoto. To account for the uncertainty in groundwater 
chemistry, so-called bounding groundwaters were also defined. As detailed in Wersin et 
al. (2013a), from these groundwaters, two reference and four bounding groundwaters, as 
listed below, were defined for the near field which should represent the expected range 
of groundwater compositions including uncertainties in terms of ionic strength, 
alkalinity, Na, Ca and pH. Key input to the geochemical model is the groundwater 
composition and its temporal evolution, approximated by reference and bounding water 
types. The five original groundwater compositions are given in Section 6.2. 

Reference waters: 

 saline water based on KR20/465/1 (i.e. first sample from the drill hole depth of 
465 m in drill hole KR20) 

 brackish water based on KR6/135/8 

Bounding waters: 

 dilute carbonate rich brackish water based on KR4/81/1 

 brine water based on KR4/861/1 

 high alkaline water, based on the saline reference water titrated with Ca(OH)2 

 glacial melt water (Grimsel water). 

Table 6-41. Volume fractions of the different backfill materials according to Hansen et 
al. (2010) with included additional excavation tolerances. Values are averages. 

Volumes useda m3 (for 1 m of tunnel) Fraction (-)
Blocks with gaps 11.36 0.69 

Foundation bed (Milos granules) 1.27 0.077 

Wall/roof pellet (Milos pellets) 3.83 0.23 
a The used volumes are based on the 2009 Backfill Design Report (Hansen et al. 2010) with updated 

excavation tolerances in roof/wall (300 mm) and floor (400 mm). In Backfill Production Line, values 
have been updated to reflect the latest block geometry. However, this does not have any effect on the 
results presented in this report as the densities considered are the same. 
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Table 6-42. Composition of the “averaged reference backfill material” used in this 
report for calculation of porewater chemistry.

Parameter Value Reference 

System parameters  

S/L (solid/liquid) ratio (kg/L) 4.51 Calculated 

Porosity ε (-) 0.381 Calculated 

Dry density ρdry (kg/dm3) 1.72 

Calc. from Hansen et al. (2010) (including 
tolerance updates, see Figure 3-10 for 
details), Wimelius & Pusch (2008), Dixon et 
al. (2011) 

Saturated density ρsat (kg/dm3) 2.10 Calculated 

Lattice (grain) density ρs (kg/dm3) 2.780 

Calc. from Hansen et al. (2010) (including 
tolerance updates, see Figure 3-10 for 
details), Kumpulainen & Kiviranta (2010), 
Karnland et al. (2006) 

BET surface area (m2/g) 20.40 
Scaled via MX-80. Reference MX-80 value 
from Bradbury & Baeyens (1997) 

Internal surface area of montmorillonite (m2/g) 487.00 Appelo et al. (2010) 

Cation exchange capacity (CEC; eq/kg) 0.47 
Calc. from Hansen et al. (2010) (including 
tolerance updates, see Figure 3-10 for 
details), Kumpulainen & Kiviranta (2010) 

Surface site concentration (eq/kg) 0.0184 
Scaled via MX-80. Reference MX-80 value 
from Wieland et al. (1994) 

Mineral composition (wt-%) 
Calc. from Hansen et al. (2010) (including 
tolerance updates see Figure 3-10 for 
details), Kumpulainen & Kiviranta (2010) 

Montmorillonite (smectite) 48.6  

Kaolinite 6.2  

Illite 15.4  

Mica 4.3  

Quartz 16.1  

Feldspar 1.1  

Carbonate 2.2  

Dolomite 0.3  

Gypsum 1.9  

Siderite 1.1  

Pyrite 0.8  

Tridymite 0.9  

Goethite 0.3  

Hematite 0.2  

Magnetite 0.3  

Anatase 0.2  

Organic carbon 0.2  

Sum % 99.9  

Ion exchanger composition (eq/kg) 
Calc. from Hansen et al. (2010) (including 
tolerance updates, see Figure 3-10 for 
details), Kumpulainen & Kiviranta (2010) 

Ca 0.13  

K 0.016  

Mg 0.083  

Na 0.24  

Sum 0.47  
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The composition of the groundwater will evolve over time, mainly driven by changing 
climate conditions (see Section 6.2). These changes in the groundwater composition 
occur over long timescales compared with the transient state in the backfill. Hence, for 
considering this chemical variation in porewater chemistry over time, complete mixing 
and equilibrium with the different surrounding reference and bounding groundwater 
types is assumed. The model is applied to deriving porewater compositions as basis for 
(i) radionuclide transport in the near field (speciation, solubilities, sorption data) and (ii) 
estimates on sulphide fluxes and concentrations in the backfill. 

The thermodynamic model for deriving backfill porewater compositions is based on the 
multiporosity anion exclusion model proposed for compacted saturated bentonite 
(Wersin et al. 2004). This model is described in Section 6.9.2 and only the adaptation to 
the backfill is discussed below. The porosity is filled with three water types: interlayer 
water (considered to be part of the montmorillonite structure) which is devoid of anions, 
diffuse double layer water influenced by the charged external surfaces and the “free” 
water (Figure 6-74). The distribution of these three porosities depends on the 
compaction degree (or more precisely the effective montmorillonite dry density 
(EMDD)), the surface area and stacking number of the tetrahedral-octahedral-
tetrahedral (TOT) layers, and the thickness of the diffuse double layer (DDL) (in turn 
dependent on ionic strength). The corresponding fractions of interlayer water, diffuse 
double layer (DDL) water and “free” water for the six backfill porewaters are shown in 
Table F-2 in Appendix F. 

Once the porosity fractions are determined, the thermodynamic model based on 
Wieland et al. (1994) and Wersin et al. (2004) is set up in a fairly straightforward 
manner with the PHREEQC code and the ANDRA/Thermochimie database (see 
description below). The model includes cation exchange reactions at interlayer sites and 
surface complexation reactions for protonation/deprotonation at external sites. The 
dissolution-precipitation of reactive accessory minerals is also accounted for; this 
includes calcite, quartz, kaolinite, gypsum and siderite. For siderite, a ten times lower 
solubility than that predicted from the database is assumed. This is based on the 
experience gained from the geochemistry in the Opalinus clay and Callovo-Oxfordian 
formations, which contain notable contents of ferrous carbonate (e.g. Gaucher et al. 
2009). Furthermore, calculations for many Olkiluoto groundwaters show 
undersaturation with respect to siderite by a factor of around ten. The NaCl content in 
the material is used for initial equilibration of the DDL with the external surface.  

For most porewater types, the redox potential is assumed to be controlled by the 
sulphate/sulphide couple whose activities are determined by those in the corresponding 
groundwaters, in an analogue manner as has been assumed for the buffer (Wersin et al. 
2013a). Thus, the redox potential is assumed to be controlled by the activities of sulphur 
species from the surrounding groundwater. Exceptions are for the glacial melt water and 
the brine water, where the redox potential is assumed to be controlled by the 
ferrihydrite/Fe(II) and CO2/CH4 equilibrium, respectively (see Wersin et al. 2013a for 
details). 

All calculations are performed at 25 °C. The initial groundwater compositions (Section 
6.2) are first equilibrated with quartz and calcite at 25 °C before equilibration with the 
backfill. The temperature evolution in the backfill is expected to follow the temperature  
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Figure 6-74. Different porewater types in bentonite according to model concept 
(Wersin et al. 2004). 

 

evolution of the far field (Pastina & Hellä 2006). Thus, expected actual temperatures in 
the backfill will be fairly close to 25 °C. Furthermore, by applying standard state 
conditions for all thermodynamic calculations, data uncertainties can be minimised. 

The modelled porewater composition for the different reference and bounding 
groundwaters is shown in Table F-2 in Appendix F. As stated above, these waters were 
used to derive speciation of radionuclides, their solubilities and sorption values (see 
Section 7.5).  

Confidence in the model and data 

The uncertainties in porewater compositions are related to groundwater composition, 
which has been accounted for by the consideration of a wide compositional range of 
reference and bounding groundwaters. As discussed in the previous section, the changes 
in the groundwater composition occur over long timescales compared with the transient 
state in the buffer and the backfill, allowing for the assumption of complete mixing and 
equilibrium. This assumption of chemical equilibrium enables the application of 
thermodynamic data for the modelling of porewater compositions, as well as solubility 
limits and radionuclide speciation.  

A sensitivity analysis was carried out to address inherent model uncertainties and 
variation in the properties/composition of the emplaced materials (Wersin et al. 2013b). 
Overall, the analysis underlined the large buffering capacity of the backfill with regard 
to salinity and pH changes, generally confirming the robustness of the model.  

The application of cation exchange and surface complexation data derived for MX-80 
bentonite to the backfill materials Friedland clay and Milos bentonite is uncertain, as for 
those materials corresponding experimental data are lacking so far. The difference 
between MX-80 and high-grade Milos bentonite in surface properties is not large, given 
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the similar physical behaviour of these materials under compacted conditions (Karnland 
et al. 2006). On the other hand, Friedland clay has a considerably lower 
montmorillonite, but higher illite content. This may lead to different surface 
complexation properties, namely to a larger capacity of “edge”-type sites for the illite-
rich Friedland clay. This aspect is discussed in the derivation of radionuclide sorption 
data (Wersin et al. 2013b). In terms of cation exchange properties, such as selectivity 
constants for Na+ and Ca2+, the differences are rather minor, based on the experimental 
data for illite and montmorillonite (e.g. Bradbury & Baeyens 1997, Baeyens & 
Bradbury 2004). 

The bulk properties, such as swelling pressure and hydraulic conductivity of compacted 
swelling clays are related to their montmorillonite content, specifically to their EMDD 
(e.g. Dixon et al. 2011, p. 41). Based on the recent study on several potential buffer and 
backfill materials emplaced in the ABM test at Äspö (Kumpulainen & Kiviranta 2011) 
and the work by Karnland et al. (2009), the empirical relationship between the swelling 
pressure of the averaged reference backfill material and the EMDD was estimated.  

For the purpose of the derivation of porewater chemistry, the sensitivity analysis shows 
that the applied approach is robust, and thus porewater compositions are not 
significantly affected by small density variations. The largest effect lies in the evolving 
composition of the surrounding groundwater. The uncertainty in the evolution of 
groundwater compositions is addressed by using reference and bounding groundwaters.  

An alternative model for the geochemical evolution of the buffer (but also taking into 
account the backfill) was developed by Idiart et al. (2013) and it is described in Section 
6.9.1 and 6.9.2. For the backfill material, the same effective diffusion coefficient as for 
the buffer blocks has been assumed given the lack of more reliable data. However, it is 
not expected that the value will differ significantly, given a high dry density of 1720 
kg/m3 assumed for the backfill (see Table 6-42). In addition, Ochs (2006) suggests to 
use the same empirical equation as a function of dry density, as derived from other types 
of bentonites (Ochs & Talerico 2004), to calculate the effective diffusivity of a 
Friedland clay backfill. However, it is noted that given the high hydraulic conductivity 
assumed for the backfill, it is expected that advective transport will be more important 
than diffusive transport in this case. The results of the reactive transport mode indicate, 
in general, a remarkable stability in geochemical conditions, such as pH, Eh and 
alkalinity due to the effective buffering reactions within the clay (see Section 6.9.2 
“Alternative model and key data”).  

6.8.2 Microbial activity and production of sulphide in backfill 

Microbial activity and production of sulphide in the backfill is discussed in 
Performance Assessment (Sections 6.6.3 and 7.7) chiefly taking into account FEP 6.2.7 
(“microbial activity”) in Features, Events and Processes. 

Description of the model 

Backfill and plug materials are to be selected so as to limit microbial activity and the 
contents of substances (organics, oxidising compounds, sulphur and nitrogen 
compounds) that can potentially enhance copper corrosion. Also the backfill design 
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specifications limit the organics and total sulphur content to less than 1 wt-% and 
sulphide sources to less than 0.5 wt-% (see Description of the Disposal System). 

Research has been focused on microbial activity in the buffer material and very little is 
known about microbial processes in the backfill material. However, mostly the same 
discussions as given below for the buffer (Section 6.9.3) are valid, in particular the 
theoretical background and bounding conditions for microbial activity, which clearly 
points to a possibility for a “larger activity” in the backfill. 

The important variables which influence microbial activity are temperature, swelling 
pressure and amount of degradable organic carbon or other electron donors and 
nutrients. The backfill differs from the buffer with regard to these variables in the post-
closure period, displaying a lower temperature and lower swelling pressure (lower 
EMDD) and higher amount of organic material (152 kg/m of deposition tunnel, that is 
about 1520 kg per canister section (10 m), Karvonen 2011). While a high temperature is 
expected to significantly hamper microbial survival in the buffer, the very moderate 
increase in temperature in the backfill will not influence microbial survival. The backfill 
will have somewhat lower swelling pressure and transport processes may be 
concentrated at the backfill-rock interface areas where pellets are used and may be 
affected by the damaged zone of the rock. These areas may also be favourable for 
microbial activity. Friedland clay has more indigenous, cultivable microorganisms than 
MX-80 (Svensson et al. 2011). The present knowledge and data from buffer research 
suggest that microbial activity increases with a decreasing swelling pressure and 
increasing water activity. The relation between swelling pressure and density is 
exponential, which infers that small changes in density will have large effects on the 
survival and activity of microbes. Conclusive prediction of microbial activity and the 
possibility for sulphate reduction to sulphide in the backfill is challenging, because of 
the lack of experimental data. Therefore the approach here has been by bounding 
analyses to evaluate the availability of the sulphate pool for the production of sulphide, 
estimating the production rate of sulphide and assessing the sulphide fluxes to the 
canister using estimates of the maximum dissolved sulphide concentrations at the 
backfill/buffer interface. 

Based on the discussion in Wersin et al. (2013c), microbial sulphide production rates 
will be limited by transport of sulphate and sources of energy such as methane from 
groundwater, hydrogen from corroding materials (e.g. rock bolts) and organic carbon in 
backfill and groundwater. Sulphate from the dissolution of gypsum will add to the pool 
of sulphate. In addition to sulphate and organic carbon in the backfill material, the rock 
matrix, groundwater and cement (in plugs and rock bolts) could provide energy to 
microbes as sulphate sources. Microorganisms generally respond rapidly to improved 
growth conditions. Therefore, it seems likely that most of the sulphide production 
would occur at the rock/backfill interface or in fractures, in case of backfill erosion. 
Note that the saturated density of the emplaced Friedland clay blocks is high (sat = 
2100 kg/m3). Varying amounts of organic carbon and sulphate are present in the 
backfill. Various energy sources in the groundwater can also be transported to the 
backfill/rock interface. One has also to take into account that the amount of organics is 
much lower in the materials at the contact between the backfill and rock (in the granules 
and pellets the content of organics is 0.02 wt-%, whereas the content is 0.27 wt-% in 
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Friedland clay). This will reduce the amount of organics available for microbial 
processes. Also, the slow process of diffusion of sulphide and the presence of iron in the 
buffer and backfill, or derived from the corroding iron from steel (in rock bolts), will 
reduce the amount of sulphide that can reach the canisters, as discussed in Section 6.9.4.  

Output data from the bounding analysis include possible ranges of sulphate and sulphide 
fluxes out of the backfill. This is the basis for assessing maximum sulphide production 
rates. Using the concept of water exchange cycles, backfill-derived sulphide fluxes to 
the rock and to the buffer are deduced. Sulphide concentrations in the backfill porewater 
under conditions of microbial sulphate reduction and without microbial activity are 
estimated based on equilibrium with Fe sulphides. The results are discussed and 
evaluated with natural analogue data and kinetic data on the formation of FeS and FeS2 
in the “Confidence” section. 

Key data 

The same input data are needed as for the derivation of the backfill porewater 
compositions (Section 6.8.1). The backfill contains a significant amount of sulphate in 
the form of gypsum (2 wt-%), potentially available for microbial sulphide production. 
From a mass balance perspective, this sulphur mass is sufficient to corrode a substantial 
amount of the copper canister. This highlights the need for a more realistic bounding 
analysis considering both geochemical and hydraulic constraints within the interface 
area of the backfill/rock and backfill/buffer. A sketch of potential processes affecting 
sulphate and sulphide fluxes is depicted in Figure 6-75. The analysis was performed 
step-wise: 

a) Estimation of sulphate fluxes without microbial processes 

b) Estimation of maximum sulphide production rates and maximum fluxes into the 
buffer 

c) Estimation of sulphide concentration ranges based on thermodynamic constraints 
and analogue data from claystones. 

Steps a) and b) were conducted with the geochemical model for the backfill described in 
Section 6.8.1, without Fe as component to obtain maximum sulphide production rates.  

Step a): Sulphate fluxes out of the backfill into the buffer (see Section 6.9.4) were 
estimated with the concept of water exchange cycles, in which the porewater volume is 
successively exchanged with groundwater, which after each step equilibrates with the 
backfill minerals according to the thermodynamic bentonite model (see Section 6.8.1). 
The underlying assumption is that uniform solute concentrations occur via complete 
diffusive mixing within the backfill. Figure 6-76 shows the results for gypsum depletion 
for backfill equilibrated with brackish groundwater. This indicates that, depending on 
model assumptions, 38 or 90 water exchange cycles are required to deplete gypsum in 
the backfill for a unit tunnel length (associated with one canister position). The time 
scale corresponding to one exchange cycle has been estimated by two different 
conceptualisations (Wersin et al. 2013c). In the first one, water exchange is dominated 
by advective flow in the fractures intersecting the tunnel. The flow rates therein, taken  
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Figure 6-75. Sketch of representation of pathways leading to sulphide production in 
backfill and fluxes of sulphide to rock. 

 

Figure 6-76. Evolution of gypsum concentration as a function of number of water 
exchange cycles. Shown for model which assumes total porosity (including interlayer 
water; in dark blue) and only external porosity (excluding interlayer water; in pink) 
available for water exchange. 

 

from the DFN model data by Hartley et al. (2013a), yielded durations of water exchange  
cycles in the range of thousands to tens of thousands of years, with a mean value of 
13,600 years. In the second conceptualisation, water exchange is dominated by diffusion 
between the backfill porewater and groundwater. For this case, considerably longer 
water exchange cycles were calculated, with a mean value of 212,000 years. Applying 
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these estimates to gypsum depletion rates shows that the timescales for gypsum 
depletion are in the range of 500,000 years or more. Thus, it can be concluded that the 
sulphate pool in the backfill will persist for very long times. The same two 
conceptualisations have been used to estimate the sulphide fluxes in the buffer (Section 
6.9.4). 

Step b): A further part of the modelling exercise, described in detail in Wersin et al. 
(2013c), consisted in estimating rates of maximum sulphide production without 
accounting for sulphide immobilisation by iron sulphide precipitation. The 
conceptualised geochemical system is depicted by the sketch in Figure 6-75. In this 
concept, an outer layer of the backfill with a low density, in which fast (instantaneous) 
microbial sulphate reduction occurs, is assumed. The sulphate reduction rates and 
timescales of gypsum depletion were estimated both by the diffusion-reaction model 
described above and by an analytical shrinking core model. In the shrinking core model, 
gypsum dissolution is represented by a constant sulphate concentration in a core region 
which gradually shrinks as the mineral dissolves. Sulphate from the core diffuses across 
the depleted region to the tunnel wall, where it is assumed to be reduced instantaneously 
to sulphide by bacteria. In the diffusion-reaction model, gypsum dissolution and 
sulphate diffusion are represented by a backfill column divided into cells with a 
thickness of half the tunnel diameter with the aid of the PHREEQC code. The 
geochemical reactions are described with the backfill porewater model (see Section 
6.8.1). Timescales of gypsum depletion from the backfill obtained from the shrinking 
core model were in the range of 6000−7000 years and those obtained from the 
diffusion-reaction model were 16,000−22,000 years. The difference is explained 
primarily by the treatment of the gypsum as one component in the shrinking core model 
vs. two components (Ca and SO4) in the geochemical diffusion-reaction model. In 
Figure 6-77, the time evolution of gypsum, sulphate, Ca, pH and exchange complexes 
NaX and CaX2 for the innermost part of the backfill are shown for a saline water case. 
The calculated sulphate reduction rates obtained from the two models differ by a factor 
of about three. In general, the rates are well above (by factors of 100−1000) those 
observed in compacted bentonite (Masurat et al. 2010a, b) and in fact at the lower end 
of ranges reported in the literature for marine and freshwater sediments (Canfield 1989, 
Holmer & Storkholm 2001).  

The following part of the bounding analysis of step b) involved the estimate of backfill 
produced sulphide flux per canister section to the buffer based on the concept of water 
exchange cycles and the flow data from the DFN model (Hartley et al. 2013a). Using 
the mean time for a water exchange of 13,600 years (see step a)), the rate of loss of 
sulphide to the rock can be estimated. This can be compared to the rate of sulphide 
diffusive loss into the backfill in the deposition tunnel, which is estimated from an 
assumed constant sulphide concentration in the backfill and a linear decrease of 
sulphide from the backfill/buffer boundary to zero at the level of the top of the canister, 
where all sulphide is consumed by corrosion. Under these premises, about 5 % of the 
sulphide flux produced at the backfill/deposition tunnel interface is directed through the 
buffer while 95 % is lost to the rock. A water exchange time of 32,500 years (which will 
provide more pessimistic results for the sulphate flux) routes 13 % of the flux of total 
produced sulphide at the backfill/rock boundary to the deposition hole. Note that the  
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Figure 6-77. Gypsum and sulphate concentration (top) and CaX2, NaX and Ca (bottom) 
calculated for the interaction of saline water with the backfill in the innermost cell 
(Wersin et al. 2013c).  

 

sulphide loss via diffusion to the rock matrix is conservatively neglected. This simple 
model implicitly assumes that all of the sulphate in the backfill is reduced and dissolved 
as sulphide at once, which is not realistic. Specifically, this would imply an unlimited 
source of organic carbon supply for sulphate reducing bacteria (SRB) and no binding of 
sulphide by other processes. In fact, immobilisation of sulphides by FeS and FeS2 
precipitation will occur, which will effectively reduce the flux of dissolved sulphide. 

Step c): An alternative way to assess sulphide fluxes to the canister that originate from 
the backfill is to estimate maximum dissolved sulphide concentrations at the 
backfill/buffer interface, which are then used in a simplified diffusion model (see 
Section 6.9). From observations in natural systems, there is overwhelming evidence that 
sulphide is immobilised by iron and iron sulphide precipitation. The maximum sulphide 
concentrations in the backfill were assessed by thermodynamic calculations and by 
comparison of these results with natural analogue data in Wersin et al. (2013c). The 
thermodynamic calculations for backfill-specific conditions involved equilibrium with 
different forms of iron sulphides (FeS and pyrite) that were assumed for the different 
porewater compositions. Fe(II) was assumed to be in equilibrium with an iron carbonate 
phase (e.g. siderite or a solid solution ((Fe,Ca)CO3), with a ten times lower solubility 
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than that given for siderite, which, besides pyrite and iron oxyhydroxide, is an important 
iron source in the backfill. This choice of assuming a saturation index (SI) of -1 for 
siderite to calculate Fe(II) concentrations is motivated by studies in claystones 
containing a significant amount of siderite (i.e. several wt-%) (Gaucher et al. 2009). 
Moreover, this assumption is conservative with regard to equilibrium sulphide 
concentrations, thus yielding higher ones compared with the assumption of SIsiderite = 0. 
The results shown in Table 6-43 illustrate the large difference in sulphide concentrations 
depending on which iron sulphide controls sulphide levels. With pyrite as the most 
stable phase, low sulphide concentrations of about 10-9 mol/L are predicted. The highest 
solubility of 110-5−710-5 mol/L, depending on the composition of the porewater, is 
obtained for (x-ray) amorphous FeS. 

The direct precipitation of pyrite at a low temperature is rare and usually pyrite is 
formed via an FeS precursor through a dissolution/re-precipitation process (Rickard & 
Luther 2007). The rate for this conversion reaction depends on a number of site-specific 
variables which are still debated in the literature (e.g. Rickard & Morse 2005). 

Mackinawite is frequently observed in sediments where sulphate reduction occurs 
(Davison 1991). The more soluble amorphous FeS form, re-analysed by Davison et al. 
(1999), appears to be rather short-lived, as suggested for example by observations made 
on Littorina clay (e.g. Sternbeck & Sohlenius 1997). 

Porewater studies from claystones, such as Opalinus Clay (OPA), Callovo-Oxfordian 
(COx), and Boom Clay, which can be viewed as a natural analogue for the backfill 
material, have been compiled in terms of the sulphide concentrations (Wersin et al. 
2013c). These rock types, whose geochemical properties have been extensively 
investigated, display fairly similar mineralogy as the backfill material. Notably, all 
contain pyrite and siderite as accessory minerals. Porewater data from in situ conditions 
have been obtained both by direct and indirect methods. Although the results are not 
unambiguous because of the difficulty to minimise disturbances from the drilling and 
sampling process (e.g. Sacchi et al. 2000), a fairly consistent picture for the different 
claystones can be drawn. The combined set of information suggests that undisturbed 
 
Table 6-43. Solubility of sulphide in equilibrium with FeS and FeS2 for the backfill 
porewaters as calculated from the Thermochimie database. Fe(II) is assumed to be 
controlled by iron carbonate with SIsiderite =-1. 

Mineral Water type pH pCO2 Fe(II)
mol/L 

S(-II)
mol/L 

S(-II) 
mg/L 

FeS (am) saline 
brackish 
dil./carbonate 

7.6 
7.21 
7.28 

-3.47 
-2.70 
-2.40 

2.01·10-5

2.00·10-5 

8.41·10-6 

1.16·10-5 

3.32·10-5 

6.84·10-5 

0.37 
1.06 
2.19 

Mackinawite saline 
brackish 
dil./carbonate 

7.6 
7.21 
7.28 

-3.47 
-2.70 
-2.40 

1.94·10-5

1.84·10-5 

7.12·10-6 

2.59·10-6 

7.42·10-6 

1.53·10-5 

0.08 
0.24 
0.49 

Pyrite saline 
brackish 
dil./carbonate 

7.6 
7.21 
7.28 

-3.47 
-2.70 
-2.40 

1.92·10-5

1.80·10-5 

6.74·10-6 

8.33·10-10 

8.68·10-10 

1.21·10-9 

2.67·10-5 

2.78·10-5 

3.87·10-5 
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pore waters of OPA, COx and Boom Clay display low levels of sulphide (below 
detection limit), presumably in equilibrium with pyrite, the main sulphur phase. 
Considerably higher sulphide levels, usually in the range of 10-5 to 10-4 mol/L, have 
been detected in several studies in these environments, but these levels are likely the 
consequence of disturbances induced by the drilling/experimental setup and/or foreign 
organic sources. These high levels are generally associated with microbially-mediated 
sulphate reduction and high dissolved organic carbon (DOC) levels. Monitoring data 
indicate a decreasing trend for these high concentration levels. The microbial activity in 
the claystones is impeded, or at least highly restricted, due to the nanoporous size and 
low water activity (e.g. Stroes-Gascoyne et al. 1997a).  

Transferring these analogue data to the backfill, low sulphide levels, below 10-6 mol/L 
are expected for the porewater in the absence of microbial activity. Restriction of 
microbial activity would in fact be expected for the backfill with an average (bulk) dry 
density of 1720 kg/m3 and the absence of a low density border zone. However, in the 
case of insufficient homogenisation and areas of lower density (for example at the 
backfill/rock interface), sulphide may be produced by sulphate-reducing bacteria. For 
the long time perspectives considered, the sulphide formed is not expected to rise above 
the sulphide levels calculated for mackinawite equilibrium (0.1−0.5 mg/L). Higher 
sulphide porewater concentrations are improbable, but cannot be completely ruled out, 
occurring during short periods as a result of intense SRB activity. It should be noted that 
there is sufficient reactive Fe(II) in the backfill from carbonate minerals or iron 
oxyhydroxides available to bind the sulphide generated by sulphate reduction, and also 
that as long as transport in the buffer is diffusion-dominated, the transport of sulphide 
from the backfill to the canister surface will be limited. 

An indirect effect of organic carbon biodegradation is the increase of CO2. This might 
locally induce a concomitant decrease in pH which would affect solubility of Fe 
sulphides. This is illustrated for the brackish water case under conditions of 
mackinawite equilibrium (Figure 6-78). It can be seen that the solubility of sulphide 
increases with increasing pCO2. If a SRB zone at the backfill/rock interface develops, 
the pCO2 increase will – in the long run − likely be compensated by the large reservoir 
of unaffected backfill and host rock. This is also suggested by the observed pCO2 (and 
pH levels) in the sulphate reduction zone in Olkiluoto groundwaters, which generally 
show log(pCO2) levels in the range of -2.3 to -2.7 (Section 6.2). However, in tight 
sections around the deposition tunnels and high SRB activity, it cannot be ruled out that 
higher CO2 conditions than in the surrounding rock develop temporarily. 
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Figure 6-78. Solubility of mackinawite as a function of pCO2 under brackish SO4 water 
conditions. Fe(II) is assumed to be controlled by siderite with SI (Saturation Index) 
= -1. Vertical line: logpCO2 of reference brackish SO4 groundwater. 

 

Sulphide production by reactions with hydrogen and pyrite 

Corrosion of steel remnants in the deposition tunnel, mainly rock bolts, leads to 
hydrogen production. The estimated mass of iron is 67 kg per tunnel-m (Karvonen 
2011). Anaerobic corrosion of this iron will lead to the formation of corrosion products 
and H2. Via microbial activity, this H2 may reduce sulphate and add to the sulphide flux. 
The maximum amount of H2 produced is about 1650 mol per tunnel-m which may 
reduce about 410 mol of sulphate at most and hence produce the same amount of 
sulphide (Wersin et al. 2013c). This amount is about 13 % of the initial sulphate pool in 
the backfill, thus a non-negligible quantity. 

Pyrite, a relevant accessory mineral in the backfill, is expected to play only a minor role 
in sulphide production. This is because of its very low solubility and its stability under 
reducing conditions. On the other hand, during the initial oxic stage, the residual oxygen 
may react with pyrite and lead to sulphate (e.g. Wersin et al. 1994). From the inventory 
of oxygen in the backfill, the maximum amount can be estimated assuming that all O2 
reacts with pyrite (Appendix C of Performance Assessment). This leads to about 22 mol 
SO4 per tunnel-m and thus to a small additional fraction (0.7 %) of the sulphate pool. 

Confidence in the model and data 

The diffusive-limited solute transport, the effective pH buffering and the restriction of 
microbial activity − at least in most of the material − keeps the key variables, such as 
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pH, pCO2, Eh and sulphide levels, within reasonable bounds. The main uncertainty lies 
in the possibility of microbial activity close to the tunnel walls. In the case of good 
homogenisation, the high swelling pressure (high density) and small pore size will 
effectively restrict microbial activity. If, however, low density areas should persist, then 
sulphate reduction cannot be ruled out and this has been considered in the canister 
corrosion analysis (see “Corrosion failure following buffer erosion (VS2)” in Section 
7.4.3).  

The fate of Fe in the system has not been explicitly included in the coupled reactive 
transport model for the TURVA-2012 safety case, but such calculations are under way 
and will be reported in Wersin et al. (2013c). So far, Fe has been addressed indirectly by 
considering equilibrium with different iron sulphide phases and data from natural 
analogues (claystones with a mineralogy comparable to the backfill) and thereof 
estimating sulphide porewater concentrations. The combined set of information 
indicates that there will be sufficient reactive iron available, generated from dissolution 
of siderite and Fe oxyhydroxides, to bind sulphide produced microbiologically to low 
levels (i.e. < 1 mg/L). Still, uncertainty remains regarding potential iron-limitation over 
short (transient) time periods. The transformation kinetics of metastable FeS to stable 
pyrite is not thoroughly known in the geochemical conditions at Olkiluoto. However, 
data from similar types of environments (claystones, marine sediments) and from 
Olkiluoto fracture systems suggest that sulphide equilibrium is being controlled by 
mackinawite or thermodynamically more stable iron sulphide phases, such as pyrite. 
Soluble x-ray amorphous FeS appears to be unstable and rapidly transform to 
mackinawite, as suggested from experimental evidence (Rickard & Luther 2007). 

On the basis of the above considerations, the concentrations of sulphide are not 
expected to rise above 0.5 mg/L (1.5·10-5 mol/L), but higher “transient” concentrations 
cannot be ruled out. The latter are however still likely constrained by the Fe-S system, 
as indicated even for the highest measured sulphide concentrations in Olkiluoto 
groundwaters. The effect of sulphide concentrations in the backfill on the buffer and its 
consequences for the canister are discussed in Sections 6.9.4 and 6.19. 

The reactivity and biodegradation ability of organic carbon in the backfill is not 
thoroughly known, thus in the estimation of sulphide production, an unlimited carbon 
source has been conservatively assumed. An indirect effect of organic carbon 
biodegradation is the increase of CO2 which would increase the solubility of sulphide. 
This cannot be ruled out. However, higher CO2 conditions than in the surrounding rock 
will only develop temporarily. 

6.8.3 Cement-clay interactions in the backfill 

The effect of cement-based material leacheates or the impact of the low-pH concrete 
plug on the backfill are not modelled explicitly in Performance Assessment. The 
performance of the backfill with respect to cement-clay interaction is based on mass-
balance calculations discussed in Section 6.7. So far, no model on the degradation of 
this structure and on cement-backfill interaction has been carried out within Posiva’s 
research programme. SKB performed reactive transport simulations to investigate the 
influence of the degradation of this low-pH concrete structure on the backfill (Grandia 
et al. 2010). The work predicts that the dissolution of CSH phases produces a high-pH 
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(pH > 11) plume which penetrates about 6 cm into the deposition tunnel backfill, and 
the main geochemical process in the backfill-concrete interface is the loss of porosity 
due to ettringite precipitation. Further penetration is hindered due to the clogging of 
porosity by ettringite precipitation. This may not be realistic since the expansive nature 
of ettringite in concrete is usually associated with micro-cracking (and thus an increase 
in permeability). The results suggest a limited effect on backfill performance by the 
plug concrete degradation. The same statement applies to the rock bolt grout possibly 
utilised in the tunnels. Furthermore, the total amount of cement in the grout will be only 
a fraction of that utilised in the plug. It is to be noted that the effect of rock bolt grout is 
considered in the bounding analysis described in Section 6.7. 

6.8.4 Iron-clay interaction in the backfill 

The effect of iron-clay interaction in the backfill is not modelled explicitly in 
Performance Assessment. It is discussed in Performance Assessment (Section 6.6.5) 
taking into account FEPs 5.2.6 and 6.2.5 in Features, Events and Processes. 

Description of the model 

For the construction of the disposal facility, a large amount of iron materials including 
support and anchor bolts, steel fibres in shotcrete, steel mesh, reinforced concrete, 
drainage pipes and dusts/fragments from metal works are present (Karvonen 2011). It is 
assumed that 95 % of shotcrete and the steel fibres in it will be removed (Karvonen 
2011, p. 15) and that reinforced concrete will be used in the plugs at the mouths of 
deposition tunnels. However, the remaining mass of iron material is considerable 
(4500 tons; Karvonen 2011, Table 5-1). 

The steel will corrode in contact with groundwater and oxidised iron(III) and iron(II) 
corrosion products will form, depending on redox conditions. Under anaerobic 
conditions, corrosion will generate hydrogen, Fe(II) and hydroxyl ions. The latter two 
species will react with water to form mixed Fe(III)/Fe(II) oxides, such as magnetite or 
green rust. Depending on the solution conditions and microbial activity, also other 
corrosion products, e.g. siderite and iron sulphides, may form via the corrosion process. 
The solubility of all these formed iron phases is low and the expected dissolved Fe(II) 
concentrations in contact with the steel components are in the same range as those in the 
(unaffected) groundwater. Also, the pH conditions in the groundwater will not be 
significantly altered by the corrosion process because of the formation of iron oxides 
and the buffering reactions in the fractures. Support for low iron levels in groundwater 
affected by construction activities is provided by the monitoring programme at 
ONKALO, which indicates that iron concentrations at depths of 400 m are in the 
micromolar range (Penttinen et al. 2011). 

Clay materials in contact with zero-valent iron are reactive and may affect the corrosion 
process. Thus, the clay may act as a sink for corroded iron. This has been shown in 
several laboratory tests (e.g. Kumpulainen et al. 2010, Carlson et al. 2006, Milodowski 
et al. 2009). The details of these interactions are still not resolved, but there are 
indications that the properties of swelling clays may be affected by reduction of 
structural iron (Lantenois et al. 2005); cementation could occur by precipitation of iron 
oxyhydroxides (e.g. Kumpulainen et al. 2010). Moreover, transformation of 
montmorillonite to a non-swelling iron-rich phyllosilicate, such as berthierine cannot be 
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excluded, although this process should be very slow at low temperatures, i.e. below 
100 °C (e.g. Mosser-Ruck et al. 2010, Wilson et al. 2006a, b). 

From these considerations, the only potentially relevant interactions for the clay arise 
from the steel materials in direct contact with the backfill. These are principally the rock 
bolts and, to a minor extent, the remaining steel mesh and metal debris (Karvonen 2011) 
with a total mass of 67 kg per tunnel-m. This mass is small compared to the mass of 
montmorillonite (13,800 kg per tunnel-m), whose mass fraction for the reference 
backfill is 48.2 %. Thus, from a mass balance perspective, the iron contacting the 
backfill can only convert a small quantity of the swelling clay. Assuming transformation 
of montmorillonite to berthierine, 1.75 moles of Fe are required to transform 1 mol of 
montmorillonite (Wersin et al. 2007). With this reaction, the mass of iron can convert a 
maximum of 1.4 % of the montmorillonite mass in the backfill. This calculation 
neglects the fact that the iron mass contacting the backfill is much smaller since only a 
small fraction of the rock bolts will be in the contact zone of the backfill. Hence most of 
the corroded iron will be present as iron corrosion products and only a small fraction as 
zero-valent iron that has the potential to react with the clay. The corrosion of the iron 
components around the deposition tunnels also generates hydrogen which serves as a 
potential reductant for sulphate (see section above).  

Key data  

The bounding analysis is based on the estimated inventory of foreign materials 
(Karvonen 2011, Table 5-1). The output of the modelling gives the maximum amounts 
of degraded montmorillonite in the backfill resulting from the interaction of corrosion-
derived Fe with the backfill (see above). 

Confidence in the model and data 

The estimation is robust in the sense that it provides a maximum estimate of swelling 
clay lost by this process. Transport limitation is conservatively omitted in the analysis. 

6.9 Geochemical evolution of buffer 

The geochemical evolution of the buffer is discussed in Performance Assessment 
(Sections 5.5, 6.5 and 7.4) and it is described below according to the following 
structure: 

 geochemical evolution at high temperatures using a thermal-hydro-chemical 
model,  

 buffer porewater and cation exchanger evolution after saturation, 

 microbial activity in the buffer, 

 sulphide fluxes from the backfill to the buffer, 

 effect of cementitious leachates on the buffer, 

 long-term stability of montmorillonite, 

 effect of copper canister corrosion on the buffer. 
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6.9.1 Geochemical evolution of the buffer before saturation  

The geochemical evolution of the buffer starting from an initially unsaturated buffer is 
discussed in Performance Assessment (Section 6.5.2) taking into account the following 
FEPs in Features, Events and Processes (FEP number in parentheses): 

 Montmorillonite transformation (in the buffer) (5.2.6), 

 Alteration of accessory minerals (in the buffer) (5.2.7). 

 Rock-water interation (8.2.7), 

 Heat generation and heat transfer (3.2.2, 3.2.3, 4.2.2), 

 Aqueous solubility and speciation (5.3.1) 

 Sorption (5.3.3) 

 Diffusion (5.3.4) 

 Precipitation and co-precipitation (5.3.2) 

 Climate evolution (10.2.1) 

 Groundwater flow (8.3.5). 

Description of the model 

The geochemical evolution of the initially unsaturated buffer was assessed by thermo-
hydro-chemical modelling (Idiart et al. 2013) using the integral finite difference code 
TOUGHREACT (Xu et al. 2008). The geochemical processes implemented in the 
numerical simulations of the thermal period and water-saturated period of the near field 
have been set based on the work developed in Arcos et al. (2006, 2008) and Sena et al. 
(2010a), and adapted to the specific conditions at Olkiluoto. Several improvements were 
implemented in the model developed for SR-Site by Sena et al. (2010a); the most 
important one involves a full two-dimensional axisymmetric rather than a one-
dimensional scheme.  

The model consists of a two-dimensional (2D) axisymmetric domain that includes the 
buffer and the canister, as well as the surrounding bedrock and a single fracture 
intersecting the buffer (at canister mid-height) as shown in Figure 6-79. The heat source 
term is based on that calculated by Ikonen (2009). The applied thermodynamic database 
is EQ3/6 developed for the Yucca Mountain Project (Wolery et al. 2004), which 
includes temperature dependent logK data. MX-80 bentonite was assumed as buffer 
material, and dissolution and precipitation reactions of reactive accessory minerals, as 
well as cation exchange, were included in the model. For the retention curves for the 
different material domains relating liquid saturation with capillary pressure, a van 
Genuchten simplified formulation was adopted (see “Key Data”). The thermal 
conductivity of bentonite was assumed to be a linear function of liquid saturation 
(Åkesson et al. 2010, Eq. 3-3): 
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Different cases were defined with the focus to test the effect of different saturation 
times, the composition of the groundwater in the fracture, bentonite composition and 
flow regime. 

The scope of the modelling exercise was: 

 to derive the evolution of the porewater and cation exchange compositions 
during the thermal stage, 

 to assess the redistribution of the sulphate and carbonate phases,  

 to assess cementation due to precipitation of SiO2 (amorphous silica), 

 to evaluate the effect of temperature distribution on the geochemical evolution, 

 to evaluate uncertainties of model results with a sensitivity analysis. 

The code TOUGHREACT encompasses two relevant phenomena for the thermo-hydro-
geochemical processes analysed in the present study: (1) the gas phase is active for 
multiphase flow, mass transport and chemical reactions, and (2) the effects of heat 
include heat-driven fluid flow and temperature-dependent thermodynamic physical and 
geochemical properties, such as fluid density, thermal conductivity and viscosity, and 
thermodynamic data for geochemical reactions. Advection and diffusion processes are 
considered for both the liquid and gas phases, but the diffusion coefficients are assumed 
to be the same for all species to comply with electroneutrality of the solution. The code 
does not allow the use of different diffusion coefficients although this is not expected to 
have a large impact on the results (Sena et al. 2010a, b). The model considers two 
 

 

Figure 6-79. Conceptualisation of the geometry used in the 2D axisymmetric reactive 
transport (THC) model for simulating geochemical evolution of buffer porewater 
(modified after Arcos et al. 2006). 
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components (water and air) and two phases (liquid and gas) in the transport equations. 
TOUGHREACT does not account for (1) the deformation of the porous skeleton either 
due to mechanical stress or swelling processes; (2) fluid pressure effects owing to 
porosity changes; and (3) heat effects from chemical reactions, such as changes in 
thermo-physical properties of fluids (viscosity, surface tension and density). For 
simplicity, no gaseous chemical species transport is considered in the simulations. 
Moreover, the effects of mineral dissolution and precipitation on the porosity, 
permeability and capillary pressure have not been considered. The reasons for this are 
that first, the volume fractions of secondary minerals in MX-80 bentonite under study 
are small (thus the porosity changes due to dissolution or precipitation of these minerals 
are also small), and second, the mechanical effects of swelling of clay on porosity and 
permeability will be much larger than the geochemical one.  

During the thermal period, the compacted bentonite will progressively saturate due to 
the high hydrostatic pressure of the groundwater in the surrounding (fractured) bedrock 
and the capillary forces (suction) in the bentonite. In the model, saturation of the buffer 
is forced by imposing a constant liquid pressure at a point in the fracture (far from the 
buffer), so that full saturation is achieved in a prescribed amount of time. Different 
saturation times have been considered with the aim of analysing the sensitivity of the 
results to this value. Moreover, no flux is allowed at the canister buffer interface (in the 
normal direction to the interface). Diffusion in the gneissic rock is not considered in the 
simulations (it is already taken into account to support the definition of the reference 
groundwaters used in this study, see Hellä et al. 2013). The only benefit of considering 
explicitly the surrounding gneissic rock is for heat flow in the thermal analysis.  

In addition, during this period water flow and transport of solutes through the bentonite 
buffer will be affected by the relatively strong thermal gradient imposed by the heat 
resulting from the decay of spent nuclear fuel. Although the main solute transport 
mechanism in a fully saturated low permeability compacted bentonite is diffusion, 
advective transport will be the dominant process during the saturation stage due to the 
capillary pressure that is established during the saturation (Sena et al. 2010a, b). Cyclic 
evaporation/condensation processes occur in the migrating wetting front (Figure 6-80). 
Once full water saturation has been achieved, transport of solutes by molecular 
diffusion becomes dominant.  
 
From the three materials present in the model domain of the thermal period, only the 
bentonite buffer is considered to have reactive minerals at the beginning of the 
simulation. However, if any mineral present in the bentonite reaches oversaturation in 
the fracture, it is allowed to precipitate on the fracture walls. 
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Figure 6-80. Schematic representation of a cross-section of the canister-buffer-bedrock 
system in the near field showing the thermo-hydraulic (TH) processes that are likely to 
occur during the saturation of the bentonite. 

 

Key data 

Model setup and discretisation 

The total radial extension of the model (Rtotal) is calculated assuming that the distance 
between canisters in a deposition tunnel is 9.1 m and that the distance between 
deposition tunnels is 25 m (Ikonen 2009). It is furthermore assumed that the cylindrical 
volume of the axisymmetric model equals the rock volume given by a box of 
dimensions 9.1 × 25 × H m3 (H = height of the model, 7.8 m). This yields a radial extent 
of 8.51 m.  

The grid used for the space discretisation of the modelled domain is 2D axisymmetric 
and considers rectangular grid elements (Figure 6-81). The number of elements is 
25,509, with 50,617 connections. The size of the elements is variable for each domain 
and in each direction (axial direction: z, radial dimension: r). The different domains 
considered in the model correspond to the gneissic bedrock, the fracture, the bentonite 
buffer (discriminating between disk blocks and ring blocks), and the copper canister 
through which heat is injected. The air gap between the canister and the buffer has been 
neglected in this work as a model simplification which does not have an impact on the 
results. A detail of the refinement of the mesh at the fracture level is also shown in 
Figure 6-81. 

A simulation time of 10,000 years has been considered in all the simulations with an 
initial time step of 10,000 seconds, which is gradually increased (or decreased) in an 
automatically controlled way (see Idiart et al. 2013 for details).  The initial conditions 
are summarised in Table 6-44. 
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Figure 6-81. THOUGHREACT grid, material domains used in the numerical 
simulations of the thermal period of the near-field, and details of the grid in the buffer-
fracture interface. 

 

Table 6-44. Initial conditions considered in simulations with TOUGHREACT. REF1 
and REF2 refer to the composition of MX-80 bentonite from the two samples (called 
Reference 1 and Reference 2) discussed in Kiviranta & Kumpulainen (2011). 

Initial condition 
Bentonite 
rings 

Bentonite 
disks 

Fracture Bedrock 
Copper 
canister  

Water saturation 0.831 0.756 1.00 0.0* 0.0*  

Pressure (MPa) 0.1 0.1 Variable** 0.001* 0.001*  
Temperature 
(ºC) 

25 25 11 11 46  

Mineral 
composition 

REF.1 or 2 
MX-80 - rings 

REF.1 or 2 
MX-80 - 
disks 

No minerals No minerals No minerals  

Groundwater 
composition 

Porewater for 
MX-80 rings 

Porewater for 
MX-80 disks 

KR20_465_1 
/ KR6_135_8 

Not relevant Not relevant  

*  Water saturation and pressure for the bedrock and the copper canister have been set to avoid 
chemical equilibrium calculations in these domains to save computing time (TOUGHREACT does not 
solve chemical speciation if the liquid saturation is below a given threshold). This choice has no effects 
on the results and helps reduce the computation time. 

** The pressure within the fracture is set so that the full saturation of the buffer is reached at different 
prescribed times. 
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The initial liquid water saturation (Sl) is calculated from the water content (w = 17 %) as 
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where g and w are the grain (2750 kg/m3) and water densities, respectively, and  is 
the porosity (0.382 for the disk blocks and 0.36 for the rings). It is noted that the 
porosity values differ from the homogenised buffer porosity, which is 0.42. This is due 
to the influence of the pellets on porosity: since the pellets domain has a much larger 
porosity, the homogenised buffer porosity is higher than the disks and rings porosity 
alone. It could be argued that in these simulations the effect of neglecting the pellets 
leads to a lower overall porosity, However, the reduction is not significant. It has been 
assumed that bentonite pellets are rapidly homogenised by swelling of the bentonite 
blocks due to the gradual saturation of the buffer (see e.g. Åkesson et al. 2010). The 
volume of pellet filling has therefore been considered with the same properties than the 
bentonite blocks (or rings) in the simulations. 

The boundary conditions (see Figure 6-81) consist of heat fluxes in the copper canister, 
no heat flux condition in the axis of symmetry and the external coaxial surface of the 
model domain, and heat exchange with confining beds at the top and bottom boundaries 
(to simulate semi-analytically the heat exchange with the surrounding bedrock while at 
the same time considering these boundaries as impervious to fluid and gas flow). 
Moreover, a prescribed value of the liquid pressure at a point within the fracture is set, 
as well as liquid flow constraints (no flux is prescribed in all external boundaries), and 
chemical boundary conditions (groundwater composition). The deposition hole is 
considered to be located at the centre of a deposition panel such that the temperature 
rise within the buffer is maximal. The initial decay heat for the BWR type of fuel with a 
pre-cooling time of 32.9 years is 1700 W. Its evolution with time until 100,000 years 
follows from Raiko (2005) and Anttila (2005b) and is shown in Figure 6-82.  

The initial composition of the groundwater in the fracture may be affected to some 
extent by the evolution of the bentonite porewater. However, a fixed groundwater 
composition boundary condition is prescribed in the fracture at r = 8.5 m from the 
canister centre. The considered groundwater composition is saline reference water and 
for one case, brackish reference water was also considered. The initial composition of 
the bentonite minerals and porewater, as well as the different groundwater compositions 
(Section 6.2, Table 6-12) considered in this study are presented below. No minerals are 
assumed to be initially present in the fracture, although the groundwater composition 
has been equilibrated with the reactive minerals that are supposed to be present in the 
fracture. In all simulations, precipitation of minerals in the fracture was extremely 
limited (in the order of 1·10-5 to 1·10-6 volume %), and therefore the potential effects on 
the geochemical evolution of the system are negligible. 

Three saturation times were considered by imposing three different pressure gradients 
between fracture groundwater and the buffer porewater.  
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Figure 6-82. Decay heat power for BWR fuel (burn-up 40 MWd/kgU, pre-cooling time 
of 32.9 years) considered in the simulations (data from Ikonen 2009). 

 
The flow rate may affect the groundwater composition in the fracture near the buffer. 
This was considered by two flow conditions: At low flow, no longitudinal dispersion in 
the fracture was considered and, therefore, solute diffusion to and from the buffer may 
affect the groundwater composition in the fracture. The second case considered a 
fracture with a high flow, modelled with a very large longitudinal dispersion, thus 
allowing for a rapid mixing of the solutes that diffuse out of the buffer with the 
surrounding groundwater. 

A list of the different sensitivity analyses described above that have been conducted in 
this work is shown in Table 6-45. All cases considered an MX-80 composition 
containing gypsum, except for one case (simulation number 6). The Reference Case 
(simulation number 1) considers a saturation time of approximately 260 years, a 
groundwater composition corresponding to KR20_465_1, a low advective flow in the 
fracture, and MX-80 with gypsum). The alternative MX-80 compositions used 
(Reference 1 and Reference 2) are given in Table 6-48. 

Input data for the THC model 

The transport parameters used in the model are compiled in Table 6-46.  The transport 
parameters used in the model are compiled in Table 6-46. The effective diffusion 
coefficient for MX-80 bentonite has been calculated from (Wersin et al. 2013a, Ochs & 
Talerico 2004): 

deDeff
 0022.09·10·3

 
(m2/s) 
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where d (kg/m3) is the dry density. For a dry density of 1700 kg/m3 for buffer disk 
blocks (1760 kg/m3 for buffer ring blocks), the effective diffusion coefficient is 
approximately 7.13·10-11 m2/s (6.245·10-11 m2/s for buffer ring blocks). In 
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TOUGHREACT, the effective diffusion coefficient is calculated as Deff =Dwfrom 
the values in Table 6-45. The tortuosity  has been back-calculated from the available 
data (Deff,  and Dw).  

Table 6-45. Cases considered in simulations with TOUGHREACT. The bentonite 
compositions (Reference 1 and Reference 2) are given in Table 6-48.  

Simulation 
number 

Saturation 
time (years) 

Groundwater 
composition 

Flow conditions 
in the fracture 

Bentonite 
composition  

1* 260 KR20_465_1 No mixing 
Reference 2, 
with gypsum  

2 95 KR20_465_1 No mixing 
Reference 2, 
with gypsum  

3 500 KR20_465_1 No mixing 
Reference 2, 
with gypsum  

4 260 KR20_465_1 With mixing 
Reference 2, 
with gypsum  

5 260 KR6_135_8 No mixing 
Reference 2, 
with gypsum  

6 260 KR20_465_1 No mixing 
Reference 1, 
without 
gypsum 

 

*  Simulation number 1 is referred to as the Reference Case. 

 

Table 6-46. Transport parameters used for the TOUGHREACT model. 

Parameter Units Description Source Buffer disks Buffer rings Fracture 

Deff m2/s 
Diffusion coefficient 
buffer 

(a) 7.13·10-11 6.24·10-11  

Dw m2/s 
Diffusion coefficient 
free water 

(b) 1·10-9 1·10-9 1·10-9 

 - Tortuosity for diffusion (c) 0.187 0.173 1.0 

 - Porosity (d) 0.382 0.36 3.5·10-4 

k m2 Permeability  5.6·10-21 5.6·10-21 5·10-17 

krg/krl - 
Relative permeability 
(gas / liquid) 

 Sg
3/ Sl

3 Sg
3/ Sl

3 0 / 1 

b MPa Klinkenberg parameter  1400 1400 1400 

a) Calculated from Equation 6-54. 

b) Same value as used in Performance Assessment. 

c) Calculated from Equation 6-54 to obtain an effective diffusion coefficient of 7.13·10-11 m2/s.  

d) The current value for buffer porosity is 0.42 (Table E-1 in Appendix E); see text for the explanation of 
the difference. The fracture is represented as a porous medium, since no discrete fractures can be 
introduced in TOUGHREACT.  

e) Pintado & Rautioautio (2013).  
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No temperature dependence of the diffusion coefficient in the liquid phase was 
considered in this study, because at the moment TOUGHREACT does not support this 
possibility. The Klinkenberg parameter was arbitrarily assigned a high value in order to 
ensure a fast advective transport in the gas phase (see Idiart et al. 2013 for more details). 

For the retention curves for the different material domains, relating liquid saturation (Sl) 
with capillary pressure (Pc), a van Genuchten simplified formulation was adopted: 

   
1/1

0. lc SPP , with Pmax   Pc   0 
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The parameters (P0 and ) for the bentonite and the fracture (in the latter case, these 
values are only relevant if the fracture is not fully saturated near the buffer) are fitted 
from experimental data in Villar (2005): P0 = 25.09 MPa and 1.74 MPa for buffer and 
fracture, respectively, while  = 0.433 and 0.6, respectively. A maximum negative 
capillary pressure (Pmax) of 200 and 100 MPa are imposed for buffer and fracture, 
respectively, as an upper limit of Pc.  

The thermal properties of the different materials are shown in Table 6-47. Temperature-
dependent properties of water (fluid density, viscosity, etc.) are considered in 
TOUGHREACT by the steam table equations as given by the International Formulation 
Committee (1967). 

The mineralogical and cation exchange properties of MX-80 bentonite used for this 
study are listed in Table 6-48. 

The chemical composition of the initial bentonite porewater (Table 6-49) was 
determined with PHREEQC based on its cation exchanger and mineral composition, as 
well as porosity, dry density, and saturation state (see Idiart et al. 2013 for details).  
 

Table 6-47. Thermal properties and initial temperatures for different materials. 

Symbol Units Description Canister Buffer 
Fracture / 
Host rock 

dry W/(m·ºC) 
Thermal conductivity 
at Sl = 0 

391a 0.34 b 2.91c 

wet W/(m·ºC) 
Thermal conductivity 
at Sl = 1 

391a 1.10 b 2.91 c 

Cp J/(kg·ºC) Heat capacity 586b 830 b 712 c 

s kg/m3 Grain density 6009 b 2750 2711 c 

Tinit ºC Initial temperature 46a 25 a 11 a 

a) From Ikonen (2009) and consistent with Olivella et al. (2013) and Lehikoinen (2009) 

b) From Lehikoinen (2009) 

c) From Kukkonen et al. (2011) 
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Table 6-48. Geochemical parameters of MX-80 bentonite (Kumpulainen & Kiviranta 
2011, Wersin et al. 2013a). Reference 1 and Reference 2 refer to the two alternative 
compositions considered in the calculations. 

Parameter Units Description 
Buffer MX-80 Bentonite 

Reference 1 Reference 2 

CEC eq/kg Cation Exchange Capacity 0.86 0.84 

Exchanger % 

Saturation of exchangeable sites 

Ca2+ 26 27 

K+ 2 2 

Mg2+ 10 9 

Na+ 62 62 

winit wt-% Initial moisture content 17 17 

Minerals wt-% 

Smectite 87.6 88.2 

SiO2 (am) 
a 4.15 3.467 

Calcite 0.55 0.2 

Dolomite 0 0 

Siderite 0 0 

Gypsum 0 0.367 

Pyrite 0.6 0.867 
a  Assuming quartz, tridymite and cristobalite concentrations as amorphous silica concentration 

 
 
Table 6-49. Initial bentonite porewater compositions (in mol/L) for the buffer disk 
blocks and rings (MX-80 containing gypsum, composition according to Reference 2 
defined in Table 6-48) and corresponding pH values. 

 
Disk blocks Rings 

pH (-) 7.871 7.871 

 

SO4 9.547·10-2 9.538·10-2 

Cl  5.153·10-4 8.021·10-4 

CTotal  5.915·10-4 5.913·10-4 

SiO2  2.237·10-3 2.237·10-3 

FeTotal  1.492·10-8 1.456·10-8 

Na  1.501·10-1 1.502·10-1 

K  1.400·10-3 1.401·10-3 

Ca  1.463·10-2 1.464·10-2 

Mg  5.786·10-3 5.790·10-3 

 

All chemical reactions have been assumed in equilibrium, i.e. no reaction kinetics were 
considered. The EQ3/6 database (Wolery & Jove-Colon 2004) includes stoichiometric 
reactions, stability constants (log K), and regression coefficients of log K as a function 
of temperature, such that the range 10−90 ºC is covered. Selectivity constants for cation 
exchange reactions were taken from Bradbury & Baeyens (2002). 
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Output from the THC model 

The modelling output results include data on (i) temperature, (ii) saturation and (iii) 
chemical compositions. The modelled temperatures reveal a maximum temperature 
around 78.5 °C at the canister-buffer interface reached at about 20 years after 
deposition. Thereafter, a relatively fast temperature decrease is observed, and after 300 
years all the domain is under 60 °C. However, after 1000 years the temperature is still 
above 50 °C. The temperature evolution shows negligible differences with regard to 
applied variation of saturation times. 

The evolution of saturation is spatially asymmetric due to the different thickness of 
bentonite disks on top and bottom of the canister. Saturation times are 260 (Reference 
Case), 95 and 500 years, resulting from the three different applied constant capillary 
pressures. Further, the results indicated that no significant heat-induced drying occurs.  

The results generally indicate that changes in porewater chemistry that occur during the 
thermal period (with temperatures > 50 °C) are small. Examples of the results of 
simulations obtained for the inner side and the outer side are illustrated for selected 
parameters in Figure 6-83. This shows minor differences between “hot” and “cold” 
parts of the buffer resulting from the thermal gradient. Thus, some redistribution of salts 
is predicted, with some anhydrite (< 2.3 vol. %) and SiO2 (< 1 vol. %) forming at the 
hot and cold side, respectively. The changes are minor and have a negligible effect on 
porosity. Because of effective buffering of the system, the changes in other constituents, 
such as pH (not shown) and cation exchanger composition are small. During the 
transient state, the main change at the cation exchanger is the slight increase of the Ca 
component at the expense of Na. According to the modelling results, this change is 
limited to the vicinity of the fracture-buffer interface (see Figure 6-83). The exchange 
reaction is driven by gypsum dissolution/precipitation within the buffer and the 
concentration gradient of Ca and Na between the buffer porewater and the surrounding 
groundwater. The simulated increase remains within a few per cent. After longer time 
periods, i.e. once the thermal and chemical gradients become small, the model predicts 
exchanger compositions close to the initial ones.  
 

Confidence in the model and data 

The model, which is built on well-established physico-chemical principles and a 
realistic description of the initial and boundary conditions of the near field, includes a 
number of variables and assumptions with variable degree of uncertainties. These have 
to some extent been considered by the sensitivity analysis in which flow conditions (and 
thus water uptake rates), groundwater compositions and bentonite composition were 
varied. The minor changes obtained in salt redistribution and silica precipitation are 
supported by previous modelling exercises (Sena et al. 2010a, b, Karnland & Birgersson 
2006) and also by in situ data (Karnland et al. 2009). 

Considering the maximum allowed temperature of 100 C, the performance target for 
the buffer, rather than the calculated one of 78 C would result in slightly larger 
accumulation of gypsum and silica, which still keeps the performance of the buffer as 
expected.  
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Figure 6-83. Selected results from the reactive transport model showing the evolution 
of selected porewater parameters; SiO2, calcite and anhydrite values are given on the 
right and temperature and % of sodium and calcium exchanged on the left. Top: results 
at the canister/buffer boundary. Bottom: results at the buffer/fracture boundary (Idiart 
et al. 2013). 
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The studied effect of different inflow rates points to rather minor differences in 
chemical behaviour during saturation. The results for the reactive solutes and the 
evolution of the mineral phases in the high flow case show significant differences 
regarding, especially, the anhydrite distribution and cation exchanger composition. The 
behaviour of amorphous silica, calcite, and pH is almost identical to the Reference Case. 
After 10,000 years, anhydrite is completely dissolved in the whole buffer, while calcium 
in the exchanger increases considerably, although the exchanger is still sodium-
dominated. For longer saturation periods than 1000 years, some more gypsum 
precipitation on the hot side due to enhanced evaporation/condensation could be 
expected. 

The inherent uncertainty of the model in the non-consideration of silicate phases, except 
for amorphous silica, is bounded by the known slow transformation rates (see Section 
6.9.6). The very limited changes of montmorillonite are qualitatively supported by the 
LOT experiment (long-term test of buffer material at Äspö), carried out at higher 
temperatures and higher thermal gradients but over a much shorter exposure time 
compared to the time scale of interest for the long-term safety assessment (Karnland et 
al. 2009), and also by bounding calculations (Karnland & Birgersson 2006).  

6.9.2 Buffer porewater and cation exchanger chemistry after saturation 

The buffer porewater and cation exchanger chemistry after saturation is discussed in 
Performance Assessment (Section 6.5.2) taking into account the same FEPs in Features, 
Events and Processes listed for Section 6.9.1.  

Description of the model 

The geochemical model used for the derivation of the bentonite buffer porewater 
chemistry is based on the thermodynamic bentonite model described in Curti & Wersin 
(2002) and Wersin et al. (2004), but accounts for more recent considerations on porosity 
distribution (Appelo et al. 2010, Tournassat et al. 2009). The geochemistry of the 
compacted bentonite buffer is influenced by the clay microstructure on the one hand and 
by dissolution of accessory minerals on the other. Concerning the microstructure, 
considerable uncertainties exist regarding the pore size distribution, which in turn 
affects electrochemical and diffusional properties (e.g. Muurinen 2006, Appelo et al. 
2010, Birgersson & Karnland 2009). It includes three different types of water-filled 
porosities (Figure 6-74): namely (1) the interlayer water between the clay tetrahedral-
octahedral-tetrahedral layers (TOT layers), (2) the diffuse double layer water (DDL 
water), which is bound through electrostatic surface interactions to the external surfaces, 
and (3) the non-interacting/free external water. The cation exchange sites (filled mainly 
by Na+, Ca2+ and Mg2+) are located between the negatively charged TOT layers. As a 
constituent of the crystallographic structure, the interlayer water is considered devoid of 
anions and does not participate in the geochemical reactions (Bradbury & Baeyens 
2002, Appelo et al. 2010). 

Reference bentonite water concept 

After the saturation period and once temperatures have substantially decreased (to 
below about 50 °C), i.e. after about 100−1000 years depending on local flow conditions, 
thermally-induced processes become negligible. Diffusive exchange processes between 
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the buffer porewater and the surrounding groundwater will occur. Salts (e.g. gypsum, 
calcite) formed during the saturation stage will be redistributed in the buffer by 
dissolution, solute diffusion and re-precipitation. The porewater composition will be 
constrained both by diffusion of solutes from the groundwater, reactions between 
cations and the clay interface and dissolution and precipitation of accessory minerals 
(gypsum, calcite, SiO2). The solubility of the main mineral montmorillonite is very low 
in the expected neutral to slightly alkaline pH range and thus its dissolution will have a 
minor effect on solute chemistry. The porewater chemistry and its evolution can be 
modelled by coupled diffusion-reaction modelling (e.g. Sena et al. 2010a, b), accounting 
for the evolving groundwater composition. Considering the long timescales of interest, 
the porewater composition can also be approximated by assuming diffusive 
equilibration and chemical equilibrium between the groundwater and the clay, as it is 
commonly done in safety assessments (e.g. Curti & Wersin 2002). The reference 
bentonite waters are then defined. These reference bentonite waters serve to provide 
realistic bentonite water compositions, including salinity, pH, Eh and dissolved 
carbonate. The latter parameters are particularly relevant for the solubilities and sorption 
of many radionuclides. 

The temporal evolution of the porewater composition parallels that of the groundwater 
in the host rock. This in turn has been approximated by defining reference and bounding 
groundwater compositions (Section 6.2) for different time windows after closure of the 
disposal facility. During the initial stage after buffer emplacement, the saturation of the 
bentonite with saline-type groundwater (represented as KR20/465/1) will occur. The 
porewater chemistry will be regulated by surface reactions in the clay and dissolution of 
salts, such as gypsum. This is represented in the conceptual bentonite model by 
assuming a closed system with regard to CO2 and equilibrium with gypsum for the 
early-type porewater. In the long run, extensive diffusional exchange with the 
surrounding groundwater will occur and hence the bentonite porewater composition will 
be “conditioned” by the groundwater chemistry. Diffusional exchange is approximated 
for the later-type porewaters by assuming an open system with regard to CO2, which is 
controlled by the pCO2 of the groundwater. Moreover, due to the much lower sulphate 
concentrations in the groundwater than in the bentonite porewater, gypsum will 
dissolve. Afterwards, gypsum will no longer control sulphate concentrations in the 
buffer. 

The reference waters are regarded as the most plausible bentonite porewater 
composition for a specific time window, saline water for the first few thousands of years 
after emplacement and brackish water after that. The bounding groundwaters represent 
variable water compositions with regard to salinity, pH, dissolved carbonate and Eh. As 
bounding groundwaters dilute carbonate rich water and brine water as well as a highly 
alkaline water during the temperate period and glacial meltwater during the ice sheet 
retreat are considered. The bounding groundwaters are particularly relevant when 
deriving radionuclide parameter values. Bounding waters are thus used to define the 
upper solubility limits and lower sorption values, respectively. The composition of the 
reference and bounding groundwaters is presented in Table 6-12. Note that an additional 
“artificial” bounding bentonite water has been considered: the high alkaline water. This 
water type is obtained by titrating the reference saline water with Ca(OH)2 up to a pH of 
10 and should reflect porewaters affected by cementitious leachates from cement 
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structures. It is worth noting that the flux of high-pH leachates to the buffer is expected 
to be negligible (Section 6.7), but nonetheless such a high alkaline water has been used 
as upper bound for radionuclide solubility and sorption data. The same type of 
reasoning is used to define a brine water as an upper salinity bound. More details on the 
reasoning for the selection of the reference and bounding bentonite waters and their 
application for different time windows is given in Wersin et al. (2013a, Appendix C). 

Key data 

Bentonite material 

The reference buffer material used in Posiva’s safety case is sodium bentonite MX-80. 
The final selection of the buffer material is still in progress and several different high-
grade bentonite materials are under investigation (e.g. Kumpulainen & Kiviranta 2010). 
The main design requirement is a montmorillonite content of at least 75 wt-% (Pastina 
& Hellä 2010). For the purpose of defining reference bentonite waters, MX-80 bentonite 
is considered as the buffer material. The composition of MX-80 may vary slightly, 
depending on the batch analysed and the treatment procedure after mining. Thus, 
somewhat variable mineralogical compositions are reported in the literature (e.g. 
Müller-Vonmoos & Kahr 1983, Karnland et al. 2006). Here the analytical data provided 
by Müller-Vonmoos & Kahr (1983) and Bradbury & Baeyens (2002) is considered for 
the modelling of porewater compositions, since the applied model is based on these 
data. It is worth noting that the use of slightly different mineral composition or cation 
exchange capacity (CEC) values, such as those provided by Kiviranta & Kumpulainen 
(2011), which are those used in the reactive transport model, only barely affects the 
modelling results. 

Derivation of porosity fractions from geometric and electrostatic 
considerations 

A geochemical model concept based on different compartments has been applied to 
derive the porosity fractions (Table 6-50). The model includes three different types of 
water-filled porosities shown in Figure 6-74. Above a dry density of 1 kg/dm3, the 
interlayer porosity becomes a significant part of the total porosity. At a dry density of 
1.8 kg/dm3, almost all of the porosity is located in the interlayer (Muurinen 2010, 
Appelo et al. 2010). The DDL water is different with an excess of cations which 
counterbalance the negative charge of the external surfaces, but both cations and anions 
are present. The composition and extent of the DDL depend on surface charge and ionic 
strength. The DDL water contacts free porewater with a balanced charge. The solid 
volume contains the montmorillonite particles and the accessory minerals, the latter of 
which affect porewater chemistry by dissolution/precipitation reactions. This model 
concept is based on that proposed by Wersin et al. (2004) and similar to microstructure 
models proposed by Tournassat (2008), Bourg et al. (2003, 2006, 2008) and many 
others. 
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Table 6-50. Compartments for compacted MX-80 bentonite at dry density of 1.57 
kg/dm3. The porosity fractions are calculated by applying the equations given in the text 
below using the reference saline groundwater (KR20/465/1). TOT = tetrahedral-
octahedral-tetrahedral, DDL = diffuse double layer. 

Accessory 
minerals 

16 vol. % 
Influence the porewater by 
dissolution(precipitation reactions 
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 Clay particles 41 vol. % 

Generate the three porosities as a result 
of different surface properties 

Interlayer water 21 vol. % 
Layered, crystallographic water between 
the TOT layers 
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DDL water 9 vol. % Excess of cations 

E
xt
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na

l 

Free water 13 vol. % Balanced charge 

 

The total porosity is split into the three different porosities according to geometrical and 
electrostatic properties of the bentonite system. The distribution of these porosities is a 
function of the density (S/L ratio), the specific surface area, the stacking number and the 
thickness of the DDL, where the stacking number is defined as the average number of 
TOT layers of a single montmorillonite particle. In a compacted bentonite it is not 
possible to directly measure the specific surface area (Amm), the stacking number (p) or 
the DDL thickness (expressed as Debye multiplier fDDL,Tournassat & Appelo 2011). 
These are fitted, based on anion accessible porosities measured as a function of 
montmorillonite density. The anion accessible porosity εan is defined as follows: 

DDLfreeAn DDLfreean   
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According to Equation 6-56 the free porosity and a part of the DDL is accessible for 
anions. The term AnDDLfree determines which fraction of the DDL porosity is accessible 
for anions. In more detail, Equation 6-56 is written as: 
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where Amm is the total surface of montmorillonite, mmm is the mass of montmorillonite, 
tIL is the interlayer thickness and p is the stacking number of the TOT layers of 
montmorillonite particles. 
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where ChargeExtfree is the amount of external surface charge which is not occupied by 
cations and it is a function of the activity coefficient of the cations, I is the ionic strength 
and logKNaSu is the sodium surface complexation constant. The external surface charge 
and logKNaSu are based on the model approach of Appelo & Wersin (2007) in which the 
cation exchange is expressed as a surface complexation reaction. This is done by 
combining Dzombak & Morel’s (1990) surface complexation model with the Donnan 
approximation of the diffuse double layer. The empty surface sites and their charges are 
compensated in the diffuse double layer, approximated by the Donnan volume. The 
model parameters are then fitted to match the experimental data (anion accessible 
porosity and montmorillonite density). This model parameter optimisation is done with 
PEST (non-linear, least squares parameter optimisation program). 

The optimised values from the experiment fitting are p = 4.8 stacks, Amm = 487 m2/g 
and fDDL = 5. Using a Debye multiplier of 5.0 and a stacking number of 4.8 the solution 
must have at least an ionic strength of 0.5 M, otherwise the resulting free porosity is 
zero. The high value may arise from uncertainties in fitted experimental data. The 
underlying experiments are questionable because the dissolution of accessory minerals 
was neglected in most of them (Wersin et al. 2013a). The discrepancy might also be 
related to the irregular pore space in bentonite, with pores closed off by overlapping 
DDLs. Bolt & de Haan (1979) calculated Debye multiplier values of around 2 for a 
variety conditions, decreasing with ionic strength and when divalent cations are in 
solution. Because of this discrepancy, the anion free multiplier is arbitrarily fixed to 1.2. 

The interlayer porosity is influenced by the montmorillonite surface area, the mass (i.e. 
montmorillonite/liquid ratio) and the TOT stacking number and can be expressed by 
(Appelo et al. 2010): 











p

t
mA IL

mmmmIL

1
1

2
  

 

 6-62

The interlayer thickness depends on dry density. With a dry density of 1.57 kg/dm3 and 
a montmorillonite mass of 1.39 kg/L (mmm i.e. normalised to total volume minus the 
volume of the impurities), the buffer is in the “transition zone” of 2−3 water layers 
(Appelo et al. 2010). The corresponding densities normalised to montmorillonite are 
1.35 kg/L (limit2) with water layers and 1.6 kg/L (limit3) with 2 water layers. The 
thickness of two water layers is 0.6210-9 m and for three water layers 1.010-9 m. For 
the assumed bentonite conditions with a dry density of 1.57 kg/dm3, the average 
thickness of the interlayer is calculated by: 

99 100.1
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11062.0

limit2limit3
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which yields a value of 0.9410-9 m. 
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A higher stacking number results in an increase of interlayer porosity. With a stacking 
number of 25, the maximum interlayer porosity (approximately 0.38, for a dry density 
of 1.57 kg/dm3) remains constant upon further increasing of the stacking number 
(Appelo et al. 2010). 
 
The thickness of the DDL is calculated from Debye length κ-1, which can be expressed 
as (Tournassat 2008):  
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and the multiplier of Debye lengths (fDDL) obtained from the fitting procedure outlined 
above. Once this parameter is obtained, the DDL can be calculated from: 

DDLDDL ft 1  
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which is used to determine the DDL porosity εDDL: 
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The fraction of free porosity can then be calculated if the total porosity εtot is known. 

grain

dry
tot 


 1  
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DDLILtotfree    
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where ρdry is the MX-80 bentonite dry density and ρgrain is the grain density of the 
bentonite. The parameters used for calculating the different porosity fractions are 
compiled for the two reference and four bounding bentonite waters in Table 6-51. 

For all waters, a stacking number of 4.8 and a Debye multiplier of 1.2 are used. With 
this approximation, non-zero free porosities are obtained for ionic strengths > 0.04 M. 
For the most dilute bounding groundwaters a free porosity of zero would thus result 
with this estimation procedure. This highlights the limitation of this procedure and the 
uncertainty in the free and DLL porosity fractions for dilute conditions (see above). As 
indicated from sensitivity checks, porewater model results are hardly sensitive to 
variations of free and DDL distributions under dilute conditions. In view of this finding, 
the ionic strength is arbitrarily increased to 0.049 M and 0.045 M for the dilute water 
(KR4/81/1) and Grimsel water, respectively, in order to derive the porosity distribution. 

Model implementation in PHREEQC 

Model parameters used for the cation exchange and surface complexation reactions, as 
well as for implemented accessory minerals, are shown in Table 6-52. Physical and 
mineralogical data for MX-80 are presented in Table 6-53. 
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Table 6-51. Calculated porosities for MX-80 bentonite and the parameters used for 
calculating the different porosity fractions for the two reference and four bounding 
bentonite waters. Amm = total surface of montmorillonite, DDL = diffuse double layer, 
IL = interlayer. Reference waters: KR20/465/1 and KR6/135/8; Bounding waters: 
KR4/861/1, KR4/861/1, High alkaline and Grimsel water.  

 KR20/465/1 KR6/135/8 KR4/81/1 KR4/861/1 
High 

alkaline 
Grimsel 

Stacking number 4.8 4.8 4.8 4.8 4.8 4.8 

Amm (m
2/g) 487 487 487 487 487 487 

Ionic strength M 0.215 0.144 0.019 1.4 0.218 0.0013 

Debye multiplier 1.2 1.2 1.2 1.2 1.2 1.2 

Porosity  

IL 0.212 0.212 0.212 0.212 0.212 0.212 

Free 0.125 0.104 0.023 0.182 0.125 0.013 

DDL 0.094 0.115 0.195 0.036 0.093 0.207 

Percents of porosity (%)  

IL 49.2 49.2 49.4 49.3 49.3 49.1 

Free 29.0 24.1 5.3 42.2 29.1 2.9 

DDL 21.8 26.7 45.3 8.4 21.6 47.9 

 

The applied thermodynamic database is Thermochimie v.7b provided by ANDRA 
(2009) and for the brine bentonite porewater it is the Nagra/PSI database (Hummel et al. 
2002). This is because calculations with brine water and the applied bentonite model 
result in an incorrect alkalinity, which is not the case with the Nagra/PSI database. The 
ANDRA database is designed to deal with the determination of radioelement aqueous 
speciation and solubility, the study of the geochemical evolution, the assessment of the 
process of cement degradation and assessment of the process of canister corrosion. A 
total of 25 radioelements are included in this database.  

 Model for the saline reference groundwater: After emplacement in the 
repository it is expected that saline water similar to sample KR20/465/1 will 
saturate the bentonite. In the model it is assumed that the porewater is 
conditioned by the initial conditions in the bentonite. To account for this, the 
computation scheme in PHREEQC contains the following steps. In a first step, a 
very small amount of pure water is put into equilibrium with the initial 
exchanger composition of the clay and the accessory minerals (quartz, calcite, 
kaolinite and gypsum) (Table 6-52). The partial pressure of CO2 is set to 
atmospheric conditions. This water represents the initial bentonite porewater and 
is necessary for the pre-equilibration of the exchanger and surface sites for the 
second step. The concentration changes due to this equilibrium reaction are kept 
very small as a result of the tiny amount of water used. Afterwards, the resulting 
solution is rescaled up to 1 kg of water, which represents, as mentioned, the 
initial bentonite porewater before contacting the groundwater. To preserve the 
initial chloride groundwater concentration in the solution, an appropriate 
concentration of Na+ and Cl- is added to the pure initial water, some of which 
are incorporated in the DDL. For the sake of simplicity, this correction is only 
done in the model for dominant ions Na+ and Cl-. Cation exchange is calculated 
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with the selectivity coefficients of Bradbury & Baeyens (2002) and is expressed 
relative to the selectivity constant of Na+ (KNaX). The external surface sites are 
expressed with the surface complexation model of Dzombak & Morel (1990) 
that explicitly includes the calculation of the diffuse layer based on the Poisson-
Boltzmann equation (Borkovec & Westall 1983). By adapting the thickness of 
the DDL, the DDL water volume to the required value (DDL porosity) can be 
adjusted. The DDL volume depends on the ionic strength (Equations 6 61 and 6 
62). The thickness of the DDL is calculated with the requested volume of water 
in the DDL, the surface area and the solid/liquid ratio. The amount of external 
surface sites is equal to 3.6 % of the CEC (Wieland et al. 1994). In the second 
step, the calculated cation exchange- and external surface sites and the accessory 
minerals in the bentonite are equilibrated with the surrounding groundwater. 
Further, the appropriate mass of interlayer water is removed, thereby only the 
free porewater and the DDL water are left for the calculation of final 
concentrations. 

Table 6-52. Overview of model parameters and MX-80 bentonite properties. 1) 
Bradbury & Baeyens 1997; 2) Bradbury & Baeyens 2002; 3) Wieland et al. 1994; 4) 
ANDRA Database ThermoChimie v. 7b (ANDRA 2009) 5) Defined according to the 
Gaines-Thomas convention. 

Parameter Value Reference 

System parameters   

Temperature (°C) 25  

Atmosphere log p(CO2) (bar) 10-3.44  

Surface complexation / External surface sites   

BET surface area (m2/g) 31.50 1) 

Surface site concentration (eq/kg) 0.0284 3) 

Surface complexation constants, log Kint   

≡SOH + H+ = ≡SOH2
+ 5.4 3) 

≡SOH = ≡SO- + H+ -6.7 3) 

Ion exchange / Internal surface sites   

Internal surface area of montmorillonite (m2/g) 487  

Cation exchange capacity (CEC; eq/kg) 0.787 2) 

Initial occupancies (equivalent fraction) 
Na+ 0.848, Ca2+ 0.084, Mg2+ 0.051, K+ 0.017 

 2) 

Selectivity coefficients, KC  5) 

2NaX + Ca2+ = CaX2 + 2Na+ 2.6 2) 

NaX + K+ = KX + Na+ 4.0 2) 

2NaX + Mg2+ = MgX2 + 2Na+ 2.2 2) 

Saturated solids, log Ks
0   

Quartz SiO2(s) + 2H2O = H4SiO4 -3.74 4) 

Calcite CaCO3(s) = Ca2+ + CO3
2- -8.48 4) 

Gypsum CaSO4 + 2H2O(s) = 2H2O + Ca2+ + SO4
2- -4.61 4) 

Soluble solids, inventory (mol/kg)   

Halite NaCl (mol/kg) 1.35·10-3 2) 
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Table 6-53. Overview of MX-80 bentonite properties and mineral composition. 1) 
Müller-Vonmoos & Kahr (1983); 2) Bradbury & Baeyens (2002). 

Parameter Value Reference 

System parameters 

S/L ratio (kg/L) 3.65  

Porosity ε (-) 0.43  

Dry density ρdry (kg/dm3) 1.57  

Saturated density ρsat 

(kg/dm3) 
2.0  

Lattice density ρs (kg/dm3) 2.76  

Mineral composition (wt-%) 

Montmorillonite 75 1) 

Kaolinite < 1 1) 

Mica < 1 1) 

Quartz 15.2 1) 

Feldspar 5−8 1) 

Carbonate 1.4 1) 

Gypsum 0.4 2) 

Siderite 0.5 1) 

Pyrite 0.3 1) 

Organic carbon 0.4 1) 

 

 Model for bounding groundwaters: For bounding groundwaters, some 
adaptations in the model approach are necessary. They will be in contact with 
the saturated bentonite a long time after the saline groundwater (KR20/465/1) is 
in equilibrium with the bentonite. Therefore, the gypsum reservoir will be used 
up and the CO2 partial pressure will be conditioned by that of the surrounding 
groundwater. The pre-equilibration of the exchanger and surface sites is done 
with the composition of the surrounding groundwater, and thus the previous 
“history” of the surface composition is not accounted for. In the second step, the 
bentonite porewater is equilibrated (by dissolving or precipitating until 
equilibrium is reached) with calcite, kaolinite, quartz and pCO2 of the 
groundwater, whereas gypsum is only allowed to precipitate under 
supersaturated conditions. Further, for the glacial melt water, the DDL 
composition was calculated with the Donnan approximation implemented in 
PHREEQC (Appelo & Wersin 2007) because of convergence problems when 
applying the implemented Poisson-Boltzmann model (Borkovec & Westall 
1983). In the Donnan approximation, an average concentration in the DDL is 
calculated based on a single potential in the DDL rather than calculating DDL 
concentrations by iteratively adapting the surface potentials until the charge in 
the DDL counters the surface charge (Appelo & Wersin 2007). 

The solid/liquid ratio is calculated with the dry density (ρdry), the saturated density (ρsat) 
and a water density of 1 kg/dm3): 
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In MX-80, montmorillonite is quantitatively the most important mineral phase (Table 6-
53). The accessory minerals have an important influence on the porewater composition 
due to dissolution/precipitation reactions. The selectivity coefficients used are 
determined for MX-80 bentonite (Bradbury & Baeyens 2002). For PHREEQC, the 
exchange reaction must be split into half reactions. Thus, for the Ca-exchange the 
following half reaction logKCaX2 results:  
 

41.0)6.2log(0loglog2log /2  NaXCaNaXCaX KKK  
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Besides the calculation of bentonite porewaters, the composition of the porewater 
entering a defective canister is required for safety assessment. In such a scenario, 
bentonite porewater will enter the canister via a small hole and lead to anoxic corrosion 
of the iron insert and iron corrosion products will form at the steel surfaces. It is 
assumed that this water will correspond to a dilute porewater that is squeezed into the 
canister by swelling forces and a new osmotic equilibrium between external water (in 
the canister) and internal porewater will be established (Muurinen 2006, Karnland 
1998). The redox potential inside the canister will be low and controlled by the 
formation of magnetite from the steel canister. For the calculations, redox control by 
magnetite/Fe2+ equilibrium is assumed, where Fe2+ concentrations are fixed by those in 
the bentonite porewater (Curti & Wersin 2002) (Table 6-54). The overall reaction of Fe0 
to magnetite is pH neutral: 

3Fe + 4H2O  Fe3O4 + 4H2 
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The calculated reference and bounding bentonite porewaters are shown in Table E-2 in 
Appendix E. The corresponding calculated “canister” waters are shown in Appendix D 
(Table D-4). An alternative reactive transport model was used as support for the simpler 
diffusive equilibration model used for porewater calculations (see below). 

 

Table 6-54. The logFe2+ activities used in the solubility calculations for the canister 
water. The logFe2+ activity for the high alkaline water is set to 10 to keep the pH at 10. 

 KR20/465/1 KR6/135/8 KR4/81/1 KR4/861/1 High 
alkaline 

Glacial melt 
water 

logFe2+ 

activity 
-6.395 -5.564 -5.642 -4.903 -10.0 -9.916 
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Confidence in the model and data 

The uncertainty in porewater composition has been accounted for by the consideration 
of a wide compositional range of reference and bounding groundwaters. The 
groundwater composition will evolve over long timescales compared with the transient 
state in the buffer. Therefore, calculations concerning the geochemical conditions in the 
buffer can be based on the assumption of complete mixing and equilibrium with the 
surrounding groundwater. This assumption of chemical equilibrium enables the 
application of thermodynamic data for the modelling of porewater compositions as well 
as of solubility limits and radionuclide speciation. 

According to ANDRA (2009), there are some gaps and uncertainties in the database: 

 The aqueous speciation is likely to be governed by the carbonate system. 
Therefore special attention was given to complexation data of metals by 
carbonates. Nevertheless, a more comprehensive review of the metal-carbonate 
aqueous thermodynamic equilibrium still must be conducted. 

 The database is mainly tested on near-neutral conditions. The validation for 
hyperalkaline pH conditions (cement interaction, pH >10) is not sufficient. 

 A general lack of enthalpy and/or entropy values has been identified. Many of 
these values are estimated by using different procedures reported in the open 
literature and other relationships implemented from chemical analogies. But not 
all estimates were checked for accuracy due to the lack of experimental data. 

In spite of these shortcomings, it is considered that the Thermochimie database provides 
a good and useful thermodynamic dataset for many applications in Posiva’s programme 
including geochemical modelling of the bentonite system (e.g. cement-bentonite 
interactions) or radionuclide speciation calculations. For the geochemical bentonite 
model used here, the shortcomings listed above are not relevant, the pH being restricted 
to the range of 7 to 10 and the temperature being limited to 25 °C. 

The conceptual model uncertainty related to the clay microporosity has been addressed 
by comparing the results obtained from different models. Here the model proposed is 
compared with those of Wersin et al. (2004) and Bradbury & Baeyens (2002). In the 
following, the two alternative models and the results obtained from them are briefly 
described:  

 The Wersin et al. (2004) model 

Since the model applied here is based on that of Wersin et al. (2004), it is obvious 
that they are similar. The principal difference is that interlayer water is assumed to 
participate in the chemical reactions and thus the total porosity is made up of free 
and DDL water. The results for both saline and brackish water are presented in 
Table E-2 of Appendix E. These indicate that the concentrations of major ions are 
generally more dilute (by a factor of  2), which arises from the larger fraction of 
water assumed in the clay. Otherwise differences are rather minor. 

 The Bradbury & Baeyens (2002) model 
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The main features of this model are that surface protonation/deprotonation to edge 
sites is described with a non-electrostatic three site model and that interlayer water 
is excluded from geochemical reactions. Thus, only one type of water − free water − 
is assumed to fill the anion-accessible porosity. The site capacity of edge site is 
about 10 % of the CEC which is larger than that of Wersin et al. (2004) or of the 
model presented here (3.6 %). In terms of cation exchange, the models are identical, 
since all of them are based on the same experimental data presented in Bradbury & 
Baeyens (2002) and apply selectivity constants according to the Gaines Thomas 
convention. In the model of Bradbury & Baeyens (2002), very low anion available 
porosities (a few %) are assumed, which these authors base on early chloride 
diffusion experiments of Muurinen et al. (1989). However, from chloride diffusion 
experiments and later experimental work of Muurinen (2006, 2010), the chloride-
accessible porosity in compacted bentonite at a dry density of 1600 kg/m3 is 
indicated to be about 20−25 % of the total porosity. Hence, when applying the 
model of Bradbury & Baeyens (2002), it is assumed that 20 % of total porosity is 
available to geochemical reactions. 

 

The results for the saline and brackish waters are presented in Table 6-55. The 
concentrations of major ions are highest and pH is slightly lower for the Bradbury & 
Baeyens model compared to the other two models. This difference arises mainly from 
the smaller fraction of water available leading a concentration effect, displacement of 
Ca2+ from the exchanger, and to the precipitation of calcite. 

Overall, the comparison between the three models indicates that the model applied 
yields intermediate composition relative to the two other models. The main parameter 
affecting composition is the fraction of water assumed for geochemical reactions. Other 
factors, such as edge site concentration and type of surface complexation model 
(electrostatic vs. non-electrostatic) are of less relevance. 

From the perspective of defining reference waters for solubilities and sorption, the 
differences obtained using the different models are not very significant. This underlines 
the robustness of the thermodynamic modelling approach in spite of the inherent 
conceptual uncertainties.  

Note that in all calculations Na-rich MX-80 bentonite was taken as the buffer material. 
If the emplaced buffer is a more Ca-rich bentonite (e.g. high-grade Milos bentonite) 
then less exchange between Na and Ca can be expected. In the long run, the exchanger 
composition will evolve similarly for MX-80 and more Ca-rich buffer materials. 

Alternative model and key data 

The evolution of porewater chemistry has also been assessed using the THC reactive 
transport model by Idiart et al. (2013) (see Section 6.9.1). The results of this modelling 
exercise have been considered only to a minor extent in Performance Assessment, 
principally to support the thermodynamic modelling approach above.  
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Table 6-55. Comparison of three different models for bentonite porewater with the two 
reference groundwaters KR20/465/1 and KR6/135/8 (Wersin et al. 2013a, Appendix C, 
Table 8).  

Saline water KR20/465/1 Brackish water KR6/135/8 

Model 
 

Model 
applied in 
this report 

Wersin 
2004 

Bradbury 
2002 

Model 
applied in 
this report 

Wersin 
2004 

Bradbury 
2002 

Free 
porewater 
(mmol/kgw) 

log p(CO2) -3.20 -3.55 -2.85 -2.70 -2.70 -2.70 

pH 7.80 7.87 7.70 7.23 7.34 7.12 

Eh (mV) -245 -249 -240 -207 -213 -201 

Alkalinity 
(meq/kgw) 

0.86 0.45 1.41 0.75 0.95 0.47 

Ionic 
strength 
(meq/kgw) 

533.1 291.8 1118.3 271.2 147.29 603.8 

Na 519.6 237.1 1323.7 150.8 81.86 372.28 

K 2.75 2.6 7.02 0.92 0.47 2.13 

Mg 10.90 6.7 27.69 14.39 7.35 29.91 

Ca 11.43 15.3 7.98 30.67 15.92 55.68 

Cl 353.36 180.5 929.3 222.29 118.32 595.2 

SO4 105.95 51.2 235.71 9.42 4.80 17.62 

S 0.011 0.0057 0.03 0.0012 0.0006 0.0030 

 HCO3 0.98 0.51 1.85 0.90 1.05 0.78 

Sr 0.19 0.098 0.80 0.20 0.10 0.46 

Si 0.19 0.190 0.18 0.17 0.18 0.16 

Mn 0.0082 0.0041 0.03 0.041 0.021 0.11 

Fe 0.0028 0.0014 0.012 0.011 0.006 0.029 

F 0.084 0.043 0.25 0.032 0.016 0.08 

Br 1.03 0.53 3.01 0.33 0.17 0.86 

 B 0.19 0.10 0.601 0.11 0.057 0.29 

Saturation 
index S.I. 

Calcite 0.0 0.0 0.0 0.0 0.0 0.0 

Siderite -1.35 -1.75 -0.78 -1.15 -1.17 -1.11 

FeS(am) -0.78 -1.19 -0.02 -1.61 -1.98 -1.07 

Magnetite -1.54 -1.70 -0.94 -2.28 -2.33 -2.19 

Exchange 
ions 
(mmol/kgw) 

NaX 2293.5 2322.0 2286.0 996.0 1248.3 1050.9 

CaX2 193.4 181.5 197.6 674.2 589.2 652.9 

MgX2 67.5 66.3 66.9 252.3 215.3 244.9 

KX 48.8 47.6 48.8 24.2 13.1 24.0 

Edge sites 
(mmol/kgw) 

≡SOH 24.9 27.3 205.9 49.7 49.5 252.0 

≡SOH2
+ 0.4 0.5 1.4 2.4 2.4 5.9 

≡SO- 78.5 76.1 84.2 51.9 52.1 34.1 

Water 
fractions (%) 

Free water 29 77.5 20 24 77.5 20 

Water in 
DDL 
external 

22 22.5 - 27 22.5 - 

 Interlayer 
water 

49 - 80 49 - 80 
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The 3D-coupled reactive transport model uses the code PHAST (Parkhurst et al. 2010). 
In PHAST, the geochemical reactions are solved with the code PHREEQC (see Section 
6.9.2), which is embedded in PHAST, and the flow and transport with the finite 
difference code HST3D (see also Parkhurst et al. 2010). The coupling of transport and 
chemical reaction is done via the method of operator splitting with sequential solution 
(flow velocities are calculated first, then the chemical components are transported, and 
finally geochemical reactions are calculated). The alternative model is described in 
detail in Idiart et al. (2013). 

The model geometry considered is the same as that used for the TOUGHREACT model 
(Figure 6-79), except that, in addition to inflow from a transecting fracture (case 1), an 
alternative case with inflow from the backfill (case 2) was considered. Spatial 
discretisation was carried out considering the 3D geometry of the buffer and backfill, 
leading to 29,000 and 27,000 active grid cells for the fracture and backfill case, 
respectively. The flow conditions applied to the cases and sensitivity cases are depicted 
in Table 6-56. The applied flow parameters were based on the results from the discrete 
network model (Hartley et al. 2013a). The effective diffusion coefficient for the buffer 
and backfill was taken to be 7.1·10-11 m2/s. Further details on hydraulic and diffusion 
parameters can be found in Idiart et al. (2013).  

 

Table 6-56. Flow conditions applied to the different simulation cases with PHAST. 

    Buffer  
Fracture 

flow 
Backfill 
inflow 

Longitudinal
flow 

Hydraulic 
cond. 
Buffer 

Hydraulic 
cond.  

Backfill 

    (m3/a) (m3/a) (m3/a) (m/s) (m/s) 

CASE 1 

Base Case Reference 2  4·10-4 - - 1·10-12 - 

Sensitivity 
Case 1 Reference 1 4·10-4 - - 1·10-12 - 

Sensitivity 
Case 2 Reference 2 4·10-4 - - 1·10-14 - 

Sensitivity 
Case 3 Reference 2 5·10-3 - - 1·10-12 - 

Sensitivity 
Case 4 Reference 2 2·10-7 - - 1·10-12 - 

CASE 2 

Base Case  Reference 2 - 5·10-3 2·10-4 1·10-12 1·10-10 

Sensitivity 
Case 1 Reference 1 - 5·10-3 2·10-4 1·10-12 1·10-10 

Sensitivity 
Case 2 Reference 2 - 2·10-2 8·10-4 1·10-12 1·10-10 

Sensitivity 
Case 3 Reference 2 - 2·10-4 3·10-5 1·10-12 1·10-10 

Sensitivity 
Case 4 Reference 2 - 2·10-4 2·10-4 1·10-12 1·10-10 
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The geochemical processes in the buffer and backfill were described by considering 
dissolution / precipitation of accessory minerals and a cation exchange / surface 
complexation model based on Bradbury & Baeyens (2002). The composition of MX-80, 
as given in , was used for the buffer, whereas for the backfill the average composition 
derived by Wersin et al. (2013b) was used (Table 6-42). The backfill porewater 
composition contacting the buffer was derived by equilibration of the cation exchanger 
composition and the main accessory minerals with the groundwater. From 0 to 1000 
years, groundwater composition KR20_465_1 is assumed. Subsequently, a linear 
stepwise mixing in time (with steps of 10 years) of KR20_465_1 and KR6_135_8 
between 1000 and 1100 years (another scenario considering a slower mixing between 
1000 and 2000 years was carried out for comparative purposes) has been assumed. 
KR6_135_8 groundwater has been considered thereafter (until 100,000 years). The 
thermodynamic database EQ3/6 was applied assuming a constant temperature of 15 C 
throughout the simulated time of 100,000 years. 

The results of the calculations indicate, in general, a remarkable stability in geochemical 
conditions, such as pH, Eh and alkalinity due to the effective buffering reactions within 
the clay. Thus, the pH range in the buffer porewater including all sensitivity cases is 
6.96−7.56. Moreover, the simulations predict a slow decrease of gypsum content, 
resulting in a depletion time of about 50,000–100,000 years or more, depending on 
hydraulic conditions surrounding the buffer. The presence of gypsum enhances the 
exchange of Na+ with Ca2+. An example of the evolution of the exchanger with regard 
to Na+ and Ca2+ is shown in Figure 6-84. The range in CaX2 (% of CEC) for all cases is 
25.8−64.4 %. Calcite, which contributes to the buffering of the system, shows only 
minor changes with time. 

 

 

Figure 6-84. Simulated evolution of exchange composition NaX and CaX2 at the 
buffer/backfill interface (named “point b” in the figure) for saturated conditions. Case 
2 represents a case in which water exchange occurs via backfill (Idiart et al. 2013). 
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In spite of the significant differences in characteristics of the reactive transport model 
and the porewater chemistry thermodynamical models, the resulting buffer porewater 
compositions are fairly similar. Comparing the PHAST results with those from the 
PHREEQC anion-exclusion equilibrium model, for the brackish water case, reveals 
fairly similar outcome. For example, the pH calculated with the equilibrium model is 
7.23, whereas the values obtained from PHAST span the range of 6.96−7.56. The 
obtained cation exchanger composition with PHREEQC is well within the range of that 
obtained from the PHAST model. Thus, CaX2 obtained from PHREEQC is equal to 
47 %, which lies in the range (26−64 %) obtained by PHAST calculations. The stability 
of porewater composition, and especially regarding pH stability, addresses also the 
long-term stability of bentonite (and, thus, of montmorillonite). 

6.9.3 Microbial activity in the buffer 

Microbial activity in the buffer is discussed in Performance Assessment (Section 6.5.6) 
chiefly taking into account FEP number 5.2.8 (“microbial activity”) in Features, Events 
and Processes. 

Description of the model 

There is no numerical model for microbial activity in the buffer. The following is a 
conceptual model description supported by key data. Microbial activity in the buffer is 
regulated by the swelling pressure and/or the activity of water in the pores. Different 
possible sources of microorganisms in, or on, the materials are: 1) aerobic 
microorganisms that grow in mats and biofilms during the operational period, 2) 
anaerobic microbes in the saturating groundwater and 3) aerobic and anaerobic 
microorganisms that are ubiquitous in the entire bentonite buffer (Masurat et al. 2010a, 
Svensson et al. 2011).  

Key data 

Data from ongoing research and published data suggest the following parameters to be 
important: 1) the amount of free water needed for active microbial life, as reflected by 
water activity and moisture content measurements, 2) the temperature, and 3) the 
swelling pressure and the pore size of the buffer, which will exert an increasing 
constraint on the space for living cells with increasing buffer density (King et al. 
2011a). Also low availability of sources of energy and nutrients helps in mitigating the 
microbial activity inside the buffer. 

The presence of microorganisms in commercial bentonite has been investigated in the 
Alternative Buffer Materials Experiment (ABM) at the Äspö HRL (Eng et al. 2007). 
The analysis of different clays showed significant diversity and numbers of 
microorganisms (Table 6-57) including anaerobic sulphate- and iron-reducing bacteria 
(SRB, IRB), autotrophic acetogens and aerobic bacteria in most of the clays. The 
presence of SRB in MX-80 has been previously demonstrated via cultivation (Masurat 
et al. 2010a). Molecular analysis of DNA confirmed the presence of indigenous SRB in 
all four commercial clays. 
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Table 6-57. Quantitative analyses of culturable heterotrophic aerobic bacteria (CHAB), 
sulphate-reducing bacteria (SRB), autotrophic acetogens (AA) and iron-reducing 
bacteria (IRB) in the four alternative buffer materials tested (data from Svensson et al. 
2011). MPN = Most Probable Number. 

Material CHAB per g MPN SRB per g MPN AA per g MPN IRB per g 

Milos/Deponit CA-N 1000 ± 570a  9 (4−44)b < 10 77 (32−207)b 

Friedland 1750 ± 880 68 (26−198) 35 (13−106)b 6900 (2590−22800) 

Ibeco Seal M-90 5830 ± 4860 61 (23−178) 63 (24−183) 7920 (2970−26200) 

MX-80 6600 ± 1620 < 10 9 (5−46) 263 (105−895) 

a ± standard deviation, b lower and upper 95 % confidence interval 

 

The presence of IRB in all 11 tested brands of commercial bentonite (Svensson et al. 
2011) implies that a risk of microbial destabilisation of montmorillonite due to iron 
reduction in the clay lattice could occur (see Section 6.9.6). It has been readily 
demonstrated that this process can occur with ferruginous nontronite-type clays (Kostka 
et al. 2002, Kim et al. 2003). It is not known to what extent a similar process can 
proceed with the type of clays to be used in buffer and backfill. Research has shown that 
IRB can develop extra-cellular nanowires for the transfer of electrons from the cells to 
ferric iron (Reguera et al. 2005). It is recognised that iron-reducing bacteria, especially 
Shewanella putrefaciens, are able to speed smectite (especially nontronite) 
transformation to illite. Nonetheless, the most abundant smectite in the buffer is 
montmorillonite, which either lacks or contains insignificant quantities of structural 
Fe(III) that these bacteria are able to reduce (e.g. Zhang et al. 2007).  

An absolute requirement for microbial activity is the availability of liquid water. During 
the saturation stage, the buffer will take all the water and leave little free water for 
microbial activity; however successions of different microbial populations and activities 
can develop if free water becomes available. Such a succession has been followed in the 
Prototype repository at the Äspö HRL for a period of more than 5 years (Pedersen et al. 
2004, Eriksson & Lindström 2008, Lydmark 2011). It was found that the proportion of 
oxygen in gas extracted from the backfill decreased over time from that in air (20.8 %) 
to a range of 0.6–4 %. Large numbers of methanotrophic bacteria were detected 
together with other aerobic bacteria and it was suggested that a part of the reduction of 
oxygen could be a result of aerobic methane oxidation with oxygen and organic carbon 
in backfill and groundwater. 

Published data suggest that microorganisms will not be viable in the buffer under 
repository conditions relevant for the KBS-3 concept. The exact physiological 
constraints on microbial activity are not exactly known. The suppression of microbial 
activity has been explained either by the mechanical restrictions due to the forces from 
the swelling clay or by the effect of low water activity (Masurat & Pedersen 2004, 
Pedersen et al. 2000a, b, Stroes-Gascoyne et al. 1997a, b, 2006). Experimental data on 
survival and activity of microbes in bentonite suggest that the number of cultivable 
microbes will decrease rapidly during swelling and heating, and that very few viable 
cells will be present at full swelling pressure of the buffer, and that surviving spores will 
be inactive (Motamedi et al. 1996, Stroes-Gascoyne et al. 1997a, b, 2010, Pedersen et 
al. 2000a, b, Masurat et al. 2010b). Sulphate-reducing activity will also approach a very 
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slow rate when full swelling pressure is achieved and the only survivors will be 
microbes that have formed spores. Although spores generally are very resistant to 
hostile environmental conditions, eventually they die off (Motamedi et al. 1996, Stroes-
Gascoyne et al. 1997, 2010, Pedersen et al. 2000a, b, Masurat et al. 2010b). The 
experiments indicated a decrease in the number of viable spores at full swelling pressure 
so that a slow but significant death rate of spores would eventually lead to the complete 
eradication of life in the buffer. It has not yet been clarified whether this will occur in 
the lifetime of a radioactive repository. The sulphate concentration is substantially 
increased in bentonite porewater when compared to the content in the solutions, both 
saline and fresh, in contact with bentonite as observed in experiments by Muurinen & 
Lehikoinen (1999). This is also indicated by modelling (Bruno et al. 1999, Wersin et al. 
2013a) resulting from the dissolution of gypsum (or anhydrite). Microbes are not 
expected to be significantly active in saturated bentonite and consequently sulphate is 
not expected to be extensively converted to sulphide by microbial processes (see 
discussion above).  

As discussed in Performance Assessment (Section 6.5.9), the activity of the spores in 
the fully compacted, saturated bentonite buffer with high density will slowly decrease 
and finally cease in the long term, however, there are uncertainties in the time span over 
which this would occur. If the bentonite becomes sterile, it will most probably not be re-
infected, unless it is eroded or experiences some montmorillonite transformation 
process (e.g. illitisation). The theoretical pore size of the fully compacted buffer is only 
0.1−1 % of the size of the average-sized bacteria, meaning that no new bacteria can 
enter into a buffer that retains its designed properties. 

Confidence in the model and data 

There is broad experimental evidence indicating that microbial activity in compacted 
bentonite buffer will be restricted and that only insignificant sulphate reduction will 
occur. However, the uncertainty in the long-standing minimum required buffer density 
to restrict microbial activity remains and it is taken into account in the estimates of 
sulphide fluxes to the canister (Sections 6.9.4 and 6.19).  

6.9.4 Sulphide fluxes in the buffer 

Sulphide fluxes in the buffer are discussed in Performance Assessment (Section 6.5.7) 
taking chiefly into account FEP numbers 5.2.7 and 5.2.8 in Features, Events and 
Processes, in addition to most of the FEPs mentioned in Section 6.9.1. 

Description of the model 

Sulphide may enter the buffer via the groundwater from a contacting fracture or via the 
porewater in the backfill (Section 6.8.2). In addition, it may originate from the sulphate 
pool (in the form of gypsum) in the buffer itself, through microbial activity. Due to the 
highly restricted microbial activity, the amount of sulphate reduction by SRB in the 
buffer is expected to be negligible. However, dissolving sulphate from the buffer will 
diffuse out to the rock due to lower sulphate concentrations in the groundwater. It might 
be reduced through SRB activity in zones with a larger porosity (e.g. at the interface 
between the buffer and a damaged zone or a transecting fracture in the rock). A part of 
this generated sulphide would then diffuse back into the buffer.  
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From a mass balance viewpoint, the amount of sulphate potentially available for copper 
corrosion in the buffer is small compared with that of the backfill. Considering the 
sulphate inventory from MX-80 (Müller-Vonmoos & Kahr 1983), a mass balance 
calculation shows that this amount may convert a maximum of 1 % of the Cu 
inventory. When using more recent sulphate data for MX-80 (Kiviranta & Kumpulainen 
2010), the same calculations yield 1.7 % of the Cu inventory. 

The sulphate and sulphide fluxes arising from the sulphate pool in the buffer were 
estimated by the same type of bounding analysis as that performed for the backfill 
(Section 6.8.2). The output of the bounding analysis is presented in Wersin et al. 
(2013c). The results include possible ranges of sulphate fluxes out of the buffer with 
and without microbial activity. This is the basis for assessing maximum sulphide 
production rates. Using the concept of water exchange cycles, buffer-derived fluxes to 
the rock and to the buffer are deduced (see below). 

Key data 

The bounding analysis to determine the sulphate and sulphide fluxes arising from the 
sulphate pool in the buffer is carried out in three steps: 

a) estimation of sulphate fluxes without microbial processes, 

b) estimation of maximum sulphide production rates and maximum fluxes into the 
buffer, 

c) estimation of sulphide concentration ranges based on thermodynamic constraints. 

Steps a) and b) were conducted with the geochemical model for the buffer described in 
Section 6.9.1, without Fe as component to obtain maximum sulphide production rates.  

Step a): Sulphate fluxes out of the buffer were estimated using the “water exchange” 
approach, in which the porewater volume is successively exchanged with groundwater, 
which after each step equilibrates with the buffer minerals according to the 
thermodynamic bentonite model. The “water exchange” approach is a modelling 
approach, intended (in a simplified way) to mimic the diffusion of solutes (not water) 
that actually takes place. The underlying assumption is that uniform solute 
concentrations via complete diffusive mixing within the buffer occur. Two model 
variants are considered: in the first, the water volume corresponding to the total buffer 
porosity is considered, in the second only the water volume of the external porosity (not 
including interlayer) is considered (Section 6.8.2). Figure 6-85 shows the results for 
gypsum depletion for buffer equilibrated with brackish groundwater. This indicates that, 
depending on model assumptions, 7 or 15 water exchange cycles are required to deplete 
gypsum in the backfill for a unit tunnel length (associated with one canister position).  

The time scale corresponding to one exchange cycle has been estimated by two different 
conceptualisations (Wersin et al. 2013c). In the first conceptualisation, groundwater 
flows from transmissive fractures intersecting the deposition holes into a rock damaged 
zone that surrounds the holes, which is assumed to be hydraulically highly conductive. 
Diffusion and dispersion causes the groundwater passing through the zone to become 
mixed with the solutes (including SO4

2-) in the buffer porewater. The groundwater 
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containing these solutes then flows out of the rock damaged zone into the rock fracture 
network. In the second conceptualisation, there is no hydraulically significantly 
damaged zone in the rock. Groundwater flows around the buffer through transmissive 
fractures and solutes are exchanged between the buffer porewater and the flowing 
groundwater principally via diffusion. In both conceptualisations, the rate of exchange 
is calculated using effective flow rates from groundwater flow modelling; groundwater 
flow modelling has been carried out for cases with and without a highly conductive rock 
damaged zone assumed (Hartley et al. 2013a, see Table I-2 in Appendix I for 
calculation cases). Effective flow rates from groundwater flow cases ps_r0_2000 (with 
hydraulically significant rock damage around the deposition holes) and 
ps_r0_no_spall_2000 (no hydraulically significant rock damage around the 
deposition holes) have been used to estimate the time scale corresponding to one exchange 
cycle, taking into account the variability between deposition holes. The first 
conceptualisations yield durations of water exchange cycles in the range of thousands to 
tens of thousands of year, with a median value of 10,600 years. This compares to the 
median value for water exchange cycles from the second conceptualisation of 153,000 
years.  

Applying these estimates to gypsum depletion rates shows that the timescales for 
gypsum depletion are generally in the range of 20,000 years or more. For deposition 
holes with high flow rates, timescales may be decreased to a few thousand years. 

 

 

Figure 6-85. Results from water exchange cycle model, brackish water case, ‘total 
porosity’ and ‘external porosity’ model variants.  
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Step b): A further part of the modelling exercise, described in Section 6.8.2 and detail in 
Wersin et al. (2013c), consisted in estimating rates of maximum microbial sulphide 
production without accounting for sulphide immobilisation by iron sulphide 
precipitation. In this concept, a disturbed rock with an increased porosity adjacent to the 
buffer (EDZ and/or fracture), in which fast (instantaneous) microbial sulphate reduction 
occurs, is assumed. The sulphate reduction rates and timescales of gypsum depletion 
were estimated both by an analytical shrinking core model and a diffusion-reaction 
model (see Section 6.8.2). Timescales of gypsum depletion from the buffer obtained 
from the shrinking core model were in the range of 30−350 years and those obtained 
from the diffusion-reaction model were 350−580 years. The difference is explained 
primarily by the treatment of the gypsum as one component in the shrinking core model 
vs. two components (Ca and SO4) in the geochemical model. In Figure 6-86, the time 
evolution of gypsum, sulphate, Ca, and exchange complexes NaX and CaX2 for the 
innermost part of the buffer are shown for the brackish water case. 

 

 

 

Figure 6-86. Evolution of gypsum and sulphate (top) as well as NaX, CaX2 and calcium 
(bottom) concentrations in the innermost cell as a function of number of water exchange
ge cycles for brackish water case. Shown for a model which assumes total porosity (including
luding interlayer water; in dark blue) and only external porosity (excluding interlayer water; 
in pink) available for water exchange (Wersin et al. 2013c). 
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The following part of the bounding analysis of step b) involved the estimate of the 
sulphide flux back into the buffer based on the concept of water exchange cycles and 
the flow data from the DFN model (Hartley et al. 2013a). Using the mean time for a 
water exchange of 10,600 years (see step a)), the rate of loss of sulphide to the rock can 
be estimated. Note that in this estimate the possible loss into the rock matrix is 
neglected. This can be compared to the rate of sulphide diffusive loss into the buffer, 
which is estimated from an assumed constant sulphide concentration at the buffer/rock 
interface and a linear decrease to the canister surface, where all sulphide is consumed by 
corrosion. Under these premises, 96 % of the sulphide diffuses into the buffer. For holes 
with shorter cycle times, such as 2000 years, the buffer flux is still 82 %. This highlights 
the effective transport resistance of the surrounding rock. 

In general, this simple model implicitly assumes that all of the sulphate in the buffer is 
reduced and dissolved as sulphide at once, which is not realistic. Specifically, this 
would imply an unlimited source of organic carbon supply for SRB and no binding of 
sulphide by other processes. In fact, immobilisation of sulphides by FeS and FeS2 
precipitation will occur, which will effectively reduce the flux of dissolved sulphide to 
the canister surface. 

Step c): The effect of iron sulphide precipitation and sulphide levels is assessed by 
thermodynamic calculations in the same manner as for the backfill case. The 
thermodynamic calculations for reference groundwaters contacting the buffer involved 
equilibrium with different forms of FeS and pyrite. The results shown in Table 6-58 
illustrate the large difference in sulphide concentrations depending on which iron 
sulphide controls sulphide levels. With pyrite as the most stable phase, low sulphide 
concentrations of about 10-9 mol/L are predicted. The highest solubility of 
1−210-5 mol/L, depending on the composition of the porewater, is obtained for (x-ray) 
amorphous FeS. 

As discussed in the backfill section (Section 6.8), the most probable FeS phases to form 
in the long term are mackinawite or an even more insoluble iron sulphide phase, such as 
pyrite. The expected sulphide concentrations are thus in the range of 0.2 mg/L or below. 
Higher concentrations occurring temporarily cannot be ruled out in case of high SRB 
activity and slow release of Fe(II) from mineral dissolution. Under such conditions, the 
highest sulphide concentrations in the groundwater contacting the buffer could increase 
to about 1 mg/L as suggested from FeS(am) equilibrium.  
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Table 6-58. Results from thermodynamic calculations of the sulphide production at the 
buffer/rock interface with different iron sulphide phases and different reference 
groundwaters. 

Mineral water-type pH pCO2 Fe(II)
mol/L 

S(-II) 
mol/L 

S(-II)
mg/l 

FeS(am) saline 7.40 -3.15 2.01E-05 1.77E-05 0.57 

brackish 7.60 -2.78 1.79E-05 1.21E-05 0.39 

dil./carbonate 7.80 -2.46 1.80E-05 9.95E-06 0.32 

mackinawite saline 7.40 -3.15 9.85E-06 7.51E-06 0.24 

brackish 7.60 -2.78 1.03E-05 4.48E-06 0.14 

dil./carbonate 7.80 -2.46 1.15E-05 3.39E-06 0.11 

pyrite saline 7.40 -3.15 2.35E-06 1.53E-09 4.92E-05 

brackish 7.60 -2.78 5.77E-06 5.81E-10 1.86E-05 

dil./carbonate 7.80 -2.46 8.07E-06 6.27E-10 2.01E-05 

 

Thermodynamic calculations were also performed for reference and bounding bentonite 
waters with the same assumptions as for those performed for the backfill. Thus, 
analogous to the backfill, siderite equilibrium with a saturation index of -1 is assumed 
here. Somewhat higher sulphide concentrations are obtained, in particular for the dilute-
carbonate rich water case. For such conditions, calculated sulphide concentrations are 
1 mg/L in equilibrium with mackinawite and  4 mg/L in equilibrium with FeS(am) . It 
should be noted that in the buffer no significant SRB activity is expected, as long as the 
safety functions of this barrier are met. Thus, a rise of sulphide levels beyond 
mackinawite solubility is highly unlikely. 

In summary, the sulphide concentrations arising from reduction of sulphate at the 
buffer/host rock interface are expected to be controlled by mackinawite equilibrium or a 
more insoluble iron sulphide, and thus are expected to be below 1 mg/L. 

Sulphide production by reactions with pyrite 

Pyrite, an accessory mineral in the buffer, is expected to play only a minor role in 
sulphide production. This is because of its very low solubility and its stability under 
reducing conditions. On the other hand, during the initial oxic stage, the residual oxygen 
may react with pyrite and lead to sulphate (e.g. Wersin et al. 1994). From the inventory 
of oxygen in the buffer, the maximum amount can be estimated assuming that all O2 
reacts with pyrite. This leads to about 9 mol SO4 per deposition hole, which is a small 
fraction of the total gypsum pool in the buffer (1.7 %) and, therefore, has not been 
considered for further analysis. 

The output of the model is discussed in Section 6.5.7 of Performance Assessment. The 
main conclusion is that sulphide content in bentonite porewater is foreseen to remain at 
the levels of the diffusing groundwater, which may include also a contribution from 
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some microbial activity at the buffer/rock interface (Section 6.9.3). Sulphide 
concentrations in the groundwater are derived under conditions of microbially-induced 
sulphate reduction in a disturbed zone adjacent to the buffer based on equilibrium with 
Fe sulphides. The results are discussed and evaluated in Wersin et al. (2013c) with 
kinetic information on the formation of FeS and FeS2. 

Confidence in the model and data 

From a mass balance viewpoint the sulphate pool in the buffer is much lower than the 
one in the backfill and its potential impact on canister corrosion is limited. With a 
gypsum content of 0.4 wt-% in the buffer (Müller-Vonmoos & Kahr 1983), a maximum 
amount of about 1 % of the Cu inventory could be corroded. Taking a somewhat large 
gypsum inventory of 0.64 wt-% obtained from the more recent analysis of Kiviranta & 
Kumpulainen (2011), the same mass balance calculations leads to a corrosion of 
maximum 1.7 % of the Cu inventory. 

The diffusive flux of sulphate out of the buffer is shown to be strongly influenced by the 
hydraulic properties of rock mass surrounding the deposition holes, i.e. how fast the 
sulphate can be transported into the rock. For the majority of the conditions expected, 
sulphate will be accumulated for rather long timescales – provided that microbial 
activity is limited – due to the transport resistance in the rock. Under conditions of 
sulphate reduction, sulphide may be produced fairly rapidly if constrained solely by the 
sulphate outflux from the buffer. The limited availability of electron donors, e.g. organic 
carbon may reduce sulphide production rates below those determined by the sulphate 
outflux. Due to the transport resistance in the rock, most of the produced sulphide is 
expected to diffuse back into the buffer. The sulphide flux will be constrained by 
precipitation of iron sulphides, and the sulphide concentration at the buffer/rock 
boundary will likely be limited by mackinawite equilibrium or equilibrium with an even 
more insoluble iron sulphide phase. Precipitation of iron sulphide within the buffer may 
further contribute to sulphide immobilisation as proposed by Luukonen et al. (2005). 
This is supported by the experiments by Muurinen (2001), who observed that MX-80 
could immobilise about 6 mg of sulphide per gram of bentonite. The reaction type could 
not be identified in detail, however. Precipitation of sulphide in the buffer would delay 
and limit its transport to the surface of the copper canister. 

The potential iron-limitation over short (transient) time spans is uncertain, as well as the 
transformation kinetics of metastable FeS to stable pyrite which is not known for this 
type of conditions. Data from the Olkiluoto fracture system suggest that the sulphide 
equilibrium is being controlled by mackinawite or thermodynamically more stable iron 
sulphide phases, such as pyrite. Soluble x-ray amorphous FeS appears to be unstable 
and rapidly transforms to mackinawite, as suggested from experimental evidence 
(Rickard & Luther 2007). 

The character of organic carbon in the buffer material is not known in detail but it 
probably consists to a large extent of humic and fulvic acids (SKB 2011, Section 10.2.4). 
The organic carbon content in the buffer is at most 0.28 %, representing about 75−94 kg 
of organic matter in one deposition hole, depending on the canister type (Karvonen 
2011). It has been assumed that humic and fulvic acids present in the buffer are assumed 
to be “very closely attached to the clay” (although the mechanism for this attachment is 
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not well understood) and not available for diffusion and microbial consumption. 
Therefore, organic materials in the buffer have not been considered in the estimate of 
available energy sources for bacterial activity. The assumed potential electron donors 
for sulphate reduction are dissolvable organic carbon in the host rock, methane and 
higher alkanes, and – to a minor extent – dissolved hydrogen in the groundwater. 

The extent of the effect of organic carbon biodegradation on pCO2 is unknown, but 
higher CO2 conditions than in the surrounding media could develop temporarily in areas 
affected by microbial activity. This process might locally induce a concomitant decrease 
in pH which would affect the solubility of Fe sulphides (see also the discussion in the 
backfill section). If a SRB zone at the buffer/rock interface develops, the local pCO2 
increase will – in the long run − likely be compensated for by buffering processes in the 
reservoirs of the buffer and the host rock.  

Regardless of the small likelihood of sulphide production occurring in the buffer, 
accelerated canister corrosion due to sulphide (combined with a chemically eroded 
buffer) is propagated to the formulation of release scenarios and its impact assessed in 
Assessment of Radionuclide Release Scenarios for the Repository System (see Section 
7.5.3 below). The results show that the uncertainty in sulphide production in the buffer, 
even combined with buffer erosion, does not have a significant impact on long-term 
safety.  

6.9.5 Effect of cementitious leachates on the buffer 

The effect of cementitious leachates on the buffer is discussed in Performance 
Assessment (Section 5.5.4) taking into account the process of montmorillonite 
transformation descried in Features, Events and Processes (FEP number 5.2.6).  

Description of the model 

Some of the deposition holes may be influenced by cementitious leachates formed by 
the degradation of low-pH concrete structures and cement grouts, which may lead to 
montmorillonite transformation and cementation effects at fracture/buffer interfaces. So 
far, there is no coupled model on the impact of cementitious leachates on buffer and 
backfill which integrates transport and chemical processes. A bounding mass-balance 
type analysis has been carried out in Performance Assessment and is discussed in 
Section 6.7. In addition to the bounding analysis, the performance of the buffer with 
respect to cementitious materials is assessed through experimental data and natural 
analogue data, discussed below.  

Key data 

There has been extensive laboratory and modelling work and long-term URL 
experiments on interactions between compacted clay and high pH fluids over the last 10 
years (e.g. Gaucher & Blanc 2006 and references therein, Gaboreau et al. 2011, Techer 
et al. 2012, Lehikoinen 2009, Savage et al. 2007). Most of these have been focused on 
high pH (hyperalkaline) fluids released from ordinary Portland cement. In general, the 
results indicate the formation of a limited zone of alteration (often termed “skin effect”) 
in the context of bentonite barriers.  
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There are a number of experimental studies which show the pH dependence of 
montmorillonite dissolution at different temperatures below 100 °C. The compilations 
of Huertas et al. (2008) and Rozalén et al. (2008, 2009a, b) indicate low dissolution 
rates between pH 4−10 and at a temperature of 25 °C at conditions far away from 
equilibrium. At pH values beyond 10, an increase in dissolution rates is noted, and this 
trend is enhanced at higher temperatures (Figure 6-87). At lower temperatures, and 
temperatures such as those relevant for the near field, the experimental data suggest that 
bentonite components are more stable, but in view of the very different timescales, 
quantitative statements in terms of transformation rates are difficult to make. 

Natural analogue studies of bentonite deposits in contact with hyperalkaline springs 
suggest only slight and localised mineralogical changes to the clay (Alexander & 
Milodowski 2011, Savage 2011). 

The mass balance approach used in Performance Assessment shows that even under 
pessimistic assumptions the amount of OH- from the cementitious leachates is too low 
to dissolve a large amount of montmorillonite in the buffer. If more realistic 
assumptions are used, the results suggest that the impact of high pH leachates on the 
buffer is negligible. The potentially largest impact occurs during the early period, in 
particular the operational phase due to the advective flux of high pH waters. Even for 
such a case, the impact is expected to be limited. 

 

 

Figure 6-87. Experimental dissolution rates of K-montmorillonite, normalised to initial 
mass, and calculated rates (Rozalén et al. 2009a). 

 



362 

 

 

Confidence in the model and data 

Although there is general consensus with regard to process understanding, there remains 
a lack of detailed knowledge of the reaction mechanisms and of the underlying 
thermodynamic and kinetic data. This is even more the case for the less alkaline 
conditions (pH 10−11) that are more relevant for the near field, since considerably 
fewer data are available. Therefore, a simple mass balance approach is adopted in 
Performance Assessment using pessimistic assumptions that should offset the 
uncertainties in the data. 

6.9.6 Long-term stability of montmorillonite 

The long-term stability of montmorillonite in the buffer is discussed in Performance 
Assessment (Section 7.4.5). It closely relates to the geochemical evolution of the buffer 
(Section 6.9.1) and takes into account the FEPs listed in that section.  

Description of the model  

No long-term reactive transport model has been used to assess the long-term stability of 
montmorillonite; the performance of the buffer has been qualitatively assessed in 
Performance Assessment considering the long-term impact of illitisation, precipitation 
of quartz and the effect of copper and iron. 

In general, few modelling studies for predicting mineral transformation including 
montmorillonite in contact with groundwater under repository conditions have been 
conducted (e.g. Arthur & Zhou 2005, Montes-H et al. 2005, Savage et al. 2010). The 
results highlight the large uncertainties in the underlying thermodynamic and kinetic 
data. Therefore, the performance of the buffer with respect to long-term stability of 
montmorillonite has been assessed based on experimental and natural analogue data, 
discussed in the following section. 

Key data 

From a thermodynamic viewpoint, montmorillonite stability under Olkiluoto-type 
conditions, and in more general terms in low temperature environments, is uncertain, 
mainly because of the lack of reliable thermodynamic data (e.g. Arthur & Zhou 2005, 
Savage et al. 2010). Early work (e.g. Garrels & Christ 1965) indicates a strong 
dependency of montmorillonite stability on silica activity and pH. The underlying 
thermodynamic data of Aagard & Helgeson (1983) and Garrels (1984) suggest that high 
silica activity is required to stabilise montmorillonite relative to illite, which is the stable 
phase in equilibrium with quartz (Figure 6-88).  

Precipitation of quartz may destabilise montmorillonite in favour of illite according to 
Abercrombie et al. (1994). Illitisation is a montmorillonite transforming process that 
may occur at high temperatures or at relatively low rates under low temperatures. Other 
thermally-induced processes, such as for example chloritisation or octahedral charge 
elimination by fixation of small cations have been shown to be limited to temperatures 
beyond those expected for the near field (e.g. Karnland & Birgersson 2006, Appelo & 
Wersin 2007). 
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Figure 6-88. Silicate mineral stabilities as a function of Si and K+/H+ activity at 25 °C 
(Aagard & Helgeson 1983). 

 

Illitisation can be schematically described by the following reaction: 

montmorillonite + K+ (+ Al3+) → illite + SiO2 + (Ca2+, Na+) 
 

 6-72 

The illitisation process is kinetically controlled and strongly depends on temperature. It 
principally involves two aspects: (1) an increase in layer charge and (2) the availability 
of potassium. It is also influenced by the activities of silica, aluminium, exchangeable 
cations and H+ in the porewater. By this process, silica is released and precipitates as 
SiO2, which may lead to cementation effects (see discussion on illitisation below). 

There are two types of studies that are used to constrain possible mechanisms and rates 
of smectite-to-illite conversion: (1) hydrothermal experiments, mostly of batch-type at 
temperatures of 200−450 °C, and (2) natural analogues, such as diagenetic studies on 
borehole samples from sedimentary basins. 

The strongest support for long-term montmorillonite stability at low temperatures is 
provided by natural analogues (e.g. Laine & Karttunen 2010). There exist numerous 
“high-quality” bentonites, ranging from thin beds to massive deposits with ages 
exceeding 50−100 Ma, which have been formed under a variety of conditions, thus in 
different hydrogeological and geochemical environments (e.g. Grim & Güven 1978). 
The main difference in bentonites displaying high montmorillonite content lies in the 
different cation exchange composition, which is explained by equilibration of the clay 
with the depositional environment via cation exchange reactions. An example of a 
natural analogue is given in Figure 6-89, where illitisation vs. temperature (calibrated 
for depth) curves for different sedimentary basins is reproduced. It can be seen that the 
spread is quite significant reflecting likely differences in chemical conditions, different 
burial histories, and differences in the details of the transformation mechanisms. Such 
data and similar data from contact aureoles of magmatic dykes in clay-rich rocks have 
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been used by Pytte (1982) and Pytte & Reynolds (1989) to derive a rate law for the 
smectite-to-illite transformation.  
 
At least two approaches may be envisaged to estimate the degree of illitisation during 
the thermal stage (the time period when the buffer temperature is above 50 °C): 

 Use of a kinetic rate equation assuming the expected potassium concentration 
but with no restriction on potassium supply and neglecting unsaturated 
conditions for some of this time period. 

 Use of mass transfer constraints to examine the maximum degree of illitisation 
allowed by the limited supply of potassium from internal and external sources, 
independent of any constraints on smectite-to-illite conversion rates and 
saturation history. 

For the first approach, the input parameters are the following: 

 [K+] = 11 mg/L or 60 mg/L for which the higher end represents an external K-
source, e.g. alkaline leachate (0.3 or 1.5 mmol/L), 

 time interval: 700 years for the canister/buffer interface, 

 maximum temperature: 90 °C. 

 

Figure 6-89. Percent illite in illite/smectite mixed layers as a function of temperature 
from different sedimentary basins. From Karnland & Birgersson (2006) modified from 
Srodon & Eberl (1984). 
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It is obvious from Figure 6-90 that the Pytte and Huang models (Huang et al. 1993) 
would predict near-to-zero-conversion, but some conversion would be predicted by the 
Cuadros & Linares models (Cuadros & Linares 1996). The latter estimate could be 
further refined in terms of different temperature segments that would result in reduced 
degrees of conversion. 

In Figure 6-91, calculations for the two Cuadros & Linares models are shown for 
0.3 mmol/L and 1.5 mmol/L of K+ and evaluated at temperatures from 50 to 90 ºC. 
Model B (Cuadros 5) predicts larger degrees of conversion compared with model A 
(Cuadros 1). 

 

 

Figure 6-90. Comparison of kinetic rate equations for the conversion of smectite to 
illite evaluated at 100 °C and at two different K+ concentrations (top: 0.005 M, bottom: 
0.1 M)  abridged from Karnland & Birgersson (2006). 
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Figure 6-91. Comparison of kinetic rate equations of Cuadros & Linares (1996) – 
model A on left and model B on right − for the conversion of smectite to illite evaluated 
at 50−90 °C and at two different K+ concentrations. 

 
The estimates that yield 12 % of illitisation at the canister/buffer location and 9 % at the 
buffer/rock location assume (1) saturated conditions at all times, (2) maximum 
potassium concentration, and (3) a conservative temperature approximation. Moreover, 
they are based on the models by Cuadros & Linares (1996), which are thought to 
grossly over-predict illitisation (as discussed below, see also Karnland & Birgersson 
2006). The models that are thought to be more realistic (e.g. Huang et al. 1993) do not 
predict any illitisation at all during the thermal period at these conditions. 

For the second approach, the input parameters are as follows: 

 Karnland & Birgersson (2006) calculated a required K+ amount of 81 kg per m3 
of fully saturated buffer (density 2000 kg/m3) for a complete conversion of 
smectite to illite (at a minimum content of 75 % montmorillonite). 

 Available K+ from internal sources is no more than 0.5 wt-% (dry bentonite) or 
approximately 0.8 kg/m3 of saturated buffer. 

 Available from water uptake (410 L/m3 of buffer) at 11 mg/L or 60 mg/L K+ 
yields 4.5 g/m3 and 26 g/m3 for groundwater or backfill water, respectively.  
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From the above data one may conclude that the potassium available from clay-internal 
sources and from the water uptake of groundwater or backfill water is no more than 
800−900 g per m3 of buffer which may be sufficient to convert only 1 % of the 
montmorillonite to illite. Any further progress of illitisation would have to be provided 
via slow diffusional influx from the surrounding groundwater or backfill porewater. 

In summary, the preferred published kinetic reaction rates predict no or only a very 
small degree of illitisation during the early evolution. Based on mass balance, only a 
very small amount of illitisation is possible, even if saturation (and hence K+ intake 
from groundwater) proceeds very rapidly. Natural analogues suggest that smectite-to-
illite conversion rates at relevant repository conditions are indeed slow − fairly 
comparable to those predicted by the Huang model derived from hydrothermal 
experiments. 

Abercrombie et al. (1994) suggest that there is a threshold temperature for quartz 
precipitation in the range of 40−60 °C based on sediment porewaters from the Ocean 
Deep Sea Drilling Program (Figure 6-92). However, at temperatures below 60 C 
(which will be the case for most of the buffer evolution period) the kinetics of 
transformation is exceedingly slow (in the order of millions of years) (e.g. Meunier & 
Velde 2004 and references therein). At higher temperatures, montmorillonite is 
thermodynamically destabilised in favour of illite but the transformation is still very 
slow below 100 °C and requires high amounts of potassium, which will not be available 
during the early evolution of the buffer (Features, Events and Processes, FEP 5.2.6). 

Copper-clay interaction 

The effect of copper corrosion (in particular Cu(I)) on bentonite has been studied in 
Section 7.4.4 of Performance Assessment. Corrosion of the canister leads to a release of 
copper ions, which may react with the bentonite buffer, besides forming corrosion 
products. This process is far more extensive under oxic conditions, in which released 
Cu(II) reacts strongly with the clay surfaces by cation exchange, surface sorption, 
polymerisation and surface precipitation (Morton et al. 2001, Strawn et al. 2004). 
Support for this interaction between the copper canister and bentonite is provided by 
data from the LOT A2 experiment at the Äspö HRL, in which a heated copper tube was 
contacted with compacted MX-80 bentonite for a period of five years. The clay in the 
contact area with a thickness of 2 cm showed significant loading with copper, but the 
copper concentration in clay rapidly decreased to background levels beyond this area 
(Karnland et al. 2009). A similar type of steep copper profile in the clay was observed in 
small-scale laboratory experiments in which compacted MX-80 emplaced in copper 
vessels was contacted with NaCl solutions for eight years (Kumpulainen et al. 2010). In 
both studies, the conditions that led to this behaviour of copper were interpreted to arise 
from corrosion with molecular oxygen that was initially present in the experimental 
systems. 

Under anoxic conditions, the corrosion rates are much lower and controlled by the flux 
of sulphide and the formation of an insoluble copper sulphide layer (Section 6.8.2). 
Thus, the amounts of Cu, present as Cu(I) released to solution are very low. In contrast 
to Cu(II), the interaction of Cu(I) with the clay is expected to be rather weak, as 
indicated from diffusion data (King et al. 1992, King & Wersin 2013). As illustrated in 
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Figure 6-93, the copper profiles in compacted bentonite differ considerably depending 
on whether Cu(II) or Cu(I) is the main oxidation state. In the latter case, where anionic 
species (e.g. CuCl2

-) predominate, copper concentrations in the clay are much lower, but 
extend farther into the clay. This is because of the weak affinity of the Cu(I) complexes 
for clay surfaces. Results from the LOT A2 experiment also showed no effect of copper 
loading on swelling pressures or hydraulic conductivities (Karnland et al. 2009). This 
seems to indicate that the properties of the buffer will not be affected by copper 
corrosion, even for the innermost parts that will contain some copper from the initial 
oxic corrosion period. 

 

Figure 6-92. Silica activities for porewaters from the Ocean Drilling Program sites 794 
and 795 and saturation curves for amorphous silica, smectite-to-illite reaction and 
quartz (Abercrombie et al. 1994). 

 

 

Figure 6-93. Schematic concentration profiles observed in compacted bentonite in 
contact with corroding copper under conditions in which either (a) copper(II) or (b) 
copper(I) species predominate (from King & Wersin 2013). 
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Iron-clay interaction 

Iron corrosion products leaching out from a failed canister will also interact with the 
buffer. Upon contact with water, corrosion of the iron material inside the canister will 
occur, leading to hydrogen generation and corrosion products (principally magnetite). 
The interactions between the iron released by corrosion of the iron insert and the clay 
buffer will be restricted by mass transport limitations through the canister defect unless 
corrosion leads to significant canister damage. Thus, the Fe(II) flux is constrained by 
the defect size and the porosity in the interfacial defect area. Moreover, this diffusion 
limited rate is dependent on the Fe(II) diffusivity and the concentration gradient in the 
porewater between the source and the unaffected bentonite porewater. As long as the 
one small or several small defects remain on the canister, the corroding surface area and 
the resulting transfer rate of Fe(II) will be low. 

The fate of corrosion-derived Fe(II) entering the buffer will depend on a number of 
factors, including diffusional constraints, the geochemistry of the porewater and the 
kinetics of the reactions with the clay, the latter of which are not well known (Savage et 
al. 2007, Wersin et al. 2007). Reactive transport calculations which have been carried 
out for the interaction of the supercontainer shell and the buffer in the KBS-3H 
repository design indicate that the buffer will be affected by cementation and 
montmorillonite transformation processes, but that the extent of alteration will remain 
spatially limited to a few cm for very long times (Wersin et al. 2007; Gribi et al. 2008, 
Section 4.7.1). Although not investigated by modelling, the extent of alteration from 
insert corrosion is expected to be even more limited, owing to the small contact area 
between the two materials and the consequent limited mass transfer through the 
canister. 

Confidence in the model and data 

Confidence in the modelling of long-term stability of montmorillonite is affected by the 
large uncertainties in the underlying thermodynamic and kinetic data and no clear 
conclusions can be drawn based on such model data. However, the geologic record is 
clear. Slow kinetics and especially observations from natural systems indicate long-term 
persistence of montmorillonite at low temperatures (i.e. T < 100 C) over a large range 
of geochemical conditions.  

Conceptual uncertainties related to environmental conditions and to parameter values 
cannot be rigorously quantified. The kinetic rate equations are certainly not more 
accurate than an order of magnitude in terms of time involved. The uncertainties in 
temperature dependence, and those related to potassium concentration per se are much 
smaller. The uncertainties related to thermal effects on montmorillonite transformation 
and on cementation (e.g. illitisation) have been assessed by simplified bounding 
analyses. The derived maximum extent of montmorillonite transformation due to the 
impact of high pH cement leachates will be further considered during the current 
research programme 2013−2015 (Posiva 2012). 

Interaction between corrosion-released Cu(II) and the clay will occur and copper ions 
will eventually migrate into the bentonite buffer. Once the conditions become reducing, 
the flux of released copper will become much less, while an insoluble copper sulphide 
will slowly build up at the canister surface. During the long-term stage of anoxic 
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corrosion, very little interaction between corroded copper and the clay, and no influence 
on performance, is expected, based on experimental evidence. 

The impact of iron corrosion products on the buffer has been studied in the context of 
the KBS-3H repository design, but the impact of a breached canister on clay has not 
been explicitly addressed. The swelling potential of the buffer at the canister/buffer 
interface will likely be altered by the corrosion products, however, this does not affect 
the containment function of the canister, since it has been already breached. The main 
consequence on the buffer could be on its colloid filtration function. However, the 
colloid filtration function depends on its density and pore size. The buffer is expected to 
maintain its rheological properties and, thus, provide a colloid filter, as long as its dry 
density remains > 1400 kg/m3 (Section 5.4.1 in Performance Assessment). In Sections 
9.4.2 and 9.4.3 of Performance Assessment it has been concluded that the buffer density 
will remain within the target range throughout the assessment period, except in the case 
of severe chemical erosion during subsequent glacial cycles. 

The uncertainties in the long-term stability of montmorillonite have been taken into 
account in the complementary case CS3-COLL of Assessment of Radionuclide Release 
Scenarios for the Repository System (Section 7.7), where intrinsic colloids formed in the 
internal void space of the canister escape following erosion of the buffer. Moreover, the 
possibility that the capacity of buffer to filter intrinsic colloids formed within or around 
the canister could be lost is considered in the context of scenarios VS2 and RS-DIL 
addressing chemical erosion of the buffer (Sections 12.2.3 and 12.4.2 of Assessment of 
Radionuclide Release Scenarios for the Repository System). 

6.10 Mechanical erosion of buffer and backfill  

Mechanical erosion of the buffer and backfill is discussed in Performance Assessment 
(Section 5.4.2). It depends on groundwater flow (FEP 8.3.5) and relates to FEPs (5.2.3, 
6.2.3 “mechanical erosion”) in Features, Events and Processes.  

Mechanical erosion is the displacement of clay by groundwater flowing in piping 
channels. Current estimates for mechanical erosion amounts are based on down-scaled 
tests of representative buffer or backfill material where the amount of eroded material is 
measured from effluent samples. The amount of erosion is first measured in the down-
scaled tests and then it is scaled up by conservative estimates to the time-scales and 
sizes relevant to the repository.  

6.10.1 Description of the model  

The clay sample used in the down-scaled tests for quantitatively estimating buffer 
erosion is representative of the buffer in the sense that it contains both buffer block 
elements and a pellet filling (Pintado et al. 2013). To support the down-scaled tests and 
to provide information for the up-scaling, hole erosion tests have been performed at 
laboratory scale for buffer block material, pellet filling material and backfill block 
material (Sane et al. 2013). These laboratory tests also provide basic information on the 
processes and parameters involved in the piping erosion phenomenon in swelling clay. 
In well-controlled laboratory erosion tests it is possible to isolate and observe the effects 
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of changing different parameters, such as sample size, solution salinity, solid density of 
the sample, water content of the sample and flow rate. 

The current estimate for mass loss via mechanical erosion is based on the following 
conceptual understanding and assessments: 

 Mass loss by erosion is calculated based on empirical data. The model accounts 
for the differences between the laboratory experiments and the repository (e.g. 
geometry scale, volume of water) by extrapolating the data with assumptions 
that are pessimistic to performance. The method is called “conservative 
upscaling” below.  

 The total mass loss is calculated, and considered as the important criterion. The 
distribution of the mass loss within the buffer is not considered quantitatively, 
and neither is the redistribution of swelling pressures although local density 
differences may remain. 

 Mechanical erosion is limited by the available open volume in the pellet fillings 
of buffer and backfill. This volume of groundwater can flow with high pressure 
head into the buffer and/or backfill from rock fractures. 

 Higher erosive mass loss per unit volume of flowing water occurs with a higher 
rate of flow. Thus, the relevant worst case is taken as a single piping channel and 
the maximal flow rate in this channel. The flow rate to a single deposition hole is 
bounded by rock suitability criteria (McEwen et al. 2012) in repository design. 

An alternative, empirical mechanical erosion model formulated by Sandén & Börgesson 
(2010) is also briefly considered below. This model is based on data from down-scaled 
tests and pellet-filling tests under varying conditions. In this alternative model the 
conceptual assumptions and understanding are the same as above, but a different 
method is used to scale up to the relevant repository scale. 

The current estimate for total mass displaced by mechanical erosion is obtained by the 
following formula, which scales up a test at length  to length  (Sane et al. 2013): 

∙ ∙   
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where  (g) is the accumulated erosive mass loss,  (L) is the total volume of water 
flowing through a piping channel,  (m) is the up-scaled length i.e. the relevant length 
in the buffer or backfill that the piping channel is considered to traverse,  (m) is the 
sample size the piping channel penetrates in the down-scaled test, and finally  (g/L) is 
the measured effluent solid concentration in the test.  

6.10.2 Key data 

The total mass of eroded buffer is calculated based on the assumption on the amount of 
deposition holes affected, the maximum water volume available for erosion and the 
effluent solid concentration. 
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As reported in Performance Assessment (Section 5.4.2), it is assumed that at most 1/3 of 
the canister positions are such that some piping-related erosion in the buffer cannot be 
ruled out based on the DFN model and using a threshold inflow of 0.001 L/min. The 
threshold inflow is based on observation of pipe channels sealing at flow rates in the 
range 0.01−0.001 L/min (Suzuki et al. 2012). Inflows < 0.001 L/min are either absorbed 
by the clay or, if a piping channel was formed, it would close before significant erosion 
took place in the buffer.  

The maximum water volume available for erosion is calculated from the total open 
volume in the buffer and backfill pellet fill and in the gaps between the backfill blocks. 
The void volume within blocks and individual pellets is excluded from the open volume 
calculations because when water enters these voids it leads to saturation and swelling of 
the clay, which is a counterforce to erosion. The pellet and gap related void volume is 
~620 m3 assuming a tunnel length of 350 m for a theoretical cross-section of 14 m2 
(OL1−3) with an average over-break of +18 %. If some plug leakage is taken into 
account (for example +20 %, see e.g. Sane et al. 2013), the maximum accumulated 
volume of eroding water in a tunnel is estimated to be ~740 m3. It should be noted that 
this approach does not take into account any swelling in the buffer or backfill materials.  

According to the groundwater flow modelling results on the distribution of water 
inflows to deposition holes and tunnels, there are always several inflow points in most 
of the deposition tunnels and there is inflow to at least 2−3 deposition holes in a tunnel 
(see Performance Assessment, Section 5.4.2, based on Hartley et al. 2013b, Figures 3-
10, 3-12 and 3-23). Based on this, at most 370 m3 of the eroding water can originate 
from inflow to a single deposition hole. This amount corresponds to half of the total 
amount of eroding water (740 m3). 

The effluent solid concentration  is obtained from down-scaled, transparent cell 
erosion tests (Sane et al. 2013, Pintado et al. 2013). A photograph of the test setup is 
given in Figure 6-94. Materials, conditions and processes that affect piping erosion have 
been described in the mechanical erosion report (Sane et al. 2013). The base case uses a 
flow rate 0.1 L/min and a solution concentration of 10 g/L TDS (current Olkiluoto 
groundwater simulant) with a Ca2+/Na+ mass ratio of 1:2.  

Mechanical erosion of the backfill has been addressed with hole erosion tests with 
400 mm long samples on Friedland clay blocks that match current Posiva specifications 
for backfill (Sane et al. 2013). In these tests, a cylindrical block sample is prepared with 
a small hole along the axis, which serves as the initial flow channel, and a flow is 
pumped through. It should be noted that the flow pattern in the backfill differs from that 
of the buffer, and the pinhole tests discussed above have been performed with the 
buffer-specific 0.1 L/min flow rate. The results in the base case for backfill blocks are 
shown in Figure 6-95. The main finding from these tests is the conservative estimate of 
10 g/L of erosion that is observed for backfill blocks per 400 mm of length. This result 
is consistent with the earlier assessment of maximal erosion of 35 g/L in a larger scale 
(approximately 5 times larger) test (Performance Assessment, Section 5.4.2 based on 
Dixon 2008).  

In Performance Assessment (Section 5.4.2), the same linear upscaling method used for 
the buffer erosion was applied leading to a backfill mass loss of 26,000 kg (using Vw of 
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740 m3 and erosion rate of 35 g/L). However, the upscaling model used for buffer 
erosion cannot be applied to the backfill because very long piping channels can be 
present in the deposition tunnels. In this case, the upscaling ratio becomes too high. 
Such a linear upscaling would lead to solid amounts in water equivalent to a slurry 
rather than representing piping erosion and this is not supported by the overwhelming 
majority of erosion tests (Dixon et al. 2008, Sanden & Börgesson 2010, Andersson & 
Sandén 2012, Sane et al. 2013). 

Larger tests are planned for the research period 2013−2015 (Posiva 2012), which will 
form the basis for up-scaling to obtain a reasonable estimate for mechanical erosion in 
backfill. If slurry-like flows are indeed observed, they need to be treated separately from 
mechanically eroding flows, as the governing physical processes are different. 

 

Figure 6-94. Transparent cell tests performed at B+Tech. The left image presents an 
overhead view showing the sample cell content with bentonite blocks and pellet fill; the 
right image shows the test setup in general with the inlet and outlet visible on the 
cylinder walls. The height of the sample is 800 mm, the bentonite block column is 
210 mm in diameter, and the pellet filled gap is 30 mm. Solution was pumped into the 
cell from the bottom inlet and effluent was collected from the top outlet (Pintado et al. 
2013). 

 



374 

 

 

 

Figure 6-95. Effluent solids concentration from a transparent cell test using MX-80 
blocks and MX-80 pellet fill between the gap from blocks to cylinder wall (5 cm gap). 
The flow rate was set for approximately 0.1 L/min with a solution salinity of 10 g/L. 
During the course of the test, piping channels were observed and eroding mass was 
measured in the effluent (Sane et al. 2013). 

 

Table 6-59. Hole erosion test results for Friedland clay blocks close to backfill 
specifications (the bulk density was 10 % lower). The effluent at inflow is Olkiluoto 
groundwater simulant at 10 g/L TDS and the flow rate 0.1 L/min (Sane et al. 2013).  

 
Cell length 

[mm] 

 
Salinity 

[g/L] 

 
Mass 

loss [g] 

 
Measurement 
duration [h] 

 
Average 

effluent solid 
concentration 

c [g/L] 

400 10 2962 71 7.0 

400 10 2482 71 5.8 

400 10 3264 72 7.6 

400 10 3327 72 7.7 

400 10 4349 99.5 7.3 

400 10 3793 99.5 6.4 

 

Since the estimate for mechanical erosion rests on measuring effluent solid content at 
the outflow of small-scale tests, the accuracy of these measurements directly affects the 
accuracy of the erosion estimate. As illustrated in Figure 6-95, the measurements result 
in significant scatter, with the erosion rate assessed at 0.3±0.2 g/L. The solid content of 
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effluent is analysed by drying a sample of the outflow at 105 °C, which yields both the 
eroded clay material and the salts from the groundwater simulant (~10 g/L). Eroded 
material is obtained as the difference in solid content between the outflow sample and a 
reference sample taken from the inflow. Furthermore, not all water is evaporated from 
the samples at 105 °C, some water still being bound to CaCl2. Since the eroded clay 
material is a small amount (~0.3 g/L) compared to the total TDS (~10.3 g/L), relatively 
large scatter in the data is expected. In fact data points with negative erosion amount are 
expected and observed within the experimental scatter. These are removed from the data 
in Figure 6-95, which is another factor making the erosion estimate more conservative. 

In addition to the measurement stochasticity, the physical process of mechanical erosion 
in bentonite is expected to be stochastic in nature. This entails the bentonite material not 
being evenly eroded and carried away by the effluent flow in the piping channel. Rather, 
the erosion can be expected to occur in bursts since the material is inhomogeneous in 
nature. The nature of stochasticity in erosion of compacted bentonite is poorly 
understood, and stochasticity is expected to play a part in both the detachment of clay 
material into the flow as well the transport of the material in the flow (Sane et al. 2013). 
The primary means to deal with stochasticity is via gathering of statistics by repetition 
of measurements and tests. Both experimental scatter and any physical stochasticity in 
the underlying erosion process are reflected in the observed transport rate, 0.3±0.2 g/L. 
This complicates the assessment of the role of stochasticity in the physical processes of 
erosion. 

There exist some observations of unusually high mechanical erosion rates in the 
literature (Sandén & Börgesson 2010, Sane et al. 2013), with values as high as 120 g/L 
reported for peak erosion rates. Current understanding is that these high observed 
erosion rates correspond to the material in a relatively large volume being turned to a 
slurry upon wetting and clay material being displaced not by the process of piping 
erosion, but by flowing as a thick fluid or paste (Sane et al. 2013). This phenomenon 
and such high erosion rates have not been observed in conditions and materials that are 
representative of the EBS design. Current understanding is that paste-like flow can 
occur when bentonite blocks are significantly less compacted (low bulk density) and 
have lower initial water content than in current Posiva specifications (bulk density 
~2000 kg/m3, water content ~17 %). 

6.10.3 Confidence in the model and data 

The results in the Performance Assessment show that, even using extreme assumptions 
(see Section 6.10.2) the amount of buffer and backfill lost due to piping and erosion is 
not sufficient to jeopardise the performance targets for these components. Nonetheless, 
better refinement of the model is needed to allow using less conservative assumptions 
and obtain a more realistic description of the process. A conceptual uncertainty in the 
current erosion model lies with the assumption of higher flow rates causing the higher 
erosion per amount of inflow. For non-swelling material this follows from shear caused 
by pipe flow and shear-based erosion theory (Benahmed & Bonelli 2012). The shear-
based erosion theory has been shown to adequately describe piping erosion in non-
swelling clays (ibid.). No respective theory exists for swelling materials as the process 
of swelling makes the phenomenon more complex. The application of the shear erosion 
theory to swelling clays is considered in more detail in Sane et al. (2013). 
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The theory of erosion in non-swelling material can conceptually be applied to the 
swelling case by assuming that the role of swelling is to decrease the width of a piping 
channel. This concept leads to a potential maximum of erosion when the rate of flow is 
as small as possible while still keeping the piping channel open. A low piping erosion 
rate is maintained for a very long time. This swelling dominated type of erosion is 
related to sealing of piping channels, for which future studies are planned (Posiva 2012, 
Section 5.4.2.2). 

Results from Andersson & Sandén (2012) and Sandén & Börgesson (2010) indicate 
slightly lower erosion for pellet filling material when flow rates decrease. However, the 
pellet filling material has remarkably lower swelling potential than a compacted buffer 
block and thus is expected to behave more like a non-swelling material. More erosion 
rate tests to assess erosion of buffer blocks at varying flow rates are scheduled for the 
research period 2013−2015 (Posiva 2012, Section 5.4.2.2). 

Erosion in deposition holes with low inflows is not expected to be an issue in the 
repository, however, because the open volume will be filled from other sources, such as 
flows into the tunnel. Thus, in the case of very low inflow, sustained erosion due to 
bentonite swelling into the pipe channel over the long term is highly unlikely. The 
lowest flow rates at which piping channels can be maintained open in compacted 
bentonite at pressure up to the expected hydrostatic pressure at repository depth of 
4 MPa are planned to be investigated in the research period 2013−2015 (Posiva 2012, 
Section 5.4.2.2). 

The down-scaled tests that the erosion estimate is based on are performed in thin-walled 
plastic cells that yield, thereby not allowing maximal swelling pressures to build up 
inside the test cells. This is a difference between the test setup that is representing the 
buffer in small scale, and the actual repository. This affects piping erosion estimates 
because increased swelling potential in the clay is expected to push more material 
towards the piping channel, a process that increases erosion and that the transparent 
small-scale test does not account for. However, similar small-scale tests have been 
performed in steel cells as well (Pintado et al. 2013), and while the results of all the 
down-scaled tests are not yet combined in the current erosion estimate, the preliminary 
results from the steel cell tests do not show significant increases in erosion due to build-
up of overall swelling pressure in a confined space. It is expected that under confined 
conditions the erosion rate will drop more slowly in time compared to conditions where 
swelling pressure cannot build up. This is due to the swelling pressing clay towards the 
piping channel in confined conditions. This issue is already conservatively incorporated 
in the linear upscaling in flow amount ( ∝ ) since the early erosion is measured 
and no drop in erosion rate is assumed at later times. 

If inflow to a single deposition hole occurs from several different sources, there are 
observations that indicate that there is a tendency for the flow to focus onto a single 
piping channel (Pintado et al. 2013, Suzuki et al. 2012). This tendency is stronger if the 
sources are fed by connected pressure sources. Considering two channels from the same 
pressure source the channel with larger diameter will grow and the channel with smaller 
diameter will swell shut. This process is observed in how a single piping channel 
evolves in a pellet filling where water initially flows as front (Andersson & Sandén 
2012, Pintado et al. 2013), and also has been tested with the down-scaled test setup by 
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employing a multiple inlet system fed by a single pump (Pintado et al. 2013). These 
observations increase confidence that the single piping channel case is indeed the 
relevant one. 

Current models and data for mechanical erosion do not directly consider the localisation 
of the mass loss. The objective has been to predict the amount of total mass loss, but it 
is understood, especially from the small-scale tests (Pintado et al. 2013), that most of 
the mass will be lost from around a single piping channel. This channel will migrate 
slightly as the surrounding bentonite swells inhomogeneously, but the majority of the 
mass loss is expected from around the initial piping channel. Furthermore, if initially 
several piping channels are present from several sources, the expected evolution of the 
system to a single channel implies that the mass loss will be localised to a single 
channel.   

Laboratory scale hole erosion tests (Sane et al. 2013) have led to the conclusion that 
mechanical erosion depends on buffer block water saturation at installation. In terms of 
water content, it is found that the water content that is close to the specifications 
reported in Buffer Production Line is found to closely correspond to maximal erosion 
resistance. The specified water content is also close to optimal water content in terms of 
leading to maximal bulk density at compaction (with fixed compacting pressure). 
Maximal erosion resistance and optimal water content for block bulk density are thus 
related and the water content of the block is identified as an important property affecting 
mechanical erosion. Compaction with higher pressure leads to a higher density of the 
block at fixed water content. Higher density is expected to correspond to higher erosion 
resistance. The erodibility of the blocks is not significantly sensitive to small changes in 
their water content (~20 % difference in the amount of water) (Sane et al. 2013); 
however, significantly higher erosion has been observed in cases where block 
conditions had larger deviations from the specifications (ibid.). 

Due to the uncertainties remaining in the conceptual understanding of the mechanical 
erosion process, the erosion approach used in Performance Assessment is based on 
measurements from small-scale tests that are designed to correspond to the relevant 
worst-case conditions in the deposition hole. Therefore the confidence in the model 
rests on the fact that the downscaled tests reproduce the relevant materials, conditions 
and processes that occur in repository conditions. To address the uncertainties in the 
conditions (e.g. flow rates), conservative estimates for the worst case have been applied. 
Measurement results are scaled up for the buffer in a conservative manner using the 
presented model for the piping erosion estimate. Based on laboratory erosion 
experiments on buffer and backfill materials (Sane et al. 2013, Andersson & Sandén 
2012), erosion estimates with the current model are considered to be conservative with 
respect to both spatial and temporal scaling. The spatial scale involves the length  
versus  term, and the temporal scale involves the amount of water flow  (because 
constant flow in L/min is assumed). Linear up-scaling of erosion mass loss in both 
extent and time is assumed in the expression given for the erosion model. However, 
laboratory erosion tests show slower than linear scaling in both  and . In order to 
account for such effects, the above erosion estimate can be generalised as a sub-linear 
power law with:  
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where the exponents 0 , 1 indicate how much slower than linear the scaling of 
erosion is. Since the purpose of the scaling of erosion is to obtain an upper-limit 
estimate, with the above form it translates to determining  and  to be as low as 
possible but still constitute a confident upper limit. The issue with this kind of scaling is 
that both  and  are expected to depend on conditions. As such, it has not yet been 
deemed possible to give confident upper limits for  and , and for this reason the most 
conservative approach with 1  has been employed. A corollary of this 
conservative choice of scaling model is that running larger tests for longer times is 
expected to yield smaller upper limit estimates for erosion due to smaller scaling ratios. 

There is no a priori reason for sub-linear scaling to be of the power-law form presented 
above. The power-law is simply a convenient fit that captures non-linearity in a simple 
manner, but in theory any scaling function in the spatial and temporal scales would be 
equally valid.  

An alternative model for mechanical erosion proposed by Sandén & Börgesson (2010) 
assumes up-scaling in time with 0.65, and does not consider scaling in erosion 
channel length ( 0). Analysing results from different down-scaled tests, the authors 

obtained 0.02…2.0	 . 1.8…180 .  (g and l represent the units, either 

grams of eroded solid per gram or litre of effluent water). The wide range (two orders of 
magnitude) in their value of  is largely explained by putting together results from 
different tests for the analysis. Using the worst case inflow estimate (370 m3, see 
Performance Assessment, Section 5.4.2) this model leads to the buffer erosion estimate 
of 7.5…750 kg for the buffer in a single deposition hole. Regardless of the wide range, 
the upper limit in this estimate is somewhat lower than the current erosion estimate 
presented in this report. The main reason for this is expected to be the conservative 
scaling in channel length which the current model entails. 

The Performance Assessment approach and other alternative approaches were used to 
identify the main parameters and drivers for mechanical erosion and to develop a 
physical model for this process, as described in Sane et al. (2013). While an improved 
model is desirable to show process understanding, the approach used in the 
Performance Assessment shows that, even using bounding assumptions, the 
uncertainties do not affect the long-term performance of the buffer and backfill. 
Therefore, the uncertainties mentioned above have not been brought forward to the 
Formulation of Radionuclide Release Scenarios. Experimental work continues at 
different scales in order to improve understanding of the processes affecting the 
formation and termination piping channels in buffer and backfill materials. The bulk 
density of blocks, pellets and material adjacent to an eroded channel are the key 
parameters being monitored in erosion tests. The impact of water inflow rate and the 
identification of threshold inflow to initiate piping are also topics under investigation 
along with theoretical work to improve process understanding (see Chapter 8 based on 
Section 5.4.2.2 of Posiva (2012)).  
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6.11 Chemical erosion of buffer and backfill  

Chemical erosion of the buffer and backfill is discussed in Performance Assessment 
(Section 7.5) taking into account the following FEPs in Features, Events and Processes 
(FEP number in parentheses): 

 Chemical erosion (in the buffer) (5.2.4), 

 Advection (in the buffer) (5.3.5), 

 Colloid transport (in the buffer) (5.3.6), 

 Chemical erosion (in the backfill) (6.2.4) 

 Groundwater flow (8.3.5) 

 Rock-water interaction (8.2.7) 

 Climate evolution (10.2.1) 

 Glaciation (10.2.2). 

With respect to erosion, extruded buffer or backfill material continues to expand into an 
intersecting fracture until it begins to flow in a gel state, clay particles are removed from 
the extruded front due to shear forces of the flowing groundwater and/or it disperses as 
a colloidal sol, which is transported away (see Figure 6-96).  

Bentonite consists primarily of the clay mineral montmorillonite, which lends to the 
material its substantial swelling ability when in contact with aqueous solutions 
(Karnland et al. 2006). The free swelling behaviour of montmorillonite is strongly 
dependent on the nature of the exchangeable cations and the chemistry of the external 
aqueous phase (Birgersson et al. 2009). For montmorillonite dominated by small, 
monovalent cations (Na+, K+), the swelling at low ionic strength can be sufficient to 
effectively form a colloidal dispersion. At solids contents below 2 to 4 % and ionic 
strengths below 10 mM, sodium montmorillonite dispersions are characterised as being 
sols, i.e., stable colloid dispersions (Abend & Lagaly 2000, Michot et al. 2004). It is 
considered that at or near the sol/gel transition the suspended material is most erodible. 

6.11.1 Description of the model 

In order to quantify the buffer and backfill mass loss through an intersecting, 
transmissive fracture for Posiva’s performance assessment, a model developed by KTH 
(Royal Institute of Technology), Sweden (on behalf of SKB), to predict the rate of 
erosion of bentonite material in low ionic strength water in rock fracture environments 
was used. This model is described in Neretnieks et al. (2009, Chapters 5 and 6), Liu et 
al. (2009) and Moreno et al. (2010, Chapter 2). In order to evaluate the steady-state rate 
at which bentonite enters a fracture and is eroded by flowing groundwater, three 
interdependent submodels describing 1) expansion of montmorillonite, 2) transport of 
sodium ions in montmorillonite porewater and 3) flow of montmorillonite gel/sol are 
employed.  
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Figure 6-96. Depiction of chemical erosion of buffer material in an intersecting, 
transmissive fracture. 

The expansion of montmorillonite into a fracture is described by a dynamic force 
balance model for colloidal particles, which takes into account gravitational and 
buoyant forces, frictional forces, thermal motion, van der Waals forces and electrostatic 
forces. This submodel is described in detail in Neretnieks et al. (2009, Chapter 6) and 
Liu et al. (2009) and it is summarised in Moreno et al. (2010, Chapter 2). 

The transport of sodium ions in montmorillonite porewater is described by the 
advection-diffusion equation, utilising a diffusion coefficient that is an assumed 
function of the montmorillonite volume fraction. This approach is described in more 
detail in Moreno et al. (2010, Chapter 2). 

The flow of the montmorillonite gel/sol fluid is modelled by a modified Darcy equation 
accounting for the varying viscosity of the fluid. The viscosity of montmorillonite 
gel/sol fluids are experimentally known to vary with density and ionic strength, and for 
chemical erosion modelling an empirical relationship between fluid viscosity and co-
volume fraction (which includes the influence of the diffuse double layer) is used. The 
viscosity relationship is defined in Neretnieks et al. (2009, Chapter 5). The application 
of the Darcy equation and the viscosity relationship to the erosion of bentonite is more 
thoroughly described in Neretnieks et al. (2009, Chapter 7) and Moreno et al. (2010, 
Chapter 2). 

Ultimately, to quantify the rate of advective loss of buffer or backfill material, the 
submodels described above are coupled and simultaneously solved numerically. The 
outcome of such modelling is displayed graphically in Figure 6-97. Key data concerning 
the fracture aperture size, water velocities, diameter of deposition hole, 
montmorillonite/water fraction at the fracture/deposition hole interface, and water 
chemistry are given in Section 6.11.2. 
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Figure 6-97. Montmorillonite release rates for different water velocities (data from 
Moreno et al. 2010, Table 2). Line through the data represents a power-law fit. 

 

The montmorillonite release rate, r (kg/a), is found to be proportional to the water 
velocity, v (m/a), to the power of 0.41 and directly proportional to the fracture aperture, 
 (m), as: 

r = 27.2  v0.41 
 

 6-75

and it is this fitted expression that is used by Posiva to estimate buffer erosion for 
performance assessment purposes (Section 7.5 in Performance Assessment)22 . This 
relationship was also used by SKB to model buffer erosion under low ionic strength 
conditions in SR-Site (SKB 2011). 

The results of a number of parameter sensitivity analyses on the chemical erosion model 
are reported in Moreno et al. (2010), including both the impact of the montmorillonite 
volume fraction at the initial interface and the bentonite material source diameter, which 
are directly relevant to chemical erosion of backfill material. These analyses indicate 
that when the montmorillonite volume fraction is reduced from 0.6 to 0.2, which 
approximately corresponds to the montmorillonite volume fractions of MX-80 bentonite 
and Friedland clay, respectively, the resulting relative erosion rate is reduced only by 
8 %. In regard to source diameter effects, an increase in bentonite material source 
diameter from 1.75 m (deposition hole) to 5 m (deposition tunnel) results in a relative 
erosion rate increase of less than a factor of two. 

                                                 
 

22  In Posiva’s formulation transport aperture, 2b, rather than fracture aperture, , is used in the release rate expression; these 
quantities are related as 2b = . 
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Given the non-linearity of the model results, a set of additional model calculations 
taking into account both the larger cross-sectional area of the deposition tunnel and the 
lower montmorillonite content of the tunnel backfill material were performed and 
reported in Olin (2013). The corresponding montmorillonite release rate, r, is found to 
be proportional to the water velocity, v, to the power of 0.598 and directly proportional 
to the fracture aperture, , as: 

r = 20.7  v0.598 
 

 6-76

and it is this fitted expression that is used by Posiva to estimate backfill erosion for 
performance assessment purposes (see Section 7.5.4 in Performance Assessment). 

6.11.2 Key data 

Key data used in the modelling of the rate of advective loss of buffer or backfill material 
are fracture aperture (1 mm), fracture orientation (horizontal), deposition hole diameter 
(1.75 m), water velocities (varying from 0.1 to 315 m/a), montmorillonite volume 
fraction at the fracture/deposition hole interface (0.4, kept constant), sodium 
concentration (10 mM, kept constant), and sodium concentration in the flowing water 
(0.1 mM, kept constant). In order to quantify buffer or backfill mass loss due to 
chemical erosion using the model-based expressions described above, additional data or 
information regarding the definition, occurrence and duration of sufficiently dilute 
groundwater compositions, the groundwater velocity in intersecting fractures over the 
relevant durations, and the transport apertures of these fractures for each affected 
position are required. These are discussed in Section 6.1. 

Birgersson et al. (2009) performed a series of “erosion tests” using modified swelling 
pressure cells. In these tests, compacted samples (montmorillonite and bentonite) were 
separated from a flow channel by a porous frit. As the material saturated and swelled 
through the frit, it was exposed to flowing solution and to potential erosion. The 
penetration and loss of various swelling clay materials against various solution 
compositions through frits of varying pore size and length were analysed primarily by 
swelling pressure measurements. Systems with constant, stable swelling pressures were 
considered to be non-eroding. One of the main results from these tests was that the loss 
of calcium/sodium montmorillonites, through a pore size of 10 micrometre, could be 
stopped by a solution composition of 4 mM NaCl. Based on these experiments, 
groundwater with cation content higher than 4 mM is considered, by SKB, to be 
sufficient to prevent colloidal sol formation (SKB 2011). These results were also used 
by Posiva to define the host rock target properties for groundwater ionic strength at 
repository level (total charge equivalent of cations, Σq[Mq+], shall initially be higher 
than 4 mM, Design Basis, Section 6.3.2). 

In order to simulate the potential extrusion/erosion behaviour of bentonite buffer 
material at a transmissive fracture interface, Schatz et al. (2013) performed a series of 
small-scale, flow-through, artificial fracture experiments in which swelling clay 
material could extrude/erode into a well-defined system (see Figure 6-98). The fracture 
dimensions were 24 cm (length) × 24 cm (width) × 1 mm (aperture) and the compacted 
sample dimensions were 2 cm (height) × 2 cm (diameter). The fracture surfaces were 
composed of smooth Plexiglas material. Extrusion/erosion effects were analysed against 
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solution chemistry (salt concentration and composition), material composition (sodium 
montmorillonite and admixtures with calcium montmorillonite), and flow velocity.  

Based on the results of the flow-through, artificial fracture tests, stability to erosion was 
observed down to a dilute concentration range between 8 to 4 mM NaCl for both 
sodium and 50/50 calcium/sodium montmorillonite. Considering the differences in 
experimental design, these limits compare favourably to the erosion stability limits 
observed by Birgersson et al. (2009). 

In applying the expressions for montmorillonite release rate, given above, sufficiently 
dilute conditions were considered to occur at an early point in the repository lifetime for 
a short term during the operational period, during temperate climate conditions at times 
when meteoric water might penetrate to repository depth and during the retreat of 
glacial ice sheets (see Appendix D in Performance Assessment). Descriptions of the 
groundwater flow model regarding the occurrences and durations of the sufficiently 
dilute conditions mentioned above are provided in Section 6.1.  

The results of a variant, fracture network, groundwater flow rate model were used as 
input data regarding the evolution of groundwater velocity with time in fractures 
intersecting deposition holes and tunnels (see Appendix D in Performance Assessment). 
It was considered that buffer and backfill material would swell into damaged rock 
features at contact interfaces, thereby reducing or eliminating the effects of rock damage 
on fracture flow. Therefore, the variant that did not incorporate rock damage was used. 
Transient periods of elevated groundwater flow occurring in connection with glacial ice 
sheet retreat were also taken into account; the water velocities used in the expressions 
for montmorillonite release rate were assumed to be increased by a factor of 10 during 
such periods, based on equivalent porous medium modelling of groundwater flow 
(Performance Assessment). Descriptions of the models and key data, as well as 
confidence in the models and data, regarding groundwater velocity are found in Section 
6.1.  

 

 

 

Figure 6-98. Schematic representation of the flow-through, artificial fracture test 
system (left) and characteristic overhead image of an actual test under erosive 
conditions (right) (from Schatz et al. 2013). 
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The geosphere fracture apertures used for chemical erosion modelling of buffer and 
backfill material are set to values a factor of 10 larger than the hydraulic fracture 
apertures (see Section 7.5.6 in Performance Assessment). This assumption is based on 
an analysis of fracture volume apertures from a large set of cross-borehole tracer tests 
(Hjerne et al. 2010). Subsequent SKB analyses (SKB 2010f, Appendix A) indicated that 
the factor 10 was conservative based on an evaluation of volumetric aperture (bounding 
the transport aperture) using rock resistivity data from standard borehole logging in the 
target rock volume. Descriptions of the models and key data, as well as confidence in 
the models and data, regarding geosphere fracture apertures are found in Section 6.1.  

Chemical erosion model was used to determine whether advective conditions could be 
established in any deposition hole locations, as well as the consequences if such 
conditions were to arise. Loss of buffer and/or backfill mass by chemical erosion will 
lead to a reduction in buffer density and, if sufficiently extensive, could lead to 
advective conditions being established in the buffer between the canister and the 
surrounding rock. Loss of buffer mass directly affects buffer density while loss of 
backfill mass above the deposition hole could lead to the buffer swelling into the 
deposition tunnel, thereby reducing its density in the deposition hole. Advective 
conditions adjacent to the canister would lead to increased transfer of corrosive agents 
to the canister surface from the surroundings and, if the canister subsequently fails, to a 
reduced radionuclide retention capacity of the buffer (increased advective transport rates 
of dissolved radionuclides; loss of colloid filtration function). Buffer erosion could also 
lead to a source of clay colloids onto which radionuclides might sorb thereby affecting 
their release rates from the repository near field and transport through the geosphere. As 
such, another set of key data for performance assessment purposes is related to 
identifying the limits of buffer and backfill mass loss which would lead to advective 
conditions in the buffer system. 

For performance assessment purposes, advective conditions are assumed to prevail in 
the buffer after either 1200 kg of buffer material itself or 220,000 kg of backfill material 
from above the deposition hole(s) is lost by erosion, as defined by SKB (see Section 
10.3.9 in SKB 2011). The value for the buffer is also within the 1200−1400 kg 
acceptable mass loss range defined in Performance Assessment (Section 7.5).  

6.11.3 Confidence in the model and data 

The chemical erosion model itself, as indicated above, is rather nonlinear (input 
parameters vary over several orders of magnitude) and complex (represents a fully-
coupled transport model of montmorillonite sol), and, as a result, the numerical error in 
the calculations may be significant. Moreover, the erosion model includes a number of 
simplifying assumptions that are discussed in Moreno et al. (2010). In particular, the 
model assumes that the eroding bentonite consists entirely of pure sodium 
montmorillonite and that it interacts only with monovalent electrolyte systems. In 
reality, the Olkiluoto groundwater composition, as well as the calcium inventory in the 
buffer material itself (from the accessory mineral content, i.e. calcite - CaCO3 - and 
gypsum - CaSO4•2H2O) favour the cation exchange of montmorillonite towards a more 
Ca-rich composition (see Section 6.9.2). Depending on the sufficiently dilute, contact 
groundwater composition, montmorillonites that are more calcium-rich are less 
susceptible to chemical erosion. Furthermore, evidence from artificial fracture tests 
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indicates that, in the presence of sufficiently dilute solutions in the ionic strength (IS) 
range 2.2 mM  IS  4.3 mM, montmorillonite containing equivalent calcium/sodium 
exchangeable cation fractions erodes at lower rates than pure sodium montmorillonite 
(Schatz et al. 2013). Thus, the model is likely to over-predict erosive mass loss.  

As described in Schatz et al. (2013), in an independent assessment of the chemical 
erosion model, three different cases were modelled: sodium montmorillonite expansion 
in a vertical tube, a fracture-intersected deposition hole, and selected flow-through, 
artificial fracture tests (see above). The first two cases examined the repeatability and 
reproducibility of the model compared to previous results, while the third case directly 
addressed the capability of the model to accurately predict chemical erosion in a 
transmissive fracture environment. 

The main findings from these recent modelling efforts are summarised as follows: 

 Model results for the sodium montmorillonite expansion in a vertical tube case 
are in good agreement with earlier model results obtained by Neretnieks et al. 
(2009), which were themselves in good agreement with experimental data 
(Dvinskikh et al. 2009). Although, in the more recent execution of the model 
(Schatz et al. 2013), montmorillonite expansion has advanced somewhat farther. 
Additionally, the drop in bentonite volume fraction at the gel front does not 
appear to be as steep as in the original execution, which corresponds better to 
experimental results. 

 Model results for the full-scale, fracture-intersected deposition hole case show 
that the bentonite loss rate would vary from 10 g/a to 300 g/a depending on the 
geometry, fracture aperture, water velocity and upper boundary condition. These 
results are similar to the original model results.  

 Model results for selected flow-through, artificial fracture tests indicate that the 
KTH model has a much higher release rate of colloids than observed in 
experiments, even to the extent that the model predicts significant erosion in 
cases where no erosion at all was observed experimentally. Similarly, a 
sensitivity analysis showed that increasing the pore water concentration to 
100 mM and the groundwater concentration to 10 mM, yielding a 12.5 mM 
concentration at the gel/water interface, only results in a ~15 % relative decrease 
in mass loss (Moreno et al. 2010, Section 5.2). By contrast, artificial fracture 
experiments conducted on sodium montmorillonite against 8.6 mM NaCl were 
found to be completely non-erosive. 

 Consequently, the model could not be validated, in terms of its capability to 
predict erosive mass loss, against experimental data. 

The model has a number of limitations. In particular, the application of Darcy’s law on 
the boundary between bentonite and dilute (colloidal) bentonite solution may be an 
over-simplification. Furthermore, additional processes that are not represented in the 
model, and have not otherwise been taken into account for performance assessment 
purposes, may significantly affect the chemical erosion of buffer and backfill material. 
For example, there is some conjecture that, due to montmorillonite erosion, accessory 
mineral particles in bentonite materials will build-up leading to filter cake formation 
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which may serve to slow down and possibly stop altogether the loss of clay mass. 
Likewise, the interaction between eroding material and fracture surfaces with regard to 
filtration or attachment effects, leading to possible fracture clogging or sealing, might be 
expected to slow mass loss as well. Fracture roughness and the heterogeneity of the 
flow field around the deposition holes and tunnels may also affect the rate of erosion. In 
addition, gravitational effects, as might be encountered in downward-sloping fractures 
intersecting deposition holes, have not been systematically examined. Observations of 
smectite release under gravity at the gel/water interface indicate that it is a rapid, 
sedimentary process, as reported by Schatz et al. (2013) and by Jansson (2009). All of 
these processes, as well as the development of alternative chemical erosion models, are 
being addressed as part of the BELBaR project.23 

Other uncertainties in determining the overall impact of chemical erosion on repository 
performance assessment are linked to uncertainties in the additional data needed to 
perform the assessment, i.e., the definition of sufficiently dilute groundwater 
compositions, the evolution of exchangeable cations in the buffer and backfill, the 
occurrence and duration of sufficiently dilute groundwater compositions, the evolution 
of groundwater velocity with time in fractures intersecting deposition holes and tunnels 
and the transport apertures of such fractures. Given the relative agreement in 
experimental results regarding an erosion stability limit of 4 mM cation concentration 
(see above), there is reasonable confidence in using this value to define a sufficiently 
dilute groundwater composition. Gradual loss in buffer density and swelling pressure 
within the buffer where the fracture intersects the deposition hole is not taken into 
account when calculating the rate of erosion using the chemical erosion model due to 
the fact that the homogenisation response of the buffer to erosive loss of material to a 
transmissive fracture is unknown. However, the model assumption of constant volume 
fraction at the initial interface (and constant erosion rate) is conservative in the sense 
that it may lead to an overestimate of erosive mass loss, at least until substantial mass 
loss has occurred. 

As the buffer density decreases, the interlayer spacing within stacks of clay minerals 
may increase and voids may form between stacks of clay mineral sheets through which 
water-bearing dissolved radionuclides can flow. Advective conditions in the partly 
eroded bentonite are taken to mean that advective transport of dissolved solutes in a 
volume of the buffer between the canister and the host rock fracture dominates over 
diffusive transport. The clay mineral sheets themselves would not, however, be 
physically affected by this flowing water until the buffer density in the affected part of 
the deposition hole decreased to the extent that a loose gel or sol was formed. Note that 
the threshold value for buffer dry density below which advective conditions may occur 
is 1000 kg/m3, which corresponds to a hydrated solid that would be too stiff to yield to 
any viscous flow. Viscous flow of buffer material would require a further significant 
decrease in buffer density throughout the deposition hole, since the clay will likely tend 

                                                 
 

23  Bentonite Erosion: effects on the Long term performance of the engineered Barrier and Radionuclide transport (BELBaR) is a 
project within Euratom FP7: Management of radioactive waste – Geological Disposal. The project reference is 295487. 
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to homogenise as it is eroded. This issue is discussed further in Section 10.2.2 of 
Assessment of Radionuclide Release Scenarios for the Repository System. 

6.12 Atmospheric corrosion of the copper overpack 

The atmospheric corrosion of the copper overpack is discussed in Performance 
Assessment (Section 5.7.2) taking into account the process description in Features, 
Events and Processes (FEP number 4.2.5). 

6.12.1 Description of the model 

There will be a period of, at most, a few months following loading and sealing of the 
canister before it is emplaced in the repository (Section 5.7.2 of Performance 
Assessment). During this short storage period, an air-formed oxide will develop on the 
canister surface. Empirical atmospheric corrosion rate data are used to estimate the 
thickness of the oxide film that could develop during this period.  

6.12.2 Key data 

King et al. (2012) summarise the available data on the oxidation of copper in air at 
temperatures of relevance during interim canister storage. The oxide film will likely 
have a thickness of the order of nm and the thickness may vary over the surface of the 
canister. Depending upon the temperature and O2 fugacity at which oxidation occurs, 
the oxide will consist of CuO and/or Cu2O. Both logarithmic and parabolic oxidation 
kinetics have been reported, but the rates of oxidation at temperatures of 40−70 C are 
low. Information from the literature and the limited experimental data available suggest 
that the extent of corrosion during the unsaturated phase will have a negligible effect on 
the canister lifetime (King et al. 2012, Section 4.1).  

6.12.3 Confidence in the model and data 

Although there is some uncertainty regarding the exact nature of the environment that 
might be present in an interim storage facility, the duration of storage is so short, and 
the rates of atmospheric corrosion of copper under these conditions is so low, that the 
extent of oxidation during this period is limited (King et al. 2012). Even in humid 
underground environments or in polluted urban atmospheres, the corrosion rate of 
copper is of the order of 1 µm/a. Even if, under exceptional circumstances, the period of 
storage extended beyond a few months and even if the atmosphere inside the storage 
facility was not controlled, the maximum amount of corrosion would not exceed several 
µm. In comparison, the design nominal wall thickness is 49 mm (Performance 
Assessment). 

Although not strictly related to the atmospheric corrosion of the canister prior to 
emplacement, Szakálos & Seetharaman (2012) have speculated that atmospheric 
corrosion may occur following emplacement of the canisters in the repository. It is 
suggested that corrosion could be accelerated by airborne contaminants, including H2S. 
Taxén (2004) reports corrosion rates of copper coupons exposed to the humid Äspö 
Hard Rock Laboratory atmosphere of < 0.1 µm/a, a rate that is less than typical surface 
atmospheric corrosion rates in Sweden. Coupons were exposed directly to the 
atmosphere or embedded in unsaturated bentonite. There was no evidence for 
sulphidation of the coupons, as suggested by Szakálos & Seetharaman (2012). No 
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account is currently taken for the properties or impact of this pre-existing oxide film on 
the subsequent corrosion properties of the canister. 

6.13 Corrosion due to handling and operational factors 

The corrosion due to handling and operational factors is discussed in Performance 
Assessment (Section 5.7.3) taking into account FEPs 4.2.3 (“deformation”), 4.2.5 
(“corrosion of the copper overpack”), and 4.2.7 (“Stress-corrosion cracking”) in 
Features, Events and Processes.  

6.13.1 Description of the model  

Despite attempts to handle the canister carefully during emplacement, the possibility of 
external damage that could impact the subsequent corrosion behaviour cannot be 
excluded. The following types of damage are possible: 

 Iron particles from machining tools or handling equipment could become 
embedded in the canister surface. 

 Surface discontinuities (pits, crack-like features) could be created by impacts. 

 The pre-existing oxide film could be damaged by impacts or contact with the 
canister surface by handling equipment. 

 Impacts could induce cold work in the surface through plastic deformation. 

None of these processes is included in the assessment of the canister lifetime because 
their impact is considered to be negligible. They are, however, considered in the canister 
design strength analysis (Raiko et al. 2010, Sections 2.1, 6.2.8 and 6.2.9). 

6.13.2 Key data 

The underlying evidence supporting the exclusion of these processes includes (King et 
al. 2012, Section 4.1.3): 

 In the galvanic series, iron is less noble than copper so an embedded Fe particle 
would corrode preferentially and cathodically protect the copper surface from 
corrosion. If Fe(II) corrosion products are oxidised to ferric species, the 
subsequent reduction of Fe(III) to Fe(II) could induce the corrosion of copper, 
but the extent of corrosion would be limited to the amount of initially embedded 
Fe. Any acidity produced by the hydrolysis of Fe(III) species would be 
neutralised by the bentonite in contact with the canister and would not support 
corrosion. 

 Since the oxygen-free copper with added phosphorus (OFP) from which the 
canister is fabricated has a low yield strength, impact of the canister may create 
local deformation, but is unlikely to create a crack-like defect. The local 
deformation may act as a stress concentrator when the canister is subsequently 
exposed to an external load but, even if that stress is tensile in nature, stress 
corrosion cracking (SCC) is unlikely because of the absence of other pre-
requisite factors for cracking (see Section 6.14). Any induced residual stress is 
likely to be compressive in nature. 
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 Any scratch in the pre-existing oxide will be rapidly “healed” by oxidation in 
(dry) air or corrosion in the presence of a humid atmosphere. 

 Cold-worked copper is more susceptible to SCC than annealed material. 
However, as discussed below, other pre-requisite factors for cracking, most 
notably a suitable SCC agent, are unlikely to be present in the repository during 
the operational or post-closure phases. Delayed SCC due to the introduction of 
cold work is not, therefore, considered likely. 

6.13.3 Confidence in the model and data 

Each of the arguments listed above for the exclusion of effects due to damage during 
handling is based either on sound electrochemical principles (for example, in the case of 
galvanic corrosion due to embedded iron particles) or on mechanistically-based logical 
arguments (for example, in the case of the effect of stress concentration or cold work on 
the susceptibility to SCC). 

6.14 Stress corrosion cracking  

Stress corrosion cracking is discussed in Performance Assessment (Section 5.7.4) and 
relates to the following FEPs in Features, Events and Processes (FEP numbers in 
parentheses): 

 Corrosion of the copper overpack (4.2.5), 

 Stress corrosion cracking (4.2.7). 

This section addresses stress corrosion cracking (SCC) of the copper overpack both in 
aerobic and in anaerobic conditions.  

6.14.1 Description of the model  

Stress corrosion cracking in aerobic conditions 

Oxygen-free coppers, including the OFP grade of copper from which the canister is 
fabricated, are susceptible to SCC in certain environments (Section 5.7.4 of 
Performance Assessment). The three pre-requisites for cracking are (a) a suitable 
environment, (b) sufficient tensile stress, and (c) a susceptible material. It is accepted 
that the material is susceptible to cracking under certain circumstances, but it is argued 
that neither the necessary environmental conditions nor, possibly, a sufficient tensile 
stress will be present simultaneously and that, therefore, cracking will not occur. 

A decision tree approach is used to demonstrate that SCC of the copper canisters will 
not occur under aerobic conditions (Figure 6-99). In this approach, a number of pre-
conditions for the occurrence of SCC are defined and if any single one of these 
conditions is not met then cracking is not possible. These pre-conditions are arranged 
sequentially in a logical sequence of decisions. 
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Figure 6-99. Decision tree approach for assessing the possibility of stress corrosion 
cracking of copper canisters under aerobic conditions (King & Kolář 2004). 

 

Stress corrosion cracking in anaerobic conditions 

The known mechanisms for the SCC of copper involve a certain degree of dissolution at 
the crack tip and, hence, require oxidising conditions for cracking to occur (King & 
Newman 2010). For other alloy systems, SCC under anaerobic (or anoxic) conditions 
typically involves a hydrogen-related mechanism, but copper alloys are relatively 
insensitive to these forms of cracking (King et al. 2012, Section 6.2.1). Taniguchi & 
Kawasaki (2008) report the SCC of copper in seawater solution with high 
concentrations of sulphide (greater than approximately 0.005 mol/L, 160 mg/L). It is 
also suggested that the generation and injection of vacancies can promote the SCC of 
copper (Aaltonen et al. 2003) and that such vacancy transport could be enhanced by 
interaction with hydrogen (Aaltonen et al. 2004). The formulation of the surface-
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mobility model, which predicts a finite intrinsic crack growth rate in the absence of any 
SCC agent, has been called into question (King & Newman 2010). 

Many have tried, unsuccessfully, to replicate the observations of Taniguchi & Kawasaki 
(Arilahti et al. 2011, Huang et al. 2012). It is significant that Taniguchi & Kawasaki 
(2008) report an apparent threshold sulphide concentration for SCC. Under conditions 
where the transport of HS- to the canister surface is rate limiting, the surface sulphide 
concentration will approach zero. Indeed, King & Newman (2010) have argued that, 
under such conditions, any mechanism that requires HS- to enter the crack will be 
inoperative as the driving force for sulphide transport into the narrow crack will be 
infinitesimally small. 

In the absence of corroborative evidence in support of Taniguchi & Kawasaki’s 
observations, and in the absence of a demonstrated mechanism involving vacancy 
injection, it is assumed that SCC of copper will not occur under anaerobic conditions. 

 

6.14.2 Key data 

Stress corrosion cracking in aerobic conditions 

Each of the decisions in the decision tree is based on evidence from experimental 
studies of the SCC of oxygen-free copper (King et al. 2012, Section 6.2.1). In brief, the 
decisions and the experimental evidence on which they are based are: 

 Do the corrosion potential (ECORR) and interfacial pH exceed the values for the 
Cu2O/CuO equilibrium line? 

In those environments known to support the SCC of oxygen-free copper, namely, in the 
presence of ammonia, nitrite, or acetate, the electrochemical potential and bulk pH 
conditions under which cracking is observed lie above the equilibrium line for the 
Cu2O/CuO couple. This observation is a useful indicator of the environmental 
conditions in the repository under which cracking is possible, since detailed mechanistic 
models (see below) are available with which to predict the ECORR and interfacial pH for 
the canister (King et al. 2012, Section 6.2.1). 

Figure 6-100 shows a compilation of SCC data from the literature for the cracking of 
copper in ammonia-, acetate-, and nitrite-containing solutions (King et al. 2012). The 
reported potentials and solution pH values at which cracking was, and was not, 
observed are plotted on a Pourbaix diagram for copper along with the equilibrium lines 
for various metal/oxide and oxide/oxide couples. With few exceptions, all of the 
reported instances of SCC have occurred at potentials and pH values above the 
equilibrium line for the Cu2O/CuO couple. This correspondence does not necessarily 
imply that such a duplex film is involved in the cracking mechanism, since the potential 
and pH inside the crack may well be different from that on the boldly exposed surface 
on which the measurements were made. 
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(a) Ammonia-containing solutions. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Acetate-containing solutions. 
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(c) 1 mol/dm3 nitrite solutions, except Rosborg & Werme 2001 (0.3 mol/dm3). 
 

Figure 6-100. Effect of electrochemical potential and pH on the observed cracking 
behaviour of copper. (a) Ammonia, (b) acetate, (c) nitrite solutions. The sloping dotted, 
dashed, and solid lines indicate the equilibrium lines for the Cu2O/Cu(OH)2, 
Cu2O/CuO, and Cu/Cu2O couples, respectively (King et al. 2012, Section 6.1.2, Figure 
6-1). Experimental observations of both cracking and no cracking are shown. 

 

 Are NH3, NO2
- or OAc- present at the canister surface at the same time that the 

potential/pH criterion is met? 

King & Newman (2010) have reviewed the environmental conditions under which 
copper is subject to SCC under aerobic conditions. Three possible SCC agents have 
been indentifed in the literature, namely: ammonia, acetate, and nitrite ions. On the 
assumption that ammonia and nitrite residues from blasting operations can be controlled 
by suitable excavation procedures or by measures reducing the introduced nitrogen 
compounds (e.g. by flushing), the main process by which these SCC agents can be 
generated is by microbial activity in locations of the repository hospitable for such 
activity and subsequent transport of the aggressive metabolic by products to the canister 
surface. An assessment of the feasibility of this mechanism is presented below. 

 Are the [NH3], [NO2
-] or [OAc-] within the ranges for SCC? 

There is experimental evidence to indicate that SCC in these environments only occurs 
above a threshold concentration of the specific SCC agent (King et al. 2012, Section 
6.2.1). In ammonia-containing solutions, cracking has been observed at concentrations 
as low as 0.5 mg/L (3·10-5 mol/dm3), with the severity of cracking increasing with 
ammonia concentration. There are fewer data on which to base a threshold 
concentration in the case of acetate solutions, but the available data suggest a threshold 
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concentration of < 0.05 mol/dm3. In nitrite solutions, Benjamin et al. (1988) performed 
a systematic study of the effects of nitrite concentration and potential on SCC 
susceptibility and defined a threshold concentration of 3.75·10-3 mol/dm3 below which 
cracking was not observed. This latter study was performed using aggressive slow strain 
rate testing and it is possible that a lower threshold concentration might be observed 
over longer testing times at constant load. Nevertheless, in all three environments, there 
is evidence for a decrease in susceptibility with decreasing concentration of the SCC 
agent, and it would appear unlikely that cracking would be observed in any of the 
environments at concentrations of 10-6−10-5 mol/dm3 or less. 

 Would SCC be expected at the given interfacial [Cl-]? 

Chloride ions suppress the SCC of copper by supporting general dissolution and, hence, 
promoting plastic deformation over brittle crack growth (King et al. 2012, Section 
6.2.1). Chloride ions will also compete with SCC agents for adsorption sites on the 
copper surface and, in the case of ammonia, for the complexation of dissolved copper 
species. In 0.1 mol/dm3 nitrite solution, complete inhibition of SCC occurs at a 
Cl- concentration of 0.1 mol/dm3. This Cl- concentration may represent a threshold 
above which the surface dissolves actively or may represent the [NO2

-]:[Cl-] ratio (of 
one, in this case) at which Cl- adsorption and/or complexation predominates. If the 
predominant role of Cl- is to compete for adsorption sites and complexation of dissolved 
copper then it would seem that a ratio-based threshold is more appropriate and, in that 
case, the threshold [Cl-] would be lower for lower concentrations of SCC agents. 

 Would SCC be expected at this temperature? 

The available experimental evidence suggests that the susceptibility to SCC decreases 
with increasing temperature (King et al. 2012, Section 6.2.1), possibly because of the 
increase in ductility with temperature. There has been no systematic study of the effect 
of temperature on SCC susceptibility and no threshold temperature or algorithm relating 
susceptibility to temperature has been established. In general, however, the 
susceptibility of copper to SCC in these environments is consistently reported as 
decreasing with increasing temperature. 

 Is there sufficient tensile stress/strain for SCC? 

In general, the external forces acting on the canister will impart compressive loads in 
the outer copper barrier. However, because of the possible tensile stresses remaining 
from an electron-beam closure weld (Description of the Disposal System), and because 
of possible deformation of the copper barrier as the initial gap between the copper 
barrier and cast iron insert is closed, it is possible that some level of tensile stress will 
exist on the canister surface. 

Having established the criteria that must all be met for the SCC of copper, it is then 
necessary to determine if and when such conditions might occur in the repository. This 
assessment has been largely based on detailed mechanistic modelling of the corrosion 
behaviour of the canister in the repository environment. These mechanistic models 
allow the prediction of the corrosion potential ECORR of the canister through the use of 
so-called mixed-potential modelling. These mixed potential models have then been 
extended by including reactions and processes that occur in the near and far fields of the 



395 

 

 

repository through the development of detailed reactive-transport models. These 
reactive-transport models couple the (corrosion) reactions on the canister surface to the 
(evolving) environmental conditions in the repository. Thus, in terms of the criteria 
defined in the decision tree (Figure 6-99), reactive-transport modelling enables the 
ECORR, interfacial pH, and the time-dependent concentrations of the various SCC agents 
and Cl- ions to be predicted. 

Before assessing the possibility of SCC of the canister against the criteria defined 
above, it is useful to provide some general introduction to electrochemical mixed-
potential modelling and the various reactive-transport models that have been developed 
for different forms of corrosion of copper canisters. 

General background to electrochemical modelling 

The corrosion of metals and alloys in aqueous environments is an electrochemical 
process. In the simplest case, a single oxidation (anodic) process is coupled to a single 
reduction (cathodic) process, with charge transfer accomplished by electron transport 
through the metal and ion transport in solution. The oxidation reaction results in 
dissolution of the metal, with the electrons generated reducing an oxidant, such as 
dissolved O2, H2O, or various oxidising radiolysis products, at the metal surface. The 
rates of these reactions (expressed as a current I) depend on the electrochemical 
potential E, as well as other factors such as the concentration of reactant (or product), 
temperature, the rate of mass transport, etc. Under freely corroding conditions, the rate 
of anodic reaction(s) is equal to that of the cathodic reaction(s), so that there is no net 
gain or loss of electrons. These reactions occur on the surface at common potential, 
referred to as the corrosion potential ECORR. 

The corrosion potential is not the same as the redox potential Eh. By definition, the 
value of ECORR must lie between the equilibrium or reversible potentials for the anodic 
and cathodic reactions (as given by the Nernst equation). In aerated environments, the 
equilibrium potential for O2/H2O couple is commonly used as a measure of the redox 
potential. Thus, the value of Eh actually represents the maximum possible value of 
ECORR. Whereas the redox potential is a thermodynamic (or equilibrium) property, the 
corrosion potential is determined by the relative kinetics of the oxidation and reduction 
reactions. 

The corrosion potential is a fundamental parameter in corrosion science. The value of 
ECORR can indicate whether the material is active (i.e., dissolving under either film-free 
conditions or in the presence of a poorly protective surface film) or passive (i.e., the 
surface is protected by a highly protective corrosion product layer). For a number of 
other corrosion processes, such as SCC or localised corrosion, there may exist a critical 
potential ECRIT below which the particular type of corrosion does not occur. Comparison 
of the values of ECORR and ECRIT then indicates whether SCC or localised corrosion is 
possible. 

Models to predict the value of ECORR and the corrosion rate are not used directly in the 
performance assessment, but are used extensively to provide confidence for various 
corrosion models including: SCC in aerobic conditions (Section 6.14.1), localised 
corrosion (Section 6.16.1), and corrosion due to sulphide (Section 6.19.1). 
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Mixed-potential modelling 

Mixed-potential models, so-called because they represent the “mixture” potential 
established by the anodic and cathodic reactions, are used to predict values of ECORR. By 
way of example, consider the corroding system involving the dissolution of copper in 
Cl- solution as the cuprous-chloro complex ion CuCl2

- 

Cu + 2Cl- CuCl2
- + e-  6-77

coupled to the cathodic reduction of dissolved O2 

O2 + 2H2O + 4e-  4OH-  6-78

At the potentials of interest, the dissolution reaction is reversible whereas the cathodic 
reduction of O2 is irreversible, as denoted by reversible and forward arrows, 
respectively. The rates of these two electrochemical reactions are given by the 
corresponding Butler-Volmer equations, namely (King et al. 1995): 

2 0
A A A 0 A 2 2 0

F
I n FAk [Cl ] exp (E E ) k [CuCl ]

RT
 


     

6-79

for the anodic reaction, and 

0C
C C C 2 0 C

F
I n FAk [O ] exp (E E )

RT

      
 

6-80

for the cathodic reaction. In Equations 6-79 and 6-80, IA and IC are the anodic and 
cathodic currents, the latter being negative by convention; nA and nC are the number of 
electrons transferred (nA = 1, nC = 4); kA is a composite rate constant for various 
elementary steps for the overall anodic dissolution reaction; k-2 is the rate constant for 
the reverse reaction involving CuCl2

-; kC is the cathodic standard rate constant; EA
0 and 

EC
0 are the respective standard potentials; C is the transfer coefficient for the cathodic 

reaction; [Cl-]0, [CuCl2
-]0, and [O2]0 are the interfacial concentrations (or, more 

correctly, activities) of Cl-, CuCl2
-, and dissolved O2, respectively; and F, R, and T are 

the Faraday constant, gas constant, and absolute temperature, respectively. Values for 
all of these parameters are given in King et al. (1995). 

The rates of these processes can also be related to the interfacial diffusive fluxes of 
CuCl2

- or O2 by (assumed here to be at steady state): 
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respectively,  is the diffusion layer thickness, 
2CuCl

D   and 
2OD  are the diffusivity of the 

two species, and [CuCl2
-] and [O2] are the respective concentrations in the bulk of the 

solution. 

By definition, at ECORR 

IA = CI  = ICORR 6-83

where ICORR is the corrosion current, which can be converted to a corrosion rate using 
Faraday’s law. 

Combining Equations 6-79−6-83 produces various limiting expressions for ECORR as a 
function of [Cl-], [O2], and the mass-transport conditions (King et al. 1995). For rates of 
diffusive mass transport typical of those in bulk solution, ECORR is given by 
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For lower rates of mass transport, as for example in compacted bentonite, ECORR is 
given by 

2
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These theoretical expressions for ECORR have been validated against experimental 
measurements using electrodes for which the steady-sate mass-transfer coefficient D/ 
was varied by five orders of magnitude in O2-containing NaCl solution in which the O2 
concentration was varied by approximately three orders of magnitude and the 
Cl- concentration by a factor of 10 (King et al. 1995). Over this wide range of 
conditions, experimental and predicted ECORR values agreed within 20 mV, providing 
good confidence in the ability to predict the ECORR of copper in such environments. 

Reactive-transport modelling 

A series of reactive-transport models has been developed to describe various aspects of 
the corrosion behaviour of copper canisters in the repository. These reactive-transport 
models extend the mixed-potential modelling described above and include various 
reactions occurring in the near and far fields. In this way, the impact of the repository 
environment, and its evolution, on the corrosion behaviour of the canister, and vice 
versa, can be simulated. Models have been developed to simulate the uniform corrosion 
of copper canisters under either aerobic conditions (King & Kolář 2006a, King et al. 
2008) or as the repository environment evolves from the initial aerobic phase through to 
the long-term sulphide-dominated period (King et al. 2011a, b), stress corrosion 
cracking (King & Kolář 2004, 2005, Maak & King 2005), and microbiologically 
influenced corrosion (King & Kolář 2006b, King et al. 2003, 2004). Here the general 
aspects of reactive-transport modelling of copper canisters is described. 



398 

 

 

The various reactive-transport models developed are all based on a series of one-
dimensional reaction-diffusion equations, of the general form (King et al. 2011b): 

i i
a f e i a j k

(Sc ) c
SD S R R

t x x
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where ci and Di are the concentration and bulk solution diffusivity of species i; a and e 
are the accessible and effective porosity, respectively; f is the tortuosity factor of the 
porous medium, S is the degree of saturation; Rj and Rk are the homogeneous and 
heterogeneous reactions involving species i; and x and t are the spatial and temporal 
variables, respectively. This equation describes the diffusive transport and reactions of 
species in a porous medium, such as the bentonite buffer or host rock. One such 
equation is written for each of the species considered in the model, along with a heat-
conduction equation to predict the spatial and temporal variation in temperature within 
the repository. 

Various types of homogeneous and heterogeneous reactions involving the different 
species are considered, including: 

 redox reactions, for example between dissolved O2 and Cu(I) species or the 
oxidation of pyrite; 

 precipitation and dissolution of solid phases, such as corrosion products (e.g., 
CuCl23Cu(OH)2, Cu2S) or mineral phases (e.g., FeS2); 

 adsorption and desorption of certain cations (e.g., Cu(II)) on bentonite clay or in 
the host rock; 

 the partitioning of O2 between the gaseous and aqueous phases, and; 

 microbial reactions, such as aerobic respiration or the reduction of sulphate to 
sulphide. 

The reaction-diffusion equations represent a set of 1D coupled, parabolic, partial 
differential equations (PDE) that can be solved using either finite-difference or finite –
element numerical methods. The non-linearity arises because a number of the reaction 
terms are second order, involving the concentrations of two different species. This set of 
equations is solved subject to a number of boundary and initial conditions. Initial 
conditions are required for all species, and boundary conditions are required for those 
species that diffuse. Initial conditions are defined by the system being modelled, 
generally the pore-water concentrations for each species at the time of canister 
emplacement. Boundary conditions are defined for both the left-hand boundary, taken to 
be the canister surface, and the right-hand boundary, typically taken to represent a 
location in the far field such as a fracture in the host rock. Of these two sets of boundary 
conditions, of most interest here are those representing the interfacial electrochemical 
reactions that constitute the corrosion reactions on the canister. Butler-Volmer 
expressions, such as Equations 6-79 and 6-80, and the interfacial fluxes Equations 6-81 
and 6-82 can be used as boundary conditions, along with the condition defined by 
Equation 6-83. Together, these conditions represent a mixed-potential model and, based 
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on the resulting solutions to the PDEs, can be used to predict the ECORR and corrosion 
rate (ICORR) of the canister. 

The PDEs are solved for a spatial grid that represents, in one dimension, the geometry 
of the repository. Various layers are used to represent, for example, the compacted 
bentonite buffer, tunnel backfill material, an excavation damaged zone around the 
borehole or tunnel, and the host rock itself. These layers are defined by a series of grid 
points (or elements if a finite element scheme is used for the solution), which are spaced 
closely near the canister surface (where concentration gradients tend to be steepest) and 
further apart as the grid extends into the far field. Each layer is defined by properties 
such as the porosity and tortuosity factor, the content of different mineral phases, the 
(assumed) time dependence of the degree of saturation, the thermal conductivity and 
heat capacity, and the cation adsorption capacity. Each PDE is solved for each grid 
point (or element) at each time step, with initially short time steps (corresponding to the 
period when concentrations tend to be changing most rapidly) and increasing as the rate 
of change in concentration of the different species decreases. Simulations are typically 
carried out for a total simulated period of one million years. 

The output from the models includes the spatial and temporal variation in the 
concentration of each of the species considered in the model, the time-dependent ECORR 
and corrosion rate, and the spatial and temporal variation of the rates and extents of each 
of the reactions included in the reaction scheme. 

The aerobic SCC model 

Reactive-transport modelling has been used to support several aspects of the decision 
tree approach for the SCC of copper canisters under aerobic conditions. In particular, 
the SCC model (King & Kolář 2004, 2005, Maak & King 2005) is used to predict the 
time dependence of ECORR and the interfacial pH for assessment of the first question in 
the decision tree. The MIC model (King & Kolář 2006b, King et al. 2003, 2004) is used 
to predict the interfacial concentrations of ammonia, acetate, and nitrite in order to 
assess the second and third questions in the decision tree. 

The reaction scheme on which the SCC model is based is the same as that used for the 
uniform corrosion model (Figure 6-101). In addition to the ten species considered in the 
uniform corrosion model (namely, gaseous and dissolved O2, dissolved CuCl2

-, 
precipitated Cu2O, dissolved Cu(II), precipitated CuCl2·3Cu(OH)2, adsorbed Cu(II), Cl-, 
dissolved Fe(II), and precipitated Fe(II)), a reaction-diffusion equation is included for 
OH- ions so that the interfacial pH can be predicted. In terms of the assessment of the 
susceptibility to SCC, the SCC model is used to predict the time dependence of ECORR 
and of the interfacial pH, the latter defined as the mean value for the five grid points 
adjacent to the canister surface (which span a distance of < 1 µm from the left-hand 
boundary). 

The results for a simulation for a Canadian repository, with similarities in design to that 
proposed to be used in Finland, are shown in Figure 6-102. The locus of points 
represent the time-dependent variation in the predicted ECORR and interfacial pH as the 
repository environment evolves from the initial warm, aerobic phase to an subsequent 
cool, anoxic period. (Note: sulphide ions were not included in this simulation). Thus, 
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based on the results of this simulation, the criterion for SCC that the combination of 
ECORR and the interfacial pH must exceed that for the equilibrium line for the Cu2O/CuO 
couple (the first question in the decision tree) is only satisfied for the first 3 years of the 
evolution of the repository environment. 

The MIC reactive-transport model (King & Kolář 2006b, King et al. 2003, 2004) is used 
to predict the time dependence of the concentrations of ammonia, acetate, and nitrite at 
the canister surface. In addition to an abiotic reaction scheme, this model includes 
reactions for a sequence of microbial reactions that includes processes for the formation 
(and consumption) of the three possible SCC agents. In general, the repository 
environment is inhospitable for microbes and microbial activity. Of the various 
stressors, the most important is the suppression of microbial activity in compacted 
bentonite as a result of either the low water activity or the high swelling pressure (King 
et al. 2012). As a consequence, biofilm formation on the canister surface in presence of 
compacted bentonite is unlikely and the only impact of microbial activity will be that 
due to the diffusion to the canister surface of metabolic by-products formed in more-
hospitable regions of the repository. 

 

 

 

Figure 6-101. Reaction scheme used for the uniform corrosion and SCC models for 
copper canisters. 
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Figure 6-102. Assessment of the requirement for the SCC of copper under aerobic 
conditions that the corrosion potential and interfacial pH exceed that for the Cu2O/CuO 
equilibrium line (King et al. 2012, Figure 6-9). 

 

The microbial reaction scheme and the corresponding reaction-diffusion equations are 
based on well-established principles involving both energy- and mass-balance 
requirements for the various microbial reactions. A sequence of microbial processes is 
simulated in which different reactions occur at different times and locations as the redox 
potential in the near- and far-fields evolves. For example, nitrogen fixation generates 
ammonia, which is then converted to nitrite by nitrosofiers. Under more-reducing 
conditions, fermentation breaks down complex organics into simpler molecules such as 
acetate, which can then be consumed by organotrophic sulphate reducers. Thus, the 
potential SCC agents for copper can be expected to be sequentially formed and then 
consumed as the repository environment evolves. More details of the modelling of the 
extent of microbial activity in the repository are given in King & Kolář (2006b) and 
King et al. (2003, 2004). 

Figure 6-103 shows the predicted interfacial concentrations of the three SCC agents 
ammonia, nitrite, and acetate (as well as that of nitrate, which does not induce the SCC 
of copper) as a function of time for a Canadian-design repository with similarities to 
that proposed in Finland. The maximum concentration of any of these species at the 
canister surface is predicted to be less than 10-10 mol/dm3, far below that considered 
necessary to support SCC. Furthermore, for the period up to approximately 3 years post-
closure when the combination of ECORR and the interfacial pH lie above the Cu2O/CuO 
equilibrium line, the maximum concentration of any of these species is of the order of 
10-12 mol/dm3 or less. Investigation of the residual levels of nitrogen-based compounds 
(ammonia, nitrites and nitrates) from the drilling and blasting operations in ONKALO is 
ongoing (see Chapter 8). 
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Figure 6-103. Predicted time dependence of the interfacial concentration of nitrate, 
ammonia, nitrite, and acetate based on the copper microbial model (King & Kolář 
2005). Ammonia, nitrite and acetate induce the SCC of copper, whereas nitrate does 
not. 

 

Thus, based on the decision tree approach in Figure 6-99, although ammonia, nitrite, 
and, to a lesser extent, acetate may be present at the canister surface (the second 
question in the decision tree), their concentrations are far lower than the values required 
to support SCC (the third question in the decision tree). 

The fourth criterion in the decision tree is whether the interfacial Cl- concentration is 
sufficient to inhibit SCC. Predictions from the MIC model described above suggest that, 
during the period of aerobic conditions, the interfacial [Cl-] does not increase 
significantly from the assumed initial value of approximately 0.03 mol/dm3 (determined 
by the dissolution of halite impurities in the clay in the moisture added to help compact 
the bentonite). This [Cl-] concentration is less than that considered necessary to promote 
general dissolution (approximately 0.1 mol/dm3, King et al. 2012), but higher than the 
interfacial concentration of the various SCC agents and could inhibit any effect of 
ammonia, nitrite, or acetate by preferentially adsorbing on the surface or complexing 
dissolved copper ions. 

During the period of highest SCC susceptibility (i.e., during the first 3 years following 
canister emplacement), the surface temperature will exceed 80 C. As such, the SCC 
susceptibility will be diminished (the fifth criterion in the decision tree), although there 
is no quantitative basis on which to state how much less-susceptible the canister will be 
to SCC based on the elevated temperature. 
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As noted above, in the absence of more-detailed analyses, it is accepted that there may 
be region of sufficient tensile stress on the canister surface at some stage during the 
evolution of the repository environment (the sixth criterion in the decision tree). 

The overall assessment of the susceptibility of copper canisters to SCC during the 
aerobic phase can be summarised as follows: 

 Do the corrosion potential (ECORR) and interfacial pH exceed the values for the 
Cu2O/CuO equilibrium line? Yes, but only for the first 3 years following 
canister emplacement. 

 Are NH3, NO2
- or OAc- present at the canister surface at the same time that the 

E/pH criterion is met? Yes, but only at concentrations of less than 10-12 mol/dm3. 

 Are the [NH3], [NO2
-] or [OAc-] within the ranges for SCC? No. 

 Would SCC be expected at the given interfacial [Cl-]? Probably not, since the 
interfacial [Cl-] far exceeds the predicted interfacial concentration of any of the 
three SCC agents. 

 Would SCC be expected at this temperature? Probably not, as the canister 
temperature will be of the order of 80 C during the period of possible 
susceptibility. 

 Is there sufficient tensile stress/strain for SCC? Yes, in the absence of more-
detailed analyses, it is accepted there may be a region of sufficient tensile 
stress/strain on the canister surface. 

Since the failure to meet a single criterion on the decision tree is sufficient to rule out 
SCC, it is concluded based on this analysis that copper canisters will not be susceptible 
to cracking during the aerobic phase. 

Stress corrosion cracking in anaerobic conditions 

Although SCC of copper has been reported in the presence of sulphide (Taniguchi & 
Kawasaki 2008), it has not proved possible to replicate these results (Arilahti et al. 
2011, Huang et al. 2012). Furthermore, the apparent threshold sulphide concentration 
for cracking (0.005 mol/dm3, 160 mg/L) is at least two orders of magnitude higher than 
that expected in the groundwater at the Olkiluoto site (Section 6.2). The sulphide 
concentration at the canister surface will be even lower due to precipitation with 
dissolved Fe(II) and copper in the bentonite buffer. Further investigations to resolve if 
SCC could occur under anoxic sulphide-containing conditions are ongoing within the 
framework of the Finnish national research programme on nuclear waste management 
(KYT). 

A critical review of the surface mobility model has been presented by King & Newman 
(2010). It is argued that the original formulation of the crack growth law is flawed and 
that, in its corrected form, predicted crack growth rates would be of the order of 
10‑20 m/s. Therefore, even if cracking were to occur via this mechanism, the crack 
velocity would be too small to lead to canister failure, even over repository timescale. 
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6.14.3 Confidence in the model and data 

There has been long experience with the use of copper and copper alloys exposed to 
corrosive environments and tensile stresses. Indeed, the first ever recorded example of 
SCC of an alloy involved the cracking of brass in the presence of ammonia in the 19th 
Century. Although there can be no guarantee that all possible SCC agents for copper are 
known, the long history of the use of copper and copper alloys provides a certain degree 
of confidence that the potential SCC agents in the repository are known. 

The arguments against SCC under both aerobic and anaerobic conditions are based on 
sound mechanistic principles. The potential and pH window of susceptibility to SCC 
under aerobic conditions is very brief and the other pre-requisite conditions for cracking 
are not simultaneously met. There appears to be no mechanistic rationale for cracking of 
copper under anaerobic conditions. 

The various copper corrosion models used to determine if the criteria for SCC are met 
have been validated by comparison of model predictions with different experimental 
and archaeological analogue data. As noted above, the mixed potential model for the 
aerobic corrosion of copper, which forms the basis for the interfacial electrochemical 
reactions included in all of the models, has been compared with experimental 
measurements of ECORR made over a wide range of conditions (King et al. 1995). The 
copper corrosion reactive-transport model for uniform corrosion has also been validated 
against the results of large-scale in situ experiments at the Canadian Underground 
Research Laboratory (King & Kolář 2006a) and of a bronze cannon archaeological 
analogue (King & Kolář 1996). 

6.15 Corrosion due to radiolysis  

Corrosion due to radiolysis is discussed in Performance Assessment (Section 5.7.5) 
taking into account the following FEPs in Features, Events and Processes (FEP 
numbers in parentheses): 

 Radioactive decay (3.2.1) 

 Radiolysis of residual water (in an intact canister) (3.2.5), 

 Corrosion of the copper overpack (4.2.5), 

 Radiolysis of porewater (in the buffer) (5.2.5). 

This section addresses both internal corrosion due to radiolysis of residual water and 
external corrosion due to radiolysis of buffer porewater. 

6.15.1 Description of the model 

If water is carried over in failed fuel rods and the canister is inadequately dried and 
inerted after loading and sealing, then radiolysis of the humid air atmosphere inside the 
canister will occur (Section 5.7.5 of Performance Assessment). Radiolysis of the humid 
air atmosphere will produce nitric acid (HNO3), as well as small quantities of other 
nitrogen oxide species, hydrogen gas, oxygen, and hydrogen peroxide. If it is assumed 
that the amount of nitric acid formed varies linearly with the absorbed dose, the amount 
of nitric acid formed can be calculated according to: 



405 

 

 

½
2
1 /  

 

 6-87

where G is the radiolytic yield value (in number of molecules/100 eV of absorbed 
energy), Vair the irradiated air volume, ρair the density of the air, Do the initial dose rate 
outside the canister, Av Avogadro’s number, t the irradiation time and T½ the half-life 
(years) of the radiation source (see Section 6.15.2 for assumptions used).  

Continued radiolysis of a N2/H2 atmosphere, the former remaining from the initial air 
and the latter produced either by radiolysis or by corrosion of the cast iron insert by the 
nitric acid, may produce ammonia. 

These radiolysis products may have various effects on the corrosion behaviour of the 
copper overpack (and cast iron insert). If the radiolysis products reach the gap between 
the cast iron insert and copper overpack, nitric acid could cause general corrosion of the 
copper overpack and ammonia is a known SCC agent for OFP Cu (King et al. 2012, 
Section 7.2). 

A mass-balance model is used to assess the maximum extent of uniform corrosion from 
radiolysis-induced HNO3 (see below) and the reasoned argument described in 
Section 6.14 is used to discount the possibility of SCC. The mass balance equation used 
to derive the corrosion depth in case of any uniform corrosion process (i.e. the entire 
surface area is affected by corrosion) is:  
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where Dcorr is the corrosion depth, Ncorr is the number of moles of corrosive agent 
present, Fstoic is the stoichiometric factor in the corrosion reaction, MCu is the molar 
mass of copper , Acorr is the area affected by corrosion (in this case the entire canister 
area) and ρCu is the copper density (see Table D-2 in Appendix D). Corrosion due to 
gamma radiolysis applies to the first 300 years after emplacement since this is the time 
corresponding to about 10 half-lives of Cs-137 and Sr-90, the main contributors to 
gamma-radiolysis of water. Alpha radiolysis lasts much longer but it does not penetrate 
over a few tens of micrometres and therefore it affects only the immediate surfaces of 
the fuel. The effect of alpha radiolysis on the dissolution rates of UO2 matrix has not 
been experimentally observed, as discussed in Features, Events and Processes (FEP 
3.2.8); nevertheless the uncertainty is taken into account by using a higher than 
expected radionuclide release rate from the UO2 matrix used in the source term (Section 
7.3). 

6.15.2 Key data 

For the radiolysis-induced uniform corrosion of the copper overpack, the key input data 
for the mass-balance model are: 

 the amount of water entrained in the canister, 
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 the amount of air (specifically O2 and N2) inside the canister at the time of 
sealing, 

 the surface area of the copper overpack that is subject to corrosion, and 

 dose rate on the canister surface. 

From these amounts, it is then possible to calculate the maximum amount of HNO3 that 
can be formed based on the assumption that either the amount of water or the amount of 
nitrogen is limiting. 

The assumption on the amount of water entrained in the canister is that there will be one 
leaking fuel rod (with 50 cm3 void space filled with water) per BWR fuel assembly, 
hence a total of 12 leaking fuel rods per BWR canister. The leaking water volume is 
thus 600 g per canister. This assumed amount of water per canister is clearly 
pessimistic, since the current amount of leaking fuel rods is less than one every ten 
thousand (1/10000) based on operational experience at the Olkiluoto and Loviisa 
nuclear power plants (Rossi et al. 2009) and international statistics on failed fuel rods 
(IAEA 2010). Furthermore, prior to encapsulation efforts will be made to remove as 
much water as possible from the leaking fuel assemblies before encapsulation and to 
replace the residual air in the canister with argon prior to welding.  

For the performance assessment calculations, it is assumed that 600 g of H2O are carried 
over and that the canister atmosphere initially comprises 10 % air and 90 % Ar. Using 
these same amounts, SKB calculated that the maximum amount of HNO3 that can be 
produced by radiolysis is 160 g (2.5 mol) for every leaking fuel rod (corresponding to 
50 g of water) i.e., if the amount of H2O is the limiting parameter; the maximum amount 
of HNO3 that can be formed is 450 g (7.1 mol) if the nitrogen is the limiting parameter 
(SKB 2010d, Section 2.5.2 based on Henshaw et al. 1990, Henshaw 1994 and Jones 
1959). Furthermore, these amounts of HNO3 will not be present in the canister since the 
beginning because the production of HNO3 will occur over tens of years (ibid.). 

Using Equation 6-88, from the amounts of HNO3 mentioned above (2.5−7.1 mol) and 
Fstoic = 1 (i.e. one mole of HNO3 would corrode an equal number of moles of Cu to 
Cu(I)), and an internal surface area of 12 m2 (minimum internal surface area of copper 
for the smallest canisters, LO1−2, see Table D-1), the mean depth of penetration would 
be 2−7 µm. This is clearly insignificant and is not accounted for in the estimation of the 
lifetime of the outer copper overpack. 

The assessment of the possibility of SCC of the copper overpack due to ammonia is 
based on the decision tree approach described in Section 6.14 (Figure 6-99). Cracking is 
only possible if certain conditions are met, the first of which is that the corrosion 
potential and pH lie above the equilibrium line for the Cu2O/CuO couple. This condition 
requires the presence of an oxidant, typically O2 or Cu(II) formed by the oxidation of 
Cu(I) by O2. It is considered highly unlikely that an oxidising ammonia atmosphere 
would be present in the gap between the cast iron insert and copper overpack because 
any oxidant present will be consumed by corrosion of the cast iron insert.  

Concerning external radiolysis, the maximum dose rate from the canister is set by 
design to be 1 Gy/h. The actual dose rate on the different canister surfaces has been 
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calculated based on the BWR fuel with a burn-up (BU) of 60 MWd/kgU and a cooling 
time of only 20 years. The dose rate (also including neutrons) is much lower (about a 
factor 3) than the maximum level (Raiko et al. 2010, based on Ranta-aho 2008). 

Key data for the calculations are (SKB 2010b, Section 5.1.1): gap canister/buffer of 1 
cm (dgap = 0.01 m), which gives the volume of air (0.161 m3); initial gamma dose rate 
of 1 Gy/h assumed as 137Cs (T½ = 30), and G value of 0.02 molecules/eV (Jones 1959). 
The output of the calculation gives a total production of 0.015 moles of nitric acid, 
which, if consumed uniformly, corresponds to a corrosion depth of 7 nm for a canister 
height of 4.835 m and radius of 0.525 m (the height varies slightly compared to Posiva’s 
canisters but in these types of calculations the difference is negligible). Additional 
design details concerning the canister lid and bottom are not taken into account by SKB 
(2010b). The key parameter for these calculations is the dose rate at the surface of the 
canister, which is the same for both SKB and Posiva as it is set by the canister 
requirements. Thus, SKB’s results are applicable to Posiva. 

A quantitative estimate of corrosion due to external water radiolysis was carried out by 
SKB (2010b, Section 5.1.2) based on the calculations by Christensen & Pettersson 
(1997). An estimate of the maximum possible amount of oxidised copper can be made if 
one assumes that the oxidation of copper will be as efficient as the oxidation of 
dissolved Fe(II) in Christensen & Pettersson (1997). Considering the oxidation of Fe(II) 
to Fe(III), after about 317 years (which corresponds to approximately 10 half lives of 
Cs-137) the amount of precipitated Fe(III) would be 1 mol per dm3 of irradiated water 
(value taken from Christensen & Petterson 1997, Figure 2). Assuming that the oxidants 
present in a 5 mm water layer surrounding the canister reach and react with the copper 
surface, the total volume of irradiated bentonite porewater for a bentonite porosity of 
0.4 (a porosity value of 0.42 is given in Table E-1 of Appendix E) and canister height 
and radius as above will be 35 dm3. In Christensen & Pettersson (1997) this would yield 
a total amount of precipitated Fe(III) of 35 moles which would translate into 35 moles 
of corroded copper. This amount of corroded copper would give a corresponding depth 
of approximately 14 micrometres using SKB’s canister dimensions (external surface 
area of 17.7 m2), or 13 to 18.5 micrometres using Posiva’s canister dimensions (external 
surface area 13.7−19.2 m2, see Table D-1 in Appendix D).  

6.15.3 Confidence in the model and data 

The estimate of the amount of HNO3 that could be formed is based on a set of 
conservative assumptions (Features, Events and Processes). Despite the fact that few, if 
any, failures of fuel rods have been reported during pool storage, it is conservatively 
assumed that each canister contains 12 failed rods and that the entire free space inside 
the fuel rod (50 cm3) is water-filled. Furthermore, the assumption that the canister 
atmosphere is initially 10 % air is considered conservative (Features, Events and 
Processes). 

A benefit of the mass-balance approach to estimating the amount of HNO3 formed is 
that it avoids uncertainties associated with defining the absorbed dose rate, the time of 
irradiation, and the yield (G-value) for HNO3 formation. 

The area of the copper overpack subject to corrosion is uncertain. Above, it is assumed 
that the entire surface area is corroded. Although this is a non-conservative assumption, 
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it is offset by the conservative assumptions regarding the amount of entrained H2O (and, 
hence, the maximum amount of HNO3 formed) and that none of the nitric acid is 
consumed by corrosion of the cast iron insert. Even if only a fraction of the internal 
surface area of copper was corroded, the depth of corrosion would still be small 
compared with the thickness of the copper overpack (minimum 49 mm).  

The conclusion that SCC of the copper overpack due to internal radiolysis of entrained 
water in the canister is unlikely to occur is based on the decision tree approach 
described in Section 6.14. The decision tree analysis is supported by an extensive 
experimental database, as described above. 

Concerning external radiolysis, some external corrosion may be expected as a result of 
external gamma and neutron irradiation. The initial air trapped in the buffer and at the 
buffer/canister interface will produce some HNO3 and H2O2 from water radiolysis. The 
external corrosion depth due to nitric acid has been estimated using a mass balance 
approach (see above) while the contribution of H2O2 is negligible on the basis of the 
low radiolytic yield for gamma radiation (increasing from 0.05 to 0.07 mol/J as the 
temperature decreases from 100 °C to 25 °C, Stefanic & Laverne 2002) and on the 
lability of this product at higher temperatures and in presence of reactive iron in the 
bentonite porewater.  

To add confidence to the theoretical approach, the results of corrosion experiments in 
presence of radiation suggest that the effect of water radiolysis is minimal. King et al. 
(2012, Sections 7.2 and 7.3) summarise the available information on the effect of 
gamma irradiation on copper corrosion and report a threshold absorbed dose rate in the 
range 10−100 Gy/h below which no enhancement of the corrosion rate is observed. The 
maximum dose rate at the canister surface is set by design at a value of 1 Gy/h and 
calculations performed for the Canister Production Line suggest that the actual dose 
rate will be even lower (Ranta-aho 2008). Indeed, it could be argued that the predicted 
maximum depth of corrosion of 14 µm (or 13−18.5 µm using Posiva’s dimensions) over 
a 300-year period based on SKB’s calculations is insignificant and is, therefore, 
consistent with the experimental evidence considered by King et al. (2012, Section 7.3).  

6.16 Localised corrosion/surface roughening 

Localised corrosion/surface roughening is discussed in Performance Assessment 
(Sections 5.7.6 and 6.8.2) chiefly taking into account FEP number 4.2.5 in Features, 
Events and Processes. 

6.16.1 Description of the model 

Although the copper canister is expected to corrode uniformly, some degree of localised 
attack or surface roughening is possible (Sections 5.7.6 and 6.8.2, Performance 
Assessment). Under simulated repository conditions, copper does not undergo classical 
localised corrosion but instead corrodes relatively uniformly with locally deeper 
penetrations (Figure 6-104). There is no evidence to suggest that anodic and cathodic 
sites are permanently separated (as they are in the case of classical pitting corrosion). 
Instead all areas are subject to some degree of anodic dissolution. 
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A surface roughening allowance is used to account for the slight degree of localisation 
in the surface attack apparent in Figure 6-104. The roughening allowance is based on 
the maximum peak-trough height of surface profiles such as that shown in the figure. 

6.16.2 Key data 

The required data for the surface roughening allowance is simply a measure of the peak-
trough height of the observed surface roughness. Based on the data in Figure 6-104, this 
allowance is of the order of 30 µm. For Performance Assessment, an allowance of 
50 µm is used (Section 6.8.2 of Performance Assessment). This allowance is added to 
the depth of uniform corrosion in order to estimate the maximum depth of penetration. 

The solid horizontal line in Figure 6-104 represents the average penetration depth or, in 
other words, the depth of corrosion if the attack had been perfectly uniform. The 
maximum penetration beyond this mean depth is approximately half of the maximum 
peak-trough height used for the surface roughening allowance, so applying the full 
allowance on top of the estimated uniform penetration is conservative. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-104. Typical surface profile of stripped copper coupon following exposure to 
groundwater-saturated compacted buffer material at 50 °C for 733 d (Litke et al. 1992). 
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6.16.3 Confidence in the model and data 

There is a lot of evidence from different sources to support the concept of a surface 
roughening, as opposed to discrete pitting, of copper surfaces exposed to repository 
environments. In addition to the surface profiles measured on coupons exposed to 
simulated repository conditions in the laboratory (such as that in Figure 6-104), surface 
roughening has been visually observed in the large-scale in situ LOT (Long-term test of 
buffer material) and Canister Retrieval Tests at SKB’s Äspö underground laboratory 
(Karnland et al. 2000, King et al. 2012). 

To support the direct empirical evidence, a mechanistic interpretation has been 
developed to account for the observed surface roughening (illustrated schematically in 
Figure 6-105). In the proposed mechanism, corrosion proceeds via coupled anodic and 
cathodic processes that are temporally and spatially separated over the copper surface. 
Dissolution occurs via a series of pit birth, growth, and death events, with initiation 
occurring at different sites on the surface at different times. The death of a growing pit 
may occur for a number of reasons, including (a) blockage of the cathodic reaction site 
by the precipitation of insulating CaCO3, (b) physical opening of the cap of corrosion 
products over the pit leading to the loss of the critical pit chemistry, or (c) coalescence 
of adjacent pits resulting in a decrease in the cathodic:anodic surface area ratio. A series 
of such events will lead to the roughened surface appearance in Figure 6-104. 

An alternative approach to the assessment of localised corrosion is based on the concept 
of a threshold potential for the initiation of pitting. This type of approach is commonly 
used for passive materials, such as stainless steels or Ni-based alloys, but can also be 
applied to the pitting of OFP copper. In this approach, stable pits are deemed to initiate 
if the corrosion potential ECORR exceeds a critical pitting or breakdown potential EB. The 
criterion for pitting is then 

   ECORR 
 EB 
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(In some treatments, the pit re-passivation potential ERP has been used as a conservative 
measure of the critical potential, but ERP is actually the potential at which a propagating 
pit will cease to grow, rather than the potential at which a new pit will propagate). 

Figure 6-106 shows a comparison between critical breakdown potentials for copper as a 
function of pH with and without Cl-, reported in the literature, and the predicted 
variation in the ECORR and interfacial pH for a canister in a deep geological repository 
(King et al. 2012). The model used to predict the time dependence of ECORR and the 
interfacial pH for the canister is the reactive transport model described in Section 6.14.2 
developed to predict the variation of these two parameters for the assessment of the 
possibility of SCC under aerobic conditions. It is apparent that ECORR is several hundred 
millivolts less than EB so that stable pit growth is unlikely to occur on the canister. The 
breakdown potential is a stochastic parameter and exhibits a distribution of values. 
There is also uncertainty regarding the precise nature of the repository environment and 
how it evolves over time. A more-detailed statistical analysis of the probability of pit 
initiation based on distributions for both EB and ECORR is currently in progress within 
SKB.  
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Figure 6-105. Mechanistic interpretation of the surface roughening observed on copper 
exposed to repository conditions (King et al. 2012). A and C denote the anodic and 
cathodic reactions with the location and length of the lines representing the respective 
surfaces over which these reactions occur. 

 

 



412 

 

 

 

Figure 6-106. Comparison of breakdown (pitting) potentials, EB, for copper in chloride 
solutions as a function of pH with the predicted variation of the corrosion potential, 
Ecorr and interfacial pH for a copper canister in a repository (King et al. 2012). 

 

6.17 Aerobic corrosion in the deposition holes 

Aerobic corrosion in the deposition holes is discussed in Performance Assessment 
(Section 5.7.7) chiefly taking into account FEP number 4.2.5 in Features, Events and 
Processes. 

6.17.1 Description of the model 

Corrosion due to the atmospheric O2 trapped in the pores of the buffer and backfill 
materials at the time of closure of the disposal facility is discussed in Performance 
Assessment (Section 5.7.7). A mass-balance approach is used to calculate the maximum 
depth of corrosion due to O2 in the deposition hole (see Equation 6-88). A similar mass-
balance model is used to calculate the extent of aerobic corrosion due to O2 in the 
backfill in the tunnel, but corrosion is assumed to occur only on the lid as this is the 
location on the canister that the O2 will first encounter as it diffuses into the deposition 
hole from the tunnel. 

6.17.2 Key data 

The data required for the calculation of the depth of aerobic corrosion are: 

 The amount of atmospheric O2 initially trapped in the buffer and backfill 
materials. 
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 The surface area of the canister, or the fractional area, over which corrosion 
occurs. 

 The stoichiometry of the corrosion reaction. 

The initial inventory of atmospheric O2 in the deposition hole is a function of the 
volume of bentonite and the initial degree of saturation, and is calculated to be 20 moles 
(Table 3-9 of Performance Assessment). The volume of backfill per canister is greater 
than the corresponding volume of buffer, and the initial O2 inventory in the backfill of 
340.2 mol per canister (Section 5.5.2 of Performance Assessment) is correspondingly 
higher. 

The surface areas of the three sizes of canister range from approximately 13.4 m2 for the 
LO1−2 variant design to 19.0 m2 for the OL3 design (Description of the Disposal 
System). The surface area of the lid for all three variant designs is 0.87 m2. 

The stoichiometry of the corrosion reaction can be written as: 

4Cu + O2  2Cu2O  
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Based on these data, the maximum depth of uniform corrosion due to O2 in the 
deposition hole ranges from 30 µm for the OL3 variant to 42 µm for the LO1−2 canister 
design. If all of the O2 in the backfill were to corrode the lid of the canister only, the 
depth of uniform corrosion would be 11 mm, based on simple mass-balance terms. As 
noted below, this estimate is considered to be conservative because some of the O2 will 
be consumed by microbial activity in the backfill and the oxidation of pyrite 
(Appendix C, Performance Assessment). Furthermore, it is improbable that corrosion 
will be limited to the lid of the canister. Corrosion of the sides is also likely, which 
further reduces the overall depth of corrosion. 

6.17.3 Confidence in the model and data 

The mass-balance model used to assess the extent of aerobic corrosion is a conservative 
approach as it assumes that all O2 will be consumed by corrosion of the canister. It is 
expected, however, that the majority of the O2 will be consumed by the oxidation of 
accessory minerals in the bentonite, primarily pyrite (FeS2). The results of scoping 
calculations in Appendix C of Performance Assessment suggest that the rate of O2 
consumption by pyrite oxidation is faster than that due to corrosion of the canister, 
although there is some uncertainty because the surface area of the pyrite is not 
accurately known and because the rate of pyrite oxidation depends on the degree of 
saturation of the backfill. In unsaturated backfill, the time required to consume all of the 
O2 by the oxidation of pyrite is estimated to be between 10 days and 2.8 years, 
depending on the active surface area of pyrite. The estimated time to consume the O2 is 
shorter in saturated backfill because of the faster oxidation kinetics, resulting in O2 
consumption in 0.02 days or 2 days depending on the active surface area. For an 
assumed aerobic corrosion rate of copper of 10 µm/a, the corresponding depth of 
corrosion for these estimated times for O2 consumption varies from < 1 nm to 28 µm, 
compared with the estimate of 11.2 mm based on a mass-balance argument. 
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The initial inventory of O2 in the buffer and backfill materials is relatively small 
compared with the mass of the copper. The only non-conservatism in the mass-balance 
model is the definition of the surface area undergoing corrosion. However, even if all of 
the O2 in the backfill is assumed to corrode only the top of the canister, the maximum 
penetration is still only 11 mm or less than one quarter of the lid thickness. Additional 
O2 consumption may occur indirectly as a result of catalytical oxidation reactions (e.g., 
oxidation of organic matter) involving microbes.  

6.18 Copper corrosion in highly saline groundwater 

Copper corrosion in highly saline groundwater is discussed in Performance Assessment 
(Section 5.7.8) chiefly taking into account FEP 4.2.5 (“corrosion of the copper 
overpack”) and depends ultimately on FEP 8.2.7 (“rock-water interaction”) in Features, 
Events and Processes. 

6.18.1 Description of the model 

With decreasing pH and increasing Cl- concentration, the reaction 

Cu +H+ + 2Cl-  CuCl2
- + ½H2  
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becomes increasingly possible. This reaction represents the corrosion of copper under 
anoxic conditions with the evolution of H2 (Section 5.7.8 of Performance Assessment). 

Under repository conditions, the near-field pH is buffered at ~pH 7−8 by the presence 
of calcite in the bentonite clay, and the Cl- concentration in the reference groundwaters 
at repository depth at Olkiluoto is expected to be between 0.1 and 0.2 mol/dm3 
(3.5−7 g/L), whereas the maximum Cl- concentrations found in brine water is 
1.2 mol/dm3 or 42,000 mg/L (see Table 6-11). 

For this combination of pH and Cl- concentration, the rate of corrosion of copper by 
Cl- with the evolution of H2 is minimal and no allowance is made for this process in the 
estimation of canister lifetimes. 

6.18.2 Key data 

The key data required to assess the possibility of corrosion via Reaction 6-91 are the 
near-field pH and [Cl-], as defined above, and (for thermodynamic analyses) reliable 
thermodynamic data, including activity coefficients for concentrated solution (King et 
al. 2012, Puigdomenech & Taxén 2000). 

6.18.3 Confidence in the model and data 

Various theoretical and experimental studies have been performed to assess the extent 
of Reaction 6-91 under repository conditions. Thermodynamic analyses have been used 
to estimate the concentration of CuCl2

- in equilibrium with Cu metal as a function of 
[Cl-] and pH (King et al. 2012). At 100 C, the equilibrium concentration of CuCl2

- is 
approximately 10-7 mol/kg for the pH and [Cl-] conditions of interest. There is some 
uncertainty regarding the value of activity coefficients in concentrated solutions. A 
further analysis using experimentally-derived Pitzer ion-interaction parameters for 
estimating activity coefficients is planned as part of Posiva’s RTD plan (Posiva 2012). 
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The rate of corrosion for Reaction 6-91 can be calculated based on the assumption that 
the transport of CuCl2

- and/or H2 away from the surface is rate controlling. For a 
Cl- concentration of 1 mol/kg at pH 7 and a temperature of 50 C, the rate of corrosion 
of a canister in compacted bentonite is estimated to be of the order of 0.01 nm/a (King 
et al. 2012). Furthermore, in deriving this rate, CuCl2

- and H2 were assumed to be 
consumed (by reaction with sulphide and Fe(III) in the bentonite, respectively), thus 
maintaining a steep concentration gradient at the canister surface. 

Experimental studies also indicate that the rate of Reaction 6-91 is negligible under 
repository conditions. Using an electrical-resistance probe technique, Bojinov & Mäkelä 
(2003) and Bojinov et al. (2004) observed no corrosion of copper in 1 mol/L NaCl 
solution at room temperature or at 80 C following consumption of residual O2. 
Similarly, Betova et al. (2004) concluded that corrosion of copper in compacted 
bentonite ceased once the initially present O2 had been consumed. More recently, 
Betova et al. (2013a) have measured the open-circuit potential of copper in anoxic 
chloride solution and have found it to be close to the CuCl2

-/Cu equilibrium, with the 
dissolved Cu(I) concentration reaching an apparent steady-state value. Experimental 
measurements are under way in Canada using a highly sensitive technique for 
measuring evolved H2 (Keech 2013). At 75 C in 5 mol/L NaCl at pH 5.5 − a pH value 
that is unlikely to occur in compacted bentonite because of the pH-buffering effect of 
the calcite present in the clay − the rate of H2 evolution is equivalent to a corrosion rate 
of the order of 2−5 nm/a, with lower rates at lower temperature. Although these 
measurements show that copper does corrode at a measurable rate in highly saline 
solutions, the rates are very low. Furthermore, on the assumption that the rate is limited 
by the transport of either dissolved copper or of evolved H2 away from the corroding 
surface, the corresponding rate for a canister surrounded by highly compacted bentonite 
would be expected to be lower than those observed experimentally in bulk solution. 

In summary, the various theoretical and experimental studies confirm that, although 
possible, the rate of corrosion of copper in anoxic saline solutions is extremely low. 

6.19 Corrosion by sulphide 

Corrosion by sulphide is discussed in Performance Assessment (Section 6.8.3, 7.7 and 
8.2) taking into account the following FEPs in Features, Events and Processes (FEP 
numbers in parentheses): 

 Corrosion of the copper overpack (4.2.5), 

 Aqueous solubility and speciation (4.3.1), 

 Diffusion (in the canister) (4.3.4), 

 Diffusion (in the buffer) (5.3.4), 

 Diffusion (in the backfill) (6.3.4) 

This process depends also on groundwater composition (Section 6.2 and its related 
processes) and the geochemical evolution of the buffer and backfill (Sections 6.8 and 
6.9 and their related processes). 
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6.19.1 Description of the model 

During the long-term anaerobic phase in the evolution of the repository environment, 
corrosion of the copper canister will occur as a result of the presence of sulphide ions 
(HS-). Sulphide is present naturally in the groundwater, can be produced by the 
microbial reduction of sulphate by sulphate-reducing bacteria (SRB) in the rock or in 
the backfill at the backfill/rock interface, and may also be a product of the anoxic 
dissolution of pyrite, although the latter source of HS- is considered to be minor (King 
2013). 

The stoichiometry of the corrosion reaction between HS- and copper can be written as 

2Cu + HS- + H2O  Cu2S + H2 + OH- 
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Because sulphide must be transported to the canister surface in order for corrosion to 
occur, the maximum rate of corrosion by sulphide is equal to the rate of HS- transport. 
Thus, the rate of anaerobic corrosion due to sulphide is treated in the performance 
assessment using a mass-transport model. 

The following sections describe a model to evaluate the possible occurrence of 
corrosion failure due to sulphide over one glacial cycle. The rate of corrosion, and hence 
the likelihood of failure, is increased if, during this time frame, significant erosion of the 
buffer and/or backfill occurs, leading to advective conditions around the canisters. 
Transport of sulphide through the buffer is handled using two main models: the buffer 
providing a diffusive barrier and buffer becoming locally eroded. 

Section 7.5 of Performance Assessment describes how significant chemical erosion of 
the buffer associated with the penetration of low-ionic strength glacial meltwater to 
repository depth cannot be ruled out for some less favourable canister positions. 
Backfill erosion that could lead to sufficient loss of buffer density for advective 
conditions to arise is, however, ruled out (see Section 7.5 of Performance Assessment).  

A canister will fail by corrosion at time tfail (a), when the following condition is 
satisfied: 





failt

t

ddtj
0  
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j (m/a) is the corrosion rate and d (m) is the initial thickness of the copper overpack.  

The corrosion rate is given by: 

A

F

N

N
j

s

c


2
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where Nc and Ns are the atomic and molecular masses of copper (63.54 g/mol) and 
sulphide ion HS- (33.07 g/mol), respectively,  is the density of copper (8900 kg/m3), F 
is the rate of transport of sulphide to the canister surface (kg/a), and A is the effective 
area of the canister surface over which corrosion occurs (m2). 
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The factor of 2 in Equation 6-94 arises from the fact that 2 moles of copper are corroded 
per one mole of sulphide arriving at the canister surface, assuming the final product is 
Cu2S (Equation 6-92). It is assumed that the rate of the interfacial consumption of HS- is 
fast compared to the rate of supply, so that the overall corrosion reaction is mass-
transport limited and the interfacial concentration of sulphide can be taken to be zero. 

The values of F and A depend on the dominant transport mechanism for sulphide in the 
buffer and on the transport paths considered. The following situations are considered 
here: 

First, for intact buffer, diffusion is the dominant transport mechanism for dissolved 
species. The following diffusion pathways are considered separately: 

 sulphide diffuses through the buffer to the canister surface from groundwater 
flowing in a horizontal fracture that intersects the deposition hole, 

 sulphide diffuses vertically to the canister surface through the buffer from the 
backfill in the deposition tunnel. 

Second, for the case of eroded bentonite, the buffer becomes locally eroded where it is 
intersected by a fracture, giving rise to advective conditions where flowing groundwater 
with dissolved sulphide contacts the canister surface. 

Application of the models requires flow-related data from groundwater flow modelling, 
and information on the sulphide concentration in the groundwater and deposition tunnel 
backfill. The results from the models are given in Sections 7.7 and 8.2 of Performance 
Assessment.  

Buffer providing a diffusive barrier 

Diffusion from a fracture intersecting the deposition hole 

Consider first a steady-state situation where sulphide diffuses through the buffer to the 
canister surface from groundwater flowing in a horizontal fracture that intersects the 
deposition hole. For this situation, FDH (kg/a) denotes the rate of transport of sulphide to 
the canister surface and ADH (m2) denotes an effective area of the canister surface over 
which corrosion occurs. The ratio FDH/ADH (kg/(m2·a)), needed to evaluate the corrosion 
rate, is taken to be the highest rate of corrosion anywhere on the canister surface. In the 
presence of a horizontal fracture, and neglecting for the moment the special situation 
where the fracture intersects opposite, or nearly opposite, the corners of the canister 
where the sidewall meets the lid and base (see the discussion of the effect of location of 
the fracture, below), the maximum rate occurs along a line on the canister surface that is 
directly opposite (i.e. closest to) the fracture. 

An expression for FDH/ADH is derived in Appendix B.8 of Smith et al. (2007)24: 

                                                 
 

24  The quantity FDH/ADH is termed fmax in Smith et al. (2007). Note that the 2 inside the logarithm term in Equation 6-92 is 
erroneously given as 4 in Equation B.8-13 of Smith et al. (2007). 
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with 

Cb the sulphide concentration at the buffer/rock interface (kg/m3), 

2b fracture aperture (m), 

De effective diffusion coefficient of anions (sulphide) in the buffer (m2/a), 

rt  deposition hole radius (m), and 

rc canister radius (m). 

 
The unknown concentration Cb is obtained by considering mass balance at the 
buffer/rock interface. 

Let Qf (m
3/a) be the flow rate through a layer of water within the fracture as it enters the 

buffer/rock interface zone known as the “boundary layer”. The exchange of sulphide 
between the flowing water in the fracture and the stagnant pore water in the buffer takes 
place by diffusion between the buffer and boundary layer. Sulphide enters the boundary 
layer from upstream parts of the fracture at a rate CsQf, where Cs (kg/m3) is the sulphide 
concentration in the groundwater away from the interface. Sulphide leaves the boundary 
layer and is carried downstream at a rate CbQf, where Cb (kg/m3) is the sulphide 
concentration at the buffer/rock interface. 

It follows from mass balance: 

fbfsDH QCQCF   
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FDH will also be proportional to the sulphide concentration difference across the buffer. 
It is assumed that the copper corrosion reaction is rapid, such that the sulphide 
concentration at the canister surface may be taken as zero. Hence, we can write: 

bbDH CQF   
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where Qb (m
3/a) is an effective flow rate describing the steady-state rate of mass transfer 

across the buffer by diffusion driven by a unit concentration difference (kg/m3). 

From these two equations, the unknown concentration Cb is given by: 

bf

b
sb QQ
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An expression for Qb is also derived in Appendix B.8 of Smith et al. (2007) (note the 
change in notation in the present report): 
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Qf is taken directly from the results of groundwater flow modelling (see Section 6.1). 

From Equations 6-95, 6-97 and 6-99, the effective area for corrosion is given by: 

 cttDH rrrA  4  
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and is thus equal in area to a band around the buffer with a half width equal to the buffer 
thickness. The reference corrosion area ADH can be obtained using rt = 0.875 m and 
rc = 0.525 m, which give ADH = 3.85 m2. A localisation factor of 5 was used in earlier 
safety assessments (Vieno et al. 1992, Vieno & Nordman 1999). This was to account for 
the geometric configuration of a fracture intersecting a deposition hole leading to a 
higher than average corrosion rate on the parts of the canister closest to the fracture. In 
the present analysis, such geometrical effects are included via the parameter ADH. The 
results are given for an intact buffer in Sections 7.7.2 and 8.2.1 of Performance 
Assessment. 

Diffusion from the deposition tunnel 

Consider next another steady-state situation where sulphide diffuses vertically to the 
canister surface through the buffer from the deposition tunnel. It is assumed that, at 
points distant from the deposition hole, a constant sulphide concentration Cs is 
maintained. Horizontal advection of sulphide takes place along the tunnel. The 
modelled system, which is simplified to facilitate analytical treatment, is shown in 
Figure 6-107. 

A steady-state situation is considered in which the concentration at points in the tunnel 
distant from the deposition hole is Cs. For this situation, FDV (kg/a) denotes the rate of 
transport of sulphide to the canister surface and ADV (m2) denotes an effective area of 
the canister surface over which corrosion occurs. The ratio FDV/ADV (kg/(m2·a)), needed 
to evaluate the corrosion rate, is taken to be the highest rate of corrosion anywhere on 
the canister surface − in this case, the upper surface of the canister. Variations in 
sulphide concentration in the horizontal plane are neglected.  

Disregarding, for the moment, the finite size of the deposition tunnel, the amount of 
sulphide M (kg) diffusing vertically in the deposition tunnel to the boundary between 
the deposition tunnel and the deposition hole in a typical time tadv (a) taken for an 
element of fluid to be advected horizontally across the top of the deposition hole is 
given approximately by25: 

                                                 
 

25  Equation 6-101 is obtained by considering a frame of reference moving with the fluid in the tunnel. In this case, the problem is 
equivalent to that of 1D diffusion into a semi-infinite medium, with a fixed concentration at the boundary. The solution may be 
obtained, e.g. by Laplace transform methods, see Section 9.11 in Riley (1974). 
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Figure 6-107. Diffusion from the deposition tunnel: the modelled system.  

 

2   6-101

with 

Ct the sulphide concentration at the buffer/backfill interface (kg/m3); 

 porosity of the backfill (kg/m3); and 

Det vertical effective diffusion coefficient of anions (sulphide) in the backfill (m2/a). 

At steady-state, this is also the amount of sulphide that diffuses, in the same time, to the 
upper surface of the canister. 

Taking the time tadv to be the average travel time of a particle moving with flowing 
water in the deposition tunnel to cross the deposition hole: 

2
  6-102

where q is the Darcy velocity in the backfill. From Equations 6-101 and 6-102: 

 

2 2 2
  6-103

Because of the finite size of the tunnel, this expression gives an upper bound to the rate 
of sulphide diffusion. A further constraint on the rate of mass transfer by diffusion to the 
deposition hole is given by the rate of advective transport along the tunnel. Thus, for 
modelling purposes, we take the smaller of  
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where As (m
2) is the cross-sectional area of the deposition tunnel. 

The vertical diffusive flux, FDV, is also given by: 

2
   6-105

where L is the vertical distance from the top of the canister to the top of the deposition 
hole (Figure 6-108).  

Eliminating the unknown concentration Ct from Equations 6-104 and 6-105, and noting 
that ADV is simply the upper surface area of the canister, the ratio FDV/ADV needed to 
evaluate corrosion rate is given by the smaller of: 

2
2

2 2 / 2 2
  6-106

In the limiting case of a large flow in the deposition tunnel: 

  6-107

The results are shown in Section 8.2 of Performance Assessment. 

Buffer becoming locally eroded 

Consider now the steady-state situation where the buffer is eroded near to its interface 
with a horizontal fracture, such that advective transport dominates in a region of the 
buffer near to the fracture. The situation is illustrated in Figure 6-108.  

For this situation, FAH (kg/a) denotes the rate of transport of sulphide to the canister 
surface and AAH (m2) denotes an effective area of the canister surface over which 
corrosion occurs. 

The situation has been analysed by SKB for SR-Site, and the approach discussed here is 
closely based on that described in detail in SKB (2010b).  

FAH is expressed as a product of an equivalent flow rate, QAH (m3/a), and the 
groundwater sulphide concentration Cs. 

  6-108
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Figure 6-108. Buffer becomes locally eroded: the modelled system.  

 

The equivalent flow rate is given by the smaller of: 
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This formulation is taken from the appendix of Neretnieks et al. (2010). 

QA (m3/a) is the flow through a plane intersecting the fracture normal to the flow 
direction that has a width of twice the deposition hole diameter, which accounts for the 
convergence of streamlines towards the deposition hole.  

Qlim (m3/a) is given by: 

 2lim
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where V is the volume of eroded buffer, given by26:  

   32
2

3

2

2 ctctt rrrrrV 
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26  This equation is obtained by an exact integration of the volume shown in blue in Figure 6-108. It differs somewhat from the 
approximate volume used by SKB in SR-Site (Section 4.3.3 of SKB 2010b): . However, the 
difference is considered small compared to other uncertainties in the analysis of buffer erosion. In particular, the volume shown 
in Figure 6-108. corresponds to one snapshot in time as the eroded volume first contacts the canister. The semicircular shape of 
the eroded volume will be lost as erosion continues. 
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where rt and rc are the radii of the deposition hole and canister, respectively. In SR-Site, 
two alternative expressions are proposed for AAH that take account of the localised 
nature of erosion (Section 4.3.3 of SKB 2010b). The expression that is considered the 
more realistic is: 

 ctcAH rrrA   
6-112

Note that, in SR-Site, the corroded volume is approximated to a band extending around 
half the circumference of canister, to account for the erosion and subsequent corrosion 
taking place mostly on the up-stream side of the deposition hole. Using Equation 6-98 is 
thus equivalent to setting the width of this band to equal the buffer thickness (see Figure 
6-109). 

A more conservative expression that gives a smaller area is used as an alternative: 

drA cAH 2

2
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This expression is based on the pessimistic assumption that the erosion stops 
immediately after it has reached the canister wall (see Figure 6-110).  

 

 

Figure 6-109. Illustration of the geometry for erosion of buffer, with a growing semi-
circular cross section. When the copper surface is reached, the eroded section will 
continue to grow, and expose a larger height of the copper surface (Figure 4-2 of SKB 
2010b).  
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Figure 6-110. Illustration of the bounding of the corrosion geometry with the minimum 
corrosion height derived from corrosion of a semicircular hole in the canister wall, for 
an eroded area just touching the canister surface (Figure 4-3 in SKB 2010b). 

 

The model of buffer erosion described in Section 7.5 of Performance Assessment 
provides, as output, the time when, in any specific deposition hole, sufficient buffer is 
eroded for the establishment of advective conditions. Denoting this time as tesn (a), and 
using the above-mentioned corrosion models, a canister will fail by corrosion at a time 
tfail that satisfies the following condition: 

2
1

1 1
  6-114

The results for tfail are shown in Section 7.7 and Section 8.2 of Performance Assessment.  

Effect of location of fracture 

As shown in Figure 6-111 the calculated distribution of sulphide in the buffer, and 
hence the sulphide concentration gradient at the canister surface, is sensitive to the 
location of the fracture with respect to the canister corner. The results shown in the 
figure are calculated from the analytical concentration distribution due to a line source 
above a planar surface, which is transformed to the concentration distribution due to a 

line source near a corner using the conformal mapping ( 1

), which maps the upper half of the complex z plane onto the domain shown 

in the complex w plane. Note that this approach neglects the curvature of the surfaces of 
the deposition hole and canister.  

In the worst case of a fracture located opposite the corner of the canister, a large 
sulphide concentration gradient occurs at the canister surface, resulting in a 
correspondingly high corrosion rate. 
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Figure 6-112 shows the corresponding distributions in the steady-state corrosion rate 
over the surface of the canister. The model assumes instantaneous reaction of sulphide 
ions on the canister surface. The location of the fracture is, respectively, 96 cm, 44 cm 
and 7 cm below the top of the canister. In the cases where the fracture is furthest below 
the top of the canister, there are two corrosion rate maxima: one broad and relatively 
low maximum opposite the fracture, and one narrow higher maximum opposite the 
corner of the canister. In the case where the fracture is nearly opposite the top of the 
canister, these two maxima are superimposed such that only one is apparent. At the 
corner, theoretically the flux of sulphide (and, hence, the corrosion rate) is infinite. 
However, it is important to note that the predicted corrosion rate only exceeds a value of 
1 nm/a at locations within less than a millimetre of the corner. Corrosion would lead to 
“rounding” of the corner and a decrease in sulphide flux and the corresponding 
corrosion rate, although the simplified model used to predict the sulphide iso-
concentration contours in Figure 6-111 is not capable of accounting for this change in 
the shape of the canister surface profile. For comparison, the corrosion rate 
corresponding to the diffusion of sulphide across the buffer for a planar source of 
similar concentration (i.e. with the deposition hole wall maintained at the same 
concentration as assumed for fracture water) is also shown in Figure 6-112. In this case, 
the canister is assumed to be infinitely long, so that no effects of the corner are 
considered. For all calculations in Figure 6-111 and Figure 6-112, a sulphide source 
concentration of 3 mg/L, effective diffusivity of 7.80·10-12 m2/s, and buffer thickness of 
0.35 m were assumed. A fracture aperture of 0.001 m was used. Cautiously, no account 
is taken for the limited capacity of the fracture to supply sulphide from the groundwater 
(i.e. a high flow rate through the fracture is assumed). 

 

 

Figure 6-111. Effect of the location of the fracture with respect to the canister on the 
diffusion of sulphide. The curves represent the iso-concentration curves of sulphide ions 
diffusing through the buffer. The model assumes instantaneous reaction of sulphide ions 
on the canister surface. Axes are labelled in units of metres. The corner of the canister 
is located at the level = 0.0 on the y-axis, with increasing positive values corresponding 
to increasing distance from the corner along the top of the canister and increasing 
negative values corresponding to increasing distance from the corner down the side of 
the canister. From left to right, the location of the fracture is, respectively, 96 cm, 44 cm 
and 7 cm below the top of the canister.  
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Figure 6-112. The predicted distribution of corrosion rate over the surface of the 
canister as a function of the location of the fracture based on the sulphide transport 
modelling in 6-111. The corner of the canister is located at a distance of zero metres on 
the horizontal access, with increasing positive values corresponding to increasing 
distance from the corner along the top of the canister and increasing negative values 
corresponding to increasing distance from the corner down the side of the canister. 
Also shown is the predicted corrosion rate based on sulphide diffusion across the buffer 
from a planar source to an infinitely long canister (no canister corner).  
 
Even though there is enhanced transport of sulphide to the corner of the canister if the 
fracture is located nearby, the corrosion rate is still likely to be transport limited. The 
maximum rate of the interfacial corrosion reactions (i.e., in the absence of mass-
transport limitations) can be estimated using the electrochemical interfacial reactions 
included in the Copper Sulphide Model (King et al. 2011a, b). The rate of the interfacial 
anodic reaction involving the formation of a Cu2S film 

2Cu + HS-  Cu2S + H+ + 2e-
  6-115

is a function of the electrochemical potential, temperature, sulphide concentration, and 
the porosity of the Cu2S film. For reasonable values of the potential (-0.99 VSCE) and 
film porosity (0.1) (King & Kolàř 2013, King et al. 2011a, b), the maximum interfacial 
rate for a sulphide concentration of 3 mg/L and a temperature of 25 C is equivalent to a 
corrosion rate of 7.6 nm/a. Since this rate exceeds the rates in Figure 6-112 estimated 
based on the flux of HS- from the different fracture locations, the corrosion rate will be 
under transport control, except at the exact location of the corner and only until such 
time that the corner is “rounded” by corrosion. 

6.19.2 Key data 

In order to apply the models described above, the following information on groundwater 
flow is required for each deposition hole: 
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 sulphide anion concentration in groundwater, 

 Qf, the boundary layer flow around the deposition hole in the case where the 
buffer provides a diffusion barrier, 

 QA, the fracture flow in the case that the buffer becomes locally eroded, 

 2b, the fracture transport aperture, and 

 q, the Darcy velocity in the deposition tunnel. 

Groundwater flow modelling for temperate climatic conditions yields (among other 
information), for each deposition hole, the Darcy velocity, q, in the deposition tunnel 
and the boundary layer flow around the deposition hole, Qf. It also gives UF (m2/a), the 
groundwater flow rate per unit width of fracture, summed over all fractures intersecting 
the deposition hole, and 2b, the transport aperture of the fracture with the highest flow 
per unit width.  

QA is calculated from the flow parameter UF, using: 

FtA UrQ 4
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where rt (m) is the radius of the deposition hole. Equation 6-116 is based on the cautious 
assumption that flow occurs predominantly in one fracture, which will tend to 
overestimate QA. The factor 4rt accounts for the convergence of streamlines towards the 
deposition hole.  

In the groundwater flow model, the fracture transport aperture is calculated assuming it 
to be a factor of 10 higher than the hydraulic fracture aperture. This transport aperture is 
also used in the calculation of Qf. Both are scaled appropriately when considering the 
alternative assumption that the transport aperture is a factor of 40 higher than the 
hydraulic fracture aperture.  

In applying these flow rates in the buffer erosion and canister corrosion calculations, 
they are also scaled by the factor fv, which takes account of fluctuations in hydraulic 
gradient associated with major climatic changes (see Section 7.1.3 of Performance 
Assessment). The cumulative duration of dilute conditions per glacial cycle is used to 
calculate the total amount of eroded buffer by the end of the assessment time frame. 
During this time frame, corrosion is controlled by the diffusive migration of sulphide to 
the canister surface until the amount of erosion is sufficient so that advective conditions 
are established in the adjacent buffer. Once this occurs, corrosion is controlled by 
advective sulphide migration. Thus, the amount of corrosion occurring by the end of the 
assessment time frame depends on the temporal sequence alternating dilute and brackish 
conditions in the water contacting the buffer, since this can affect the time at which any 
switch to advective conditions occurs. 

For the evolution of groundwater velocity, the reference and variant case that are 
applied are the same as when modelling chemical erosion (see Tables 7-4 and 7-5 in 
Performance Assessment). Other conditions and parameters needed to calculate the 
number of canisters that may be affected by corrosion as a consequence of buffer 
erosion are reported in Table 6-60 below. 
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Table 6-60. Parameter values used in the reference and variant corrosion calculations 
considering buffer erosion. RSC = Rock Suitability Classification. 

Parameter Assumption (Reference) Variant Assumption  

RSC inflow limit [0.1 litres/min] Both applied and not applied in the 
figures  

-- 

Canister radius [m] 0.525  -- 

Deposition hole radius [m]  0.875  -- 

Copper thickness [m] 0.049  0.035  

Copper density [kg/m3] 8900  -- 

Molecular mass of sulphide 
[g/mol] 

33.07  -- 

Atomic mass of copper [g/mol] 63.54 -- 

Number of moles of copper 
corroded per mole of sulphide 

2 -- 

Buffer mass loss threshold to 
attain advection [kg] 

1200 -- 

Backfill mass loss threshold to 
attain advection [kg] 

22,000 -- 

Aperture factor between transport 
aperture and hydraulic aperture 

10 40 

Effective diffusion coefficient in 
bentonite [m2/s] (anions, incl. 
sulphide) 

7.80·10-12 -- 

Diffusion coefficient in free water 
[m2/s] 

1·10-9 -- 

Sulphide concentration in 
groundwater [mg/L] 

3 -- 

Corrosion area model [m2] 0.58 (Equation 6-112) 0.13 (Equation 6-109) 

Duration of dilute conditions per 
glacial cycle [a] 

Dilute water is present during the 
retreat of the ice sheets; three ice 
sheets are formed during one glacial 
cycle. The ice margins are assumed 
to stop for 1000 years during the 
retreat of each of the three 
glaciations with melt water 
penetration being possible only 
during summer (see Table 7-4 of 
Performance Assessment). 

In variant 1, dilute water is 
present during the retreat of 
the ice sheets; three ice 
sheets are formed during one 
glacial cycle. The ice margins 
are assumed to stop for 1000 
years during the retreat of 
each of the three glaciations 
with melt water penetration 
being possible continuously 
(see Table 7-4 of 
Performance Assessment). 
 

 

For the reference and variant case, the numbers of deposition holes experiencing 
advective conditions due to buffer erosion during the first glacial cycle are shown in 
Table 7-6 of Performance Assessment. In the reference case, only one deposition hole 
position out of the 5391 potential positions  considered experiences advective 
conditions due to buffer erosion during the first glacial cycle. As shown in Performance 
Assessment, in none of these cases does backfill erosion lead to advective conditions in 
any of the deposition hole locations. In a variant case, 3 positions are calculated to 
experience advective conditions (assuming the application of rock suitability 
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classification (RSC) criteria to reduce the number of canisters in potentially vulnerable 
locations). These positions do not lead immediately to canister failure because the 
corrosion rate of copper is still constrained by the limited rate of supply of sulphide 
from the surrounding rock through the partly eroded buffer to the canister surface. No 
hydraulically significant rock damage around the deposition holes is assumed (the 
erosion model predicts that fractures due to rock damage would be filled with bentonite, 
see Section 7.5.4 of Performance Assessment). 

6.19.3 Confidence in the model and data 

The results in Performance Assessment show that during the long-term evolution no 
canister failures are expected if the buffer performs as designed. The uncertainties in the 
sulphide sources to the canister are taken into account using a pessimistic sulphide 
concentration (3 mg/L) constant at all times. Uncertainties due to the very long time 
scale considered are handled using even more pessimistic assumptions concerning 
canister thickness, fracture aperture, and duration of dilute groundwater conditions. 
Even using these more pessimistic assumptions, only a few failed canisters (a maximum 
of 3 in the calculations presented here) might occur in the first glacial cycle. 

Although the mass-transport model is based on the concept that the corrosion rate 
cannot be greater than the rate of HS- transport, it is interesting to understand the 
conditions under which the reaction is actually transport limited. Under transport-
limiting conditions, the interfacial HS- concentration will approach zero, a condition 
that makes it unlikely that processes that require high concentrations of sulphide will 
occur. For example, there is an apparent threshold HS- concentration for the SCC of 
copper in the presence of HS- (Taniguchi & Kawasaki 2008), Section 6.14 above. 

The corrosion of copper in the presence of HS- will be transport limited when the rate of 
supply of sulphide is slower than the rate of consumption of sulphide due to film 
formation on the copper surface. This implies that there is a critical HS- flux below 
which the reaction is transport limited, with transport limitation becoming more likely 
the lower the source concentration or the slower the rate of transport through the buffer, 
backfill, or rock. In stagnant aqueous solution, Chen et al. (2011) have identified a 
threshold concentration of between 5·10-5 mol/L and 5·10-4 mol/L at which the rate-
controlling solution transport changes by a process associated with Cu2S film formation. 
Based on this observation and estimate of the diffusion layer thickness, a threshold flux 
for solution transport control of the corrosion process of approximately 
10-11 molcm2s) can be estimated. In comparison, the steady-state flux of HS- across 
35 cm of compacted bentonite in the deposition hole is approximately five orders of 
magnitude lower for a groundwater sulphide concentration of 1 ppm. Thus, the 
corrosion of copper by sulphide is certainly transport limited for the case of intact 
bentonite.  

A detailed mechanistic model has been developed to predict the evolution of the 
corrosion behaviour of the canister in the repository. Figure 6-113 shows the reaction 
scheme for the Copper Sulphide Model (CSM, King et al. 2011a), which describes the 
uniform corrosion behaviour of copper in contact with compacted bentonite during both 
the early warm aerobic phase and the subsequent cool, anoxic period dominated by the 
presence of sulphide. This reaction scheme is based on a combination of the results of 
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electrochemical and corrosion studies conducted as part of the Finnish, Swedish, and 
Canadian nuclear waste management programmes and information from the general 
technical literature. 

The CSM has been validated against experimental studies with a copper-compacted clay 
electrode immersed in initially aerated NaCl solution and is capable of replicating the 
observed precipitous decrease in ECORR of 600 mV when sulphide ions are added to the 
electrolyte (King et al. 2011b). This latter validation is particularly relevant since this 
evolution of ECORR from the relatively positive values under aerobic conditions to the 
negative values in the presence of sulphide is exactly what is expected to occur for the 
canister as the repository environment goes through a similar evolution of 
environmental conditions. 

 

 

 

Figure 6-113. Reaction scheme for the Copper Sulphide Model (CSM) Version 1.1 
(King et al. 2011a). 
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An implicit assumption in the transport-limited corrosion model is that sulphide is 
consumed in the corrosion reaction. Scully & Hicks (2012) have raised the question of 
whether there is a mechanism by which HS- could essentially act as a catalyst for copper 
corrosion, but not itself be consumed in the reaction. In this situation, a mass-transport-
limited corrosion model would not necessarily be conservative. Scully & Hicks (2012) 
provide no direct evidence for such a catalytic mechanism under anaerobic conditions, 
and the examples provided refer to aerobic conditions for which it is known that Cu2S 
films can catalyse the O2 reduction reaction. The primary argument for the consumption 
of sulphide in the corrosion reaction is that the solubility product for Cu2S is so small 
(Ksp = 10-34, Puigdomenech & Taxén 2000) that any dissolved copper species produced 
by corrosion would immediately precipitate and sequester the sulphide ion. Locally 
sulphide-depleted regions could be formed in pores in a precipitated Cu2S film, with 
local stabilisation of dissolved cuprous-chloro complexes, such as CuCl2

-. However, 
once these species had diffused out of the pore they would then react with HS- in the 
bulk solution and again precipitate and sequester the sulphide. Further SKB-funded 
studies into the fundamentals of copper corrosion in sulphide-containing chloride 
solutions are continuing. 

As noted in Section 7.5.8 of Performance Assessment in the context of buffer erosion, 
the buffer erosion/canister corrosion calculations are based on only a single realisation 
of the DFN groundwater flow model. Had flow-related parameters been based on 
another groundwater flow modelling case, canister failure would most likely have 
occurred in different deposition holes, with somewhat different flow-related parameter 
values, and the number and timings of failures would also have differed from those 
calculated here. Nevertheless, the similarity of distributions of near-field flow-related 
parameter values observed in different DFN realisations (Section 4.4 of Assessment of 
Radionuclide Release Scenarios for the Repository System) indicates that the number 
and timings of canister failures and the consequent near-field release rates would have 
been broadly similar. The number and timings of canister failures in the calculations 
presented here should therefore be regarded as a reasonable illustration, but are not to be 
interpreted as a precise prediction. There are a number of uncertainties in these 
calculations, including: 

 those related to the chemical erosion of the buffer discussed in Section 7.5.7 of 
Performance Assessment, 

 the time at which advective condition could arise in the buffer and hence the 
resulting amount of subsequent corrosion, and 

 the additional flow of sulphide from the buffer and backfill due to microbial 
activity if the density decreases due to erosion. This has been considered in the 
estimates in Wersin et al. (2013c). 

The application of RSC criteria greatly mitigates the possibility of emplacing a canister 
in a position with high flows. 

The issues propagated to the formulation of release scenarios are the number and 
location of failed canisters as well as an indication of the timing of failure. The 
importance for overall safety of the failed canisters due to the combined effect of an 
eroded buffer and sulphide corrosion is evaluated in Chapter 10 of Assessment of 
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Radionuclide Release Scenarios for the Repository System. The result shows that the 
releases are still more than three orders of magnitude below the compliance limits in 
Guide YVL D.5.  

Given the uncertainties, it is possible that a somewhat higher number of canister failures 
than considered in Assessment of Radionuclide Release Scenarios for the Repository 
System occurs. However, the release rate calculated for a single failed canister being 
more than three orders of magnitude lower than the regulatory limit indicates that 
several canister failures could easily be tolerated without exceeding the regulatory geo-
bio flux constraint. On the other hand, this analysis considers only one transport path 
through the geosphere, in one DFN realisation, and higher peak normalised releases 
could potentially arise if canister failure occurred in other deposition holes with more 
rapid transport paths through the geosphere. Transport path uncertainties, as well as the 
potential effects of irreversible uptake of radionuclides on bentonite colloids and of the 
potential release of intrinsic colloids in this scenario are considered in further, 
complementary analyses in the analysis of radionuclide release scenarios (see Section 
7.5).  

As described above, a higher rate of corrosion can occur locally where the sidewall 
meets the top or bottom of the canister, as long as these corners on the canister surface 
remain sharp. The effect is particularly large if the fracture supplying sulphide from the 
groundwater intersects the deposition hole opposite, or nearly opposite, one of these 
corners. For other fracture locations, or if flow is distributed between a number of 
fractures intersecting the deposition hole, the effect is less strong. A peak in corrosion 
rate still occurs at the corner (in addition to the peak that occurs opposite the fracture or 
fractures) but it is highly localised, and is expected to diminish strongly as corrosion 
leads to rounding of the corner. 

6.20 Microbiologically influenced corrosion 

Microbiologically influenced corrosion is discussed in Performance Assessment 
(Section 6.8.3, 7.7.3, 8.2) chiefly taking into account the following FEPs in Features, 
Events and Processes (FEP numbers in parentheses): 

 Corrosion of the copper overpack (4.2.5), 

 Microbial activity (in the buffer) (5.2.8), 

 Microbial activity (in the backfill) (6.2.7). 

6.20.1 Description of the model 

The treatment of microbial processes in Performance Assessment involves both 
quantitative assessment of the possible rate of corrosion and reasoned arguments of why 
the extent of microbial activity is limited. The quantitative model is based on 
experimental observations of low rates of sulphate reduction in unsaturated bentonite 
(Masurat et al. 2010a, b). 

The qualitative arguments against extensive microbial activity include: 
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 The observation that bentonite swelling pressures in excess of 2 MPa suppress 
microbial activity in bentonite (King et al. 2012). 

 An energy- and nutrient-balance analysis based on materials present in the 
buffer and backfill that indicates that the amount of organic carbon, in particular, 
is limited (Section 6.8.3 of Performance Assessment). 

6.20.2 Key data 

Input data for the assessment of the extent of microbiologically influenced corrosion 
(MIC) include: (i) the rate of sulphate reduction reported by Masurat et al. (2010a, b), 
which corresponds to a production rate of CuxS of 3.4·10-14 molmm2d) (equivalent to 
a corrosion rate of 0.18 nma for x = 2, i.e., assuming Cu2S formation); and (ii) the 
composition and amounts of potential sources of nutrients for bacteria in the repository 
(e.g. organics in buffer, backfill, residual materials, methane, hydrogen gas) (see 
SKB 2010b, Section 5.3.2 for details).  

6.20.3 Confidence in the model and data 

It is clear, based on the results of a wide range of studies, that the repository 
environment is an inhospitable one for microbes and microbial activity in general (King 
2009 and references therein). The combination of elevated temperature, saline 
groundwater, lack of nutrients, irradiation, evolving redox conditions, physical pressure 
from hydrostatic loads and buffer swelling, and low water activity all act to restrict the 
extent and diversity of microbial activity. Although certain species of microbes can be 
identified that can tolerate any one of these conditions, the combination of all of these 
adverse factors severely limits microbial activity. 

There is ample evidence that the low water activity27 in compacted bentonite is a key 
parameter in restricting microbial activity (King 2009, King et al. 2012 and references 
therein). A low water activity of 0.96 has been shown to suppress microbial activity in 
compacted bentonite. This threshold water activity can be achieved by compacting the 
bentonite to a dry density of greater than approximately 1650 kgm3. A low water 
activity also exists in desiccated bentonite, so that near-field microbial activity should 
also be suppressed prior to saturation of the bentonite. 

This effect of low water activity implies that some microbial activity will only occur in 
the backfill material, which has a lower effective montmorillonite dry density than the 
buffer in the deposition hole. Because microbial activity close to the canister is not 
possible, biofilm formation on the canister surface will not occur in the presence of 
highly compacted bentonite. The only possible form of MIC of concern is then that due 
to the transport of aggressive metabolic by-products (such as HS- from sulphate 
reduction) to the canister surface. Modelling studies (King et al. 2003, 2004) suggest 
that such remote microbial activity will be limited and that no significant amounts of 
metabolic by-products will reach the canister surface. 

                                                 
 

27  Water activity is a thermodynamic parameter that describes the availability of water. 
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6.21 Hydrogen development from copper in oxygen-free water 

Hydrogen development from copper samples in oxygen-free water is discussed in 
Performance Assessment (Section 8.2.3) and briefly in Features, Events and Processes 
(FEP 4.2.5) according to the information available at the time of writing of these two 
reports. Additional information has become available since and it has been incorporated 
in the discussion below.  

Hultquist and co-workers (Hultquist et al. 2008, 2011, 2013, Szakálos et al. 2007) 
propose that copper corrodes at a measurable rate in pure anoxic water accompanied by 
the formation of H2. It is further suggested that a fraction of this hydrogen is absorbed 
by, and thereby embrittles, the copper. Contrary to conventional thermodynamic 
analyses, these authors suggest that an unidentified hydrogen- and oxygen-containing 
copper corrosion product HxCuOy is formed and is sufficiently stable that the 
equilibrium H2 partial pressure for the reaction 

Cu + yH2O = HxCuOy + (y-x/2)H2 
 

 6-117

is around 0.001 atm at 75 C (Szakálos et al. 2007), many orders of magnitude higher 
than that predicted for the conventional corrosion product Cu2O.  

Currently, in the absence of a consensus in the scientific community about whether this 
reaction occurs, no extra allowance for this mechanism is made in the design basis of 
the canister.  

6.21.1 Description of the model 

There is no quantitative model or even a proposed mechanism able to explain the 
production of H2 gas observed when copper samples are stored in pure anoxic water. 

6.21.2 Key data 

Hultquist’s proposed mechanism has prompted significant effort to try to replicate and 
explain the observations. The published reports both in support and against the proposed 
mechanism up to 2010 have been summarised by King (2010) and King & Lilja (2011).  

On the basis of the information available up to 2010, SKB performed a “what-if” 
calculation for the scenario proposed by Szakálos et al. (2007) and reported a corrosion 
rate of 0.12 nm/a (SKB 2010b). The following values were assumed for this calculation: 
equilibrium H2 partial pressure of 10-3 atm, diffusivity of H2 in bentonite of 
1.2·10-10 m2s, the inverse of the Henry’s law constant for H2 of 0.78 molm3atm), and 
a bentonite thickness of 0.35 m (SKB 2010b). The concentration of dissolved hydrogen 
gas at the outer boundary of the buffer was pessimistically assumed to be zero, i.e. the 
outward transport of hydrogen was only limited by the diffusion rate through the buffer. 
The postulated corrosion rate would lead to a corrosion depth of 0.12 mm over one 
million years, which is negligible.  

Since then, Hultquist et al. (2011, 2013) reported the results from continued 
measurements of hydrogen pressure in oxygen-free water containing copper samples. 
The authors indicated that the maximum hydrogen pressure increases with increasing 
temperature, and that the maximum pressure has a similar temperature dependence as 
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the concentration of hydroxide ions in the water dissociation equilibrium (Hultquist et 
al. 2011). The authors analysed the copper surfaces as well but several of the copper 
samples were exposed to air prior to analysis, which complicates the interpretation of 
results.  

Using a similar setup as Hultquist et al. (2008), Becker & Hermansson (2011) 
demonstrated the production of hydrogen in oxygen-free water containing metallic 
copper, but the experiment was stopped before any steady-state pressure was reached. 
An analogous experiment is still ongoing in Finland (Ollila 2013). Sealed flasks 
allowing hydrogen to escape through a Pd membrane and with copper foils in oxygen-
free water stored in a glove box with N2 or Ar atmosphere did not show any visible 
copper corrosion while the equivalent sealed flasks stored in air showed clear signs of 
corrosion indicating oxygen penetration through the seal (Ollila 2013). The production 
of hydrogen was confirmed but the amounts of hydrogen were not measured. 

In 2012, a new set of experiments using ultra-pure copper and water in vacuum was 
started at the Uppsala University (SKB 2013). Preliminary results have shown very 
small amounts of copper corrosion products formed in up to six months. These 
quantities are significantly less than those required by the corrosion of copper from the 
amounts of hydrogen as reported by Hultquist et al. (2011). The Uppsala study also 
aims at determining the amounts of hydrogen produced in the experiment, but so far no 
reliable data have emerged (SKB 2013).  

A series of H2 pressure measurements in oxygen-free water containing copper (canister 
material grade) samples have also started in several sets of test tubes under a variety of 
conditions (Bengtsson et al. 2013). Preliminary results show hydrogen production but 
no clear steady-state pressure for the hydrogen-generating process, though higher 
pressures are reached than those measured by Hultquist et al. Furthermore, hydrogen 
production rates seem to be sensitive to the experimental conditions such as sample 
grinding techniques, sampling methods, test tube characteristics etc.  

Electrochemical studies of copper in water provide an insight into the kinetics of the H2 
production process (Bojinov et al. 2010, Betova et al. 2013). These studies show 
initially electrochemically more active properties of the copper surface layer, which, 
however, stabilised after 2000 to 2500 hours. Preliminary results from the 
measurements with an amperometric hydrogen microsensor indicate concentrations of 
H2 corresponding to higher pressures at room temperature compared with the Hultquist 
et al. (2011) steady state pressure at higher temperature (SKB 2013).  

Quantum mechanical calculations by Korzhavyi et al. (2012) and experimental 
observations by Soroka et al. (2013) have potentially identified an unstable compound, 
resembling CuOH, but further experimental and theoretical work is needed.  

Theoretical studies of reactions at the copper surface suggest that the observed H2 is the 
result of the dissociative adsorption of H2O on the copper surface and does not involve 
oxidation of the bulk material (Johansson et al. 2013, Johansson & Brinck 2012). These 
studies show that it is possible to produce hydrogen from the cleavage of water 
molecules in the first one or two monolayers of water on a copper surface, but the 
amount of hydrogen produced is too small to explain the experimental observations. 
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6.21.3 Confidence in the model and data 

It is clear that the origin of hydrogen production from copper in oxygen-free water is 
still unknown. 

SKB has performed a “what-if” calculation assuming an H2 equilibrium partial pressure 
for Reaction 6-117. Recent experimental evidence (see Section 6.21.2) provide clear 
indications that such an H2 equilibrium pressure does not exist, which weakens both the 
foundation for such a what-if calculation, as well as the scientific basis for the existence 
of a corrosion process that drives bulk copper to corrode in pure water.  

In lack of an explanation of the nature of the hydrogen-generating process, it is difficult 
to include it in the canister lifetime assessment. It is, though, noted that if the hydrogen 
production observed in the experiments would be interpreted as a continuing bulk 
copper corrosion process, these production rates would still imply canister lifetimes of 
hundreds of thousands of years. Work on clarifying the nature of the hydrogen 
generating process in the various experiments continues (see Chapter 8). 

6.22 Corrosion of the cast iron insert 

In the Performance Assessment (Section 5.7.4) the corrosion of the insert is addressed 
by setting a requirement on the amount of residual water allowed in the canister prior to 
welding. The relevant process is described in FEP 4.2.6 of Features, Events and 
Processes. This section addresses both general corrosion and SCC of the insert. 

6.22.1 Description of the model 

General corrosion 

General (or uniform) corrosion of the cast iron insert will occur prior to canister failure 
if water is entrained in failed fuel elements or after penetration of the copper overpack 
due to the ingress of bentonite pore water. 

A mass-balance model can be used to assess the extent of internal corrosion due to 
entrained water. Empirical corrosion rate measurements can be used to predict the rate 
of corrosion of the cast iron insert after failure of the copper overpack. 

Stress corrosion cracking  

Ductile or nodular cast iron is relatively insensitive to environmentally assisted cracking 
(Reynaud 2010). The ductile cast irons are less susceptible to SCC and hydrogen 
embrittlement than the higher-strength alloyed cast irons. 

Singh Raman & Muddle (2004) report a case of environmentally assisted cracking of a 
ductile cast iron component used in caustic solution at elevated temperatures as part of 
the Bayer process for the extraction of alumina from bauxite. Cracking was 
intergranular in nature and was tentatively attributed to a hydrogen-related mechanism, 
but few details of the service environment or alloy properties were provided. This 
appears to be a case of cracking under specific environmental conditions that are not 
relevant here. 

Therefore, there is little or no evidence that ductile cast iron is susceptible to SCC or 
hydrogen embrittlement under expected repository conditions. 
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6.22.2 Key data 

The key data for the mass-balance internal corrosion model are the amount of entrained 
water and the internal surface area of the insert subject to corrosion. As noted in 
Section 6.15, a conservative estimate of the amount of water that may be carried over in 
failed fuel rods is 600 g (33.3 moles). If corrosion occurs under anaerobic conditions, 
the stoichiometry of the corrosion reaction can be written as 

3Fe + 4H2O  Fe3O4 + 4H2  6-118

Thus, the 33.3 mol H2O can corrode a maximum of 25 mol of iron. Iron corrosion is 
limited to the inside of a single fuel channel in the insert (surface area 4.6 m2), the 
maximum depth of corrosion would be approximately 40 µm for the OL3 (PWR) 
canister design (Description of the Disposal System) and less for the other insert designs 
which contain a larger number of fuel channels. 

External corrosion of the cast iron insert will occur under anaerobic conditions since the 
outer copper overpack is expected to remain intact for a considerable length of time. 
The anaerobic corrosion rate of cast iron is similar to that for carbon steel and is 
typically of the order of 0.1−1 µm/a (Smart et al. 2001, 2002). In the case of an initially 
penetrated canister, aerobic corrosion will be limited to the time needed to consume the 
oxygen in the near field, a few years at most (Section 6.17) or residual air in the 
canister. 

One area of uncertainty is the extent to which there will be microbial activity inside an 
initially penetrated canister. Evidence from the MiniCan experiment at SKB’s Äspö 
underground research laboratory suggests that extensive microbial activity could occur 
inside a penetrated canister in the absence of compacted bentonite to suppress microbial 
activity and in the presence of H2 from anaerobic corrosion of the cast iron if a transport 
path is available to the buffer(Smart et al. 2012). The inner surfaces of the MiniCan 
canisters showed evidence of precipitation of iron sulphide corrosion products. Smart et 
al. (2012) reported cast iron and copper corrosion rates of the order of 500 µm/a and 
0.15 µm/a, respectively. 

SCC of the insert is not modelled as this failure mode is excluded by exchanging the 
atmosphere of the canister to an inert gas and therefore reducing the amount of nitric 
acid or ammonia that could be formed as a consequence of radiolysis (see Section 6.15).  

6.22.3 Confidence in the model and data 

The requirements on the maximum amount of residual water content as well as the 
changing of the atmosphere inside the canister to an inert gas prior to welding limit the 
likelihood and extent of insert corrosion. Concerning microbial activity inside an 
initially penetrated canister, it is considered of low likelihood because of the low or nil 
initial rate of water ingress (see Appendix J) and because the radiation levels from the 
spent fuel are likely to sufficient to suppress microbial activity. This scenario also 
requires a sufficient supply of sulphate, either from the dissolution of gypsum impurities 
in the bentonite or from the groundwater at short times which is also unlikely since 
sulphate in the buffer and backfill is assumed to by reduced by pyrite (see Sections 6.8.2 
and 6.9.4). Corrosion of the insert in initially penetrated canisters is possible but its 
significance is limited by the low probability of such canisters being emplaced in the 
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repository (Section 6.26). The impact of iron corrosion products on the buffer 
performance and the treatment in the modelling chain is addressed in Section 6.9.6. 
Furthermore, there has been a long history of the use of ductile cast iron in various 
industries. Although the material is inherently more brittle than carbon steels (i.e., cast 
iron has a lower fracture toughness), there is no indication that cast iron is susceptible to 
environmentally assisted cracking. 

6.23 Impact of rock shear on the canister  

The impact of rock shear on the canister is discussed in Performance Assessment 
(Section 6.9.5, 7.8.4, 8.3) and it takes into account the following main FEPs in 
Features, Events and Processes (FEP numbers in parentheses): 

 Deformation (of the canister) (4.2.3), 

 Reactivation-displacements along existing fractures (in the geosphere) (8.2.3). 

The integrity of the canister can be damaged due to shear-type rock movements if the 
shear plane intersects the deposition hole and the shear amplitude is large enough. If the 
bentonite buffer (assumed to have been transformed to Ca-bentonite) around the 
canister is at least 350 mm thick, the canister is required to withstand a rock shear of 5 
cm with a velocity of 1 m/s. The risk caused by even larger rock movements, which 
may occur when the load of a major continental ice sheet is removed, is minimised to an 
acceptable level by locating the disposal gallery beyond justified distances outside 
major fracture zones in the bedrock, and by locating the deposition holes in such a way 
that they are not intersected by fractures with the potential to undergo damaging shear 
movements (Hellä et al. 2009, McEwen et al. 2012). 

The only load case that may locally lead to significant yielding and plasticity of the 
insert is the rock shear case. Rock shear is, however, a “displacement-controlled load” 
that causes secondary stresses only, according to ASME nomenclature. If the load is 
secondary, the possible local yielding or cracking leads to decreasing stiffness and 
increasing deformation in the structure and, consequently, the load would decrease. That is 
why lower safety factors are required in displacement-controlled load cases. The rock 
shear is classified as a level D load case (emergency condition) according to ASME III 
(2008) practice and the safety factor is determined respectively. 

6.23.1 Description of the model  

In the shear load analyses of the copper overpack, the strain and stress levels in the 
canister have been evaluated using the global model (Hernelind 2010). The global 
model describes the deposition hole, bentonite buffer and the canister as a whole in 
three dimensions. Evaluations have been done including short-term analyses to assess 
the plastic strains that the canister is exposed to during the shear movement. 
Complementary long-term shear analyses including assessing the creep in the copper 
overpack after the shear movement have also been done to determine the levels of creep 
strains that can be expected after a rock shear event (Hernelind 2010, Section 9.3). 
Local sub-structure finite-element models have been used for fracture mechanics 
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evaluations, i.e. for modelling of postulated cracks in the metal components and to 
evaluate their fracture mechanics parameters. 

The numerical simulation for the rock-shear load case was performed using the well-
known commercially available finite-element code ABAQUS (Dassault Systèmes 
Simulia Corp. version 6.8) using non-linear geometry and material definitions. This 
means that all non-linearities defined by the programme input were considered such as 
large displacements, large deformations, non-linear interactions (contacts) and non-
linear material models. 

Non-linearities required the numerical analysis to be made in step-by-step mode using 
equilibrium iterations during every load increment. Short-term analyses were based on 
static response and the results were not dependent on time, except if strain-rate-
dependent material models were used. Long-term analyses (creep) were also based on 
static response and the results depended on time used as a simulation parameter. The 
code (ABAQUS) uses suitable time-increments for the loading and default convergence 
tolerances (in most cases).  

The finite-element models used represented all the main canister components (cast iron 
insert, steel cassette tubes in the insert, steel lid of the insert, copper overpack and 
bentonite buffer). The geometric FEM models are shown in Hernelind (2010, 
Section 2). The gap between the insert and overpack was modelled with nominal initial 
dimensions and with a contact-boundary condition, in case the gap had closed due to 
deformation. The interface between the copper overpack and the bentonite buffer was, 
accordingly, modelled with contact-boundary elements that allow material separation in 
the interface in case tension stresses appear. All the contact surfaces had a constant 
friction coefficient for sliding deformation against each other, see Hernelind (2010, 
Section 4). The bentonite buffer and rock interface was modelled with a boundary 
constraint. The rock shear load was modelled as a forced displacement in a certain part 
of the rock-bentonite interface. The rock-shear plane and orientation was varied in the 
series of analyses to reveal the worst load combination. 

All the finite-element mesh was constructed with nominal geometry of all components. 
Due to geometric and loading symmetry, only a symmetric half of the whole structure 
was modelled, but when nonsymmetric features existed the whole structure was utilised. 

The solid-model 3D mesh consists mainly of 8-noded solid cube elements and in some 
details also of 6-noded wedges. The symmetric half-model consists of about 160,000 
nodes and 123,000 elements whereas the whole model consisted of 490,000 nodes and 
350,000 elements. The total number of degrees of freedom in the two models were 
about 550,000 and 1,100,000, respectively. 

Material behaviour was modelled with the von Mises  (1913) material model for steel, 
iron, copper and bentonite material. The model describes the material as elastic-plastic, 
isotropic, homogeneous and strain hardening. Due to large-deformation/large-strain 
assumption, the material stress-strain dependency was given as a true-stress/true-strain 
relation for all materials. 
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6.23.2 Key data 

The rock shear analyses were made using the geometric properties of the BWR type 
canister. The nominal dimensions are given for example in Canister Design 2012 (Raiko 
2012, Tables 3−5). 

Key input data include material models for copper and bentonite mechanical behaviour, 
loading on the canister buffer system (e.g. isostatic load), and shear load in terms of 
velocity and forced displacement. The bentonite material properties and swelling 
pressure are described in Börgesson et al. (2010, Tables 4-2, 4-3 and 4-4). The metallic 
material model parameters are given in detail in Hernelind (2010, Chapter 3) and the 
loads and boundary conditions in Hernelind (2010, Chapters 6 and 7). The canister 
component materials are modelled according to the test results from the canister 
manufacture demonstrations. 

For the short term rock shear analyses, the peak values for Mises’ stress and plastic 
strain (PEEQ) are summarised in Tables 9-1...9-5 of Hernelind (2010) and for the 
glacial load, the peak values for Mises’ stress and equivalent plastic strain (PEEQ) or 
equivalent creep strain (CEEQ) are summarised in Table 9-9 of Hernelind (2010). Other 
modelling results include those relating to hot spot regions (Hernelind 2010, Section 
9.3). The essential results from the rock shear analyses are the stresses and the plastic 
strains in the metallic components of the canister.  

The data are applied to Posiva’s types of canister based on the following data: canister 
geometry, dimensions, and tolerances (see Table D-1 based on Raiko 2012, Table 6); 
data for mechanical loads (Sections 4.1 to 4.4 of Raiko 2012) and the mechanical 
properties of the canister component materials (see Table D-1 based on Tables 7-10 and 
Table 14 of Raiko 2012.). All three canister types have been considered in the design 
strength analyses although the special loads conditions are studied only for the reference 
canister type, BWR (see Section 8.3.5 of Raiko 2012). Based on the comparisons of the 
collapse load, section modulus and canister length, the conclusion of Raiko (2012, 
Section 8.3.5) is that the analyses made for BWR type reference canister cover with 
adequate accuracy also the respective analysis needs for the canister variant designs 
(VVER-440 and PWR canisters). The output of the model concerning rock shear 
movements is presented in Sections 6.9.5, 7.8.4, 8.3 of Performance Assessment. 

6.23.3 Confidence in the model and data 

The uncertainty of mechanical loads and strength analyses are discussed in Chapter 7 of 
the mechanical design report (Raiko et al. 2010). Generally, the ASME Code based 
safety factors and analysis methods for nuclear power plant components are applied to 
mechanical strength and fracture resistance analyses. Safety factors, in general, cover 
the uncertainty and variation of material parameters and the modelling simplifications 
of the calculation methods.  

In mechanical analyses of the canister, the material properties of the essential 
components are based on demonstration manufacture and destructive testing of actual 
materials taken from demonstration manufacture. The material models used (stress-
strain curve and fracture resistance curve) are based on lower bound values of tested 
properties with 90 % reliability. Material tests are made at relevant temperature and, in 
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the case of rock shear, even the strain rate (deformation speed) has been taken into 
account. Less important materials are modelled with lower bound values according to 
relevant material standards. When taking into account the effect of a comprehensive 
quality control programme applied on the canister components that are classified as 
safety class 2 components, the information of material properties and the integrity of the 
materials of the canister components is highly reliable. 

The load assumptions of the mechanical analyses are based on basic physics 
(hydrostatic pressure, own weight), on laboratory experiments (bentonite swelling 
pressure), climate evolution history (thickness of ice sheets) and experience on 
geological science (rock shear). Actual loads can vary, but the load assumptions are 
made conservatively. Bentonite density is cautiously assumed to be at the maximum 
specified (corresponding to density 2050 kg/m3) all around the canister. In the long 
term, e.g. in case of rock shear, the bentonite is assumed to be chemically changed, from 
Na to Ca bentonite that induces even higher swelling pressure and stiffness against 
shear. The finite-element analyses for mechanical loads, deformations, stresses and 
fracture parameters are made with well-known, widely used and validated tools (such as 
the ABAQUS, ANSYS and R6 computer programs) using comprehensive, usually 3D 
element models and experienced experts. 

The results show that existing additional margins for mechanical strength are so robust 
that the smaller inaccuracies in the load postulates or material modelling cannot change 
the acceptability of the assessment result. Hernelind (2010) reported some sensitivity 
analyses in which the effect of the uncertainty of some parameters on the resulting 
stresses and strains was studied. The effect of the variations in rock shear velocity, 
friction coefficient between contacting surfaces, creep rate and buffer thickness have 
been numerically demonstrated and shown to be minor. In summary, there is confidence 
in the model and the data concerning the impact of rock shear. Further modelling work 
in collaboration with SKB is ongoing to study canister failure due to a rock shear from a 
probabilistic point of view, in order to define the statistical risk of this event (Posiva 
2012). 

6.24 Impact of other mechanical loads on the canister  

The impact of other mechanical loads on the canister is described in Performance 
Assessment (Sections 6.9.2, 6.9.3 and 6.9.4) taking into account FEP 4.2.3 
(“deformation”), FEP 5.2.2 (“water uptake and swelling”), FEP 10.2.1 (“climate 
evolution”) and FEP 10.2.2 (“glaciations”) in Features, Events and Processes. 

6.24.1  Description of the model 

Mechanical external loads come from the natural environment and from the behaviour 
of the surrounding bentonite buffer. The nominal depth of the Olkiluoto reference 
repository is 420 m. Thus, the maximum groundwater hydrostatic pressure is 4.1 MPa. 
The postulated maximum thickness of an ice sheet is 2.5 km in the Olkiluoto area 
according to Pimenoff et al. (2011) and Lambeck & Purcell (2003). This 2.5 km ice 
sheet may create an increment of about 25 MPa to the groundwater pressure, if the 
effect of the ice layer is conservatively added to the hydrostatic pressure. The bentonite 
buffer swells when the bentonite becomes water-saturated. The wetting of the bentonite 
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buffer is expected to take place gradually after the deposition tunnel backfilling and 
closing, within from some months up to hundreds of years, depending on the 
groundwater inflow rate into the tunnel and deposition holes. The bentonite swelling 
pressure is strongly dependent on the final density of the buffer. The salinity of the 
absorbed water also affects swelling. The specified final density for the buffer is 
1950−2050 kg/m3 (Design Basis, Section 5.5). This leads to a swelling pressure of 
2−10 MPa, respectively, according to Börgesson et al. (2010). The maximum swelling 
pressure of bentonite depends on the density and the chemical composition of the 
bentonite. In the long term, the chemical composition of the Na-bentonite may change. 
The Na-ion may be changed to Ca-ion. Ca-bentonite has a remarkably higher swelling 
pressure than the Na-bentonite, up to 15 MPa in the high density region, e.g. at a 
saturated density of 2050 kg/m3. In summary, the enveloping maximum sum of isostatic 
pressure load components at the Olkiluoto site is 44 MPa.  

The basic design verification of the canister against the SKB design pressure (external 
pressure of 45 MPa) has been conducted according to the ASME Code guidance 
utilising the limit load method. The canister is modelled using both 2 and 3-dimensional 
finite elements, where all the components, gaps, tolerances and materials are modelled 
as realistically as possible and the limit load is estimated. The stress acceptance criterion 
is that the design load shall not exceed 2/3 of the limit load. Separate analyses were 
made for the insert cylinder, insert base and the steel lid on the top end of the insert 
(Dillström & Bolinder 2010, Dillström et al. 2010). All of these analyses fulfilled the 
design criteria. Some other analyses were made earlier on the pressure resistance of the 
canister with similar results (Ikonen 2005, Martin et al. 2009). 

In addition to basic design verification analyses, the strength was also investigated with 
modelled deviations in nominal geometry, tolerances, lack of material or inclusions in 
the cast, eccentric installation of steel cassette and length of rounding radii of the 
corners of the square tubes. The canister strength was shown to be insensitive to 
moderate variation of these types of imperfections (Dillström & Bolinder 2010).  

For cases involving an external pressure load and design conditions, the strains and 
stresses are low. For the strength analyses of the insert, the plastic collapse load method, 
with a safety factor of 1.5, was applied according to ASME VIII (2004). 

Both linear and non-linear fracture mechanics analyses showed that the integrity of the 
insert structure is not jeopardised in the postulated load cases, even if large cracks are 
postulated in critical locations and orientations.  

The insert was analysed for postulated cracks and other types of material deficiencies. 
With the design pressure load, the allowable ASME-type reference defect was a 32 mm 
deep semi-elliptic crack in the BWR-insert and 31 mm in the PWR-insert, respectively. 
In addition, a postulated borehole (i.e. lack of material) with a diameter of 20 mm 
penetrating the entire length of the insert was shown to be acceptable even close to the 
surface according to Dillström & Bolinder (2010). The safety factor used was 3.16 
according to ASME-requirements for normal operation condition loads, as expressed in 
the stress intensity factor value KIc, according to the practice described in ASME XI 
(2008). The crack sizes are, however, limited to a maximum of 80 % of the material 
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thickness and deeper cracks are thought to be possible without exceeding the allowed 
KIc.  

The behaviour of the copper overpack during the design basis load cases is described in 
Raiko et al. (2010, Section 6.2). High strains are observed only at geometric 
discontinuities. These do not threaten the global integrity or leak tightness of the copper 
overpack. Extensive copper creep is limited either by the supporting effect of the insert in 
the pressure load cases or by the relaxation of the applied displacement boundary condition 
in the bentonite buffer in the rock shear case. The results are shown to be acceptable for all 
postulated load conditions and combinations. 

One important point of conservatism in copper creep assessment is that most of the high 
strain locations exist in a compression state, whereas the material testing results always 
refer to a tension state. It is evident that risk for creep damage in compression is lower than 
in tension. 

Another important factor when assessing the allowable stresses and strains is that in the 
case of the canister, the loads are not cyclic in nature, but very stable and only 
continually increasing during saturation process of the bentonite buffer, and thus there is 
no need for fatigue or cyclic crack-growth studies. The bending effect of a postulated 
uneven bentonite pressure load also does not lead to any risk of excessive stress or 
strain values in the insert. For the strength analyses of the insert, the plastic collapse 
load method, with a safety factor of 1.5, was applied according to ASME VIII (2004).  

During the water saturation phase of the buffer, the temporary stresses that are critical to 
the iron insert are estimated. These load cases are derived from unevenly distributed 
horizontal pressure where the canister acts as a freely supported beam in up-right 
position. The worst case that may occur, if requirements on the buffer and deposition 
hole are fulfilled, is a curved or otherwise asymmetric hole. Simplified calculations of 
the stresses in the canister insert yield a maximum bending stress of 105 MPa. The 
crack sensitivity at the most stressed location (insert surface) has been estimated and the 
allowable crack size is larger than in the limiting load cases (Dillström & Bolinder 
2010). This load case exists only before water saturation of the bentonite buffer is 
complete and thus it need not be combined with any other simultaneous loads. 

The less-stiff (lower Young’s modulus) copper overpack will be supported by the insert 
as long as the pressure is acting locally only on some sections of the overpack. When 
the bentonite wetting process continues, the load will become more symmetrical and 
extend more widely around the canister and thus the bending effect will be reduced. 

The effects of uneven swelling pressure on the copper overpack are analysed in 
Andersson-Östling & Sandström (2009, Section 11.4). 

The finite-element analyses for mechanical loads are made with well-known, widely 
used and validated tools (the ABAQUS, ANSYS and R6 computer programs) and using 
comprehensive, usually 3D element models and experienced experts. Some of the 
strength analyses are also repeated independently by various organisations (like JRC-
Petten or VTT) and the canister collapse pressure load is verified by testing.  
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The failure criteria relevance for iron and copper are summarised in Table 6-61. Brittle 
fracture at actual operating temperatures can be neglected because of the adequate 
fracture resistance properties of both materials. Iron and copper are very dissimilar 
metals, thus different type of failure criteria are needed. The strength analyses are 
summarised in Canister Design 2012 (Raiko 2012).  
 
Relevance and criteria for potential failure mechanisms in the iron insert are the 
following: 

 plastic collapse,  

 crack initiation or stable crack growth, 

 ultimate tensile strength is exceeded. 

Plastic collapse (buckling) is the most common failure mode for an externally pressure-
loaded thick wall overpack supported by bulkheads. This phenomenon can be accounted 
for in the analyses by using large deformation theory in the numerical models, when the 
external pressure load cases are analysed. It can be analysed and assessed according to 
the plastic collapse method described in ASME Code, Section III, Divisions 1 and 2. 
(ASME III 2008). The Code requires that the operational load shall be less than 2/3 of 
the limit load, which means, in other words, that the required safety factor against 
(global) collapse is 1.5. This criterion is used for load controlled cases or, in other 
words, for external pressure load cases. 

In the case of crack initiation or stable crack growth due to an external pressure load, 
the load controls the stresses. The damage tolerance analysis is made using KIc-data that 
are based on crack initiation, not for limited stable crack growth like J2 mm (the J-integral 
value corresponding to 2 mm stable crack growth). The parameters KI and J2 mm are the 
fracture mechanics parameters describing material toughness corresponding to crack 
initiation and stabile crack growth of 2 mm, respectively. The safety factor used for the 
KI-parameter is √10 = 3.16, which is the ASME Code requirement for normal 
operational loads. This means that crack initiation is avoided with high reliability under 
pressure type of loading. 

Table 6-61. Summary of the relevance of failure criteria. 

Failure criteria Relevance to cast iron insert Relevance to 
copper 
overpack 

Plastic collapse (buckling) Yes (for primary stresses) - 

Crack initiation or stable crack growth Yes (for all load types) - 

Ultimate tensile strength is exceeded Yes (for secondary stresses) - 

Fracture due to excessive plastic deformation - Yes 

Creep  - Yes 

Brittle fracture (at relevant temperature) - - 
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When performing a damage tolerance analysis of components with cracks, different 
approaches may be used concerning the method of analysis and choice of safety factors 
in the assessment. In Sweden, the Swedish Radiation Safety Authority (SSM) published 
a handbook (Dillström et al. 2008) which describes a procedure that can be used both 
for assessment of detected cracks or crack-like defects and for defect tolerance analysis. 
The method utilised in this procedure is based on the R6-method. This is also the 
method chosen for the damage tolerance analysis of the insert in the case of an external 
pressure load case (R6, option 1 failure assessment curve).  

In the case of a displacement controlled load, i.e. a rock shear load, the damage 
tolerance analysis is based on a J-integral analysis (Raiko et al. 2010). The integrity 
assessments are partly made from the stress and strain results obtained using global 
models, and partly from fracture resistance analyses using the sub-modelling technique. 
The sub-model analyses utilise the deformations from the global analyses as constraints 
on the sub-model boundaries, and more detailed finite-element meshes are defined with 
defects included in the models, together with elastic-plastic material models. The J-
integral is used as the fracture parameter for the postulated defects. The allowable defect 
sizes are determined by using the measured fracture resistance curves of the insert iron 
as a reference, with respective safety factors according to the ASME Pressure Vessel 
Code requirements. 

The criterion of whether the ultimate tensile strength is exceeded is used for the 
exceptional displacement-controlled loading of the insert. In the insert material test data, 
the typical true-stress value in a static (low deformation rate, at +20 °C) uniaxial test is 
270 MPa at yield, and the ultimate tensile stress is 456 MPa.  

The relevant potential failure mechanism for the copper overpack is fracture due to 
excessive plastic deformation (creep). This failure mode can best be represented by the 
reduction in the transverse section area of the creep test sample. Very large 
deformations (80−90 %) of the transverse section area are needed to initiate this type of 
failure. Creep as a failure mechanism for copper is addressed in Section 6.25.  

6.24.2 Key data 

Key data needed for modelling the impact of other mechanical loads discussed in this 
section are the same as those used to study the canister performance in the case of rock 
shear (see Section 6.23.2). Key data for the mechanical load analyses for the canister 
are: 

 geometry of the canister components (dimensions and tolerances), 

 load data (pressure, variation of pressure in location and time, in some cases the 
ambient temperature is also essential, because material properties may be 
temperature-dependent), 

 material mechanical properties (Young’s modulus, Poisson’s ratio, yield 
strength, ultimate strength, ultimate elongation at rupture, critical stress 
concentration factor for crack initiation, J2 mm integral value for fracture 
resistance, creep data, and 

 assumptions concerning the buffer swelling pressure (given in Section 6.24.1). 
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The output of the model is presented in Sections 6.9.2, 6.9.3, 6.9.4 of Performance 
Assessment.  

6.24.3 Confidence in the model and data 

Generally, the ASME Code-based safety factors and analysis methods for nuclear power 
plant components are applied to mechanical strength and fracture resistance analyses. 
Safety factors are complied with in the analysis results and the margins for mechanical 
strength are so robust that small inaccuracies in the load postulations or material 
modelling cannot change the acceptability of the assessment result.  

The assessments of uncertainty of the initial data used for the rock shear impact on the 
mechanical strength of the canister (Section 6.23) is also valid for the present section. 
Load combinations also considering shear loads have also been analysed in 
Performance Assessment (Section 6.9.5). 

The effect of radiation on the mechanical properties of the insert has been considered in 
the canister design (Chapter 8, Raiko 2012). Radiation-induced damage mechanisms in 
the metal structures of the nuclear reactors have been studied extensively during the last 
several decades. In reactor materials, the threshold neutron fluence that starts to cause 
detectable embrittlement effects in steel is almost 3 orders of magnitude higher than that 
the neutron fluence to the insert in disposal conditions. The calculated neutron and 
gamma doses absorbed by the insert in the canister lifetime perspective are so low that 
no detectable material damage or ageing effects due to radiation are expected (Raiko 
2012).  

However, a few literature results seem to indicate that even if dose rates are low, they 
can have adverse effects on material properties in some cases (Brissonneau et al. 2004, 
Sandberg & Korzhavyi 2009). It has been argued that long timescales and, for instance, 
low temperature, may increase the effects of neutron and gamma radiation in disposal 
canisters.  

In Brissonneau et al. (2004), a long-term interim storage low-carbon steel container was 
studied. The main radiation-induced damage was due to copper impurities in steel. In 
the referenced study, the copper concentration was assumed to be from 0.05 to 0.25 %. 
In the present canister design, the copper content in cast iron inserts is specified to be 
less than 0.05 %, which minimises the effect of possible radiation embrittlement. 
Further examination of radiation-induced embrittlement in cast iron is under 
investigation at SKB. In particular, the need of possible limitation of phosphorus 
content in cast iron is under consideration.  

To treat these uncertainties, conservative assumptions are used in the design strength 
analyses (Raiko et al. 2010) and the Performance Assessment shows that the canister 
will withstand the foreseen mechanical loads during the evolution of the disposal 
system. Remaining uncertainties concerning mechanical failure of the canister are 
addressed in the Assessment of Radionuclide Release Scenarios for the Repository 
System addressing canister failure due to earthquakes and rock shear movements 
(Section 7.2.3 of the present report). 
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6.25 Copper creep model  

Copper creep is discussed in Performance Assessment (Section 7.8.4) taking into 
account FEP 4.2.3 (Canister deformation) in Features, Events and Processes.  

6.25.1 Description of the model 

The model consists of three components:  

 base material creep strain model, 

 base material creep rupture model,  

 EB (electron beam) weld strength factor and strain model. 

The base material creep strain model defines the primary creep properties and 
determines, at a short time after loading, the magnitude of the stress relaxation. The 
base material creep rupture model defines the stress and temperature dependence of the 
rupture behaviour and gives for a selected stress-temperature combination the creep 
curve endpoint for the corresponding strain model. The weld strength factor corrects the 
base material models to comply with EB behaviour for the weld regions in the finite 
element (FE) analysis. 

The base material creep strain model 

The creep model used for the most recent canister creep analyses is based on the FEA of 
creep strain (Holmström et al. (2013). The creep strain prediction tool able to predict 
representative creep strain curves and strain rates over a large stress and temperature 
range is the logistic creep strain prediction (LCSP) model developed by Wilshire et al. 
(2007). The creep strain model necessary for the FE-analysis is based on a “time-to-
rupture” rupture model obtained by acquiring the time it takes to achieve rupture of the 
test sample for each creep curve for each stress and temperature of interest, and then 
defining the creep strain curve by a shape function (called “constitutive creep 
equation”). For the OFP copper case, the available strain data have been assessed to find 
the optimal “shape” functions together with the “time to rupture” model. It was found 
that the best result in defining time to strain (or strain at specified time) was by using 
the actual (i.e. observed) rupture time of the individual creep curve. For the FE-analysis 
the predicted time to rupture is used. In the curve shape fitting of long-term tests (which 
are still ongoing) the predicted rupture time is used.  

For the ultimate (engineering) tensile strength (UTS), a simple temperature-dependent 
mean function was derived as follows:  

σUTS (T) = 216 - 0.339*T (°C)   6-119

It is to be noted that this UTS function is used for the creep rupture equation reported 
below for stress normalising only when specific batch information is not available. 

The LCSP function is a non-linear asymmetric transition function with a steepness 
regulated by the fitting shape parameters p and x0, see Equations 6-120…6-122. The 
function can easily be inverted to give the algebraic solution for strain as a function of 
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time. The inverted form can then be differentiated to give strain rate at a specified time. 
By further differentiation and root extraction the minimum creep rate is obtained.  

The LCSP equations for time to strain tε, strain at time εt and strain rate at specified time 
)(  t are:  
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where tr is the time to rupture and C is a fitting factor. In its simplest form the last three 
are constants. The factors k1 and k2 are functions of time to rupture and time to current 
strain. For the OFP model used in the current FE-analysis at 80 °C, the x0 and p were 
held constant (p = -2.3, x0 = 3). For refining of the initial creep rates (primary creep), 
temperature and stress dependent multi-linear functions can be used. However, in this 
case it was deemed to be better to use verified parameter values (for higher 
temperatures) rather than extrapolate them into a region where no verification data are 
available.  

By identifying the time to rupture and specifying the material specific shape parameters, 
the whole creep curve at any temperature and stress (within the limits of allowable 
extrapolation) can be determined. 

The LCSP model applicability in the “power law break down” creep regime is naturally 
sensitive to the actual tensile properties of the material. The creep tests at 75 °C in the 
stress range of 170−180 MPa for base material of the lid and cylinders reviewed in 
Andersson-Östling & Sandström (2009) gives rupture times in the range of 100−15,000 
hours. Assuming the same ultimate tensile strength levels used for normalisation of the 
higher temperature creep results, the creep rupture predictions would have been 
unconservative but when using a lower value of around 180 MPa (still within the 
observed tensile strength scatter at this temperature) as shown in Figure 6-114. the 
predictions at 75 °C fall into the right range of test durations. From this it can be seen 
that the LCSP model becomes more susceptible to all material variations such as 
chemical composition, tensile properties, cold work and other sources of error when 
approaching the ultimate tensile strength. 
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Figure 6-114. The Wilshire model curve for OFP copper and short term creep tests at 
75 °C plotted with assumed UTS of 191 MPa and 181 MPa correspondingly (Q*c= 
89,200 J/mol). 

 

The base material creep rupture model 

The recent introduction of the Wilshire equations has provided a simple effective 
methodology for strain rate, time to strain and time to rupture assessments. The material 
model for creep rupture and strain is traditionally performed with engineering stress and 
strain and this is also the case here. The method requires tensile test data to accompany 
the creep rupture tests since the data fitting is done in normalised (/UTS) form, i.e. the 
test stress is divided by ultimate tensile strength (UTS) at the test temperature. The test 
data are presented as the normalised stress against 

trexp(-Qc
*/RT) ,  

 

 6-123

where tr = time to rupture, T = temperature, Qc
* is the apparent activation energy and R 

the gas constant. The optimisation of the activation energy is shown in Figure 6-115. 
Sensitivity calculation of the impact of activation energy on the scatter factor Z 
pinpoints Qc

* to a range of 90,000 ± 10,000 J/mol.  

The scatter factor Z is defined as  
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where n is the number of data points. Assuming a lognormal distribution for life, the 
observed time to rupture tr would lie in almost 99 % of the observed times within 
predicted log(tr) ± log(Z). 
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The optimal value calculated on the most recently updated data (in 2013) is 
95,000 J/mol. The FE-analyses are however done with a value of 89,200 J/mol, this 
being the best estimate at the time of start of the modelling exercises (end of 2011). It is 
to be noted that a lower Qc

* produces conservative (higher) strain rates and shorter life 
estimates.  

The Wilshire equation for time to rupture tr at stress  (MPa) and temperature T (K) is 
expressed as: 

u
crUTS RTQtk )]/exp([)/ln( *   

 

 6-125

where k and u are constants obtained by fitting to the test data. The determination of the 
parameters is shown under “Key Data”.  

The main benefit found for the model is that batch-dependent data scatter is reduced by 
the normalisation. The data scatter is related to differences in phosphorus and sulphur 
content, product form, manufacturing route and cold work. The sulphur (impurity) 
content in the copper has a life shortening effect and the phosphorus (additive) content 
strengthens the copper (optimal at about 50 ppm).  

The mathematical form of the rupture model is inherently more stable at lower stress 
levels than are traditional time to rupture models with polynomial stress dependence. 
The equation also gives rupture times that tend to zero when approaching the ultimate 
tensile strength and values that tend to infinity when the stress approaches zero.  

The EB weld strength factor and strain model 

The methodology used for determining the EB (electron beam) weld strength factor (see 
Equations 6-126 and 6-127) is based on Wilshire equation (Holmström & Auerkari 2006).  
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Using the equation for UTS with the EB rupture time (trEB) gives an expected /UTS 
and the corresponding weld strength factor (WSF) can be determined for every EB data 
point as:  
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 6-127

where EB is the engineering stress of the EB creep test. Note that the UTS and the 
constants u, k and Qc* are those obtained for the base material in UTS equation (6-119). 
In design codes and standards the WSF is used for compensating for lower creep 
strength in the heat-affected zone of the welds.  

The assessment of the current results together with the Swedish EB data gives WSF 
values ranging between 0.86 and 0.77 in relation to the OFP base material, averaging 
very close to the default value (0.8) generally used as WSF for steel welds in absence of 
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specific data. This value corresponds to the mean reduction against the properties of the 
parent material for many different steels. The FE-analyses in this work (Holmström et 
al. 2013) have been performed with WSF = 0.8. It is however to be emphasised that the 
current EB creep tests might produce lower values when test results are available from 
the long-term testing (see Section 6.25.2).  

6.25.2 Key data 

The test data used from base material of the repository OFP copper and from materials 
from two welds (electron beam weld, friction stir weld) have been reported in 
Andersson et al. (2005, Table 3-1) based on several sources. The EB weld data used for 
modelling the tests performed on specimens extracted from the mid-section of Posiva 
weld test slabs are published in Holmström et al. (2012). The weld strength factor used 
for the material model is based on ruptured EB tests. There are tests still running in an 
excess of 27,000 h (over 3 years). For the EB test samples, the creep strain evolution 
and permanent strain at interruptions have been used for upgrading the strain models 
used in this work. It is to be noted that grain boundary cracking has been detected in 
visual inspection of the running EB welds at low life time fractions in comparison with 
the base material. It is also to be noted that the constitutive equations for the OFP 
copper base material and for the EB weld case are based mainly on temperatures above 
the foreseen service temperature and the stresses expected in service. This is due to the 
fact that the testing durations had to be achievable within the scope of years, not 
decades (or centuries). 

Figure 6-115 show the determination of the constants k and u for OFP copper in the 
base material creep rupture model (see Equation 6-121). The impact of selected weld 
strength factor on the extrapolation of rupture time for electron beam (EB) welds is 
shown in Figure 6-116. 

For the EB test samples, the creep strain evolution and permanent strain at interruptions 
have been used for upgrading the strain models used in this work. It is to be noted that 
grain boundary cracking has been detected in visual inspection of the running EB welds 
at low life time fractions in comparison with the base material. It is also to be noted that 
the constitutive equations for the OFP copper base material and for the EB weld case 
are based mainly on temperatures above the foreseen service temperature and the 
stresses expected in service. This is due to the fact that the testing durations had to be 
achievable within the scope of years, not decades (or centuries).  
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Figure 6-115. Determination of the constants k and u for OFP copper. Note that the 
data indicate a linear relationship (double-log vs. log) over the whole data range. 

 

Figure 6-116. Impact of selected weld strength factor on the extrapolation of rupture 
time for electron beam (EB) welds with Q*c = 89,200 J/mol. Data from multiple 
Swedish and VTT/Posiva creep tests. EB-SW = Swedish public domain data, EB-VTT = 
tests performed in this work, EB-running = tests still running, Cracks detected = 
specimens with clear indications of grain boundary cracking in the weld zone. 
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The output of the modelling work is discussed in Performance Assessment, Section 
7.8.4. The essential result is that the primary creep deformation (plastic deformation) 
takes place immediately after the pressure load is applied and the essential gaps between 
the copper overpack and iron insert are closed. The primary creep strains are generally 
< 1 %, but in geometric concentrations or notches slightly higher, a few percent. They 
are mostly concentrated in the rounding in the copper lid fillet (see Figure 6-117. ). 

In the case of rock shear, the creep in the copper overpack after rock shear due to the 
residual load in the buffer has also been analysed. The analysis showed that the 
additional creep strain after the instantaneous plastic deformation could be about 2 % 
and thus acceptable (Performance Assessment, Section 7.8.4 based on Hernelind (2010, 
Figure 9-18 on p. 56)). 

Creep failure occurs when the section of the material is reduced by more than 65 % for 
Cu-OFP and FSW (friction stir welding) welds in the material (Andersson-Östling & 
Sandström 2009). This deformation is therefore an order of magnitude higher than 
deformation expected in the canister. 

In the case of rock shear, an analysis is made on how high the creep can be in the copper 
overpack after rock shear due to the residual asymmetric load in the buffer. The analysis 
showed that the additional creep strain after the instantaneous plastic deformation could 
be about 2 % and thus acceptable (Performance Assessment, Section 7.8.4, based on 
Hernelind 2010, Figure 9-18). 

Creep failure occurs when the section of the material is reduced by more than 65 % for 
Cu-OFP and FSW (friction stir welding) welds in the material (Andersson-Östling & 
Sandström 2009). This failure deformation is therefore an order of magnitude higher 
than deformation expected in the canister when the gap is closed.  

 

 

Figure 6-117. A sketch of the deformed shape of the canister overpack lid area during 
the external pressure-induced deformation and the location of the lid fillet (R10 mm), 
where the highest peak stresses and strains exist. Another hot spot area is the EB-weld 
root that is notch-like (Source: Raiko 2012, Figure 20).  
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6.25.3 Confidence in the model and data 

Copper creep in the canister in repository conditions and the influence of copper 
material properties (e.g. phosphorous and sulphur content as well as grain size) has been 
experimentally studied for over 10 years both on the base material (Andersson et al. 
1999) and on the weld material (Andersson et al. 2005). Several creep analyses for 
canister construction have been recently published based on the test results. The 
creeping time until the overpack contacts the canister insert may vary many orders of 
magnitude depending on the assumed temperature, load level and creep model. 
However, the maximum creep strain is always close to a constant number that only 
depends on the geometric shapes of the components and the sizes of gaps in the 
structure. One of the latest analyses of the structural creeping of the canister is discussed 
in Sandström & Jin (2009). The analysis assumed a temperature of 75 °C and a 15 MPa 
external pressure load. The result was that the insert-canister gap is closed in 10 years 
and that the highest creep strain was 10.6 % in the rounding of the copper lid fillet. The 
creep strain in primary stress areas such as in the cylinder wall without geometric 
concentrations was < 0.5 %, when the overpack contacts the insert. 

The canister creep analyses discussed in the present section show that stresses induced 
by external loads relax very rapidly, in elevated temperature, in the order of days. 
However, both models show that canister failure due to creep is unlikely since the gap 
between the copper overpack and the insert is small and will eventually be closed due to 
plastic and creep deformation. The closing of the gap leads to deformation-controlled 
(limited) creep strain. The deformation on the copper when the gap is closed is of the 
order of a few percent (Sandström & Jin, 2009; Holmström & al. 2013).  

To further limit the maximum deformation and lower the strain, the rounding radius in 
the lid corner was recently increased (Raiko 2012, Section 7.3.6) as the creep model(s) 
analysis showed that this is the area with the highest creep strain (see Figure 6-117. ). 
The analysis in Holmström et al. (2013) is made using the updated geometry of the 
corner radius. 

The copper creep testing for OFP base material and EB-welded joints are still ongoing 
including further investigation on the grain boundary cracking detected in the EB welds 
creep tests. Creep relaxation tests are also planned. The results are expected to further 
improve confidence in the process understanding and creep model results.  

For practical reasons, the creep tests have to be accelerated either by elevating the test 
temperature and/or the test stress level to obtain measurable test results in a reasonable 
time frame. Then, the creep model is constructed from the test data of variable stress 
and temperature levels. Finally, the model is used to predict the expected creep in the 
actual postulated load condition of the canister. The shortcoming in the creep model 
construction is that the available measured data are obtained in conditions far above 
both the actual stress level and temperature. Test data closer to actual conditions would 
improve the accuracy of the creep model, but they would require impractically long test 
periods. Therefore, the experimental and model setups correspond to a compromise 
between the reality and modelling results. The most confidence-enhancing evidence 
against creep rupture is provided by the small gap between the copper overpack and the 
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insert, which will be closed as the bentonite starts to swell providing a geometrical 
constraint to creep. The rate for creep relaxation is the more uncertain model output.  

Further FE-analyses for the creep deformations and strains will also continue together 
with a sensitivity analysis of the model to the primary creep properties of copper. In 
particular, varying the primary creep properties would assess the sensitivity of the 
model to the relaxed stress states. A more detailed temperature-dependent loading 
evolution (along with time-dependent mechanical loads) will be applied in the FE-
analyses following the predicted temperature profile of the canister and the expected 
mechanical loads on the canister.  

6.26 Initial canister defects  

The models and data that are used in Performance Assessment (Section 3.3) to describe 
initial canister defects as a potential deviation to the canister safety function of 
containment are discussed below. The presence of a canister with an initial penetrating 
defect in the repository is considered an unlikely feature based on the assumed 
efficiency of the welding process and of the NDT (non-destructive testing) process to 
detect such defects; as such, it is not discussed in Features, Events and Processes.  

In past assessments by Posiva (Nykyri et al. 2008, Vieno et al. 1999), the case of a 
canister with an initial defect has been assessed to test the performance of the other 
engineered barriers and host rock. While this is not necessarily the most likely feature 
that could lead to release of radionuclides, its consideration is required by the 
Government Decree on nuclear waste disposal (GD 736/2008) and it is therefore 
included as part of the base scenario in the Formulation of Radionuclide Release 
Scenarios. More specifically, the TURVA-2012 base scenario takes into account the 
incidental possibility of one or a few canisters with initial undetected penetrating 
defects. The classification of scenarios emphasises that incidental deviations that may 
lead to radionuclide release (e.g. an initial defect of a canister) have low probability. 
Canisters will be designed, manufactured and inspected with the aim that they will be 
intact at the time of emplacement, and thereafter will provide complete containment of 
radionuclides for at least several hundreds of thousands of years. Performance 
Assessment shows that this aim is likely to be achieved for all lines of evolution of the 
repository and its environment. The most important feature of the canisters for long-
term safety related to the quality of manufacture and inspection is the probability of a 
penetrating flaw through the canister wall. The potential number of defective canisters 
that might be emplaced in the repository has been analysed probabilistically by 
Holmberg & Kuusela (2011). The probabilistic model takes into account the canister 
welding method (electron beam welding − EBW) and non-destructive testing (NDT) 
capabilities. Due to a lack of statistical data, in particular data related to canister seal 
welding and possible human errors in the NDT process, expert judgements from a 
related welding method (FSW, friction stir welding) and NDT practice have been used. 

The probability analysis by Holmberg & Kuusela (2011) tentatively suggests that a 
canister with an initial penetrating defect may be present in the repository. A 
probabilistic approach has been utilised to analyse the significance of uncertainties in 
the estimates of process parameters and how they affect the probability of a defective 
canister being emplaced in the repository. Varying the assumptions used as input data, 



456 

 

 

the expected probability of at least one defective canister in the final repository of the 
population of 4500 canisters is calculated to be 1−10 %. This range corresponds to the 
currently available test data; in future the statistics may enable more accurate and more 
restrictive upper limits to be set. 

6.26.1 Description of the model 

The main objective of the study by Holmberg & Kuusela (2011) was to present a 
methodology to estimate the reliability of the welding and of the NDT processes for 
detecting penetrating defects in the copper overpack. Reliability means here that the seal 
weld of the canister lid has no critical defects from the long-term safety point of view. 
From the reliability point of view, both the welding process (ensuring that no critical 
defects will be created) and the NDT process (ensuring that any critical defects will be 
detected) are equally important.  

In the analysis, critical defects in the weld were simplified into three types, taking into 
account the possibility of human errors in the NDT process (see below). The analysis 
combines information about the reliability of the welding process (Ronneteg et al. 2006, 
p. 105) and that of the NDT methods as well as human error (Swain & Guttmann 1983) 
to assess the number of canisters with an initial penetrating defect that could be 
accidentally emplaced in the repository. The analysis by Holmberg & Kuusela (2011) 
assumes both dependency among NDT methods and no dependency.  

An essential part of the analysis carried out by Holmberg & Kuusela (2011) is the 
modelling of the occurrence of the non-detected defect using event trees. A simple 
model is defined for a single defect type and an enhanced model splits the welding and 
NDT processes into further sub-processes, each defined by their own probabilistic 
parameters for welding and NDT reliability, as described in Figure 6-118.  

In both simple and enhanced models, the possible occurrence of anomalies in canister 
welding and NDT is expressed in terms of event probabilities, e.g. p and q in Figure 
6-118.  These probabilities are, in effect, the assumed rates of occurrence of these 
anomalies, in this case the rate of occurrence of defects of different types in welds or the 
rate at which defective canisters fail to be detected.  

These rates are highly uncertain, and this uncertainty is quantified by expressing each 
probability parameter (p and q) as a beta distribution. Holmberg & Kuusela (2011) used 
the Bayesian approach based in beta distributions for parameter estimation and 
uncertainty treatment. The beta distribution is a family of distributions used in 
probability theory, including Bayesian inference, often in relation to the binomial 
sampling, i.e., n identically distributed trials with two possible outcome (“hit” or 
“miss”). The beta distribution is defined on the interval [0, 1], is parameterised by two 
positive shape parameters,  and  and is denoted by Beta[α, β].  
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Figure 6-118. (Top) Simple model (see Section 5.2 of Holmberg & Kuusela 2011); 
(middle) enhanced model: event tree for the assessment of the welding reliability; 
(bottom) event tree for the assessment of the NDT reliability in case of a defective weld 
(see Sections 5.3 and 5.4 of Holmberg & Kuusela 2011). 
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Holmberg and Kuusela express the reliability parameter uncertainty by first taking an 
uninformed distribution Beta[0.5, 0.5], which is illustrated by the dark blue curve in 
Figure 6-119. , and then utilising existing information to express current knowledge on 
the parameter value and its uncertainty. This step is based on information on welding 
process or weld inspection experiments. Figure 6-119 illustrates the process of 
uncertainty reduction when the event probability is around 0.5. Larger values of  and  
correspond to situations with more observations. In this study, the uncertainty reduction 
took place around small probabilities. The resulting models for reliability parameters 
were Beta[0.5, β] distributions with  >> 1. These express that there is a low probability 
(p) that the rate of occurrence of anomalies (f(p) = Beta [0.5, β]) is high. The larger the 
value of , the less likely are high rates of occurrence of anomalies (i.e. high values of 
f(p)).  

The application of this approach shows the importance of the uncertainty in the 
estimation of the reliability parameters. Irrespective of uncertainty, the probability 
distribution for the occurrence of defective canisters decreases as the number of such 
canisters increases, i.e. the probability of there being n + 1 defective canisters is always 
less than that of there being n defective canisters. However, the effect of uncertainty is 
that this probability distribution decreases less rapidly with increasing number of 
defective canisters of compared, in particular, with the binomial probability distribution 
where the rates of occurrence of anomalies are assumed to be perfectly known (i.e. p = 
E[p]). This effect is illustrated in Figure 6-119. 

 

 

Figure 6-119. Illustration of uncertainty distributions in Holmberg & Kuusela (2011) 
related to NDT reliability data. Each curve has an  parameter value 0.5. This shows 
how the uninformative estimate Beta [0.5, 0.5] is updated to uncertainty estimate Beta 
[0.5, β], where β = 3.5, 9.5, 10.5, 12.5 or 20.5 depending on the available data. As 
there are no “misses” in the data, Beta [0.5, 0.5] peaks close to 0 and 1, whereas 
updated distributions Beta(0.5, β) peak only close to 0. 
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In order to reduce the uncertainty, more information is needed from both the reliability 
of the welding and NDT processes. It would also be important to analyse the role of 
human factors in these processes, since their role is not reflected in the typical test data 
used to estimate “normal process variation”. 
 

6.26.2 Key data 

Holmberg & Kuusela (2011) defined three defect types: 

a) a through-hole of diameter 0.5 mm, 

b) a root defect at the base of the weld, leading locally to less than 35 mm copper 
thickness, and 

c) a defect so large (> 1 mm) that it would certainly be detected in the absence of 
human error. 

It is assumed that defects of diameter less than 0.5 mm are less safety relevant since the 
mass-flow resistance of such a small hole is very high. The calculations of the rate of 
occurrence of defective canisters in the repository are based on expert judgements and 
on several assumptions: 

1. It is assumed that the welding process will result in a defective weld with probability 
0.01 based on the opinion of manufacturing experts (Ronneteg 2006, p. 105). A 
defective weld is here taken to be a weld that contains defect of type “a”, “b” or “c” 
described above. At this moment there are no data on the quality of the welding 
process. Experiments implemented so far have focused on process control. 
Holmberg & Kuusela (2011) have assumed that the shares of the defect types “a”, 
“b” and “c” are respectively 5 %, 5 % and 90 %. 

2. It is assumed that artificial “reference” defects are detected at least as well as real 
defects produced by the welding process. 

3. It is assumed that the technical detection power demonstrated by detecting known 
artificial defects equals to the detection capabilities of the real inspection process in 
which it is not known whether there will be a defect to detect at all.  

4. The expectation value of the rate of occurrence of human error in NDT process to 
completely miss the identification of a defect is assumed to be 0.003 based on Swain 
& Guttmann (1983, p. 20-13). Swain & Guttmann (1983) studied acts and tasks at a 
nuclear power plant by the THERP28 method, in which human error probabilities are 
modelled by fault-trees (in a similar way to an engineering risk assessment) but 
performance shaping factors have influence on error probabilities. The value 0.003 
is used as a nominal value for a general error of omission or commission in a task 
governed by procedures and administrative controls. This estimate has been used 
also in nuclear industry as a screening value for human error probability although 

                                                 
 

28  THERP (Technique for Human Error Rate Prediction) is a technique used in the field of Human Reliability Assessment for the 
purposes of evaluating the probability of a human error occurring throughout the completion of a specific task. 
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there are no proper data to verify the probability. The applicability of this 
probability estimate for the NDT process has not as yet been validated.  

5. It is assumed that the different NDT methods provide independent information to 
detect defects. If this is not the case, the probability of missing a defect can increase 
significantly. 

The NDT inspection methods and equipment for canister component testing are 
described in detail in Pitkänen (2010). The acceptance procedure and the allowable 
material imperfections are given in the same report (Pitkänen 2010). The material 
manufacturing inspections include, in addition to NDT controls of the component, also 
the chemical, metallurgical and mechanical inspections that are described in the 
manufacturing specifications for the material. The detailed manufacturing inspection 
activities are reported in Nolvi (2009, Chapter 7). Further details on key data are given 
in Holmberg & Kuusela (2011). 

Holmberg & Kuusela (2011)29 applied simple and enhanced models using different 
assumptions: 

A. simple model with known parameters 

B. simple model with unknown parameters 

C. simple model with unknown welding reliability and known NDT reliability 

D. enhanced model with one defect type 

E. enhanced model with three defect types and no dependency between NDT methods 

F. same as D but NDT reliability parameters are known (similar to B) 

G. enhanced model with three defect types and dependency between NDT methods. 

The output of the different modelling exercises (A, B, B´, C, D, D´, E) is shown in 
Table 6-62 and Figure 6-120. In the table, P(defect) is the expected value of the rate of 
occurrence of a defect of any given type during the manufacturing process. P(NDT 
miss) is the expected value of the rate of occurrence of a defect escaping detection. pz is 
the probability of placing a defective canister in the repository. E[Z] is the expected 
number of defective canisters in the repository. P[Z > 0] is the probability of there being 
at least one defective canister in the repository and P[Z = z] is the probability of there 
being exactly z defective canisters in the repository, where z is the number given in the 
first column.  

  

                                                 
 

29  Model applications B´ and D´ were produced for this report and are not published in Holmberg & Kuusela (2011). 
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Table 6-62. Comparison of the results from different models (Table 11 of Holmberg & 
Kuusela 2011). “Dep.” means dependency between the NDT methods and “No dep.” 
means no dependency. P(defect) = probability that there is a defect. P(NDT miss) = 
probability that the NDT misses the defect.  

    Simple model Enhanced model

    One defect 
type 

Three defect types 

    No dep. Dep.

    A B B´ C D D´ E

P(defect) 1.0E-02 1.0E-02 1.0E-02 9.9E-03 9.9E-03 9.9E-03 1.0E-02 

P(NDT miss) 2.0E-03 2.0E-03 2.0E-03 1.9E-03 2.1E-03 2.1E-03 3.4E-03 

pz= 
P(defect)•P(NDT miss) 2.0E-05 2.1E-05 2.0E-05 1.8E-05 1.6E-05 1.7E-05 2.3E-05 

E[Z] 0.09 0.09 0.09 0.08 0.07 0.08 0.10 

P[Z > 0] 0.09 0.07 0.08 0.07 0.06 0.07 0.08 

P[Z = z] 0 9.1E-01 9.3E-01 9.2E-01 9.3E-01 9.4E-01 9.3E-01 9.2E-01 

  1 8.2E-02 5.4E-02 7.0E-02 6.0E-02 5.3E-02 6.4E-02 7.0E-02 

  2 3.7E-03 1.0E-02 7.8E-03 7.8E-03 7.0E-03 5.1E-03 1.1E-02 

  3 1.1E-04 3.0E-03 9.4E-04 1.4E-03 1.4E-03 4.4E-04 2.4E-03 

  4 2.5E-06 1.1E-03 1.2E-04 2.9E-04 3.4E-04 4.0E-05 7.0E-04 

  5 4.5E-08 4.9E-04 1.5E-05 7.0E-05 1.0E-04 3.6E-06 2.3E-04 

  6 6.7E-10 2.3E-04 2.1E-06 1.8E-05 3.9E-05 3.3E-07 8.2E-05 

  7 8.6E-12 1.1E-04 2.9E-07 4.9E-06 1.7E-05 3.0E-08 2.8E-05 

  8 9.7E-14 5.7E-05 4.1E-08 1.3E-06 7.8E-06 2.6E-09 9.5E-06 

  9 9.7E-16 2.9E-05 5.6E-09 3.3E-07 3.4E-06 2.3E-10 3.1E-06 

  10 8.7E-18 1.5E-05 7.3E-10 8.0E-08 1.4E-06 1.9E-11 9.4E-07 

  > 10 0.0E+00 1.5E-05 1.0E-10 2.3E-08 7.9E-07 1.6E-12 3.7E-07 

 

 Figure 6-120 shows that there is about 10 % probability of emplacing at least one 
defective canister; however, the probability decreases sharply with the number of 
defective canisters potentially emplaced. Assuming the rate of production of defective 
canisters and the efficiency of NDT to be known exactly (i.e. simple model with known 
parameters, curve A) results in a lower estimate of the probability of having multiple 
defective canisters. Curves B´ and D´ show the effect of gaining more information about 
the NDT reliability. In the case of continued NDT testing (using artificial defects), the 
results of the simple and enhanced models would not significantly change and would 
lead to a curve which is between B and B´ (simple model) or between D and D´ 
(enhanced model). Where the rate of production of defective canisters and the efficiency 
of the NDT are modelled by probability distributions, the results are bound between the 
simple model and the enhanced model with three defect types and dependency between 
NDT methods (curves A and E). 
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Figure 6-120. Comparison of the results from different models (based on Figure 13 of 
Holmberg & Kuusela 2011). The letters A, B, B´, C, D, D´, E are explained in Table 
6-62 (Results for B´ and D´ were generated for the present report and are not published 
elsewhere.)  
 

6.26.3 Confidence in the model and data 

As noted by Holmberg & Kuusela (2011), their work is based on expert judgement and 
several assumptions that have not yet been verified. A key input assumption is the 
reliability of the sealing process (an expectation value of only one of 100 canisters 
having a critical flaw) based on the opinion of manufacturing experts. The other key 
assumption is the probability of human error in the NDT process to completely miss the 
identification of a defect based on a general screening value for human errors in nuclear 
power plant risk analysis.  

There are other uncertainties concerning which defect sizes are relevant to long-term 
safety. It is, however, assumed that defects larger than 1 mm will be detected as long as 
no human error is made. For simplicity, it is assumed that each canister can have either 
one defect or no defects at all. The assumption is reasonable if the probability of a 
defect is low and defects appear independently of each other. However, if defects occur 
as clusters, this assumption is not valid. The assumption on the lesser safety relevance 
of defects under 1 mm remains to be demonstrated. 

Because of these model and data uncertainties, the calculation approach is seen 
primarily as a tool to quantify the roles of different methods and procedures in the weld 
inspection process, and the results presented in Holmberg & Kuusela (2011) are not to 
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be seen as predictions of the actual rate of occurrence of defective canisters in the 
repository. With additional data on the welding process and continued development of 
the NDT process, it will be possible to show whether the assumptions made are 
conservative and to narrow the uncertainty distribution.  

Curves B´ and D´ show the effect of gaining more information about the NDT 
reliability. B´ and D´ are ideal cases in the sense that there would be perfect information 
about the NDT reliability. On the other hand, when the real inspection process of the 
canisters starts, data will become available that decrease the uncertainty in the welding 
reliability. In this sense, the curve A will be approached albeit very slowly.  

The results presented in Holmberg & Kuusela (2011) have been used in Performance 
Assessment to obtain a first indication of the number of defective canisters in the 
repository, as well as demonstrating a method whereby information on the reliability of 
the welding and of the NDT processes for detecting penetrating defects in the copper 
overpack can be used. In Assessment of Radionuclide Release Scenarios for the 
Repository System, one canister with an undetected penetrating defect of 1 mm diameter 
is assumed in the Reference Case. Nevertheless, the possibility of more than one 
defective canister is also considered (see Section 9.2 of Assessment of Radionuclide 
Release Scenarios for the Repository System). For simplicity, the radionuclide release 
and transport modelling assumes that all defects are penetrating, with a 1 mm diameter. 
The results in the right-most column of Table 6-62 (the three different defect types 
described above and dependency between NDT methods taken into account) are used to 
show that expected value of the release rate from multiple defective canisters randomly 
located in the repository is significantly less than the release rate in the Reference Case.  

This finding arises because of the low probability of there being many defective 
canisters and also because the majority of deposition holes have flow-related transport 
properties that are significantly more favourable to limiting releases than the deposition 
hole considered in the Reference Cases, which is chosen in the analysis for its relatively 
unfavourable properties, so as to err on the side of caution. It provides support for the 
conservativeness of the Reference Case assumption of there being one defective canister 
in the repository in an unfavourable location.  

The analysis in Holmberg & Kuusela (2011), which is carried over into the Assessment 
of Radionuclide Release Scenarios for the Repository System, relies on the assumption 
that common mode failure leading to multiple defective canisters being emplaced in the 
repository (e.g. due to an undetected malfunctioning of the equipment) can be 
disregarded on the grounds of very low probability. This assumption rests in part on the 
quality control (QC) measures that will be applied. Examples of QC measures could 
include regular calibration of NDT equipment before testing each canister and NDT 
analysis performed by two or more adequately trained and periodically tested staff 
members. Cold destructive testing can also be applied periodically to check the weld 
quality.  

Furthermore, the NDT methods partially overlap (i.e. are partially redundant) with each 
other and this should help detect any potential failure in the NDT equipment, i.e. a 
defect undetected with one technique should be visible with another since the 
techniques look for similar as well as different features of the defect. Finally, any 
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malfunctioning of the welding equipment should also be detected by increasingly 
frequent failure indications by the NDT methods. Overall, it seems highly unlikely that 
equipment failure would remain undetected and result in multiple defective canisters 
being emplaced in the repository.  

On the other hand, no matter how reliable the welding and NDT processes are made, the 
possibility that at least one defective canister will be emplaced in the repository is likely 
to remain. In particular, as acknowledged by Holmberg & Kuusela (2011), human error 
will remain a significant source of uncertainty that can never entirely be eliminated. If 
this probability of human error is also assumed for NDT, it could also be descriptive of 
the level of probability that would ultimately have to be accepted for having at least one 
defective canister in the repository. Assessment of Radionuclide Release Scenarios for 
the Repository System shows that one canister with a penetrating defect of 1 mm in 
diameter does not have any significant radiological consequence.  

6.27 Long-term criticality safety  

Long-term criticality safety is discussed in Performance Assessment (Sections 5.8, 6.10, 
7.9) taking into account in FEP 3.2.11 in Features, Events and Processes.  

Only the model and data relevant to long-term criticality safety are discussed in the 
present report. Further details concerning criticality safety during the operational phase 
are provided in Ranta-aho (2012).  

6.27.1 Description of the model 

The model used in Ranta-aho (2012) is based on a given configuration of the fuel, 
canister materials and geometry, and the calculation of the reactivity of the 
configuration, expressed as the neutron multiplication factor (keff). All the fuel types 
used in OL1−2, one LO1−2 fuel type and one fuel type for OL3 have been considered in 
Ranta-aho (2012).  

In the criticality safety analysis, several combinations of enrichment, burn-up and 
cooling time were considered in order to determine the evolution of keff between 5 years 
and 1 million years.  

The methodology used by Ranta-aho (2012) is consistent with STUK’s YVL regulatory 
guides and the international guidelines. Favourable conditions for reactivity were 
assumed as bounding case, such as: 

 the canister is filled with water,  

 the fuel in the canister is in the most reactive credible configuration, 

 the moderation by water is at its optimum. 

An example of the evolution of the spent fuel reactivity (expressed as keff) as a function 
of cooling time is shown in Figure 6-121. The reactivity changes along with the decay 
and buildup of certain radionuclides, as shown in the figure. The burn-up credit (BUC) 
approach takes credit for the fact that the reactivity of the fuel assemblies is lower than 
that of fresh fuel due to net decrease of the fissile material and accumulation of fission 
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products. The BUC approach has been applied at different levels in Ranta-aho (2012). 
In addition to the base scenarios, the following scenarios related to long-term criticality 
were considered in Ranta-aho (2012): 

 non-central positioning of the assemblies in the canister holes, 

 pin lattice expansion and compression, 

 cladding corrosion, 

 insert corrosion, 

 breakdown of individual fuel rods, 

 formation of fuel pellet stack on the bottom of the steel tubes, 

 formation of fuel pellet stack on the bottom of the canister. 

 

The codes used for the criticality safety analysis are: 

 CASMO-4E: A deterministic two-dimensional lattice burn-up code for fuel 
assembly burn-up calculations; the code version used is “v2.10.16P_VTT” and it 
uses the 70-group library j20200 (Rhodes & Edenius 2001), which is the 
combination used for Olkiluoto 1 and 2 production calculations at Teollisuuden 
Voima Oy (TVO). 

 ORIGEN-2.2: A computer code system for calculating the buildup, decay, and 
processing of radioactive materials used for radionuclide decay calculations; the 
version used includes the newer decay constants from the ORIGEN-S in the 
SCALE-6.0 package (ORNL 2009).  

 SIMULATE-3: A three-dimensional reactor analysis code was used for reactor 
core simulation and the calculation of the axial burn-up profiles of the 
discharged assemblies. 

 MCNP5: Monte Carlo N-Particle transport code. The criticality calculations 
were carried out with the MCNP5 version 1.40 using the JEFF-3.1 based library 
(nea-1768/01, nea-1768/12 ZZ-MCJEFF3.1NEA) (Briesmeister 2003). 
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Figure 6-121. Evolution of the spent fuel reactivity (expressed as keff) as a function of 
cooling time. This figure is only for illustrative purposes (Scaglione 2009). 

 

6.27.2 Key data 

The general information on the fuel assemblies is given in Table C-1 of Appendix C. 
Detailed characteristics of fuel assemblies used in the criticality safety analysis are 
given only in Ranta-aho (2012). The material compositions of the canister, buffer and 
rock used in the cricality safety calculations are shown in Table C-5. 

The main dimensions of the canisters are shown in Appendix D (Table D-1). The 
detailed geometry of the three disposal canisters used for criticality safety calculations is 
shown in Table D-3, Figures D-1, D-2 and D-3. The canister manufacturing tolerances 
are from Canister Production Line and they are taken into account in the criticality 
safety calculations.  

The effect of axial burn-up profile has been studied in Ranta-aho (2012). The 
assemblies have a non-uniform burn-up distribution which is a result of the varying 
axial and radial neutron spectra and the power distribution in the reactor core. The 
reactivity effect of the axial burn-up distribution compared to a uniform one is usually 
referred to as the “end effect”. The assembly axial burn-up distribution may have a 
significant impact on the reactivity of the disposal canister and the assumption of 
uniform burn-up may be non-conservative. However, the enrichment, particularly in 
BWR assemblies, changes axially which may compensate for the axial burn-up effect 
(Ranta-aho 2012). Agrenius (2010) approached long-term criticality analyses in a 
similar way as Ranta-aho (2012) and the input data as well as output results are 
available. 
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6.27.3 Confidence in the model and data 

Several criticality safety analyses for the BWR, PWR and VVER-440 fuel assemblies 
have been carried out in Anttila (1996, 1999, 2005a). These analyses did not address 
long-term scenarios. Ranta-aho (2012) updated the results and included long-term 
scenarios that can affect the reactivity of the disposal canisters. Ranta-aho (2012) 
considered a number of favourable geometries of the fuel pin lattice in the steel tubes 
and the fuel fragments on the bottom of the canister. Ranta-aho (2012) showed that in 
the long-term criticality scenarios involving damaged fuel and canister, subcriticality is 
secured if fuel particles are mixed with sufficient amount of corroded material from the 
insert.  

Regulatory guides and criticality safety standards state the requirements for the 
validation of the codes used in the criticality safety assessment (see for example YVL 
B.4 draft (STUK 2012) and ANSI/ANS-8.27-2008). In order not to penalise the fuel 
type lacking experimental data for the code CASMO-4E validation, the approach 
described in the US NRC Kopp memorandum (Kopp 1998) was applied in Ranta-aho 
2012. Based on this approach, the uncertainty of the burn-up calculation can be assumed 
equal to 5 % of delta-keff (compared to the fresh fuel case without burnable absorbers).  

The ORIGEN-2.2 decay calculation procedure has been tested against burn-up credit 
benchmark Phase VII of the Expert Group on Burnup Credit of the OECD/NEA 
Working Party on Nuclear Criticality Safety (OECD/NEA/WPNCS/EGBUC) (Wagner 
& Radulescu 2008). The validation of MCNP5 for criticality calculation with ENDF/B-
VI.8, JEF-2.2 and JEFF-3.1 libraries is reported in Ranta-aho (2010) and a conservative 
bias has been applied in the Ranta-aho (2012) analysis. The MCNP5 criticality 
calculation with JEFF-3.1 library has also been tested against 
OECD/NEA/WPNCS/EGBUC benchmark Phase VII where a spent fuel canister was 
modelled with depleted fuel composition and up to 1 million years (Wagner & 
Radulescu 2008). 

The uncertainty in the declared assembly average burn-up was assumed to be 5 % based 
on USNRC (2009). The uncertainty on the initial U-235 enrichment was assumed to be 
0.05 wt-% based on NEA (2011 Section 6.2.6).  

In summary, the assumptions regarding the long-term evolution of the fuel and canister 
need further evaluation from the geometrical and material composition point of view in 
order to enhance the current criticality safety analysis results. Work is still ongoing to 
increase confidence in the low likelihood of long-term scenarios that may lead to a 
criticality event. 
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7 MODELS FOR THE ANALYSIS OF RADIONUCLIDE RELEASE 
SCENARIOS 

This chapter presents the models and data used for the Assessment of Radionuclide 
Release Scenarios for the Repository System. Section 7.1 presents the modelling 
approach, the general assumptions, the conceptual model and the codes used in the 
modelling. The scenarios and calculation cases are summarised in Section 7.2; a more 
detailed description and justification for the scenarios can be found in Formulation of 
Radionuclide Release Scenarios. The source term used in the analysis (Section 7.3) is 
first discussed. The modelling of radionuclide releases from the canister is discussed in 
Section 7.4, solubility limits in the near field in Section 7.5, radionuclide transport in 
buffer and in backfill in Sections 7.6 and 7.7, respectively, and geosphere transport 
modelling in Section 7.8. The discussion in Sections 7.4 to 7.8 focuses mostly on base 
scenario, its modelling approach and key data. Uncertainties in the base scenarios are 
taken into account through variant and disturbance scenarios. The modelling approach 
for these scenarios is presented in a specific sub-section called Approach for modelling 
the variant and disturbance scenarios. The confidence section addresses the treatment 
of uncertainties along with an overview of the calculation cases addressing them. 
Variant scenarios, disturbance scenarios and complementary cases are described in 
further detail in the Assessment of Radionuclide Release Scenarios for the Repository 
System and their handling by the numerical codes in Poteri et al. (2013). 

7.1 Modelling approach 

7.1.1 General assumptions 

There are certain general assumptions that apply when modelling all calculation cases in 
TURVA-2012. In particular, the following apply: 

 The deep underground location of the repository is maintained over several 
million years, isolating the spent nuclear fuel from the surface environment 
(eventually, after hundreds to thousands of millions of years, slow geological 
processes could result in the rock being gradually eroded, so that repository 
materials eventually reach the surface). 

 The canister remains located coaxially with the deposition hole and no 
significant canister sinking takes place over the assessment period.  

 Criticality does not occur, as discussed in Section 6.27.  

The co-axial location of the canister could in principle be affected by buffer erosion. If 
erosion were to occur to the extent that viscous flow of buffer material was possible in 
the deposition hole, this could result in the canister sinking to the bottom of the hole, 
making it more vulnerable to failure e.g. due to corrosion or earthquakes. Loss of buffer 
density as a result of chemical erosion is discussed in Section 7.6.4. It is concluded that 
it is implausible that erosion will occur to the extent that viscous flow of buffer material 
takes place. It should also be noted that, even though it is assumed that the canister 
remains in place in scenarios involving buffer erosion, increased corrosion rates are in 
any case assumed due to the presumed occurrence of local advective conditions in the 
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eroded buffer. This situation is thus not significantly more favourable to canister 
lifetime than if the canisters were assumed to sink.  

It is assumed that radionuclides migrate from the repository near field to the geosphere, 
but not vice versa. Similarly, it is assumed that radionuclides migrate only from the 
geosphere to the surface environment and not vice versa. These assumptions are 
consequences of the further assumption that radionuclide transport in the geosphere is 
dominated by advection (retarded by matrix diffusion and sorption) in flowing water 
that migrates from the near field through a fracture network to the surface environment.  

No radionuclide releases are expected to occur in the early transient phase, before the 
near field (external to the canisters) is water saturated and the heat output from the 
canisters has substantially declined. However, even after this transient phase, the 
repository and its environment will continue slowly to evolve and this evolution has 
been taken into account in modelling radionuclide release scenarios. In the case of 
evolving geochemical conditions and evolving groundwater flow distribution, the 
approach in previous Posiva safety assessments has generally been to consider a range 
of different possible geochemical conditions or flow distributions that may occur over 
time as the system evolves, and, for each of these, model radionuclide release, retention 
and transport on the assumption of a geochemical steady state. This approach is also 
adopted in TURVA-2012, but is complemented by calculation cases in which the 
evolving geochemical conditions and flow distribution are modelled explicitly (albeit in 
a highly simplified manner) in certain variant and disturbance scenarios. The explicit 
modelling of time dependency of flow and geochemical conditions in these scenarios 
takes account of the adverse possibility that radionuclides may accumulate within the 
repository system under one set of conditions, and then be relatively rapidly transported 
to the surface environment when conditions change. 

As discussed in Section 2.2, there are uncertainties affecting the input data used in the 
radionuclide release, retention and transport calculations. It is not practical, using 
individual, deterministically specified calculation cases, to explore the consequences of 
every possible combination of parameter values. Main uncertainties have been 
addressed in the various calculation cases by using plausible parameter values. Other, 
broader (epistemic) uncertainties or combinations of uncertainties were studied using 
Monte Carlo simulations and probabilistic sensitivity analyses (PSA), which 
complement the deterministic analyses of calculation cases (Cormenzana 2013). 

For the Monte Carlo simulations, truncated log-normal probability density functions 
(PDFs) are assigned to some parameters for which many data are available (solubilities 
and sorption coefficients in the buffer and backfill). Log-uniform PDFs are assigned to 
the remaining parameters, because the uncertainty typically spans one or more orders of 
magnitude. Using log-uniform PDFs ensures that the whole range of uncertainty in the 
parameter values can be explored with a reasonable number of realisations, although it 
tends to overestimate the probability of bounding cases (maximum solubility, minimum 
sorption, etc.) that have the highest consequences. While this would be of concern in a 
probabilistic safety assessment (i.e. in the evaluation of risk), it is of less consequence 
where the Monte Carlo simulations are used for sensitivity analyses (i.e. the 
identification of sensitive parameters), which is the case in Assessment of Radionuclide 
Release Scenarios for the Repository System. 
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7.1.2 Conceptual model of radionuclide release and transport 

For modelling purposes, the radionuclide inventory inside the spent nuclear fuel 
canisters is assigned to three characteristic locations, namely (i) the fuel matrix, (ii) the 
grain boundaries and gaps, and (iii) structural materials (zirconium alloys and other 
metal parts) (see Section 7.3). Following canister failure and contact of the fuel with 
water, there will be a relatively rapid release to solution of the radionuclide inventory at 
grain boundaries and in gaps within and around the spent fuel, and also of a certain 
fraction of the inventory of the other metal parts. These parts of the radionuclide 
inventory are quantified by multiplication of the total inventory in the spent fuel or in 
the structural materials by an instant release fraction, or IRF, so-called because the 
release of these parts of the inventory to solution are cautiously modelled as 
instantaneous. 

The remainder of the fuel matrix inventory is assumed to be uniformly mixed within the 
matrix, and to be released congruently with its degradation over time. The same applies 
to the zirconium-based alloys and other metal parts, although their degradation rates are 
significantly greater than those of the UO2 matrix. 

The canister weld is considered the most likely location of a potential defect in the 
canister. Since the weld will be located either on the lid of the canister (according to the 
EB welding method) or on the upper part of the cylindrical walls (according to the FSW 
method), any potential initial penetrating defect would also be located near the top of 
the canister (Figure 7-1).  

In the models used in the analysis of most scenarios and calculation cases involving the 
release of radionuclides from the repository system, radionuclides released from a failed 
canister are dissolved in water and conveyed in solution through the repository near 
field and through the geosphere towards the surface environment (gas- and colloid-
mediated transport are also considered in some calculation cases). The buffer and the 
backfill are assumed to be saturated so that the main mode of transport is diffusion. The 
most important radionuclide retention and transport processes included in the near field 
are diffusion, sorption, and those affected by solubility limits in the near field and 
advection in the geosphere. 

Radionuclides diffuse from the internal void space within the defective canisters and 
through the surrounding buffer, retarded by sorption, exiting the deposition hole by 
three possible paths (Figure 7-1): 

 the F-path, which leads from the canister, through the buffer to a host-rock fracture 
intersecting the deposition hole; 

 the DZ-path, which leads from the canister to the deposition tunnel EDZ, either 
directly through the buffer or via a damaged zone, which is assumed to surround the 
deposition hole, and thence to a host-rock fracture intersecting the EDZ; and 

 the TDZ-path, which leads from the canister, through the buffer to the deposition 
tunnel backfill, and thence to a host-rock fracture intersecting the deposition tunnel. 
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Figure 7-1. Main features of the near-field model in a vertical section passing through 
the centre of a deposition hole parallel to the deposition tunnel axis (blue arrows denote 
the water flow in the deposition tunnel backfill). 

 

The calculated radionuclide release rates via each of the three paths listed above provide 
input to geosphere transport modelling. Geosphere transport modelling supported by 
groundwater flow modelling is used to assess radionuclide retention and transport along 
migration paths consisting of sections with varying properties through the network of 
connected host rock fractures. The modelling provides, as output, release locations and 
release rates to the surface environment, i.e. the geo-bio fluxes, which are used as input 
in the biosphere assessment.  

7.1.3 Codes 

In previous Posiva safety assessments, radionuclide releases from the repository and 
transport to the surface environment were mostly computed with: 

 the near-field release, retention and transport code REPCOM, which was 
developed in-house by the VTT Technical Research Centre of Finland, and 

 the geosphere transport code FTRANS (FTRANS 1983).  
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For TURVA-2012, REPCOM has been superseded by the code GoldSim for all near-
field release and transport calculations. In the Probabilistic Sensitivity Analysis, 
geosphere retention and transport are also modelled using GoldSim. The code MARFA 
is used to analyse geosphere retention and transport in most deterministic calculation 
cases. MARFA and GoldSim are described in detail in Appendix A of Assessment of 
Radionuclide Release Scenarios for the Repository System. REPCOM and FTRANS 
have, however, been used in the code intercomparison exercises described in Poteri et 
al. (2013), which are part of the code verification process undertaken for GoldSim and 
MARFA. 

There were several reasons for replacing REPCOM with GoldSim. Firstly, the 
radionuclide transport module of GoldSim (GoldSim RT) allows modelling that is more 
realistic in some respects compared with REPCOM. In particular, unlike REPCOM, 
solubility limits can be imposed throughout the buffer and in the backfill, and isotopes 
of the same element are properly taken into account when evaluating whether or not 
solubility limits are exceeded. In the code comparison test cases described in Poteri et 
al. (2013), the effects of the deficiencies in REPCOM, in these respects, on the 
solubility-limited radionuclides significant to long-term safety (e.g. Ra-226 and the 
plutonium isotopes) are shown to be minor. However, if the chemical environment of 
the disposal site changes, it cannot be excluded that the proper consideration of shared 
solubilities in the buffer and backfill by isotopes of the same element could cause the 
results of GoldSim to differ substantially from those of REPCOM. 

GoldSim is also well suited to perform the Monte Carlo simulations necessary for 
probabilistic sensitivity analysis (PSA), and includes some post-processing tools to 
perform statistical analyses on the results of the simulations. Furthermore, from the 
point of view of managing the analyses of calculation cases, there are clear benefits of 
using a single code for (at least some) integrated near-field and geosphere calculations. 
Finally, the user interface of GoldSim is more user-friendly, more illustrative and 
clearer than that of REPCOM. 

The near-field release and transport model implemented in GoldSim addresses: 

 radionuclide release from the fuel into a failed canister, and 

 radionuclide transport through the repository near field to the geosphere. 

The geosphere transport model implemented in both GoldSim and MARFA addresses 
the migration of radionuclides released from the near field via the F-, DZ- and TDZ-
paths through the geosphere fracture network. The geosphere transport resistance, 
denoted as WL/Q, is the main hydrogeological parameter characterising advection along 
each individual transport path through the network.  

MARFA has been used in the analysis of all deterministic calculation cases involving 
geosphere transport, with the exception of the rock shear scenarios described in Section 
7.2 and 7.8, for which a relatively simple geosphere model has been implemented in 
GoldSim. Through its direct coupling to discrete fracture network (DFN) groundwater 
flow modelling, MARFA explicitly includes the geometric complexity of the fractured 
geosphere, and is able to calculate the spatial distribution of the annual activity release 



474 

 

 

to the surface environment (see the discussion of route dispersion in Section 9.8.3 of 
Assessment of Radionuclide Release Scenarios for the Repository System). MARFA has 
also been developed to handle calculation cases in which time-dependent flow in the 
geosphere is considered.  

GoldSim has been developed specifically for carrying out Monte Carlo simulations. It is 
thus used for both near-field release and transport modelling and for geosphere transport 
in the PSA. Although simple fracture networks can also be built using GoldSim, it is not 
judged practical to duplicate the geometrical complexity of DFN flow modelling using 
this code. Rather, geosphere transport is modelled using three one-dimensional transport 
paths, one for each of the pathways that connect the near field to the surface 
environment: the F-, DZ- and TDZ-paths. The radionuclide-specific releases, summed 
over these paths, are the spatially integrated annual activity releases to the surface 
environment.  

It should also be noted that the radionuclide release and transport models implemented 
in GoldSim and MARFA do not explicitly include the impact of repository-generated 
gas or colloid-facilitated radionuclide transport. However, these can be treated 
implicitly by modifying the parameter values used by these codes (see Sections 7.6 and 
7.8). 

7.1.4 Numerical handling of radionuclide decay and ingrowth 

The decay chains considered in modelling radionuclide release, retention and transport 
are shown in Figure 7-2.  

Short-lived daughter nuclides (e.g. Ac-227) are assumed to be in secular equilibrium 
with its parent nuclide and hence its initial inventory is added to that of its parent. Its 
contribution to the dose assessment is taken into account by applying summed dose 
coefficients for the whole (or relevant parts of) decay chain.  

Mo-93 is the parent of Nb-93m, but was erroneously modelled in the near-field 
calculations as decaying directly to stable Nb. This has some effect of the Nb-93m 
release rates from the near field. As shown in Appendix M, the influence on the far-field 
results is negligible, because Nb-93m has a short half-life, and will decay to stable Nb 
during geosphere transport. 
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Figure 7-2. Treatment of radionuclide decay chains in GoldSim (Poteri et al. 2013, Figure 3-5). 

 

7.2 Scenarios and calculation cases 

Following Appendix A of Guide YVL D.5 (STUK 2011a), three types of scenarios are 
considered in the safety case TURVA-2012 (Formulation of Radionuclide Release 
Scenarios, Chapter 2):  

 Base scenario: The base scenario shall assume the performance targets for each 
safety function, taking account of incidental deviations from the target values. 

 Variant scenarios: The influence of declined performance of a single safety 
function or, in case of coupling between safety functions, the combined effects 
of declined performance of more than one safety function shall be analysed by 
means of variant scenarios. 

 Disturbance scenarios: Disturbance scenarios shall be constructed for the 
analysis of unlikely events impairing long-term safety. 

For each of the scenarios, a set of calculation cases is defined. In addition, 
complementary cases have been defined to add comprehensiveness to scenario analysis 
and repository system performance understanding. The complementary cases illustrate 
the impact of model (and data) uncertainties that are not covered by the scenarios (see 
details in Formulation of Radionuclide Release Scenarios). 

7.2.1 Base scenario 

The base scenario is taken to include the most likely lines of evolution for the repository 
system, taking into account the incidental possibility of one or a few canisters with 
initial undetected penetrating defects.  

In analysing the base scenario, canisters without initial penetrating defects are assumed 
to provide complete containment of radionuclides throughout the assessment time frame 
and are thus assumed not to be affected by other potential canister failure modes, 
namely corrosion failure and failure due to rock shear following a large earthquake. 
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These potential failure modes are addressed in other scenarios, see below. The buffer 
and backfill are also assumed to perform their respective safety functions throughout the 
assessment time frame, and the properties of the rock are in accordance with the 
application of the rock suitability classification (RSC) criteria. All radionuclide 
transport properties are assumed to be constant throughout the buffer and throughout the 
backfill. Radionuclides are assumed to be transported in solution only. Transport in a 
gas phase and colloid-facilitated radionuclide transport are not considered in the base 
scenario. Steady groundwater flow and composition are hypothetically assumed 
throughout the assessment time frame, irrespective of climatic changes (transient flow 
and composition are addressed in other scenarios, see below). The groundwater type 
assumed in modelling the base scenario is brackish, which is the reference groundwater 
type at the time of first radionuclide releases (assumed to be at least 1000 years after 
disposal in the Reference Case). Transient flow and associated changes in composition 
during the early evolution of the repository are not considered to be relevant. This is 
because the changes in hydraulic gradients and the major changes in the surface 
environment associated with retreat of the shoreline will have occurred by the time 
water is assumed to contact the spent fuel and the first radionuclides are released from 
the canister. 

The base scenario considers one canister with an initial penetrating defect emplaced 
within the repository. This is consistent with paragraph A105 of YVL Guide D.5 
(STUK 2011a), which states that the base scenario shall assume the performance targets 
for each safety function, taking account of incidental deviations from the target values.30 
Canisters without initial penetrating defects are assumed to provide complete 
containment of radionuclides throughout the assessment time frame. The defect is 
assumed to be located in the upper part of the side wall of the canister and, in all 
calculation cases for the base scenario, is assigned a diameter of 1 mm and is assumed 
to be water-filled at all times after radionuclide release begins. The properties of the 
defect are assumed not to change with time. 

The choice of a constant pinhole size (1 mm) throughout the assessment time frame for 
the base scenario is considered to be the incidental deviation from the target values 
(intact canister). The base scenario is used to analyse the consequences of this deviation 
alone without introducing further processes and scenarios with considerable 
uncertainties. As such, the base scenario should be as simple as possible in order to 
understand the effect of uncertainties studied in the various calculation cases.  

The growing pinhole scenario is more complex and requires the specification of 
additional uncertain parameter values to describe pinhole evolution. In reality, any 
evolution of the defect will be affected by a number of uncertain processes. Firstly, the 
filling of the gap between the canister and the insert with corrosion products would limit 
the ingress of water (and any solutes) and the corrosion process would slow down 
radically. Furthermore, even in the case of enlargement of the hole, it takes several tens 
of thousands of years for water to fill the canister due to the very low water flow rates 

                                                 
 

30  The draft for Regulatory guide YVL D.5 has been updated in 2013 and the consideration of „incidental deviations“ has since 
been removed. 
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and hydraulic gradients (as shown in Section J.2 of Appendix J). Finally, there is 
experimental evidence showing that bentonite will penetrate into the defect, as shown 
by experimental observations in Section J.3 in Appendix J, so that bentonite, together 
with corrosion products, will contribute to maintain the transport resistance of the hole 
(if not increasing it). In this respect, the growing pinhole scenario not only requires the 
specification of further uncertain parameter values but it is based on an assumed 
evolution of the defect that does not take into account the many competing processes 
that affect the canister and the near field (see Sections J.1 and J.2 in Appendix J). 
Therefore, the growing pinhole case was studied as a variant scenario and the effect of 
the uncertainty in the final size of the defect was studied in the Probabilistic Sensitivity 
Analysis (PSA), as discussed in Section 7.4.3. 

The stable pinhole approach for the base scenario is also consistent with paragraph A06 
in YVL D.5 (STUK 2011a) which reads: “Simplification of the models and the 
determination of the required input shall be based on the principle that the performance 
of a safety function will not be overestimated while neither overly underestimated”.  

In the base scenario, one or a few canisters with initial penetrating defects are assumed 
to escape detection and to be emplaced within the repository. In the Reference Case and 
in the majority of other calculation cases for the base scenario, the defective canister is 
cautiously located within the repository, in the sense that the chosen location leads to 
maximum radionuclide release rates to the surface environment that are higher than 
would be the case for the majority of holes (the defective canister is, in reality, equally 
likely to be located in any of the holes). The choice of location is described in Section 
6.2 of Assessment of Radionuclide Release Scenarios for the Repository System.  The 
calculation cases for the base scenario are summarised in Table 7-1.  

Table 7-1. Calculation cases for the radionuclide release base scenario for the 
repository system (based on Formulation of Radionuclide Release Scenarios, Table 7-
1a). 

Scenario Calculation case Short description

BASE SCENARIO 
Incidental deviation of 
introducing one or a 
few canisters with 
initial penetrating 
defects 

BS-RC Reference Case (RC) – one canister with an initial 
penetrating defect of 1 mm diameter; I, Cl and Se 
treated as anions in the near field and geosphere. 
Cautious position selected from a DFN realisation 
taking into account the whole repository (see Section 
6.2 of Assessment of Radionuclide Release Scenarios 
for the Repository System for the selection procedure). 

BS-LOC1 As RC; except alternative position 1 – investigates 
uncertainties in the selection of flow-related parameters 
(uncertainty in DFN realisation). 

BS-LOC2 As RC; except alternative position 2 – investigates the 
uncertainties in the selection of flow-related parameters 
(uncertainty in DFN realisation). 

BS-ANNFF Same as RC; except Ag, Mo, Nb treated as anions in 
the near and far field (i.e. geosphere) – investigates 
uncertainties in the speciation of those elements. 

BS-TIME As RC; except that a longer time is needed to establish 
a transport path from the defective canister (1000 years 
in RC and 5000 years in BS-TIME). 
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The instant release fraction (IRF) of the activity is released to solution immediately 
once water penetrates the canister interior (at 1000 years in the Reference Case), and the 
activity in the zirconium alloy, other metal parts and the spent fuel matrix are released 
congruently with the degradation of these components. 

7.2.2 Variant scenarios 

The variant scenarios are described below and the calculation cases for the variant 
scenarios are summarised in Table 7-2. 

Enlarging defect/degradation of the buffer around a defective canister 
(VS1) 

In the VS1 variant scenario, as in the base scenario, it is assumed that there is an initial 
penetrating defect in one of the canisters in the repository. However, it is further 
assumed that processes occurring at the buffer/rock interface, including possible 
interactions of the buffer with highly alkaline water from cementitious repository 
materials, lead to a degradation of the outer part of the buffer (the outer 10 %), 
enhanced transport of corrosive agents, such as sulphide, from the rock to the canister 
and accelerated corrosion of the copper canister overpack and the cast iron insert. It is 
further assumed that the defect will enlarge into a 10 mm diameter hole on a timescale 
of 25,000 years. Defect enlargement could be due, for example, to corrosion of the 
initial defect around its edges or to the mechanical effects of the volume expansion of 
the insert as it corrodes (enhanced corrosion could also lead to general thinning of the 
copper overpack, but this is unlikely to lead to failure of canisters without initial defects, 
unless advective conditions are established throughout the buffer, which is the subject 
of VS2, below). Degradation of the outer part of the buffer also leads to a partial loss of 
its radionuclide retention capacity.  

Corrosion failure following buffer erosion (VS2) 

In the VS2 variant scenario, one or more canisters (without initial penetrating defects) 
fail due to corrosion of the copper overpack, following chemical erosion of the buffer 
due to low ionic strength water penetrating to repository depth, e.g. in association with 
glacial retreat. Ingress of water and the establishment of a transport pathway are 
assumed to occur instantaneously upon canister failure. When a canister fails, water is 
assumed to have immediate access to the spent fuel surfaces and a radionuclide 
transport path from the canister interior to the canister exterior is established. No credit 
is taken for any residual transport resistance in the canister. 

7.2.3 Disturbance scenarios 

The disturbance scenarios are described below and the calculation cases for the 
disturbance scenarios are summarised in Table 7-3. 
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Table 7-2. Calculation cases for the radionuclide release variant scenarios (based on 
Formulation of Radionuclide Release Scenarios, Table 7-1b). 

Scenario Calculation case Short description

VARIANT SCENARIO 1
 
Defect enlarges 
gradually due to 
corrosion 

VS1-BRACKISH Cautious defective canister position as in the RC – 
initial penetrating defect enlarging; degraded buffer; 
speciation appropriate to brackish water in the near and 
far field. 

VS1-HIPH Cautious defective canister position as in the RC – 
initial penetrating defect enlarging; degraded buffer; 
speciation appropriate to high pH water in the near and 
far field. 

VS1-HIPH-NF Cautious defective canister position as in the RC – 
initial penetrating defect enlarging; degraded buffer; 
speciation appropriate to high pH water in the near field 
alone. 

VARIANT SCENARIO 2
 
No initial penetrating 
defects (thin copper 
canister wall 35 mm): 
Erosion of buffer and 
subsequent corrosion 
of four canisters 

VS2-H1 
VS2-H2  
VS2-H3  
VS2-H4 

Canisters in positions 1, 2, 3, and 4 fail due to corrosion 
after the buffer is chemically eroded. The releases 
calculated in each calculation case are summed to 
obtain the release from the whole repository in the VS2 
scenario. 

 

Accelerated insert corrosion rate (AIC) 

The main focus of the analysis of the AIC scenario is to assess the significance of 
whether or not a transport path between the internal void space of the canister and the 
buffer exists through the canister insert prior to defect enlargement. In the AIC 
disturbance scenario, it is assumed that a canister with an initial penetrating defect (1 
mm diameter) has been emplaced in the repository, as in the base scenario. An 
accelerated insert corrosion rate (> 1 micrometre/year) is assumed (compared with the 
likely rate of (0.1–1 micrometre/year, see Section 6.22.2) allowing the insert to corrode 
and the corrosion products of the insert to expand and mechanically breach the copper 
overpack resulting in a sudden (instantaneous) loss of transport resistance of the initial 
penetrating defect after 15,000 years. The assumptions of this scenario are very 
pessimistic. First, the minimum thickness of the insert outer wall varies between 30 and 
50 mm (see Figure D-2 in Appendix D) and thus it would take a minimum of 30,000 to 
50,000 years to corrode at the corrosion rate of 1 μm/year. Second, there is no evidence 
that the formation of the insert corrosion products could breach the copper overpack in 
repository conditions since magnetite is porous and a yielding oxide. Third, the 
corrosion of the iron insert would be limited by the low rate of diffusion of water 
through the defect. As shown in Appendix J, it takes tens of thousands of years for the 
water to fill the canister through the saturated buffer. Therefore, this sudden and 
complete loss of transport resistance after 15,000 years is a highly unlikely event, which 
is why the scenario is classified as a disturbance scenario. 

There is no design requirement for the insert to be water tight. However, in practice, it 
may provide some initial period of water tightness. Furthermore, it is conceivable that 
corrosion products may themselves affect the contact time, e.g. by clogging the pathway 
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to the spent fuel matrix. In case AIC-LI (leaky insert), the defective canister evolves as 
in the Reference Case of the base scenario for the first 15,000 years, i.e. a small (1 mm 
diameter) defect is present in the copper overpack and a radionuclide transport path 
from the internal void space of the canister to the buffer is established after 1000 years. 
Unlike the Reference Case, however, the defect becomes suddenly enlarged after 15,000 
years, such that it offers no further transport resistance. 

In case AIC-TI (tight insert), there is no release of radionuclides until a radionuclide 
transport path from the internal void space of the canister to the buffer is established 
after 15,000 years. Before this occurs, however, water can still enter through the defect 
and contact the external surface of the insert, which will corrode. At 15,000 years, at the 
same time that the transport path is established, the volume expansion of the corrosion 
products is assumed to cause the defect to become enlarged, such that it offers no 
transport resistance.  

Earthquake and rock shear (RS) 

In the RS disturbance scenario, canister failure is assumed to occur due to shear 
movements on fractures intersecting the deposition holes in the event of a large 
earthquake. As in the VS2 scenario, ingress of water and the establishment of a 
transport pathway are assumed to occur instantaneously upon canister failure. However, 
the buffer is assumed to continue to fulfil its safety functions, and transport properties 
and thickness of the non-disturbed buffer are used. No credit is taken for any residual 
transport resistance in the canister.  

Two calculation cases are examined: RS1, in which the earthquake leading to failure is 
postulated to occur at 40,000 years, i.e. during the present, temperate period, and RS2 in 
which this earthquake occurs at 155,000 years, during a period of glacial retreat; the 
selection of these times is discussed further in Formulation of Radionuclide Release 
Scenarios. 

The RS-DIL scenario, described below, which considers the combined effects of 
canister failure due to rock shear and subsequent buffer erosion due to the penetration of 
low-ionic strength water to repository depth, is taken to encompass cases where the 
buffer undergoes some perturbation due to rock shear itself (e.g. deformation, local 
thinning)31. 

Rock shear followed by buffer erosion (RS-DIL) 

In the RS-DIL disturbance scenario, as in the RS scenario described above, canister 
failure is assumed to occur due to shear movements on fractures intersecting the 
deposition holes in the event of a large earthquake. However, unlike in the RS scenario, 
the buffer undergoes either immediate damage or longer-term erosion, following 

                                                 
 

31  Based on earlier safety analyses, the effects of even quite significant thinning of the buffer on radionuclide releases will be 
minor. For example, in the KBS-3H safety analysis, calculation cases PD-FEBENT 2 and PD-FEBENT3 consider a buffer 
thicknesses reduced by 10 % and 50 %, respectively. Near-field releases were found to be similar to case PD-FEBENT1, where 
the full buffer extent is assumed (see Section 5.7 of Smith et al. 2007). This is also consistent with the complementary analysis 
of the extent of buffer perturbation described in Section 12.1.2 of Assessment of Radionuclide Release Scenarios for the 
Repository System. 
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canister failure due to rock shear. The latter case could result from chemical erosion due 
to the penetration of low-ionic strength water to repository depth, as in the scenario of 
corrosion failure following buffer erosion, i.e. scenario VS2. 

As soon as a canister fails, water is assumed to have immediate access to the spent fuel 
surfaces and a radionuclide transport path from the canister interior to the canister 
exterior is established. No credit is taken for any residual transport resistance in the 
canister.  

Similarly to the RS scenario, two calculation cases are examined: RS1-DIL, in which 
the earthquake leading to failure is postulated to occur at 40,000 years, i.e. during the 
present, temperate period, and RS2-DIL in which this earthquake occurs at 155,000 
years, during a period of glacial retreat; the selection of these times is discussed further 
in Formulation of Radionuclide Release Scenarios. 

Table 7-3. Calculation cases for the radionuclide release disturbance scenarios (based 
on Formulation of Radionuclide Release Scenarios, Table 7-1c). 

Scenario Calculation case Short description

AIC 
 Accelerated Insert 
Corrosion 

AIC-LI Radionuclide releases to water penetrating through 
a leaky insert start at 1000 years, but diffusion of 
these radionuclides to the buffer is initially limited by 
the transport resistance of the canister defect, 
potentially leading to a build-up of radionuclide 
concentrations inside the canister. The transport 
resistance of the defect is suddenly lost at 15,000 
years. 

AIC-TI No water ingress or radionuclide releases from the 
canister occur due to the assumed tightness of the 
insert until all transport resistance (canister and 
insert) is suddenly lost at 15,000 years. 

RS 
Rock Shear 

RS1 Canister(s) fail and canister transport resistance is 
lost as a consequence of rock shear at 40,000 years 
after emplacement. 

RS2 Canister(s) fail and canister transport resistance is 
lost as a consequence of rock shear at 155,000 
years after emplacement. 

RS-DIL 
Rock Shear followed 
by buffer erosion 

RS1-DIL Canister(s) fail and canister transport resistance is 
lost as a consequence of rock shear at 40,000 
years. Buffer erosion is assumed to occur gradually 
over time, as a result of the periodic infiltration of 
glacial meltwater to repository depth. 

RS2-DIL Canister(s) fail and canister transport resistance is 
lost as a consequence of rock shear at 155,000 
years. The earthquake in RS2-DIL is assumed to be 
more severe than in RS1-DIL, leading to rapid or 
immediate buffer damage and to the immediate 
establishment of advective conditions between the 
internal void space of the canister and the 
geosphere. 
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7.2.4 Complementary calculation cases 

Complementary cases are defined to check on the influence of 1) specific parameter 
values, 2) alternative parameter correlations, and 3) alternative conceptual models that 
are not necessarily consistent with the scenarios specified above. They are summarised 
in Table 7-4 and explained further, below (see Assessment of Radionuclide Release 
Scenarios for the Repository System for additional details). 

Some of the complementary cases extend the analysis of the base scenario: 

 Cases CS1-BRINE and CS1-BRINE-V and CS1-HIPH consider groundwater 
types other than brackish to check the influence of sorption, diffusion and 
solubility parameters on the results, when comparing these with the base 
scenario, where brackish water is assumed. 

 Case CS2-CRUD includes the activation and fission products associated with 
crud in the IRF. In the base scenario, it is assumed that these radionuclides are 
lost prior to encapsulation (e.g. due to leaching in storage pools, in which case 
they would be included in the inventory of the operating-waste repositories at 
Olkiluoto and Loviisa); see Section 7.3.3 for further discussion. 

 Case CS3-FILL assumes that the initial penetrating defect is bentonite-filled, 
rather than water-filled (as it is in the base scenario). 

 Cases CS3-HYCON considers the case that there is no hydraulically significant 
rock damage around the deposition holes containing the defective canister. Such 
a damaged zone is assumed in the base scenario, which affects the flow-related 
near-field transport parameter values for the F-path. 

 CS3-FRACAP and CS3-BACTHROUGH consider alternative model 
assumptions for the backfilled deposition tunnel above the deposition hole with 
the defective canister. CS3-FRACAP considers an alternative correlation 
between fracture aperture and transmissivity for the fracture by which 
radionuclides exit the deposition hole along the TDZ-path. Note that, assuming 
the presence of a rock damaged zone around the deposition holes (as in the base 
scenario), fracture transport aperture does not affect the transfer rates of 
radionuclides from the near field to the host rock via the F- and DZ-paths. CS3-
BACTHROUGH considers an alternative conceptualisation of radionuclide 
transfer to the fracture. In the base scenario, water in the fracture is assumed to 
flow smoothly around the perimeter of the tunnel, and radionuclide transfer to 
this flowing water occurs by diffusion into a thin “boundary layer”. This concept 
does not account for the effects of the tunnel EDZ and other physical or 
chemical perturbations to the tunnel-rock interface, which might affect transfer 
to the boundary layer. Neither does it account for the part of the fracture flow 
that passes through, rather than around, the tunnel. Rather, the tunnel is viewed 
as having sufficiently low permeability that water from the fracture neither 
enters nor leaves the tunnel to a significant degree, and radionuclide transfer 
between the tunnel and fracture takes place by diffusion only. The possibility 
that transfer to intersecting fractures is advective in nature is considered in the 
deterministic, complementary calculation case CS3-BACTHROUGH. The 
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background to this alternative conceptualisation is described further in Appendix 
D of Assessment of Radionuclide Release Scenarios for the Repository System. 

 

Table 7-4. Complementary calculation cases for repository system understanding 
(based on Formulation of Radionuclide Release Scenarios, Table 7-2). 

Uncertainty in 
models and data 

Calculation case Short description

Other water types CS1-BRINE Same as RC except for the use of solubility and 
sorption values corresponding to brine rather than 
brackish water. 

CS1-HIPH Same as RC except for the use of solubility and 
sorption values corresponding to alkaline water. 

CS1-BRINE-V Same as VS1-BRACKISH except for the use of 
solubility and sorption values corresponding to 
brine. 

Impact of crud CS2-CRUD Same as RC, but including the crud inventory. 

Near field – Alternative 
models 

CS3-FILL Same as RC, but with the penetrating defect filled 
with bentonite. 

CS3-PTBUF Same as VS1-BRACKISH except for the 
assumption of an extremely perturbed buffer. 

CS3-BACTHROUGH Same as RC, but assuming advective transfer 
from tunnel backfill to fractures. 

CS3-HYCON Same as RC, but with no hydraulically significant 
damage around the deposition hole. 

CS3-FRACAP Same as RC, but assuming a different correlation 
between fracture transmissivity and aperture. 

CS3-COLL Same as VS2-H1, but assuming certain 
radionuclides are released and migrate as intrinsic 
colloids. 

Geosphere – Transport 
path delineation 

CS4-H2, CS4-H4, CS4-H4 As in VS2-H2, VS2-H3, VS2-H4, but slow 
advective transport in those parts of the transport 
paths that re-enter the engineered barrier system 
is cautiously disregarded. 

Gas release and 
transport 

GAS-FC 
GAS-FC-ALLPOS 

Considers only C-14 release as methane with 
hydrogen gas generated by insert corrosion at 
1 m per year; canister position as in RC in GAS-
FC, but also all canister locations considered in 
GAS-FC-ALLPOS. 

GAS-SC 
GAS-SC-ALLPOS 

Considers only C-14 release as methane with 
hydrogen gas generated by insert corrosion at 
0.1 m per year; canister position as in RC in 
GAS-FC, but also all canister locations considered 
in GAS-FC-ALLPOS. 
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Other complementary cases extend the analysis of the variant and disturbance scenario: 

 CS1-BRINE-V is identical to case VS1-BRACKISH of the VS1 variant 
scenario, except for the use of solubility and sorption values corresponding to 
brine rather than brackish water. Based on present knowledge, the salinity of this 
water type is outside the expected range of salinities that could arise at 
repository depth in the future, which is only brackish, and highly alkaline waters 
are considered in the main VS1 analyses. Nevertheless, it is of interest to 
examine its potential effects on radionuclide retention and transport in the near 
field in the unlikely event that brine water does reach the repository. No glacial 
meltwater case is considered since the impact of this groundwater is considered 
in the context of the VS2 scenario. 

 CS3-PTBUF is identical to case VS1-BRACKISH of the VS1 variant scenario, 
except that the buffer is degraded across its entire thickness, rather than the 
outermost 10 %. 

 CS3-COLL is identical to case VS2-H1 of the VS2 variant scenario, except that 
intrinsic colloids migrate through the geosphere instantaneously following buffer 
erosion. In VS2-H1, solubility limits are applied in the internal void space of the 
canister. Any intrinsic colloids formed by e.g. by precipitation are assumed not 
to migrate through the eroded buffer. It cannot, however, be excluded that the 
colloid filtration function of the eroded part of the buffer is degraded. Thus, the 
potential migration of colloids through the eroded buffer to the geosphere is 
considered in CS3-COLL. Intrinsic colloids can be formed if the solubility limit 
is exceeded and the precipitated compound is polymerised. This can occur for 
strongly hydrolysing elements. Intrinsic colloids can also be formed due to 
erosion of materials in amorphous form. Elements with the potential to form 
intrinsic colloids are Am, Be, Cm, Np, Pa, Pu, Sm, Sn, Tc(IV), Th, Zr and U. 
Other elements, such as Ra, are weakly hydrolysed. Ra is less than 0.01 % 
hydrolysed in groundwater, and the speciation is dominated by sulphate or 
carbonate complexes. The formation of intrinsic colloids can thus be excluded 
for these other elements. 

 CS4-H2, -H3 and -H4 are identical to cases VS2-H2, -H3 and -H4 of the VS2 
variant scenario, except for the treatment of the geosphere transport pathways. In 
analysing VS2-H2, -H3 and -H4, it was found that transport paths that leave the 
deposition hole subsequently re-enter the engineered barrier system, where 
transport is so slow that there is no radionuclide release from the geosphere in 
these calculation cases within the assessment time frame. While this is true of 
the DFN realisation of fracturing and groundwater flow used to model this 
scenario, it cannot be excluded that, in other DFN realisations, transport paths 
from the failed canisters would remain entirely within the geosphere until they 
reach the surface, and may indeed have transport properties less favourable than 
those in VS2-H1. Thus, in CS4-H2, -H3 and -H4, slow advective transport in 
those parts of the transport paths that re-enter the engineered barrier system is 
cautiously disregarded. 

 GAS-FC and GAS-SC extend the analysis of the impact of insert corrosion rate 
in the AIC disturbance scenario. In these two complementary cases, it is 
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assumed that hydrogen gas from the corrosion of the insert provides a medium 
for the transport of C-14 in the form of methane from the initially defective 
canister. Because of uncertainty in the corrosion rate of the insert and hence in 
the rate of generation of gas in the repository near field, two cases are 
considered that bound the range of possible rates. A faster, 1 m per year 
corrosion rate is assumed in case GAS-FC (fast corrosion) and a slower, 0.1 m 
per year rate is assumed in case GAS-SC (slow corrosion). These rates are the 
same as those used in earlier Posiva safety analyses (see Table 5.9-1 in Smith et 
al. 2007 and Section 6.1.4 in Nykyri et al. 2008). 

 GAS-FC-ALLPOS and GAS-SC-ALLPOS extend geosphere transport analyses 
of the GAS-FC and GAS-SC cases to include all transport paths from all 
potential locations for the initially defective canister, and not just the Reference 
Case location considered in GAS-FC and GAS-SC.  

 

7.3 Source term  

7.3.1 Description of the model 

The conceptual model for the radionuclide source term is illustrated in Figure 7-3. The 
radionuclide inventory that constitutes the source term is divided into four components:  

1. spent fuel (UO2) matrix, in which most of the radionuclides are present, 

2. void spaces in the fuel rod (i.e. plenum the upper and lower part of the fuel rod, gap 
between the pellet and the cladding, grain boundaries in the fuel, cracks within the 
pellet, pores accessible to water) in which concentrations of certain radionuclides 
are enriched (referred to as IRF in Figure 7-3), 

3. zirconium-based alloys (mostly the cladding) and  

4. other metal parts (e.g. tie-plates, end plugs, spacer grids, nozzles, fuel channels, 
transition piece, guide tubes for the RCCA (rod control cluster assembly).  

 
The source term has to account for variability in the spent nuclear fuel to be disposed of 
in the repository. It would create unreasonable and unnecessary complexity to use 
different source terms for each fuel element as a function of its characteristics and 
irradiation history. A reference inventory of radionuclides and stable isotopes has 
therefore been compiled to take into account the full range of spent nuclear fuel to be 
disposed of, and to be sufficiently representative of all of them.  
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Figure 7-3. Conceptualisation of the source term as inventory components used in the 
assessment of radionuclide release scenarios. While most of the radionuclide inventory 
is in the UO2 spent fuel matrix, the relative sizes of the segments of the chart are 
illustrations only. 

 

The similarity of the radionuclide content in the matrices of the different types of fuel 
assembly simplifies the process of compiling the reference inventory. The most 
significant differences between the fuel assemblies are related to their various metallic 
components. This is because of differences in the composition of the metals, which 
results in significant differences in the activities of activation products. The metals 
degrade and release their radionuclides more readily than the spent nuclear fuel. 
However, the importance of this is limited by the low activities of the metal components 
compared with the activity levels of the spent nuclear fuel matrices and their relatively 
fast release rates. 

The radiological consequences of release of different radionuclides vary over a wide 
range, and only a relatively small subset dominate consequences overall. Therefore, 
only a limited set of the most important radionuclides is sufficient to be included in the 
detailed safety analysis modelling. Many radionuclides can be eliminated using a few 
simple rules. The remainder are eliminated by more refined but still simplified means, 
such as bounding and scoping calculations. Previous safety analyses also provide useful 
information to support the screening process. A screening procedure (described below) 
has been applied to identify these potentially safety-relevant radionuclides. 

As described in Section 7.1.3, the code GoldSim was used in conjunction of the source 
term for all near-field release and transport calculations and for probabilistic sensitivity 
analysis (PSA).  

7.3.2 Key data 

The key data needed to define the source term are the following: 

 reactor physics activity calculations,  
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 screening of potentially safety-relevant radionuclides, 

 partitioning of the radionuclide inventory among the four components, 

 definition of the radionuclide inventory for each component based on the total 
inventory and its partitioning, and 

 definition of radionuclide release rates for each component. 

These types of data are discussed separately in the following. 

Most of the data for the source term come from Anttila (2005b). The fuel types 
considered in Anttila (2005b) are: BWR (ATRIUM 10B), VVER-440 (TVEL and 
BNFL types), PWR (17 × 17−24). Fuel assembly materials and assumptions required on 
the irradiation conditions are presented in Table C-3 of Appendix C, based on Anttila 
(2005b, p. 7-9). Anttila (2005b) does not take into account the Rod Cluster Control 
Assembly (RCCA) that will be included in some of the PWR/OL3 canisters or chemical 
additives to the fuel (e.g. chrome oxides) nor the crud that could be present in different 
amounts on the surface of the fuel element (and act as a secondary source term).  

The fuel assembly types, total amounts of uranium and numbers of canisters are shown 
in Table C-2 of Appendix C. The nominal number of disposal canisters in the repository 
is 4500, with a total amount of uranium of 9000 tonnes. Thus, the average uranium 
content of a reference canister is 2.0 tonnes.  

Reactor physics activity calculations  

Anttila (2005b) calculated the radionuclide inventory after discharge from the reactor at 
different times using reactor physics calculation tools (ORIGEN-S code of the SCALE 
5 program package). The calculated inventories depend on the assumptions regarding 
the spent fuel types (including material composition, U-235 enrichment as well as 
impurities) and regarding the irradiation history, in particular the burn-up32 (Anttila 
2005b, p. 7-9). The assumptions used in Anttila (2005b) were partly based on data 
provided by TVO and Fortum and partly using expert judgement and other generic 
information sources (e.g. the geometry of the PWR fuel element is from Nuclear 
Engineering International (NEI 2004)). Anttila (2005b) made model simplifications 
concerning the spent fuel composition and irradiation history (e.g. fuel elements are 
considered homogeneous materials, and all the material is irradiated under the same 
neutron flux determined by the power density assumed). The fuel parameters taken into 
account in the reference inventory are listed in Table C-2, Table C-3 and Table C-4 in 
Appendix C.  

The activities in spent fuel UO2 matrix, cladding and other zirconium-based alloys and 
“other metal parts” were mainly produced using ORIGEN/SCALE 5. The element-wise 
composition was produced solely with SCALE 5. 

                                                 
 

32  The burn-up assumptions used in this report are intended as assembly average burn-up.  
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For a few activation products (Be-10, C-14, Cl-36, Nb-91, Nb-94, Zr-93) the code 
“Serpent” has been used to generate component-specific inventories. Serpent (Fridman 
& Leppänen 2011) is a three-dimensional continuous-energy Monte Carlo neutron 
transport code that has been under development at VTT Technical Research Centre of 
Finland since 2004. The code is specialised to run two-dimensional lattice physics 
calculations but the geometry description allows the modelling of complicated three-
dimensional geometries as well. For Serpent, several data libraries have been produced 
using the so-called evaluated data libraries (ENDF/B-VI.8, ENDF/B-VII, JEF-2.2, 
JEFF-3.1 and JEFF-3.1.1) as input data. Although the code Serpent allows to model 
rather complicated irradiation histories, a constant power density assumption was used 
to combine the results with those from the ORIGEN-S calculations.  

The Serpent code included the following components for the fuel elements: fuel matrix, 
cladding, guide tubes, and box walls. Crud was not included in the calculations. The 
Serpent code assumes a constant power density for the irradiation which may not be 
conservative for activation products. 

Serpent results concerning the inventory of C-14 and Cl-36 in the different components 
of the three (VVER, PWR and BWR) fuel types are presented in Section C.3 of 
Appendix C. The results show that C-14 and Cl-36 increase if the burn-up increases (not 
surprisingly) and that they are independent of the void history in BWR fuel. Partitioning 
results show that for PWR fuel, for example, most of the C-14 is formed in the fuel 
matrix, and its inventory is approximately 3 orders of magnitude less in the cladding 
and 4 orders of magnitude less in the guide tubes for the RCCA. Similar results are 
calculated for Cl-36 in PWR fuel. For VVER and BWR fuels, the Cl-36 activity 
inventories are about one order of magnitude higher in the fuel matrix than in the 
cladding and in the other metal parts (fuel channel walls).  

Nitrogen (N) and chlorine (Cl) impurities in the UO2 pellets, cladding or other metal 
parts affect the activity inventory of C-14 and Cl-36 (respectively) that are calculated by 
ORIGEN-S. C-14 is formed as a result of the neutron capture reaction by traces of 
nitrogen (14N(n,p)14C) from the fuel manufacturing process. Cl-36 is formed by neutron 
capture on Cl-35, one of the stable isotopes of chlorine. Anttila (2005b) assumed 
10 ppm of N and Cl in the fuel (UO2) composition to calculate the initial inventory of 
C-14 and Cl-36. Other possible trace elements were omitted (Anttila 2005a, p. 9-11). 
Actual data on N and Cl impurities in the UO2 matrix, cladding and other metal parts 
collected in the open literature is presented in Section 1.2.2 of the previous Models and 
Data Report (Pastina & Hellä 2010). For UO2 pellets, the amounts of N and Cl are fairly 
well characterised in internal documents from the power plants but are not available in 
the literature. For zirconium-based alloys (cladding) and other metal parts, only upper 
limits concerning the material specifications are available. Therefore, the 10 ppm 
assumption used to derive the inventory in the source term is reasonable but 
uncertainties in the amounts of C-14 and Cl-36 in the fuel element still remain. Further 
work is ongoing to reduce the uncertainties in the impurity levels (see Chapter 8). 

Screening of potentially safety-relevant radionuclides 

ORIGEN-S calculates the concentration of over 1000 nuclides at all time points. Since 
this is far too large a number of radionuclides to include in the radionuclide release, 
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retention and transport model, a screening methodology was applied to select the 
potentially safety-relevant nuclides.  

The approach to screen the calculated inventory consists of: 

 derivation of the reference activity inventory of radionuclides; 

 derivation of the reference mass inventory of each element, including stable 
isotopes; and 

 selection of the radionuclides to be included in the radionuclide release, 
retention and transport analysis (Assessment of Radionuclide Release Scenarios 
for the Repository System). 

A key requirement of the reference inventory is that it should be cautiously selected in 
terms of radiological consequences. A straightforward way to accomplish this has been 
to choose the maximum nuclide-specific activity for each radionuclide and class of 
material (UO2 matrix, zirconium-based alloys and other metal parts) from the set of 
activity calculations carried out for each fuel type varying the discharge burn-up, initial 
enrichment and void fraction. 

The main phases considered in the derivation of the reference activity inventory are  

A) the reactor physics activity calculations from Anttila (2005b),  

B) the partitioning of the activity between the various components of fuel assemblies 
and the instant release fractions (IRF), 

C) the selection of the highest nuclide-specific activities for each class of 
components/materials, and  

D) the selection of the most safety-relevant radionuclides for the release, retention and 
transport calculations.  

Phases A−C of the process are illustrated in Figure 7-4 and Phase D in Figure 7-5.  

The many radionuclide activities in Anttila (2005b), arising from ORIGEN-S 
calculations for the different fuel variants, were filtered and sorted so that, for each 
radionuclide and each of the three material classes, a maximum activity was extracted 
for the reference activity inventory. An activity maximum here means the highest 
activity between 30 and 1,000,000 years. The method guarantees a maximum activity 
inventory for each individual radionuclide. By combining the least favourable activities 
from all the fuel types, the method produces reference inventory with no exact 
counterpart in the real world. However, because of the relatively strong similarity 
between the fuel types, the activities in the reference inventory are not unreasonably 
high. 

Filtering and sorting in a similar way to that used for the reference activity inventory 
was also carried out to derive a set of elemental amounts. However, minimum amounts 
rather than maxima were taken. This is a cautious approach in the context in which the 
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elemental amounts are used, namely the modelling of solubility limitation of 
concentrations in the near field. In particular, lower values of the elemental amounts 
(that include stable isotopes) mean that solubility limits are less readily reached, leading 
to less immobilisation of radionuclides by precipitation. 

 

 

Figure 7-4. The derivation of the activity and element inventories for spent nuclear fuel, 
zirconium-based alloys and other metal parts. The elimination of the least important 
radionuclides is carried out as a separate process (see Figure 7-5). 
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Figure 7-5. The reduction of the set of radionuclides (RNs) from 1485 to the 41 that are 
analysed in the radionuclide release scenarios. The numbers 1 to 4 refer to the main 
steps (see text). The final screening step is reported in Table C-8 of Appendix C. 
 

The screening procedure is illustrated in Figure 7-5. Steps 1-3 in Figure 7-5 are carried 
out with simple filtering and by calculating the Risk Quotients (RQs) for the 
radionuclides. The radionuclides with zero activity (i.e. activity below the cutoff 
threshold for ORIGEN, 10-30 GBq/tU) are rejected in Step 1.  

The RQ for Step 2 is defined as a normalised product of the maximum activity of a 
radionuclide over all time and the dose conversion factor for ingestion of the same 
radionuclide (RQ = (Amax DCingestion)/RQlimit). The radiotoxicity and half-lives used for 
screening purposes are derived using the code “Radiation Decay” (version 4.1) (Hacker 
2009). The radionuclides with RQ < 1 are rejected. The radionuclides with half-lives 
shorter than one year are rejected in Step 3. The short-lived radionuclides of the 
principal decay chains are taken into account in the biosphere assessment. Applying 
these three steps, the number of radionuclides is reduced from 1485 to 89. 

The purpose of Step 4 is to further eliminate the very short-lived radionuclides 
(compared with the residence time in the canister and in the buffer) and reduce this list 
to a number of nuclides manageable (in terms of the numerical modelling and especially 
in reliable input data) for the radionuclide release and transport calculations.  
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In addition to the criteria in Steps 1-3, Step 4 is based on considerations of several 
factors in combination, as follows: 

 half-life  

 orders of magnitude of retention times in the near field compared with half-lives 
and travel and retention times in the geosphere (see Poteri et al. 2012),  

 activity release rates based on the host material in the fuel assembly (UO2 
matrix, cladding or other metal parts), 

 numerical handling of the radionuclides or its progeny in the decay chains, 

 solubility limits in the near field 

 “Dose indicators” calculated using the activity release rates from the canister or 
from the buffer, multiplied with the dose conversion factor (DCF) (ingestion). 

Utilisation of calculation results on the same or related radionuclides from the previous 
safety assessments has played a key role in the decision-making. The final list of the 41 
radionuclides is shown in Table 7-5. The rationale for including or excluding 
radionuclides in the final screening in Phase D is reported in Section C.4 (Table C-8) in 
Appendix C. 

The final list of radionuclides has been checked against the radionuclides mentioned in 
STUK’s regulatory guidelines YVL D.5 (STUK 2011a, paragraph 313). The 
radionuclides mentioned in YVL D.5 are the following:  

 Long-lived alpha-emitting Ra, Th, Pa, Pu, Am and Cm isotopes,  

 long-lived uranium isotopes,  

 C-14; Cl-36; Ni-59, Se-79; Zr-93, Nb-94; Tc-99; Pd-107; I-129; Sn-126, Cs-
135; Np-237.  

These radionuclides are all in the final list of radionuclides in Table 7-5.  

The list of radionuclides in Table 7-5 has also been compared with the list of 
radionuclides considered in safety assessments by other waste management 
organisations with similar types of fuel (NEA 2011). The 41 radionuclides in Table 7-5 
are all included in the NEA list and missing nuclides can be explained in terms of the 
radionuclide chain treatment in GoldSim or different spent fuel types considered. For 
example, Ac-227 and Pb-210 are not included in the list in Table 7-5 due to their 
relatively short half-lives (a few years) so that their transport through the near field and 
the geosphere is completely controlled by the transport of their longer-lived parents (Pa-
231 and Ra-226). The contribution of these short-lived radionuclides to the dose 
assessment is taken into account by applying summed dose coefficients for the whole 
(or relevant parts of the) decay chain (Section 7.1.4). All burn-up credit relevant 
radionuclides used in the criticality safety analysis (see Section 6.27) were included in 
the initial list of radionuclides but some have been eliminated based on the screening 
criteria (i.e. they do not lead to significant radiological consequences). 
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Definition of the radionuclide inventory and partitioning  

The reference activity is defined based on the total activity and partitioning 
assumptions. All the fuel types considered, burn-up, enrichment and void fractions 
mentioned in Table C-3 in Appendix C (based on Anttila 2005b) are taken into account 
in the reference inventory. The inventory of each radionuclide corresponds to the 
highest inventory (activity-wise) at any time point and for each fuel type, enrichment 
and operational history data mentioned in Table C-3 of Appendix C. The inventory data 
for selected radionuclides (Be-10, C-14, Cl-36, Nb-91, Nb-94, Zr-93) were derived from 
more recent Monte Carlo reactor physics calculations using the Serpent code (see 
“Reactor physics activity calculations” above and Tables C-5 and C-6 of Appendix C).  

The sources of activity data by radionuclide are given in Table 7-5. 

The reference activity inventory (per tonne of uranium) at 30 years of cooling, together 
with the half-lives and partitioning of radionuclides between fuel matrix, instant release 
fraction (IRF), zirconium alloy and other metal parts, is given in Table 7-6. The half-
lives used in the reference inventory have been reviewed and checked against the 
‘Evaluated Nuclear Structure Data Files’ (ENSDF) from the National Nuclear Data 
Center in Brookhaven ((www.nndc.bnl.gov/ensdf/, accessed in August 2013), and 
against the Decay Data Evaluation Project (http://www.nucleide.org/DDEP.htm 
accessed in August 2013). The most significant recent change concerns the half-life of 
Se-79 which has been updated to 3.27·105 years (Jörg et al. 2010). 

An element-based inventory is also needed to allow the inclusion of solubility limitation 
in the analysis (see Section 7.5). This is presented in Table 7-7, showing the total 
masses of the elements that are represented by the radionuclides in Table 7-6 or are 
present as stable elements.  

The inventory of Ag-108 from the RCCA has been included based on the composition 
given in Table B-5 of SKB (2010e) assuming that only 1/5 of the OL3 canisters will 
contain an RCCA. The partitioning assumption for Ag-108m locates the entire 
inventory in the IRF (i.e. assuming instant release) because of the uncertainties in its 
release properties under disposal conditions. The small inventory of Ag-108m in the 
fuel matrix has been omitted. Cd-113m from the RCCA is not included in the inventory 
because its half-life is about 14 a and it is thus not considered a potentially safety-
relevant radionuclide. Crud is not considered in the reference inventory. 
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Table 7-5. The sources of activity data by radionuclide.  

Radionuclide Fuel Zirconium alloy Other metal parts 

Ag-108m SKB TR-10-13 

Am-241 WR 2005-71 

Am-243 WR 2005-71 

Be-10 Serpent 2011 

C-14 Serpent 2011 Serpent 2011 WR 2005-71 

Cl-36 Serpent 2011 Serpent 2011 

Cm-245 WR 2005-71 

Cm-246 WR 2005-71 

Cs-135 WR 2005-71 

Cs-137 WR 2005-71 

I-129 WR 2005-71 

Mo-93 WR 2005-71 

Nb-91 Serpent 2011 Serpent 2011 

Nb-92 Serpent 2011 

Nb-93m WR 2005-71 

Nb-94 Serpent 2011 WR 2005-71 

Ni-59 WR 2005-71 

Ni-63 WR 2005-71 

Np-237 WR 2005-71 

Pa-231 WR 2005-71 

Pd-107 WR 2005-71 

Pu-238 WR 2005-71 

Pu-239 WR 2005-71 

Pu-240 WR 2005-71 

Pu-241 WR 2005-71 

Pu-242 WR 2005-71 

Se-79 WR 2005-71 

Sm-151 WR 2005-71 

Sn-126 WR 2005-71 

Sr-90 WR 2005-71 

Ra-226 WR 2005-71 

Tc-99 WR 2005-71 

Th-229 WR 2005-71 

Th-230 WR 2005-71 

Th-232 WR 2005-71 

U-233 WR 2005-71 

U-234 WR 2005-71 

U-235 WR 2005-71 

U-236 WR 2005-71 

U-238 WR 2005-71 

Zr-93 Serpent 2011 Serpent 2011 

WR 2005-71: Data obtained from all ORIGEN inventory tables in Anttila (2005b). Assumptions used by 
Anttila (2005b) to derive these inventories are summarised in Section C.2 of Appendix C.  

Serpent 2011: Calculations carried out with the Serpent code. The results are shown in Section C.2 in 
Appendix C.  

SKB TR-10-13: The Ag-108m activity in the PWR RCCA is based on the information about the Swedish 
PWR RCCAs with AgInCd alloy (SKB 2010e), as described in Section C.5 in Appendix C. 
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Table 7-6. The reference inventory of the potentially safety-relevant radionuclides in 
one tonne of uranium (tU) at 30 years after discharge from the reactor. 

Radio- 
nuclide 

Half-life 
[a] 

Total inventory 
at 30 years 
cooling time 
[GBq/tU] 

Partitioning of activity [%]

Fuel matrix IRF of all 
compo-
nents1) 

Zirconium 
alloy 

Other metal 
parts 

Ag-108m 4.38E+02 2.50E+04  100.0 %   
Am-241 4.32E+02 1.93E+05 100.0 %    
Am-243 7.37E+03 3.42E+03 100.0 %    
Be-10 1.51E+06 1.26E-02 95.0 % 5.0 %   
C-14 5.70E+03 1.61E+02 22.4 % 5.5 % 12.1 % 60.0 % 
Cl-36 3.01E+05 2.63E+00 73.6 % 8.2 % 18.2 %  
Cm-245 8.42E+03 1.03E+02 100.0 %    
Cm-246 4.71E+03 3.57E+01 100.0 %    
Cs-135 2.30E+06 3.43E+01 95.0 % 5.0 %   
Cs-137 3.01E+01 3.46E+06 95.0 % 5.0 %   
I-129 1.57E+07 1.91E+00 95.0 % 5.0 %   
Mo-93 4.00E+03 2.26E+01 1.4 % 0.1 % 0.2 % 98.3 % 
Nb-91 6.80E+02 2.86E-04 88.8 %  11.2 %  
Nb-92 3.47E+07 2.35E-04 1.2 %  98.8 %  
Nb-93m 1.61E+01 5.08E+03 1.7 %  98.3 %  
Nb-94 2.03E+04 7.52E+02   42.8 % 57.2 % 
Ni-59 7.60E+04 2.21E+02 0.3 %  2.9 % 96.8 % 
Ni-63 1.01E+02 2.47E+04 0.3 %  3.3 % 96.4 % 
Np-237 2.14E+06 2.37E+01 100.0 %    
Pa-231 3.28E+04 1.39E-03 100.0 %    
Pd-107 6.50E+06 9.72E+00 99.0 % 1.0 %   
Pu-238 8.77E+01 2.64E+05 100.0 %    
Pu-239 2.41E+04 1.42E+04 100.0 %    
Pu-240 6.56E+03 3.12E+04 100.0 %    
Pu-241 1.43E+01 1.75E+06 100.0 %    
Pu-242 3.75E+05 2.17E+02 100.0 %    
Ra-226 1.60E+03      
Se-79 3.27E+05 4.67E+00 99.6 % 0.4 %   
Sm-151 9.00E+01 1.74E+04 100.0 %    
Sn-126 2.30E+05 3.92E+01 100.0 %    
Sr-90 2.88E+01 2.23E+06 99.0 % 1.0 %   
Tc-99 2.11E+05 8.48E+02 99.0 % 1.0 %   
Th-229 7.34E+03      
Th-230 7.54E+04 1.32E-02 100.0 %    
Th-232 1.40E+10 2.06E-08 100.0 %    
U-233 1.59E+05 3.86E-03 100.0 %    
U-234 2.46E+05 5.53E+01 100.0 %    
U-235 7.04E+08 8.15E-01 100.0 %    
U-236 2.34E+07 1.46E+01 100.0 %    
U-238 4.47E+09 1.17E+01 100.0 %    
Zr-93 1.61E+06 1.27E+02 87.9 %  12.1 %  
1 IRF: instant release fraction. The percentages are calculated as a ratio of the IRF activity and the total 

activity, whereas, in Table 7-8, the percentages represent the IRF of the activity of the component 
class in question. 
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Table 7-7. The inventories of the elements having radioactive isotopes that are 
considered potentially safety relevant. The amounts represent the lowest values among 
the various spent nuclear fuel types and their operating histories, so that the solubility 
limits of these elements are applied in a cautious manner.  

Element 
Inventory 
(mol/tU) 

Partitioning of mass (%) 

Fuel 
matrix 

IRF of all 
compo-
nents 

Zirconium 
alloy 

Other 
metal 
parts 

Ag 2.07E+02 0.4 % 99.6 %   
Am 8.07E+00 100.0 %    
C 7.98E+00    100.0 % 
Cl 1.52E-01   100.0 %  
Cm 3.07E-02 100.0 %    
Cs 1.92E+01 95.0 % 5.0 %   
I 1.87E+00 95.0 % 5.0 %   
Mo 4.34E+01 92.3 % 4.9 %  2.8 % 
Nb 9.91E-02 0.1 %  94.9 % 5.0 % 
Ni 1.21E+02    100.0 % 
Np 2.53E+00 100.0 %    
Pd 1.55E+01 99.0 % 1.0 %   
Pu 4.21E+01 100.0 %    
Ra 0.00E+00     
Se 8.09E-01 99.6 % 0.4 %   
Sm 6.83E+00 100.0 %    
Sn 4.29E+01 1.2 %  98.8 %  
Sr 8.06E+00 99.0 % 1.0 %   
Tc 9.58E+00 98.8 % 1.0 %  0.2 % 
Th 8.87E-05 100.0 %    
U 3.88E+03 100.0 %    
Zr 4.09E+03 1.2 %  98.8 %  

 

Definition of IRF inventory 

The fuel operating conditions have a significant impact on fuel macro- and 
microstructure and on the segregation of some radionuclides from the UO2 grains (see 
Figure 7-6). In particular, fission gases and elements such as Cs, Cl and I can experience 
significant in-reactor release from the fuel matrix. Fission gas release (FGR) is a 
particularly important fuel performance indicator and substantial research has been done 
on the important parameters controlling release, such as diffusion coefficients and grain 
growth, as well as the fuel operating conditions such as linear power rating and burn-up. 
Correlations have been shown to exist between in-reactor FGR and the rapid release of 
some fission products measured in short-term leaching tests (Johnson et al. 2012). FGR 
and leaching test results are used to determine the instant release fraction (IRF).  
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Figure 7-6. Spent fuel pellet macro- and microstructure showing the voids and 
locations of the instant release fraction (based on Fors et al. 2009). 

 
The data related to the main radionuclides in the IRF are presented in the next 
paragraphs. For some of the main radionuclides, the determination of the IRF in the gap 
and grain boundaries is based on fission gas release (FGR) data, because the two 
parameters are correlated. The gap between the pellet and the cladding is likely to be 
closed at the time of fuel discharge due to the fuel/cladding interaction during fuel 
irradiation. However, at the time scales of the safety assessment this is an area of the 
fuel element that can be considered readily accessible to water once the canister has 
been breached. 

The FGR increases with burn-up and this is reflected in the IRF estimates. In high burn-
up fuel (> 45 MWd/kgU), a “rim” zone with higher porosity is observed. The rim region 
is completely restructured, the grain size changes from 5 micron diameter (as in the bulk 
of the pellet) to 0.1 micron diameter (see FEP 3.2.4 in Features, Events and Processes). 
In crystallographic terms, this means that elements structurally incompatible with UO2 
are likely to be forced out into pores just as the fission gas is in the rim because the UO2 
grain size shrinks. If the incompatible elements are fractionated out of the matrix into 
pores, they are potentially able to be released into solution in a relatively short time. 
This is why for some radionuclides (Cs, I, Sn, Se) a higher IRF is given as a bounding 
approach compared with experimental results (see below). Recent experimental data 
(Serrano-Purroy et al. 2012, Johnson et al. 2012, Clarens et al. 2009, Roudil et al. 2009) 
show that there does not appear to be any release from rim pores (or release in excess of 
the gap inventory) in a relatively short term leaching experiments (a few years). These 
results seem to suggest that the material segregated into rim pores is effectively isolated 
from the leachant and that fuel matrix degradation is required for its release. In fact, 
some results suggest that aqueous release is higher from samples taken from the inner 
region of the fuel compared with the rim. This suggests that the radionuclides are either: 
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not segregated, not soluble, or that the pores are closed. There is evidence for the latter, 
as fission gas (FG) pressure can be extremely high in pores in the rim region. These 
radionuclides may become available for release when water will access the pore, or until 
the UO2 matrix degrades thereby releasing also the radionuclides trapped in the grains 
of UO2 (e.g. in a vacancy or interstitial site).  

Kr-85 releases (used as the marker of FGR) measured on OL1 and OL2 fuel are shown 
in Figure 7-7. Holcombe et al. (2009) report the results of a FGR measurement 
campaign by gamma scanning of SVEA96S-Optima/L rods at OL2. In total, 22 fuel 
rods were measured (based on Kr-85) from two assemblies with assembly average burn-
ups of 50.3 and 50.8 MWd/kgU and rod average burn-up of the measured rods between 
43 and 61 MWd/kgU. Maximum linear heat generation rates (LHGR) of the measured 
rods were up to 37 kW/m. The selected rods were considered to be representative of 
many combinations of conditions with respect to e.g., fuel rod design, predicted fission 
gas release and operating history. The results in Figure 7-7 show that the FGR for 
SVEA-96 Optima fuel is between 1 % and 10 % (Holcombe et al. 2009). The FGRs are 
moderate for even those fuel rods with quite demanding power histories.  

Dunavant et al. (2012) reports the results of two gamma measurements campaigns 
(2008, 2010) on two GE14 fuel assemblies at OL1 with assembly average burn-ups of 
40.0 and 48.7 MWd/kgU (Figure 7-8). The rod average burn-up varied between 37 to 55 
MWd/kgU and the mean linear heat generation rates between 13 and 29 kW/m. Figure 
7-8 shows measured FGR being between 6 % and 11 %, measurements (relative) errors 
were estimated to be 16 % (Dunavant et al. 2012). 

 

 

 

Figure 7-7. Fission gas release (FGR) measurements on SVEA-96 Optima rods with a 
mean linear heat generation rate (LHGR) between 21 and 35 kW/m (Holcombe et al. 
2009).  
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 Figure 7-8. FGR measurements on GE14 rods (left) and rod internal pressure (right) 
showing median LHGR rates between 13 and 29 kW/m; results from the 2008 and 2010 
measurement campaigns are separated by a red horizontal bar (Dunavant et al. 2012).  
 
Comparing these OL1−2 FGR results with SKB’s FGR data from BWR spent fuel 
(SKB 2010e, Figures 6-2 and 6-4), it seems that OL1−2 FGR data are slightly higher 
than SKB’s FGR data (most of the BWR fuel FGR is below 4.5 %). In the measurement 
campaigns, measured FGR have been compared with predicted values based on the fuel 
properties and irradiation history. The experimental results were consistent with the 
calculated results, although the model mostly over-predicted the measurement results. 
The deviations can be explained in terms of geometrical changes in the fuel during 
irradiation (Holcombe et al. 2009, Dunavant et al. 2012). 

The IRF assigned to each element for the three fuel assembly materials are shown in 
Table 7-8 along with the rationale for the selection. The IRFs have been updated since 
the previous safety analysis, RNT-2008 (Nykyri et al. 2008). Some elements have been 
added, in line with recent experimental evidence. For IRF values, SR-Site data (SKB 
2010f) were used. The IRF concept is mainly relevant to the fuel matrix, but it has been 
applied also to a fraction of C-14 inventory (from the oxide layer of the cladding) and 
for the silver in the RCCA, assumed to be disposed in a fraction of the PWR canisters. 
Crud, i.e. activation and fission products initially adhering to the surfaces of spent 
nuclear fuel rods, is treated as an additional IRF in a complementary calculation case 
CS2-CRUD (see Table 7-4); the crud inventories for selected radionuclides have been 
included as uncertain parameters in the PSA by Cormenzana (2013). The results are 
discussed in Section 7.3.3. 
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Table 7-8. The instant release fractions (IRF) applied to the reference inventory in 
Assessment of Radionuclide Release Scenarios for the Repository System. The IRF 
values are applied to both the reference radionuclide-wise (RN) activity inventory and 
to element-wise mass inventory. The applied values are from Table 6-5 of Assessment of 
Radionuclide Release Scenarios for the Repository System. SKB data are from the SR-
Site data report (2010f, Table 3-15). Previously used data in RNT-2008 (Nykyri et al. 
2008, Table 1.3) are also given for comparison.  

Element IRF values and rationale for selection

Ag Applied values in Assessment of Radionuclide Release Scenarios for the Repository System: 
The share of IRF in the total Ag-108m inventory: 100 % (i.e. all Ag-108 is considered IRF), 
originating from 
IRF of Ag in UO2 matrix: 5 % 
IRF of Ag in crud: 100 % 
IRF of Ag in other metals: 100 % (all in the EPR-PWR control rods) 

RNT-2008: Silver was not included in the analysis 

SKB-10-52: 100 % of the total IRF activity 

Rationale: Ag-108m in the fuel matrix: The 2011 Serpent calculations suggested that Ag-
108m produced in the reactor is all located within the fuel matrix. The specific activities in 
various fuel types vary within a narrow range of 2.1·10-3 ... 4.1·10-3 Bq/tU. This is also in 
agreement with Johnson & Tait (1997) where the IRF of Ag-108m had the following estimates 
for the fuel matrix: best estimate 3 %, pessimistic 6 %.  
Ag-108m from the RCCA: Ag-108m from the RCCA is included in the calculations as IRF 
giving the uncertainties in the release rates. Masses are from SKB (2010e, Table B5). This is 
the dominating source of Ag-108m in the whole activity inventory with a share of 99.999 %, 
which makes the influence of the other IRF values of silver negligible. 

Be Applied values in Assessment of Radionuclide Release Scenarios for the Repository System: 
IRF of total Be-10 inventory: 5 %, originating from 
IRF of Be in UO2 matrix: 5 %  
No Be-10 in other components 

RNT-2008: Beryllium was not included in the analysis 

SKB-10-52: not considered in the IRF 

Rationale: There are no readily available data for beryllium. A provisional "conservative" IRF 
value of 5 % for the non-actinides in fuel has been adopted in the Reference Case.  

C Applied values in Assessment of Radionuclide Release Scenarios for the Repository System: 
IRF of total C-14 inventory: 5.3 %, originating from 
IRF of C in UO2 matrix: 10 % 
IRF of C in Zr-based alloys: 20 %  

RNT-2008: 10 % of carbon in the fuel matrix for all fuel types 

SKB-10-52: 9.2 % (best estimate) and 11 % (upper limit) 

Rationale: The selected IRF of carbon, 10 %, for the fuel matrix is supported by leaching data 
in Johnson & Tait (1997) and corresponds to the pessimistic estimate of the report. The 
recommended best estimate of IRF was 5 %. 
 
Carbon-14 in the oxide layer of the cladding: in addition to the source in the UO2 matrix, a 
fraction of C-14 is believed to be rapidly released from the oxide part of the cladding. The C-14 
inventory in the zirconium alloys oxide can be up to 20 % (Johnson & McGinnes 2002, 
Yamaguchi et al. 1999) of the cladding inventory and this fraction seems to be leached out 
fairly rapidly, although this is based on very few experimental results. This assumption about 
the C-14 in the zirconium alloys is also shared by SKB in SR-Site on cautious grounds (SKB 
2010f, p. 79). The IRF value of 20 % used in Assessment of Radionuclide Release Scenarios 
for the Repository System take into account the potential early release of C-14 from the 
zirconium-based alloy.  

Cl Applied values in Assessment of Radionuclide Release Scenarios for the Repository 



501 

 

 

Element IRF values and rationale for selection

System:  
IRF of total Cl-36 inventory: 7.5 %, originating from 
IRF of Cl in UO2 matrix: 10 % 

RNT-2008: 10 % of chlorine in the fuel matrix for all fuel types 

SKB-10-52: 7.6 % (mean value over the whole fuel inventory), 5.7 % for BWR fuel and 13 % 
for PWR fuel. 

Rationale: In SKB (2010f) the IRF for Cl-36 in the fuel matrix is determined assuming that it is 
three times (3:1 correlation) the FGR. This assumption leads to relatively high mean values of 
the IRF for chlorine. The correlation between IRF and FGR comes from Werme et al. (2004) 
based on CANDU fuel data. Data for CANDU fuel show that Cl-36 release increases steeply 
with burn-up and it is three times the fission gas release for higher linear power ratings 
(LPRs). Although the LPR of light water reactor fuel is smaller than for CANDU fuel, the 3:1 
correlation is assumed to be valid also for light water reactors. 
 
In RNT-2008 10 % of the Cl-36 created in the fuel matrix is assumed to be part of the IRF, 
while no IRF was considered for the Cl-36 created in the zirconium alloys.  

Cs Applied value in Assessment of Radionuclide Release Scenarios for the Repository System:
IRF of total Cs-135 and Cs-137 inventory: 5 %, originating from 
IRF of Cs in UO2 matrix: 5 % 

RNT-2008: 5 % of caesium in the fuel matrix for all fuel types  

SKB-10-52: 2.5 % (mean value) 

Rationale: Existing leaching data for caesium indicate that using the FGR constitutes an 
upper limit for IRF (Werme et al. 2004, Johnson et al. 2004). The experimental data suggest a 
correlation between IRF and FGR being 1:3 (Johnson & McGinnes 2002).  
 
Measurements of the fractional release of Cs-137 from various high burn-up fuel rods (58 to 
75 MWd/kgU) into aqueous solution over about 100 days have been performed recently 
(Johnsson et al. 2012). For Cs-137 release, when the data produced in this study are 
combined with previously published data, the ratio of fractional release to FGR is in the range 
of the previously reported 1:3 ratio. This can be attributed to the ratio of the diffusion 
coefficients of Cs/Xe in UO2 (about 0.33) as noted in Johnsson et al. (2012).  

I Applied values in Assessment of Radionuclide Release Scenarios for the Repository 
System:  
IRF of total I-129 inventory: 5 %, originating from  
IRF of I in UO2 matrix: 5 % 

RNT-2008: 5 % of iodine in the fuel matrix for all fuel types 

SKB-10-52: 2.5 % (mean value) 

Rationale: Werme et al. 2004 present different experimental data related to the relationship 
between I-129 IRF and the FGR. The I-129 gap release is much smaller than the FGR in 
some experiments, but the combined gap and grain boundary inventories seems to be 
approximately equal to the FGR (1:1 correlation).  
In SKB (2010f) a 1:1 correlation between the IRF for I-129 and FGR is a bounding cautious 
assumption, and the recommended mean value of the IRF for I-129 is the weighted mean over 
the fuel inventory (depending on the amount of PWR and BWR spent fuel to be disposed) 
between 1.9 % for BWR fuel and 4.3 % for PWR fuel. 
 
Measurements of the fractional release of I-129 from various high burn-up fuel rods (58 to 
75 MWd/kgU) into aqueous solution over about 100 days have been performed (Johnsson et 
al. 2012). The measured concentration of I-129 in solution appears to be of the order or 
slightly less than the FGR content. So a 1:1 correlation with FGR can be assumed.  

Mo Applied values in Assessment of Radionuclide Release Scenarios for the Repository 
System:  
IRF of total Mo-93 inventory: 0.07 %, originating from 
IRF of Mo in UO2 matrix: 5 % 
IRF of Mo in crud: 100 % 
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Element IRF values and rationale for selection

RNT-2008: No IRF was assigned to molybdenum in the activity inventory 

SKB-10-52: 1.2 % (best estimate) and 1.8 % (upper limit) 

Rationale: A significant percentage of Mo, 5 % of the Mo-93 activity in UO2, is assumed to be 
in the IRF because of the lack of better data. Zirconium alloys and other metals have a very 
low IRF. In SKB (2010f) it is considered that “the only source of the IRF of Mo is the crud 
inventory”, and the recommended values for the IRF of Mo inventory in zirconium alloys and 
other metals are very low (in the order of 5·10-5) for PWR fuel and much higher values (0.014 
to 0.018) for BWR fuel. The applied value (0.07 %) was used in the radionuclide release, 
retention and transportation calculations but reported as 0.1 % (rounded up value) in Table 6-5 
of Assessment of Radionuclide Release Scenarios for the Repository System.  
In the present activity inventory 98.3 % of Mo-93 is allocated to the non-IRF of the other 
metals, which makes the influence of any IRF value marginal. 

Pd Applied values in Assessment of Radionuclide Release Scenarios for the Repository 
System:  
IRF of total Pd-107 inventory: 1 %, originating from 
IRF of Pd in UO2 matrix: 1 % 

RNT-2008: 1 % of palladium in the fuel matrix for all fuel types 

SKB-10-52: 0.2 % (best estimate) and 1 % (upper limit) 

Rationale: The applied value is the upper limit of the recommended values in SKB (2010f) 
where best estimates for different spent fuel types are around 0.002 and lower limits are zero. 

Se Applied values in Assessment of Radionuclide Release Scenarios for the Repository 
System: 
IRF of total Se-79 inventory: 0.4 %, originating from 
IRF of Se in UO2 matrix: 0.4 % 

RNT-2008: 0.1 % of selenium in the fuel matrix for all fuel types 

SKB-10-52: 0.4 % (mean value) 

Rationale: The applied IRF was updated from the value used in the previous assessment 
based on the new FGR estimates from SKB from the previous value of 0.1 % to 0.4 % (SKB 
SR-Site data report SKB 2010f). Experimental data indicate that Se-79 cannot be detected in 
any of the leaching solutions or in the blank (Johnson et al. 2012, Wilson 1990a, b). The 
current value is proposed to take into account the uncertainty in the long-term releases of Se-
79 from the pores. 
In SKB (2010f) it is assumed that the IRF for Se-79 is 0.15 times the FGR. Recent leaching 
experiment data suggest that Se-79 may not be preferentially released from the fuel matrix. 
The mean values of the IRF for Se-79 recommended in SKB (2010f)) are quite low: 0.29 % for 
BWR fuel and 0.65 % for PWR fuel.  
In RNT-2008 only 0.1 % of the Se-79 inventory is assumed to be part of the IRF.  

Sn Applied values in Assessment of Radionuclide Release Scenarios for the Repository 
System:  
IRF of total Sn-126 inventory: 0.01 %, originating from 
IRF of Sn in UO2 matrix: 0.01 % 

RNT-2008: 0.01 % of tin in the fuel matrix for all fuel types 

SKB-10-52: 0.03 % (best estimate) and 0.1 % (upper limit) 

Rationale: There are large discrepancies among published data concerning Sn leaching data 
(Johnson et al. 2012, Johnson & McGinnes 2002, Wilson et al. 1990a, b). Wilson et al. 
attempted to measure Sn-126 on moderate burn-up fuel but the measured concentrations 
were below the detection limits. The proposed value is based on the leaching experiments that 
suggest that Sn may be trapped in closed pores which may become available at a later time. 
The applied value takes into account the uncertainty in the long-term releases of Sn from the 
pores. The proposed value (0.01 %) was applied in the calculations but erroneously reported 
as 0 in Table 6-5 of Assessment of Radionuclide Release Scenarios for the Repository 
System. 

Sr Applied values in Assessment of Radionuclide Release Scenarios for the Repository 
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Element IRF values and rationale for selection

System:  
IRF of total Sr-90 inventory: 1 %, originating from 
IRF of Sr in UO2 matrix: 1 % 

RNT-2008: 1 % of strontium in the fuel matrix for all fuel types 

SKB-10-52: 0.25 % (best estimate) and 1 % (upper limit) 

Rationale: The applied IRF is based on SKB’s upper limit of the recommended values in SKB 
(2010f) where best estimates for the different spent fuel types are around 0.2 % and lower 
limits are zero. 

Tc Applied values in Assessment of Radionuclide Release Scenarios for the Repository 
System:  
IRF of total Tc-99 inventory: 1 %, originating from 
IRF of Tc in UO2 matrix: 1 % 
IRF of Tc in crud: 100 % 

RNT-2008: 1 % of technetium in the fuel matrix for all fuel types 

SKB-10-52: 0.2 % (best estimate) and 1 % (upper limit) 

Rationale: The applied IRF is based on SKB’s upper limit of the recommended values in SKB 
(2010f) where best estimates for different spent fuel types are around 0.2 % and lower limits 
are zero. 

 

Definition of radionuclide release rates for each component 

Fractional release rates of radionuclides are defined as the fraction of inventory that is 
released from the source term per year. The annual release rates are constant over the 
whole release times. The fractional release rates are based on the estimated time to 
release all the inventory in a given solid component of the source term (UO2 matrix, 
zircaloy-based components and other metal parts). The time to completely degrade (via 
corrosion or dissolution) a component depends on the material and on its thickness or 
total mass. 

Releases from the UO2 matrix 

For the source term, the fractional release rate for the UO2 matrix is set to 10-7/a based 
on the description of the process in Features, Events and Processes (FEP 3.2.8). It 
means that the activity is released at a constant rate in 107 years. The release rate has 
been defined based on experimental evidence (leaching tests on spent fuel or chemical 
analogues) and natural analogue evidence (MICADO 2010). The rate at which the UO2 
matrix degradation occurs is determined primarily by redox conditions in the immediate 
vicinity of the fuel surfaces. Redox conditions are expected to be reducing due to the 
presence of hydrogen from the corroding insert. Hydrogen and other reducing species 
are known to inhibit fuel degradation (see FEP 3.2.8 in Features, Events, and 
Processes). Because the rate of transport of uranium species away from a failed canister 
is low, the water inside the canister becomes saturated with uranium species, preventing 
the net degradation of the UO2(s) fuel matrix (this is assumed to be true even in the case 
of an eroded buffer, where the transport rate of uranium species could be higher – see 
Section 7.3.3). Experimental data indicate that, in anaerobic and reducing conditions, 
the fuel matrix degradation is extremely slow if it occurs at all. Even so, a constant 
fractional release rate for the fuel matrix of 10-7/a is assumed over the assessment 
period. As the fuel matrix degrades, reduction and precipitation of the dissolved 
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uranium species in the canister interior occur at a matching rate, preventing the 
intruding water from becoming oversaturated. This allows the use of the same release 
rate for all the other radionuclides neglecting over-saturation that would otherwise 
prevent congruent dissolution. The radionuclides embedded in the fuel matrix are thus 
released into the canister water.  

The congruent release assumption is substantiated by experimental data (e.g. Serrano-
Purroy et al. 2012, Röllin et al. 2001, Gray 1999). Röllin et al. (2001) include 
supporting arguments related to the crystalline nature of the spent fuel matrix and 
microstructural analysis of fuel. Congruent release may be modified by the precipitation 
of some of the radionuclides embedded in the matrix material (e.g. barium and radium). 
Epsilon particles, the micrometre- to nanometre-sized epsilon phase (containing Mo-Ru-
Pd-Tc-Rh) in the spent fuel matrix, have been shown to dissolve more slowly than the 
rest of the UO2 matrix (Martinez-Esparza et al. 2002); thus, the assumption of congruent 
dissolution of the fuel matrix can be considered pessimistic. Posiva is part of an ongoing 
EU project (REDUPP) to improve the understanding of the mechanism and rates of the 
UO2 degradation in repository condition. 

Releases from zirconium-based alloys and other metal parts 

The fractional corrosion rates used in the source term for the Assessment of 
Radionuclide Release Scenarios for the Repository System are: 

 Zr-based materials: 10-4/a 

 Other metal parts: 10-3/a. 

Since the thickness or mass of zirconium-based materials and other metal parts varies 
according to the design of fuel assembly component considered (and in some cases 
design details are not available to the public), the fractional corrosion rate is based on 
the assumed minimum time to release the entire radionuclide inventory from the 
thinnest of these components (see below) and on the corrosion rate for the given 
material in repository conditions. 

Information about the design and alloy composition of the cladding and other 
components of the fuel assembly are provided in Sections 5.1.3 and 5.1.4 of Description 
of the Disposal System. Cladding is manufactured from one of a number of zirconium-
based alloys (e.g., Zircaloy-2, Zircaloy-4) and Zr-Nb alloys, with Zr as the predominant 
alloying component (> 98−99 wt-%). The cladding thickness differs between the 
various designs of fuel assembly, and ranges from 0.57 mm for Areva EPR 1717 fuel 
to 0.65 mm for TVEL VVER-440 fuel. A minimum wall thickness of 0.5 mm is 
assumed. 

Data for the rates of general corrosion of these zirconium-based alloys are available in 
the literature. Shoesmith & Zagidulin (2010) have reviewed the available information 
on the corrosion rate of these alloys under repository conditions. 

Zirconium alloys are examples of passive materials which are protected from corrosion 
by the formation of an adherent protective (or passive) film, in this case comprising 
ZrO2. The ZrO2 film is stable over a wide range of temperature, redox conditions and 
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pH (Pourbaix 1974). Corrosion rates are of the order of nm/a, with Shoesmith & 
Zagidulin (2010) suggesting a best estimate of 5 nm/a, with a conservative upper limit 
of 20 nm/a and a lower limit of 1 nm/a. Based on the best estimate rate, the fractional 
corrosion rate for 0.5-mm thick cladding (assuming corrosion from both sides) is 
2.0·10-5/a. The fractional corrosion rate for cladding in the source term is therefore a 
factor of 5 higher than that estimated based on the upper limit of the corrosion rates 
recommended by Shoesmith & Zagidulin (2010) and a factor of 25 higher than that 
based on the lower limit of the recommended range of corrosion rates. 

Other components of the fuel assembly are fabricated from either stainless steel 
(generally AISI Type 304L), zirconium-based alloys similar to those used for the 
cladding, or nickel-based alloys (either the Ni-Cr-Fe-Mo grade 718 or the Ni-Cr-Fe 
alloy X 750) (Description of the Disposal System). These components will have 
thicknesses ranging from a few mm to 1−2 cm in dimension. The corrosion rates of 
stainless steels and nickel alloys under nuclear waste disposal conditions have also been 
reviewed by King & Watson (2010) and Kursten et al. (2004). 

Both stainless steels and nickel-based alloys are also examples of passive materials, in 
this case the passive film being composed of Cr(III) oxide/hydroxide. Chromium(III) 
oxide/hydroxide exhibits a narrower range of stability than ZrO2 (Pourbaix 1974), but 
nevertheless results in a highly passive film under repository conditions. There is a wide 
range of corrosion rates reported in the literature for these two classes of material, 
which partly reflects the wide range of environmental conditions that have been used in 
various studies. Stainless steels and nickel-based alloys tend to exhibit a greater 
sensitivity towards Cl- (both in terms of their susceptibility to localised corrosion and 
the rate of general corrosion) than zirconium-based alloys (King & Watson 2010). 
Corrosion rates typically lie in the range 0.01−1 µm/a, with rates increasing with 
increasing temperature and salinity. For a component thickness of 2 mm, the fractional 
release rate would then be in the range 10-5 to 10-3, respectively (assuming corrosion 
from both sides). In the source term, the highest end of the range is used. 

It is assumed that the rate of general corrosion of these passive alloys is constant. This is 
a reasonable assumption for the zirconium-based alloys since the passive film is 
composed of the main alloying constituent. For the stainless steels and nickel-based 
alloys, however, the passive film comprises a secondary alloying element (Cr) present 
in the alloy in amounts in the range 14−21 wt-%. Over the very long term, the near-
surface layer of these alloys will become depleted in Cr. Changes in the corrosion rate 
as the alloy composition changes as a result of film growth have not been considered. 
However, the upper end of the range of corrosion rates noted above (1 µm/a) is that 
expected for unalloyed carbon steel (C-steel) under repository conditions (King 2008), 
which is expected to corrode faster than metal components in the fuel assembly. 

Under oxidising conditions, as might occur as a result of radiolysis in the case of early 
canister failure, the cladding and, especially, the stainless steel and nickel-based alloys 
components may be susceptible to localised corrosion. Localised corrosion results in the 
generation of acidic conditions within the pit or crevice which could, locally, lead to 
higher rates of alloy corrosion and, hence, radionuclide release. However, by the very 
nature of localised corrosion, the relative surface area of the components affected is low 
and the overall extent of dissolution is limited. Localised corrosion will not occur in 
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most cases since the canister will have cooled and the radiation fields decayed before 
the cladding and fuel assembly components are contacted by groundwater. 

Activation products contained in zirconium-based alloys (mostly the fuel cladding) and 
in other metallic parts of the fuel assembly are assumed to be released congruently as 
the various alloys corrode following the ingress of groundwater into the failed canister 
(see FEP 3.2.7 in Features, Events and Processes). 

Although the cladding and other components may be subject to other forms of corrosion 
(for example, hydrogen-induced cracking or pitting corrosion of stainless steel 
components), these processes are localised and do not result in extensive oxidation 
(corrosion) of the component. Therefore, these corrosion processes will not result in 
congruent release of activation products and are not considered further here. 
Radionuclides from additional source term inventories, such as the RCCA and crud are 
assumed to be released instantaneously to take into account the uncertainties in their 
release properties. 

7.3.3 Confidence in the model and data 

Confidence in the inventories 

The above-mentioned simplifications (e.g. material homogenisation and homogeneous 
neutron flux) used to calculate the initial radionuclide inventory with the reactor physics 
codes have been shown to overestimate the radionuclide inventory (Obaidurrahman & 
Gupta 2013) as anticipated by Anttila (2011). 

However, the C-14 and Cl-36 inventories depend also on the initial amount of nitrogen 
and chloride (respectively) impurities in the matrix, cladding and structural materials. 
The contents of such impurities is known with varying degrees of accuracy. Therefore, 
this affects the uncertainties in the C-14 and Cl-36 inventories. The fuel homogenisation 
assumption compensates in part for the uncertainty in the C-14 and Cl-36. In particular, 
it has been shown that C-14 inventory in Loviisa fuel is overestimated (Anttila 2011). 
The assumption on the initial amount of nitrogen and chloride impurities in the fuel 
components will be reassessed in the future.  

Uncertainties in the distribution of activation products in various parts of the fuel 
assemblies have been studied using the code Serpent (Anttila 2011). The Serpent code is 
an efficient tool to calculate component-specific inventories due to its stochastic neutron 
mass transport approach. The calculations made with the code Serpent presented in 
Section C.3 of Appendix C are preliminary. In particular, the impact of the irradiation 
history (the power density / the activation flux) on the inventories of the specific 
nuclides has not been studied. Using a constant power density as assumption may not be 
conservative when calculating the concentrations of the activation products (whereas it 
is acceptable in the case of ORIGEN, which focuses on actinides and fission products). 
Validation benchmarks have also been carried out for the ORIGEN code and are still 
ongoing. Concerning the code Serpent (version 1.1.10), four comparisons against the 
code MCNP5 using ENDF/B-VII and JEFF-3 and burn-up calculations using 
specifications from the NEA Depletion Calculation Benchmark, Phase I 
(NEA/NSC/DOC(2004)11) were carried out (Leppänen 2010). The fuel geometry used 
for the NEA benchmark was a 17 × 17 PWR fuel assembly with burnable absorbers, 
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whose characteristics are broadly consistent with the PWR/OL3 fuel. Validation tests 
for the code Serpent are available on the project’s website (vtt.montecarlo.fi, accessed 
in July 2013). These validation exercises showed that the main uncertainty lies in the 
cross-section data used as input. This is especially the case when older libraries (JEF-
2.2 and ENDF/B-VI.8) are compared to more recent ones (ENDF/B-VII, JEFF-3.1 and 
JEFF-3.1.1). Nonetheless, the Serpent calculation results are deemed adequate for the 
use in Assessment of Radionuclide Release Scenarios for the Repository System, in light 
of the uncertainties in the partitioning of radionuclides mentioned below (Anttila 2011). 
Computer codes and data libraries to calculate the radionuclide inventories are 
described in Anttila (2011) along with the validation exercises.  

The calculated radionuclide inventories are based on the assumption that fresh fuel 
pellets consist only of pure UO2. The effect of additives (e.g. Cr2O3, Al2O3) and 
burnable absorbers (Gd2O3) on the inventory has not yet been quantitatively assessed. 
The radionuclide inventory contribution of RCCA in PWR canisters has not yet been 
included in the initial inventory at the time of discharge (however, it has been included 
in Assessment of Radionuclide Release Scenarios for the Repository System based on 
SKB data, see above). Inventories for OL4 are based on the assumption that the reactor 
will be of the same type as OL3. 

The results in Anttila (2005b) have been reviewed in Anttila (2011) in light of licensed 
burn-up increases for both BWR and VVER fuel. It was concluded that the inventories 
in that report are still valid since the fuel design has not significantly evolved 
(concerning the properties affecting the long-term evolution) since 2005 and the average 
licensed assembly burn-up is still below 60 MWd/kgU. Furthermore, the average 
assembly burn-up cannot increase indefinitely as there is a balance between the gains 
from the increased fuel efficiency and the costs of fuel manufacturing, cooling and the 
final disposal. Moilanen (2009) carried out an economic optimisation study on fuel 
burn-up for OL1−2 that shows that the optimum burn-up is about 52−53 MWd/kgU for 
the current estimated lifetime of the OL1−2 reactors.  

To increase confidence in the current inventory data and, possibly, to reduce the 
uncertainties, Posiva is setting up a spent fuel database containing actual spent fuel data 
from OL1−2 and LO1−2 along with preliminary information for OL3 fuel. This 
database will be used to handle information about the spent fuel that will be delivered to 
Posiva by TVO and Fortum. Furthermore, Posiva will update the ORIGEN calculations 
presented in Anttila (2005b) using updated fuel data and including information about 
the RCCAs, chemical additives in the fuel, impurities and possibly crud data.  

The effect of crud on the radionuclide release and transport results was analysed in a 
complementary case in Section 9.5.4 of Assessment of Radionuclide Release Scenarios 
for the Repository System. In the PSA (Cormenzana 2013), probability density functions 
were assigned to the crud inventory of some radionuclides and it was found that the 
uncertainty in the crud inventory had no significant effect on the release rates from the 
near-field and to the surface environment. 

Numerical uncertainties concerning the ORIGEN-S/SCALE 5 package as well as 
validation aspects are described in Section 1.4.3 of the previous Models and Data report 
(Pastina & Hellä 2010). These uncertainties are due to the simplifications used by 
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Anttila (2005b) concerning material properties and irradiation conditions as well as 
uncertainties in input data such as neutron cross sections. The uncertainty concerning 
the Se-79 inventory due to its cross-section (the half-life has also been significantly 
modified since the publication of Anttila (2005b)) is also acknowledged by several 
waste management organisations.  

The uncertainties in the inventory data have been addressed by formulating a reference 
fuel inventory that represents a combination of the most pessimistic fuel inventories 
available to date and assuming that all canisters contain the reference fuel inventory. 
This will clearly not be the case as the decay heat load limits will lead to blending fuel 
with different burn-ups and cooling times. 

Confidence in the partitioning and IRF 

The assumption of instantaneous release of that portion of the inventory located at the 
grain boundaries and gaps is clearly cautious. The assumption that the remainder of the 
inventory is released congruently with the degradation of the fuel matrix and structural 
materials over time is well supported by experimental evidence.  

Partitioning assumptions, however, are the result of expert judgement for some 
important nuclides, in particular concerning the IRF. The uncertainties in the 
partitioning and IRF have been mostly addressed using conservative assumptions in the 
source term, as described above. The impact of the assumptions of the IRF on 
Assessment of Radionuclide Release Scenarios for the Repository System has been 
studied in the PSA treating the IRF values as uncertain parameters (Cormenzana 2013). 
Broad log-uniform probability density functions are assigned to the IRFs to reflect the 
large uncertainties in their values. The selection of the PDFs for the IRFs used in the 
PSA is based on expert judgement, the values used in the previous safety assessment 
RNT-2008 (Nykyri et al. 2008) and the values used in SKB (2010f). The PSA results 
show that the IRFs have no effect on the peak release rates from the near field to the 
geosphere and from the geosphere to the surface environment if the small hole in the 
canister overpack remains unchanged during all the assessment timeframe. Even if the 
initial small hole enlarges into a much greater defect, only the IRFs in the fuel matrix of 
I 129, Cl-36 and Cs-135 have a significant effect on model results (Cormenzana 2013). 

The IRF for C-14 is particularly uncertain due to the lack of data on its source (N 
impurities in fuel, cladding and other metal parts) and its chemical form. In the PSA, 
broad, log-uniform distributions from 1 % to 50 % or 100 % were assigned to the 
carbon IRFs in the fuel matrix, zirconium alloys and other metal parts (Cormenzana 
2013). The PSA results show that the uncertainty in these IRFs has no significant effect 
on the uncertainty in C-14 peak release rates from the near field and to the environment, 
and it is not necessary to know it with more precision. Iodine IRF can have a significant 
effect if the transport resistance of the small hole in the canister overpack is lost, and 
requires further investigation. For example, it is assumed that I-129 correlates linearly 
with FGR in the fuel, which may be overly conservative.  

To improve confidence in the results and, possibly, reduce the impact of uncertainties in 
the releases from the labile fraction of the inventory, Posiva is participating in an EU 
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project (FIRST-N) (http://www.firstnuclides.eu) which also studies the effect of burn-up 
on early releases of radionuclides (Posiva 2012).  

Confidence in the screening 

A formal radionuclide screening process to identify radionuclides potentially significant 
from a long-term safety point of view has been carried out. The list of the 41 selected 
radionuclides has been compared with the list of radionuclides in STUK’s regulatory 
guidelines YVL D.5 (STUK 2011a) and those of other waste management organisations 
that have similar fuel types (PWR or BWR spent nuclear fuel) compiled by NEA (2011, 
Table 3). The 41 radionuclides are present in the list and the main differences can be 
explained in terms of the radionuclide chain treatment in GoldSim or different spent 
fuel types considered.  

The radiotoxicity and half-lives used for screening purposes have been reviewed and 
checked against the most updated database (see Section 7.3.2).  

Confidence in the release rates 

Releases from the UO2 matrix 

The specific mechanism of UO2 matrix degradation is still somewhat uncertain, 
although a large number of experimental data have been recently produced support the 
release rate (10-7/a) used in Assessment of Radionuclide Release Scenarios for the 
Repository System and several other safety assessments (MICADO 2010). The effect of 
H2 on UO2 dissolution has been experimentally observed by several groups (e.g. 
Poinssot et al. 2005). The used fractional release value from the UO2 matrix is also valid 
for high burn-up fuel since recent experimental data (Serrano-Purroy et al. 2012, 
Johnson et al. 2012, Clarens et al. 2009, Roudil et al. 2009) show that releases from the 
rim area of the UO2 pellet (where the burn-up is two to three times higher than in the 
centre of the pellet) are not higher than releases from the centre of the pellet. 
Experimental uncertainties are high when measuring UO2 dissolution rates because this 
material is extremely sensitive to surface oxidation (as may occur in the case of 
damaged fuel rods), especially in the presence of a few layers of water undergoing 
radiolysis (Muzeau et al. 2009). Thus, the large spread of dissolution rates published in 
the literature reflects more the dissolution rate of a (partially) oxidised UO2 layer on the 
surface than the actual dissolution rates of UO2 in anaerobic conditions. The 
experimental data obtained under reducing conditions published in the literature have 
been reviewed by Ollila (2011) and they also support the fractional release rate of the 
fuel matrix of 10-7/a.  

In SR-Site, SKB considers the possibility that, if chemical erosion of the buffer occurs 
(as in the VS2 and RS-DIL scenarios), bentonite colloids formed by this process could 
affect the fuel matrix degradation rate and hence the release rate of embedded 
radionuclides (Section 13.5.5 of SKB 2011). SKB envisages that, due to erosion, a 
cavity filled with a slurry of water containing colloidal clay particles may exist in the 
deposition hole, and that U(IV) released from the failed canister sorbs strongly on these 
particles. If the colloidal particles are able to move out of the deposition holes due to 
viscous flow, then degradation of the fuel matrix would occur at a matching rate in 
order to maintain the concentration of uranium species in the canister interior at the 
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solubility limit. This contribution to the degradation rate can be compared with the “fuel 
conversion” rate assumed in the base scenario. However, the distribution coefficient for 
U(IV) on compacted bentonite, which is expected to be similar to that for bentonite 
colloids, in glacial meltwater used in TURVA-2012 is low (5.6·10-2 m3/kg, see 
Appendix E, Table E-5), and the contribution of bentonite colloids to the overall 
transport of U(IV) away from the deposition holes would not be large compared with 
advection in solution, even assuming a high concentration of clay in the cavity of 
10 kg/m3 (the value used in Section 13.5.5 of SKB 2011, see Appendix K), since the 
product of this concentration and the distribution coefficient is less than unity. 
Furthermore, as discussed in Section 10.2.2 of Assessment of Radionuclide Release 
Scenarios for the Repository System, it is considered implausible that buffer erosion will 
occur to the extent that viscous flow of buffer material occurs in the deposition hole 
itself, given the rates of erosion assumed in the analysis of the calculation cases for the 
VS2 scenario. 

The outward transport rate of uranium in solution through an eroded buffer, R (mol/a), 
would be: 

4 . . .  

 

 7-1

for times when fv > 1 (i.e. when glacial meltwater is assumed to be present at repository 
depth). fv is the velocity factor given in Table 6-13, which takes a value of 10 at relevant 
times, csol is the solubility of U(IV) (8.7·10-6 mol/m3 for glacial water, Table E-4), is 
the deposition hole radius (0.875 m) and UF is the flow per unit width summed over all 
fractures intersecting the deposition hole, which takes a value ranging from 0.04 to 
0.5 m2/a in the VS2 scenario (see Table 10-2 of Assessment of Radionuclide Release 
Scenarios for the Repository System). Using these data, R takes a value of between 
1.2·10-5 and 1.5·10-4 mol/a. The assumed molar inventory of uranium is 3.88·103 mol/tU, 
or 7.76·103 mol per canister. To maintain the concentration of uranium species in the 
canister interior at their solubility limit while uranium is lost at a rate R requires a 
fractional release rate between 1.2·10-5/3.88·103 = 3·10-9/a and 1.5·10-4/3.88·103 = 4·10-

8/a. These are well below the fractional release rate of 10-7/a assumed in the analysis of 
the VS2 scenario. 

Since most of the activity inventory is in the UO2 matrix, the UO2 dissolution rate has 
an almost linear correlation with the peak release rates of radionuclides that are not 
solubility limited (e.g. Ra-226). The PSA has studied the effect of the uncertainties in 
the UO2 matrix degradation rate on the radionuclide release, retention and transport 
calculation results (Cormenzana 2013). The PDF for the UO2 dissolution rate has been 
created by dividing and multiplying by 10 the values used in the deterministic 
calculations in Assessment of Radionuclide Release Scenarios for the Repository System 
(Reference Case) to obtain the minimum and maximum values of the distribution. A 
Log-Uniform distribution from 10-8/a to 10-6/a is adopted for the UO2 matrix 
degradation rates.  

The results of the PSA (Tables 6-2 to 6-4 in Cormenzana 2013) show that 
the uncertainty in the UO2 release rate (between 10-8 and 10-6 per year) has no 
significant effect on the peak release rates from the near field and to the surface 
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environment for most radionuclides, compared with the effect of the many other 
uncertain parameters in the model. In addition, for all the spent fuel related parameters 
(including the UO2 release rate), the sensitivity indicators of the C-14 peak release rates 
are below the threshold of statistical significance. This means that the uncertainty in the 
values of these parameters (within the ranges considered in the PSA) has a negligible 
effect on the uncertainty in C-14 peak release rates from the near field and to the surface 
environment compared with other model parameters. The UO2 release rate has no 
statistical effect on Cl-36 peak release rates, because these peaks are controlled by the 
Cl-36 inventory in the zirconium alloys. In the “hole forever” case there is an important 
effect of UO2 alteration rate on I-129 peak release rates from the near field and to the 
surface environment, with IRF(I) having a much smaller effect. On the other hand, in 
the “growing hole” case the uncertainty in IRF(I) has a strong effect on the uncertainty 
in I-129 peak release rates, while the UO2 alteration rate has a marginal effect.  

To reduce the uncertainties in the release of radionuclides from the fuel matrix, Posiva 
participates in the EU REDUPP project to improve understanding of the UO2 matrix 
degradation mechanism in the high ionic strength Olkiluoto natural groundwater and the 
surface chemistry (Evins & Vähänen 2012).  

Releases from zirconium-based alloys and other metal parts 

The release rates from zirconium-based alloys and other metal parts are set to 
conservative values, according to the data in the literature. The corrosion mechanism for 
the materials has been extensively studied and is well understood. The properties and 
structure of the passive films have been studied in detail, although there have been 
fewer studies of irradiated alloys. There is some uncertainty about the environmental 
conditions under which corrosion of the cladding and other metal parts will occur. For 
the expected case of canister lifetimes in excess of 100,000 years, the conditions inside 
the canister will be cool and anoxic by the time the groundwater contacts the cladding 
and fuel assembly components, so the extent of radiolysis will be limited. In the case of 
an initially defective canister, contact of the cladding and fuel assembly components by 
groundwater could occur much earlier. Corrosion rates would be expected to be higher 
at elevated temperatures, but the rate of general corrosion is relatively insensitive to 
redox conditions as the passive films are stable over a wide range of redox potential, 
especially in the case of ZrO2. 

The effect of the uncertainties in the corrosion rates of the zirconium-based materials 
(mostly the cladding) and other metal parts on the radionuclide release, retention and 
transport calculation results are studied in the PSA (Cormenzana 2013, Section 6.5). 
The same strategy as for the selection of PDF for the UO2 degradation rates has been 
applied to these materials, i.e. the values used in the deterministic calculations have 
been divided and multiplied by ten to obtain the lower and upper values of a log-
uniform distribution. The PSA results show that the uncertainty in the parameters 
related to the release of C-14 from zirconium-based alloys and the other metals have no 
statistically significant effect on the effect uncertainty in C-14 release rates from the 
near field and to the surface environment compared with the effect of other model 
parameters. The reason is that the other metal parts contain 60 % of the C-14 and all the 
stable carbon in the spent fuel, and in all the realisations the other metal parts of the fuel 
are completely altered (and the activation products contained released) in a short time 
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period: between 102 and 104 years. Furthermore, in some realisations practically all the 
C-14 and stable carbon inventories are released immediately after the formation of the 
transport path in the canister (IRF(C) in other metal parts can be equal to 1). The PSA 
has found that C-14 release rates from the near field and to the surface environment are 
not affected by the time needed to corrode the other metal parts, for values up to 10,000 
years. However, if the time needed to corrode the other metal parts were in the order of 
105 years (which is a more realistic time for some of the thickest metal parts of the fuel 
assembly), this would probably have an important beneficial effect due to the relatively 
short half-life of C-14.  

Similarly, the release rate from zirconium-based alloys is an important parameter only 
for the Cl-36 peak release rates (set to between 10-5 and 10-3 per year in the PSA) in the 
case there is a large canister defect that develops over time and thereby losing the 
canister transport resistance (growing hole case).  

The release rate from the other metal parts (set to between 10-4 and 10-2 per year in the 
PSA) has no effect on the peak release rates of the radionuclides present in the other 
metal parts (C-14, Mo-93, Ni-94, Ni-59 or Ni-63), i.e. releasing the inventory of these 
radionuclides that is contained in the other metal parts in 100 years gives peak release 
rates that are similar to those when 10,000 years is assumed. Uncertainty in this 
parameter is therefore not important in terms of its effect on peak release rates, 
compared with the other uncertainties in the model. 

7.4 Radionuclide releases from the canister  

7.4.1 Approach for modelling the base scenario 

The following paragraphs describe the approach for modelling radionuclide releases 
from the canister in the base scenario. Aspects described in this section are: 

 canister failure and water ingress, 

 radionuclide release to the internal void space inside a defective canister, 

 release through the canister defect into the buffer. 

 
Canister failure and water ingress 

The calculation cases for the base scenario (see Section 7.2) consider one canister with 
an initial penetrating defect emplaced within the repository. The defect is assumed to be 
cylindrical in shape and located in the upper part of the side wall of the canister, in most 
calculation cases for the base scenario, assigned a diameter of 1 mm and is assumed to 
be water-filled at all times, i.e. it does not become filled with corrosion products or 
buffer material; the latter possibility is handled in a complementary calculation case. 
The properties of the defect are assumed not to change with time, although the case of 
an enlarged defect was analysed deterministically in Assessment of Radionuclide 
Release Scenarios for the Repository System and the effect of the uncertainty on the 
final size of the defect was studied in the PSA (Cormenzana 2013).  

Initially, water will be transported through the defect 1) in liquid form by pressure-
induced flow and 2) in the form of vapour by molecular diffusion if the defect is gas-
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filled. The rate of inflow will decrease over time due to the gradual build-up of an 
internal counter pressure from hydrogen gas formed as the insert corrodes, and 
potentially also due to the filling of the defect with buffer material (see Appendix J). 
The canister insert and fuel cladding may also provide a temporary barrier preventing 
water from contacting the spent nuclear fuel.  

However, in the Reference Case and in the majority of other calculation cases for the 
base scenario, it is assumed that, after a certain time, 1000 years, intruding water 
entirely fills the void space in the canister interior and a transport pathway becomes 
established between the internal void space of the canister and the canister exterior. The 
volume of this void space totals 700 litres (see Appendix J, Section J.2.2) and is 
assumed to remain constant over time. 

The assumption of a 1000 years delay before the establishment of a release pathway 
between the canister and the buffer is supported by scoping calculations and 
experimental results presented in Appendix J. 

Solubility and precipitation  

Once released from the spent fuel, radionuclides are assumed to dissolve and become 
well mixed in the water inside a canister, or to precipitate as immobile solids or as 
mobile colloids if their respective solubility limits are reached (see below).  

Element-specific solubility limits have been calculated for the water inside the canister 
according to the description in Section 7.5. The water inside the canister is groundwater 
conditioned by the surrounding buffer and its composition is presented in Appendix D, 
Table D-4. In the calculation cases for the base scenario, geochemical conditions 
throughout the repository system are assumed to be time invariant.  

The solubility limits are used to determine the dissolved concentrations of radionuclides 
released from the spent nuclear fuel. Concentrations of all isotopes of the same element, 
including stable isotopes, are taken into account when evaluating whether the solubility 
limit of that element has been reached; i.e. the maximum dissolved concentration of all 
isotopes of an element E in solution is equal to the elemental solubility limit 

(mol/m3).  

The maximum dissolved concentration of a specific isotope N, , (mol/m3), is 
obtained by scaling  by the ratio of the mass (dissolved or precipitated) of 
radionuclide N to the total mass (dissolved or precipitated) of all isotopes of an element 
E in the internal void space of the canister: 

, , ,
	 	

 

 

 7-2

 
where , is the dissolved concentration of isotope i of element E (mol/(m3 solution)). 

Only the concentrations of isotopes originating from the spent nuclear fuel are taken 
into account in evaluating whether solubility limits are exceeded in the internal void 
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space of the canisters; the background concentrations of isotopes originating elsewhere 
are cautiously ignored.  

In the base scenario, any radiocolloids formed by precipitation when solubility limits 
are exceeded may move within the canister interior, but are assumed to remain within 
this volume, because the microporous structure of compacted bentonite provides an 
effective colloid filter. It is a design requirement that the buffer shall have sufficiently 
fine pore structure that transport of radiocolloids formed within or around the canister is 
limited (see Design Basis). If the surrounding buffer is significantly perturbed (e.g. by 
erosion), the release of such colloids cannot be excluded. The possibility that the 
capacity of buffer to filter intrinsic colloids, formed within or around the canister, is lost 
due to chemical erosion is considered in the context of the variant scenario VS2 and the 
disturbance scenario RS-DIL; the assessment of these is described in Sections 12.2.3 
and 12.4.2 of Assessment of Radionuclide Release Scenarios for the Repository System 
and they are modelled using alternative assumptions, including not taking into account 
solubility limits for certain radionuclides (see Section 7.6).  

Release through the defect into the buffer 

Dissolved radionuclides are assumed to migrate by diffusion from the canister interior 
through the defect to the surrounding buffer. The steady-state activity flow rate by 
diffusion through the defect is calculated according to Fick’s first law (see Section 3.3.7 
of Assessment of Radionuclide Release Scenarios for the Repository System). For 
modelling purposes, the transport resistance of the defect is calculated based on the 
assumed transport properties of the material that fills the defect, which is water in the 
Reference Case. In addition to water, the material can be e.g. corrosion products and/or 
bentonite, the bentonite potentially being chemically perturbed by the corrosion 
products in the calculation cases for the other scenarios.  

7.4.2 Key data for the base scenario 

The key parameters and data used in analysing radionuclide release from a failed 
canister include: 

 timing of radionuclide release, 

 the number and location of failed canisters in the repository, 

 the size and location of any initial penetrating defect on the canister, 

 the volume of the void space within a canister, and 

 the diffusion coefficient within any initial penetrating defect.  

The values of these parameters for the Reference Case and justification of the selection 
are discussed below and summarised in Table 7-9. The solubility limits are discussed 
in Section 7.5.  

Timing of radionuclide release 

In the Reference Case, it is assumed to take 1000 years for a transport pathway to be 
established between the internal void space of the canister and the canister exterior. This 
assumption is based on the slow water ingress rate and on the barriers to ingress 
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provided by the cast iron insert and the fuel cladding (see Appendix J). After 1000 
years, intruding water is assumed to fill entirely the void space in the canister interior. 
The impact of the uncertainty in the delay time has been studied in the PSA 
(Cormenzana 2013) using the assumptions in Table 7-9.  

Number and location of failed canisters in the repository 

In the Reference Case, in other calculation cases for the base scenario and in the VS1 
scenario, which also considers an initial penetrating defect, a single defective canister is 
assumed. As discussed in Section 6.26 it seems practicable in the future to show that the 
probability of more than one initially defective canister in the repository is less than one 
per cent, which would justify the assumption of one defective canister in the majority of 
calculation cases. The defective canister is assumed to be present at a cautiously chosen 
location within the repository, in the sense that this location leads to maximum 
radionuclide release rates to the surface environment that are higher than would be the 
case for the majority of deposition holes (the defective canister is, in reality, equally 
likely to be located in any of the holes). The choice of location is described in Section 
6.2 of Assessment of Radionuclide Release Scenarios for the Repository System. The 
impact of the uncertainty in the location of the failed canister has been analysed in the 
PSA, where the probability density functions (PDFs) for the near-field flows and the 
geosphere transport parameters (WL/Q in particular) have been created using data for 
all possible deposition hole locations (Table 7-9. ). The impact of having one defective 
canister in the most unfavourable location vs. several defective canisters (taking into 
account their probability of occurrence) randomly located in the repository has also 
been studied in Assessment of Radionuclide Release Scenarios for the Repository 
System (Section 9.2), see also Section 7.8.4 of this report. 

Size and location of any initial penetrating defect in the canister 

The defect in the canister is assumed to take the form of a single circular, cylindrical 
hole of a given diameter through the copper overpack (Figure 7-9). The defect is, in all 
calculation cases for the base scenario, assigned a diameter of 1 mm. As described in 
Formulation of Radionuclide Release Scenarios, the 1 mm diameter is chosen on the 
basis that larger defects are likely to be detected. Smaller defects may exist, but their 
transport resistance is expected to be very high (see Section 6.26). In the base scenario, 
the defect is assumed to remain constant (see Section 7.2.1) but the enlarging defect is 
considered in variant scenario VS1, in disturbance scenario AIC and in the Monte Carlo 
simulations and PSA (see below).  

The effect of the final size of the defect on the results has been studied in the PSA 
(Cormenzana 2013) using the assumptions in Table 7-9. Note that, in the Monte Carlo 
simulations used for the PSA, when the small defect grows, it is assumed that a much 
greater ring shaped defect is created in the uppermost lateral surface of the canister. The 
surface area of the large hole corresponds to the “length of canister lateral surface 
failed” multiplied by the pi-number and the canister diameter.  
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Figure 7-9. Model representation of a small, penetrating defect in the canister wall. 
Diameter of the defect, d, is typically assumed equal to 1 mm. The depth lc (the thickness 
of the copper overpack) is equal to 5 cm.  

 
Volume of the void space within a canister 

The volume of this void space totals 700 litres and is assumed to remain constant over 
time. This takes into account the formation of magnetite as a corrosion product of the 
insert. Magnetite has a molar volume 1.4 times larger than cast iron (comparing the 
molar volumes between 3 moles of Fe and 1 mole of Fe3O4). This is why the void 
volume used in the long-term assessment of radionuclide release scenarios has been 
decreased to 700 litres compared with the initial value (rounded up to 1000 litres for all 
types of canisters).  

Diffusion coefficient within an initial penetrating defect 

In the Reference Case, and most other cases considering an initial penetrating defect, 
water filling is assumed, with a diffusion coefficient of 1.0·10-9 m2/s. The diffusion 
coefficient in aqueous solutions varies depending on the composition of the solution and 
on the size of the diffusing species. The value used is at the high end of the range 
typical for weak- and non-electrolytes (0.4·10-9 m2/s to 1.1·10-9 m2/s) and slightly below 
the typical values for strong electrolytes (1.2·10-9 m2/s to 1.9·10-9 m2/s) according to 
Weast (1980, p. F-62, values at 25 °C and for 0.01 molarity concentration). In the 
Reference Case, the diffusive transport resistance of the defect is assumed not to change 
with time and is based on the assumption that the defect remains water-filled, although 
the effect of uncertainties in this assumption are explored in variant scenario VS1, in the 
disturbance scenario AIC, where the defect enlarges over time, and in the 
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complementary case CS3-FILL, where the defect is assumed to be bentonite-filled. In 
the PSA (Cormenzana 2013), a broad log-uniform distribution is assigned the diffusion 
coefficient within the small hole in the canister overpack (see Table 7-9), and it has 
been found that, if the small hole remains unchanged during all the assessment 
timeframe, this parameter has a strong effect on the peak release rates from the near-
field and to the biosphere for most radionuclides. 

No temperature correction is made for the diffusion coefficient Dw. For overall 
consistency purposes all transport-related (diffusion, sorption and solubility) data are 
based on data at 25 °C. This temperature is higher then the expected long-term 
temperatures (after 4000 years the temperature is below 25 °C, see Figure 6-55) and 
since diffusion increases with temperature, using transport-related parameters at 25 °C 
represents a conservative assumption for radionuclide transport in the long term. For 
times between 1000 years (i.e., the assumed delay for radionuclide release) and 4000 
years, the temperature in the canister and in the buffer decreases from about 45 °C to 
about 25 °C. Using data at 25 °C, although not formally correct, is considered to be 
justified in view of the lack of reliable data at higher temperature. Diffusivity can also 
decrease due to the degree of complexation and this is conservatively not taken into 
account in the definition of Dw.  

 

Table 7-9. Parameters related to radionuclide release from a failed canister and values 
used in the Reference Case of the Assessment of Radionuclide Release Scenarios for the 
Repository System and in the PSA. LU = Log-uniform distribution. 

Parameter 
Value in the 

Reference Case 
PDF for the PSA 

Number of failed canisters 1 Constant (1) 

Location of the failed canisters 
Location 381 of 
ps_r0_5000.csv 

All the possible locations are 
sampled 

Delay until establishment of transport path in 
canister interior (a) 

1000 
LU (10−5·103) 

Cavity water volume (litres) 700 LU (90−900) 

Mass of bentonite in the cavity (kg) 0 LU (1−103) 

Diameter of the small hole (mm) 1 LU (0.3−3) 

Diffusion coefficient within the small hole (m2/s) 10-9 LU (2·10-11−10-9) 

Parameters related with the growth of the small hole 

Delay between establishment of transport path in 
canister interior and loss of transport resistance of 
defect (a) 

Not used (the 
small hole does 

not grow) 

LU (5·103−5·104) 

Length of canister lateral surface failed (m) – A 
cylindrical hole is created  

Not used (the 
small hole does 

not grow) 

LU (0.1−4.8) 
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7.4.3 Approach for modelling the variant and disturbance scenarios 

The following paragraphs describe the approaches for modelling radionuclide releases 
from the canister in each of the variant and disturbance scenarios, where these differ 
from those adopted for the base scenario. For the complementary cases, the modelling 
approaches and associated data are described in detail in Assessment of Radionuclide 
Release Scenarios for the Repository System. 

Enlarging defect/degradation of the buffer around a defective canister 
(VS1) 

In Variant Scenario 1 (VS1), it is assumed that part of the buffer is degraded and that 
this leads to a partial loss of its radionuclide retention capacity. It also leads to increased 
transport of corrosive agents, such as sulphide, from the rock to the canister. It is thus 
assumed that the defect becomes enlarged over time reaching a diameter of 10 cm after 
25,000 years. Defect enlargement leads to a gradual reduction in transport resistance 
(see Section 7.4.4). The defect size stays constant thereafter. Although the rate and 
extent of enlargement are somewhat arbitrarily chosen, the model is considered more 
realistic than the growing-hole case considered in the PSA (Cormenzana 2013) where, 
after some time, the initial defect suddenly transforms into a much greater defect 
(growing hole scenario), or the AIC scenario described below, where the transport 
resistance of the initial small hole is assumed to be lost instantaneously and completely. 
Note also that, unlike the growing-hole case of the PSA and AIC scenario, the enlarged 
hole in the model for VS1 is still small enough to retain some transport resistance. 
Diffusion properties of the degraded parts of the buffer are discussed in Section 7.6.  

Corrosion failure following buffer erosion (VS2) 

In Variant Scenario 2 (VS2), chemical erosion of the buffer and backfill is assumed to 
take place due to low ionic strength water penetrating to repository depth, e.g. in 
association with glacial retreat, leading to bentonite colloid generation, accelerated 
canister corrosion and eventual canister failure. 

In the reference case analysis of chemical erosion in Performance Assessment, four 
canister failures are calculated to occur within the million year assessment time frame 
(see Figure 8-4 of Performance Assessment). The analysis of radionuclide release, 
retention and transport for the VS2 scenario makes use of the buffer erosion rates and 
canister failure times from this analysis. Canister failure times are 5.75·105 years AP for 
calculation case VS2-H1, 2.63·105 years AP for VS2-H2, 2.67·105 years AP for VS2-H3 
and 1.87·105 years AP for VS2-H4. The calculation of the number and location of the 
failed canisters in Performance Assessment uses flow-related parameters from the same, 
single groundwater flow modelling DFN realisation (ps_r0_no_spall_2000), as does the 
analysis of radionuclide release and transport. Flow modelling cases used in the 
Assessment of Radionuclide Release Scenarios for the repository system are 
summarised in Table I-2 of Appendix I (based on Hartley et al. 2013a).  

In ps_r0_no_spall_2000, there is assumed to be no hydraulically significant damaged 
zone around the deposition holes. Although such a zone cannot be excluded at early 
times (and is assumed to persist indefinitely in the Reference Case), erosion modelling 
indicates a penetration of bentonite gel into the fracture intersecting the deposition hole 
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(including any fractures in the damaged zone around the hole) to a depth of between 
0.5 m and 34.6 m for water velocities between 315 m per year and 0.1 m per year (see 
Table 5-1 in Moreno et al. 2010), i.e. much further than the expected distance over 
which damaged zone fractures might be found. It is therefore considered inappropriate 
to use the results of the groundwater flow DFN calculations that include hydraulically 
significant rock damage to analyse buffer erosion, canister corrosion and subsequent 
canister failure and radionuclide release, retention and transport.  

It should also be noted that the four canisters calculated to fail based on this DFN 
realisation are located in deposition holes with flows at the least favourable (i.e. high) 
end of the distribution of flows encountered in the deposition holes. Had flow-related 
transport parameters been based on another groundwater flow modelling case, canister 
failure would have occurred in different deposition holes, with somewhat different flow-
related parameter values, and the number and timings of failures would also have 
differed from those assumed here. As noted above, only groundwater flow case 
ps_r0_no_spall_2000 is consistent with the penetration of gel into fractures that is 
implied by the erosion model. However, while acknowledging there is some 
inconsistency between flow and erosion model assumptions, the erosion/corrosion 
calculation can be applied to the results of other DFN realisations and model 
assumptions (in which there is a hydraulically significant damaged zone around the 
deposition holes) in order to obtain some indication of the range of uncertainty in the 
number of failed canisters. Results are shown in Figure 7-10 for different groundwater 
flow modelling assumptions and DFN realisations (ps_r0_2000 is the groundwater flow 
modelling central case, and ps_r1, …, r9_2000 are different realisations, based on the 
same model assumptions).  
 

 

Figure 7-10. Number of failed canisters after one million years for different 
groundwater flow modelling assumptions and DFN realisations.  
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The number of failed canisters calculated to fail within a million years varies between 
zero and 11. Thus, the four failures assumed to occur in the analysis of the VS2 scenario 
is a reasonably representative number, taking into account flow modelling uncertainties. 

Chemistry-related retention and transport parameters, including solubility limits in the 
canister interior, are assumed to switch periodically between those for brackish water 
and those for glacial water (for water compositions see Table 6-13 in Section 6.2 and for 
solubility limits see Table D-5 in Appendix D). This was handled in GoldSim by 
defining a “switch” in the input data selection variable having zero value in non-glacial 
conditions and 1 in glacial periods. The switch directs the code to fetch the flow and 
transport input parameters from the relevant databases. 

Accelerated insert corrosion rate (AIC) 

The AIC scenario considers an accelerated corrosion rate of the insert of a canister with 
an initial penetrating defect. The main focus of the analysis of the AIC scenario is to 
assess the significance of whether or not a transport path between the internal void 
space of the canister (through the canister insert) and the buffer exists prior to defect 
enlargement. The canister insert may provide some initial period of water tightness. 
Furthermore, it is conceivable that corrosion products may themselves affect the contact 
time, e.g. by filling void spaces.  

Two end-members of the range of possibilities are considered as calculation cases: AIC-
LI and AIC-TI. In case AIC-LI (leaky insert), the defective canister evolves as in the 
Reference Case for the first 15,000 years, i.e. a small (1 mm diameter) defect is present 
in the copper overpack and a radionuclide transport path from the internal void space of 
the canister to the buffer is established after 1000 years, as in the Reference Case. 
Unlike the Reference Case, however, the defect becomes suddenly enlarged after 15,000 
years, such that it offers no further transport resistance. In case AIC-TI (tight insert), 
there is no release of radionuclides from the waste until a radionuclide transport path 
from the internal void space of the canister to the buffer is established after 15,000 
years. Before this occurs, however, water can still enter through the defect and contact 
the external surface of the insert, which will corrode. At 15,000 years, at the same time 
that the transport path is established, the volume expansion of the corrosion products is 
assumed to cause the defect to become enlarged, such that it offers no transport 
resistance. 

The model assumptions and parameter values for the AIC-LI and AIC-TI are identical 
after 15,000 years, and are the same as in the base scenario and in the Reference Case 
except that: 

 no transport resistance is assigned to the defect in the canister (transport into the 
buffer takes place through the entire lateral surface of the canister); 

 the treatment of solubility limitation is different (see Section 7.5.3).  

Earthquake and rock shear (RS) 

In the RS disturbance scenario, canister failure is assumed to occur due to shear 
movements on fractures intersecting the deposition holes in the event of a large 
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earthquake. However, the buffer is assumed to continue to fulfil its safety functions 
although its thickness is reduced.  

Two calculation cases are examined (see Section 11.2 of Assessment of Radionuclide 
Release Scenarios for the Repository System): RS1, in which the earthquake leading to 
failure is postulated to occur at 40,000 years, i.e. during the present, temperate period, 
and RS2 in which this earthquake occurs at 155,000 years, during a period of glacial 
retreat; the selection of these times is discussed further in the Formulation of 
Radionuclide Release Scenarios. Each calculation case considers the failure of a single 
canister. However, in comparing the calculated release with regulatory constraints, it is 
assumed that all canisters that are in locations in the repository that make them 
vulnerable to failure in the event of a large earthquake do, in fact, fail. The number of 
canisters in such positions is estimated at between 37 and 78 according to Section 7.3 of 
Performance Assessment (see also Sections 5.4 and 6.5 in this report). The limited 
average annual probability of a large earthquake affecting the repository is also taken 
into account. According to Section 7.3 of Performance Assessment and Section 6.5 in 
this report, it can be assumed that there are five fault zones around and within the area 
of the repository that could host a large earthquake leading to canister failure. The 
average annual probability of a large earthquake occurring on any one of these fault 
zones is between around 2.3·10-8 and 4.7·10-8 (see Table 5-7), giving an overall average 
annual probability of an earthquake leading to canister failure on any of the five fault 
zones of between around 1.2·10-7 and 2.4·10-7. 

The chemistry related properties of the near field, including solubility limits in the 
canister interior, are assumed to be those for brackish water, i.e. similar to the Reference 
Case, as no penetration of glacial meltwater to repository depth and no chemical erosion 
of the buffer are assumed (in contrast to the RS-DIL scenario, discussed below). 

Rock shear followed by buffer erosion (RS-DIL) 

In the RS-DIL disturbance scenario, as in the RS scenario described above, canister 
failure is assumed to occur due to shear movements on fractures intersecting the 
deposition holes in the event of a large earthquake. However, unlike the RS scenario, 
the buffer undergoes either immediate damage or longer-term erosion following canister 
failure due to rock shear.  

Two calculation cases are analysed, analogous to those analysed in the RS scenario (see 
Section 11.3 of Assessment of Radionuclide Release Scenarios for the Repository 
System). In RS1-DIL, as in RS1, an earthquake is postulated to occur, causing a single 
canister to fail, at 40,000 years, when brackish water is assumed to be present at 
repository depth. In RS2-DIL, as in RS2, an earthquake is postulated to occur, causing a 
single canister to fail, at 155,000 years, during a period of glacial retreat when glacial 
water is assumed present at repository depth. In both cases, chemistry-related retention 
and transport parameters, including solubility limits in the canister interior, are assumed 
to switch periodically between those for brackish water and those for glacial water (see 
Table 6-13 in Section 6.2). 

Each calculation case considers the failure of a single canister. However, as in the 
assessment of the RS scenario, in comparing the calculated release with regulatory 
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constraints, it is assumed that all canisters that are in locations in the repository that 
make them vulnerable to failure in the event of a large earthquake do, in fact, fail and 
the limited average annual probability of a large earthquake affecting the repository is 
also taken into account.  

7.4.4 Confidence in the model and data 

The following paragraphs describe grounds for confidence in the main model 
assumptions and data used in modelling radionuclide releases from the canister. This 
includes empirical support for the selected assumptions and data. Where there is 
uncertainty, a discussion of the cautiousness of the selection and of the consequences, if 
known, of alternative choices is also given. Specific aspects described are: 

 the number of defective canisters, 

 defective canister location(s) in the repository, 

 properties of the defect,  

 penetration of water into a defective canister, 

 canister internal void space, 

 radionuclide release to the internal void space inside a defective canister, and 

 release through the canister defect into the buffer. 

Number of defective canisters 

In the Reference Case and in other calculation cases for the base scenario, as well as the 
VS1 and AIC scenarios, which also consider an initial penetrating defect, a single 
defective canister is assumed. However, the likelihood and consequences of there being 
several defective canisters in the repository is analysed quantitatively in a 
complementary analysis in Section 9.2 of Assessment of Radionuclide Release 
Scenarios for the Repository System, including the (low) probability that one or more of 
these canisters could be unfavourably located. This complementary analysis uses the 
results in Section 6.26.  

The following quantities have been evaluated for three example key radionuclides (I-
129, Cl-36 and C-14):  

 the geo-bio release rate averaged over multiple realisations, where, in each 
realisation, the number of defective canisters is sampled from the probability 
distribution given in Holmberg & Kuusela (2011), and these defective canisters are 
placed randomly in the repository;  

 the probability that the maximum activity release rate from the geosphere, exceeds 
the maximum activity release rate from the geosphere due to a single defective 
canister in the Reference Case (Section 9.2 of Assessment of Radionuclide Release 
Scenarios for the Repository System).  

In Section 9.2 of Assessment of Radionuclide Release Scenarios for the Repository 
System it is shown that the expectation value of release from multiple failed canisters, 
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randomly located in the repository, is significantly less than the release rate in the 
Reference Case, where a single failed canister at a cautiously selected location is 
postulated. Furthermore, the probability that the release maximum from multiple 
randomly placed defective canisters exceeds that of the Reference Case release 
maximum is low, and is estimated to be about 0.04 %. 

Defective canister location(s) 

In the Reference Case, and in the majority of other calculation cases for the base 
scenario, the defective canister is assumed to be located in a deposition hole that leads 
to maximum radionuclide release rates to the surface environment that are higher than 
would be the case for the majority of holes. Alternative, cautiously chosen locations for 
a single canister with an initial, penetrating defect are considered in sensitivity cases 
BS-LOC1 and BS-LOC2. In addition, the variability of radionuclide release rates from 
the near field and geosphere between canister locations has been examined in the Monte 
Carlo simulations and, for key safety-relevant radionuclides, in Section 8.1 of 
Assessment of Radionuclide Release Scenarios for the Repository System. Results show 
that near-field release rate maxima are spread over a relatively narrow range, but the 
geosphere release rate maxima show more variability between deposition holes, with the 
more favourable deposition holes providing significantly greater attenuation of releases 
during geosphere transport than the Reference Case deposition hole. 

Properties of the defect 

In all deterministic calculation cases for the base scenario, the initial defect is assumed 
to be located in the upper part of the side wall of the canister. The effect of the location 
of the defect (canister upper surface vs. canister side wall) has been studied in the PSA, 
which show that assuming the initial defect and enlarged hole to be in the upper part of 
the canister side is a cautious simplification for most combinations of values of the 
model parameters (realisations) (Cormenzana 2013 and Section 9.5.2 of Assessment of 
Radionuclide Release Scenarios for the Repository System). 

The effect of the size of the defect is analysed in the PSA (Cormenzana 2013) and 
summarised in Section 9.5.1 of Assessment of Radionuclide Release Scenarios for the 
Repository System. A range of diameters from 0.3 mm to 3 mm is considered, and it was 
found that the defect size has a significant impact on radionuclide release rates from the 
near field and to the surface environment. 

Intrusion of bentonite and/or corrosion products in the defect cannot, however, be 
excluded (see Appendix J, Section J.3) and is considered in a complementary case CS3-
FILL (see Table 7-4), described in Section 9.5.3 of Assessment of Radionuclide Release 
Scenarios for the Repository System. Analysis of this case shows that the assumption of 
a bentonite fill with the same properties as the buffer (see Section 7.6) reduces the peak 
total near-field release (and that for C-14) by about an order of magnitude and the Cl-36 
and I-129 peaks by around two orders of magnitude. This illustrates the cautiousness of 
the assumption of water in the defect in the Reference Case.  

The evolution of the geometry of the defect is also uncertain. As discussed in Section 
7.4.1, the assumption that the defect may become enlarged over time, due, for example, 
to volume expansion of the insert as it corrodes, includes too many uncertainties and it 
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is not suitable for the base scenario. Nevertheless, the expansion of the defect over time 
is considered in the “growing-hole” case described in detail in the PSA (Cormenzana 
2013) and summarised in Chapter 9 of Assessment of Radionuclide Release Scenarios 
for the Repository System. An enlarging defect is also considered in variant scenario 
VS1 (Section 10.1 of Assessment of Radionuclide Release Scenarios for the Repository 
System) and in the accelerated insert corrosion rate (AIC) disturbance scenario, where 
complete transport resistance is assumed to be lost after 15,000 years (Section 11.1 of 
Assessment of Radionuclide Release Scenarios for the Repository System). In general, 
growth of the defect and the consequent loss of transport resistance results in a 
significant increase in peak radionuclide release rates. In the Monte Carlo simulations 
used for the PSA (Cormenzana 2013), for example, for a given realisation, the peak 
release rates in the growing-hole case are usually much greater than in the “hole-
forever” case, in which the initial defect remains unchanged during all the assessment 
time frame. In addition, it has been found that the time of the loss of transport resistance 
is an important parameter for relatively short-lived radionuclides, such as C-14. The 
assumption of the “growing-hole” case is, however, that the transport resistance of the 
defect is lost entirely and instantaneously at a given time and this assumption is 
unrealistic and hypothetical. In reality, any evolution of the defect is likely to occur 
slowly and some transport resistance may remain almost indefinitely, reducing the 
resulting releases (as assumed in the VS1 scenario). 

In the VS1 scenario, the defect is assumed to grow by 0.375 mm per 1000 years, such 
that there is a 10 mm defect at 25,000 years. This rate of enlargement and the final 
defect size are somewhat arbitrarily chosen. Note, however, that if the enlargement is 
due to copper corrosion, the corresponding copper corrosion rate is 360 nm/year, which 
is a very pessimistic value when compared to the rate expected in anaerobic conditions 
(see Section 6.19). 

Penetration of water into a defective canister 

In the Reference Case, and in the majority of other calculation cases involving an initial 
penetrating defect, it is assumed to take 1000 years for water to penetrate the canister 
insert and fuel cladding and to come into contact with the fuel and structural materials, 
and for a transport pathway to be established between the fuel matrix and the canister 
exterior. The assumption of 1000 years delay is considered to be at the low end of the 
range of possibilities, since the water filling of the canister will take a significantly 
longer time (Appendix J) and the canister must become water filled for releases to occur 
assuming that the defect is in the weld at the top of the canister (other locations for an 
initial penetrating defect are considered implausible). Uncertainty in the duration of this 
delay is considered in the base scenario sensitivity case BS-TIME (Section 8.3 of 
Assessment of Radionuclide Release Scenarios for the Repository System). The analysis 
of BS-TIME shows, for example, that increasing the time needed for the establishment 
of a transport pathways from the canister interior to exterior to 5000 years reduces the 
peak normalised release rate from the repository system by a factor of around 2. The 
effect of uncertainty in the duration of this delay is also analysed in the PSA 
(Cormenzana 2013) and summarised in Chapter 9 of Assessment of Radionuclide 
Release Scenarios for the Repository System. 
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Canister internal void space 

The volume of the void space in the canister interior totals 700 litres and is assumed to 
remain constant over time. For radionuclides that are not solubility limited, their 
concentration in the water inside the canister is inversely proportional to this volume, 
and the PSA described in detail in Cormenzana (2013) shows that this parameter has an 
important effect on the peak release rates of the three main radionuclides C-14, Cl-36 
and I-129 from the near field to the geosphere and from the geosphere to the surface 
environment. Possible penetration of bentonite into the internal void space of the 
canister is also considered in the PSA. This possible process would decrease the 
dissolved concentration of sorbing radionuclides inside the canister, reducing the 
releases to the buffer if the solubility limit is not reached. For radionuclides with strong 
sorption on bentonite that are not solubility controlled, the penetration of bentonite into 
the canister interior leads to a significant reduction in their peak release rates 
(Cormenzana 2013 and Section 9.5.1 of Assessment of Radionuclide Release Scenarios 
for the Repository System). Preliminary experimental results indicate that bentonite will 
indeed penetrate into a canister defect (Appendix J). Such penetration is also supported 
by the modelling of bentonite penetration into thin fractures using the dynamic 
bentonite swelling model (Neretnieks et al. 2009). 

Radionuclide distribution in the internal void space inside a defective 
canister 

In the majority of calculation cases, radionuclides are assumed to dissolve in the water 
inside a canister or to precipitate if their respective solubility limits are reached. 
Dissolved radionuclides are assumed to be uniformly mixed in the water in the canister. 
Transport resistances of the inner structural parts of the canister (e.g. the insert and the 
fuel assemblies themselves) which in reality could hinder mixing, are disregarded, since 
they are subject to poorly quantifiable uncertainties. In reality, radionuclides may also 
sorb onto solid surfaces, such as those of the iron oxyhydroxides formed by corrosion of 
the iron insert of the canister, but this poorly quantified process is cautiously omitted in 
modelling. Immobilisation by co-precipitation with secondary minerals derived from the 
fuel and canister corrosion is also cautiously neglected. However, the solubility limit of 
Ra takes into account the formation of a solid solution (i.e. co-precipitation) with stable 
Ba, based on their relative inventories in the fuel matrix. 

Release through the canister defect into the buffer 

In scenarios where there is an initial penetrating defect and diffusive conditions are 
assumed to prevail in the buffer throughout the assessment time frame, transport of 
radionuclides from the canister interior into the buffer in the base scenario and other 
scenarios considering a penetrating defect in the canister is described by Fick’s laws, 
which provide a well-established phenomenological description of molecular diffusion. 
For scenarios where large-scale (rather than localised) canister failure is assumed to 
occur at some time (VS2, RS, RS-DIL and AIC), any residual transport resistance of the 
failed canister is cautiously disregarded. 

The possibility that C-14 in gaseous form is mixed with repository generated gas 
(principally hydrogen from the corrosion of the insert) in the canister interior, and is 
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released to the buffer once the gas pressure exceeds the gas breakthrough pressure of the 
buffer, is addressed in Section 7.6. 

7.5 Radionuclide speciation and solubility limits in the near field 

7.5.1 Approach for modelling the base scenario 

The oxidation state and speciation of radionuclides (i.e. whether they are present as 
anions, cations or neutral species) affect their solubility limits and their transport 
properties (diffusion and sorption in the buffer and the backfill) and they therefore need 
to be defined. Speciation and solubility limits are derived in steps. First, water 
compositions for the inside of the canister and porewater compositions for the buffer 
and backfill, as well as at the buffer/rock interface, are defined based on groundwater 
compositions, redox conditions and a thermodynamic model for bentonite (see Section 
6.9). Next, solubility limits are defined in these different parts of the near field.  

The oxidation states, speciation and solubility limits are based on the different types of 
groundwater compositions (see Section 6.2), the corresponding porewater compositions 
for buffer (see Section 6.9 and Table E-2 in Appendix E) and backfill (see Section 6.8 
and Table F-2 in Appendix F) and on the related compositions of the water inside the 
canister (see Table D-4 in Appendix D). The element-specific oxidation states and 
speciation assumed in the Reference Case (and other calculation cases for the base 
scenario), which are based on brackish groundwater, are shown in Table 7-10. 

The oxidation states and speciations are then used in defining solubility limits 
throughout the near field, as well as sorption distribution coefficients and diffusion 
parameters for the buffer and backfill (see Section 7.6 and 7.7).  

Speciation 

The oxidation states are based on the redox conditions in the water types defined above 
and, for specific elements, are also influenced by the presence of complexing agents in 
the near-field reference and bounding waters (for detailed discussions see Chapter 4 in 
Wersin et al. 2013a and Chapter 3 in Wersin et al. 2013b):  

 Many of the elements are known to be present in only one oxidation state under 
postulated conditions, e.g. Ag(I), Am(III), Be(II), Cl(-I), Cm(III), Cs(I), I(-I), 
Nb(V), Ni(II), Pd(II), Ra(II), Sm(III) and Th(IV). Of these elements, chloride 
and iodide are pure anionic forms. Also for other elements, anionic species are 
predominant, e.g. Th and Nb, and Ag (except in glacial meltwater). 

 Several elements may be present in two different oxidation states; e.g. Pa, of 
which it is generally assumed that Pa(V) is the more stable, and Np, of which 
Np(IV) is the more stable in the postulated environments from a thermodynamic 
point of view, supported by experimental studies. Sn(IV) and Zr(IV) are stable 
under the redox conditions of interest. These are predominantly in cationic form 
in the waters, except for highly alkaline and brine waters, where Sn is 
predominantly anionic.  

 Many may be present in several oxidation states, e.g. U may be present as 
U(IV), U(V) or U(VI) under the postulated redox conditions. Besides redox 
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equilibria, redox kinetics need to be considered, in particular with regard to the 
precipitating uranium phase (see discussions in Section 4.1.3, Wersin et al. 
2013a). For U, the main uncertainties arise from the uncertainty in the stability 
of uranyl carbonate complexes and in the redox conditions affecting oxidation 
states. However, as pointed out by Wersin et al. (2013a), there are strong 
experimental indications that U(IV) is stabilised in the reduced iron rich canister 
environment, and that U(VI), having possibly been generated by radiolysis in the 
fuel, will be reduced to an insoluble UO2 form released from the fuel into the 
canister. UO2 in the amorphous form (UO2:H2O(am)) from the 
ANDRA/Thermochimie database is selected as the solubility controlling phase. 
According to the thermodynamic calculations, U(OH)4 is the predominant 
species for all waters except for the brackish and dilute, carbonate-rich and 
glacial water types, where uranyl carbonate complexes dominate. This is 
because of the thermodynamically predicted stabilisation of U(VI) in alkaline 
waters and high carbonate contents under the expected reducing conditions. 

 Plutonium occurs in the tri- and tetravalent oxidation states in reducing 
environments. Its solubility is controlled by the tetravalent Pu oxide PuO2 (s) 
over a wide range of redox conditions. For conservative reasons, the hydrous 
plutonium oxide PuO2:2H2O(am) is selected as the solubility limiting phase. The 
calculations indicate the trivalent species Pu(SO4)

+ and Pu(CO3)
+ as dominant 

aqueous species for most waters. In alkaline waters, the tetravalent Pu(OH)4 
species predominates. 

 Most C-14 released from the spent fuel and the zirconium-based cladding is 
expected to occur in organic form (C(IV)). There is significant uncertainty with 
regard to the organic C-14 species released from the waste and the activated 
metals of the canister (Johnson & Schwyn 2008). In the majority of calculation 
cases, the solubility of organic carbon species is assumed to be unlimited. This is 
a conservative assumption, provided the organic carbon species are not gaseous. 
The alternative possibility that organic carbon, as methane gas, is transported 
with hydrogen gas generated by corrosion of the insert is addressed in the 
calculation cases GAS-FC, GAS-FC-ALLPOS, GAS-SC and GAS-SC-ALLPOS 
(see Section 7.2 of the present report and, for more details, Section 12.3 of 
Assessment of Radionuclide Release Scenarios for the Repository System). 
Furthermore, inorganic carbon may also be present, which could undergo limited 
solubility and sorption in the buffer and backfill. This possibility is considered in 
the PSA (Cormenzana 2013), where it is found that the speciation of carbon has 
a strong effect on C-14 releases from the near field and to the surface 
environment. The solubility of inorganic carbon is fixed through the dissolution 
of calcite. All canister waters and groundwaters are saturated with calcite. 

 Radium is chemically very similar to barium and occurs environmentally only in 
the divalent oxidation state. Therefore, it associates with solids, including 
barium, by forming solid solutions. In particular, the co-precipitation of Ra with 
Ba and the formation of (Rax,Ba1-x)SO4 solid solutions33 is well established, and 

                                                 
 

33  x is the mole fraction of Ra in the solid solution. 
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this is the selected solubility determining solid in the waters. For radium, the 
case of solubility determined by the solid solution end member RaSO4 was also 
calculated. Radium is predominantly present as Ra(II) or RaSO4 in the water 
types of interest. 

 Selenium may occur in many oxidation states: VI, IV, 0, -I, -II. Under reducing 
conditions, Se(O), and Se(-II) prevail due to their thermodynamic stability under 
these conditions (Séby et al. 2001). As noted in Wersin et al. (2013a), 
experimental data indicate that, in spite of uncertainties in the reduction process, 
the reduction of oxidised Se species to insoluble reduced species in the canister 
environment for the periods of interest is very likely to occur. Thus, it is justified 
to estimate Se solubilities from thermodynamic considerations. Under the Eh 
conditions defined, Se(-II) is the stable form, albeit the anionic HSe- species. 
Solubility control is exerted by the very insoluble FeSe2. 

 The solubility of molybdenum is dependent on the pH and the redox potential of 
the water. Under the postulated Eh conditions, the hexavalent state predominates 
in solution. Despite this, the solubility of molybdenum at near-neutral pH is 
controlled by MoO2(s). Mo is predominantly present as molybdate (anionic) in 
all waters. 

 Technetium is a redox sensitive element with prevailing oxidation states of +VII 
and +IV in natural waters. Under reducing conditions, the tetravalent state is 
thermodynamically stable and its solubility is controlled by Tc(IV) hydroxides, 
which have an extremely low solubility. On the other hand, Tc(VII) forms 
soluble anionic species and is highly mobile. The reduction of Tc(VII) in the 
presence of reduced iron (e.g. magnetite) is rapid, as has been experimentally 
shown (Cui & Eriksen 1996, Lee & Bondietti 1983). Thus, the assumption of 
rapid reduction of Tc(VII), released from the fuel via radiolysis, to Tc(IV) is 
deemed justified.  

 According to thermodynamic predictions, metallic palladium is the most 
insoluble form (Berner 2002). The formation of this phase may, however, be 
kinetically restricted. In this case, Pd(II) oxide or hydroxide will form. Here, a 
conservative assumption of the formation of the more soluble hydrated phase 
Pd(OH)2(s) over the oxide PdO2(s) is used. The divalent redox state is the only 
stable form under the conditions of interest. Pd is predominantly in neutral form 
in the waters, except for brine water where the anionic form is predominant. 

Table 7-10 shows the oxidation state and speciation for all elements analysed in the 
Reference Case of the base scenario, as well as variant (sensitivity) cases of the base 
scenario. Note that the elements having anionic speciation in Table 7-10 include all true 
and non-sorbing anions (Se(-II), iodide and chloride). They do not, however, include 
labile radionuclide complexes that are negatively charged (e.g. negatively charged 
hydroxo- or carbonate radionuclide complexes formed by Th) or sorbing anions such as 
molybdate that are not expected to be subject to anionic exclusion, and are thus treated 
in the same way as cationic or neutral species in modelling transport through the buffer 
and backfill in the Reference Case (see Wersin et al. 2013a, b). 
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Solubility limits 

Solubility limits for all radionuclides have been calculated for each component of the 
near field and for different groundwater types (see Tables D-5, E-4, and F-3 in 
Appendices D, E and F and for the buffer/rock interface, see Table I-6 in Appendix I). 
For each element, a cautious upper solubility limit for the canister interior has been 
proposed, taking into account formal uncertainty (calculated from the thermodynamic 
uncertainties of the solid phase and the dominant solution species) and geochemical 
uncertainty (given by the bounding water compositions). For the deterministic 
calculations, however, the same elemental solubilities have been applied inside a 
defective canister as throughout the remainder of the repository near field (not 
necessarily the same as the values derived specifically for the canister interior), see e.g. 
Table 7-11 for the Reference Case values. The cautious approach used to set these 
values is described in Section 7.5.2 (“Output: solubility limits used throughout the near 
field”). 

The solubility limits have been calculated based on the thermodynamic database 
ANDRA/Thermochimie v.7b at 25 °C. For certain key radionuclides, calculations have 
been carried out with an alternative database (e.g. Nagra/PSI database). In the case of 
high salinity waters (brine waters), calculations with the alternative SIT (Specific 
Interaction Theory) method for ionic strength corrections for some selected elements 
have been carried out (Th, U, Pu, Am/Cm). For radionuclides where no reliable data are 
available (e.g. Cs, Sr), solubility is estimated based on chemical analogues or by a 
“qualified guess” based on expert judgement.  

7.5.2 Key data for the base scenario 

Water compositions 

Four sets of near-field reference and bounding waters have been defined and used as 
input data for speciation and solubility calculations:  

 Waters at the bentonite/host rock interface. These correspond to the reference 
groundwaters equilibrated with calcite and quartz at a temperature of 25 °C (see 
Table 6-12, based on Wersin et al. (2013a, Table C-1 and Chapter 2)). 

 Bentonite porewaters. Porewaters were calculated by assuming thermodynamic 
equilibration of the groundwaters with bentonite (see Table E-2 in Appendix E, 
based on Appendix C of Wersin et al. 2013a). 

 Canister water. Canister water was calculated by assuming equilibration of the 
bentonite porewater with the main canister corrosion product, namely magnetite 
(see Table D-4 in Appendix D, based on Appendix C of Wersin et al. 2013a). 
This results in low redox potentials controlled by the magnetite/Fe2+ 
equilibrium.  

 Backfill porewater. Porewaters were calculated by assuming thermodynamic 
equilibration of the groundwaters with an averaged backfill consisting of 
Friedland clay blocks (tunnel), Milos granules (foundation bed) and Milos 
pellets (wall, roof) (see Table F-2 in Appendix F and Chapters 5, 6 and 7 of 
Wersin et al. 2013b).  
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The reference and bounding groundwaters discussed in Section 6.2 have been 
considered. For the base scenario and reference scenario, the brackish reference water 
was selected (see discussion in Section 6.2 and Table 6-13).  

An implicit assumption in the calculations for the bentonite porewater was that no 
sulphate reduction would occur and that sulphate can be decoupled from redox 
reactions. This is justified by the fact that microbially induced sulphate reduction is 
known to be limited in compacted bentonite. The sulphide is assumed to be provided by 
the surrounding groundwater. For the derivation of radionuclide solubilities, the 
bentonite porewater compositions without sulphide were considered. For a number of 
transition metals forming insoluble sulphides (e.g. Ni), the absence of the sulphate-
sulphide reaction results in higher (and thus more pessimistic) solubilities. For some 
elements (e.g. Sr, Ra) forming insoluble sulphate phases, the opposite effect, namely 
increasing solubility upon sulphate reduction would arise. However, from the large 
range of sulphate concentrations in the reference and bounding waters considered, the 
omission of sulphate reduction is not expected to lead to an underestimation of 
solubilities for these elements. No information on phosphate concentrations in the 
groundwaters is available, but they are expected to be very low. Formation and 
precipitation of RN-phosphates are therefore conservatively omitted from the solubility 
calculations. 

Another assumption for the reference bentonite waters or “canister” waters used to 
derive radionuclide solubilities and sorption values was that organic carbon can be 
omitted. The expected concentrations are low, although there is considerable uncertainty 
with regard to the actual levels and nature of organic compounds. The possible effects 
of humic substances on the migration parameters have been discussed in Wersin et al. 
(2013a). 

Speciation data for the Reference Case and the variant of the base 
scenario 

The oxidation state and speciation for all elements are the output of the model above 
and they are used in the Reference Case of the base scenario and in sensitivity cases of 
the base scenario (see Table 7-10). 
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Table 7-10. Reference-case oxidation states and dominant charge of the species in the 
reference (brackish water) and bounding groundwaters. Negatively charged species are 
highlighted in pink. Alternative assumptions about charges are also given, they are 
discussed in Section 7.5.3. 

Element 
Dominant charge of the element 
(Reference Case) 

Alternative assumption 
on the charge  

Ag(I) 

Cationic or neutral 

Anionic 

Am(III)  

Be(II)  

Corg  

Cl(-I) Anionic  

Cm(III) 
Cationic or neutral 

 

Cs(I)  

I(-I) Anionic  

Mo(VI) 

Cationic or neutral 

Anionic 

Nb(V) Anionic 

Ni(II)  

Np(IV)  

Pa(V)  

Pd(II)  

Pu(III, IV)  

Ra(II)  

Se(-II) Anionic  

Sm(III) 

Cationic or neutral 

 

Sn(IV)  

Sr(II)  

Tc(IV)  

Th(IV)  

U(IV,VI)  

Zr (IV)  

 

Application of the solubility limits in the near field for the Reference Case 

To simplify the radionuclide release, retention and transport analysis of all deterministic 
calculation cases, the same solubility limits have been applied in all parts of the near-
field model domain. For the analysis of calculation cases involving an initial penetrating 
defect that remains unchanged over time, the solubility limits are chosen on the basis of 
the following cautious principles. 

 Elements not having isotopes produced by radioactive ingrowth 

The highest concentrations of these elements will be present in the internal void space 
of the canister. Thus, if the solubility limits in the buffer or backfill are not significantly 
lower than those in the internal void space of the canister, concentrations in the buffer or 
backfill will never reach the solubility limits. Solubility limitation of concentration will 
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thus only occur in the internal void space of the canister, and solubility limits in the 
buffer and backfill can be set to the same values as in the internal void space of the 
canister without affecting the results. On the other hand, if the canister interior solubility 
limit is the highest, it is cautious to use this value for the buffer and backfill as well, 
assuming any precipitates formed in the buffer and backfill remain immobile. 

 Elements having isotopes produced by radioactive ingrowth 

For these elements, it is cautious to use the highest value among those for the canister 
interior, buffer and backfill in all three parts of the near-field domain, again assuming 
any precipitate formed in the buffer and backfill remains immobile. Thus, for each 
element, the solubility limits is set according to either the value for the canister interior, 
the value for the buffer or the value for the backfill, with the values for the other two 
domains not entering directly into the calculations (any errors in the values set for these 
other two domains are thus not relevant to the calculations, provided they do not affect 
the application of the principles). In a few cases, however, these principles were not 
correctly followed (see Tables E-4 and F-3). The effect of the discrepancies noted in the 
solubility limit tables on the release rates of the affected nuclides has been checked in 
Appendix M (see Table M-1).  

Near the interface with the host rock, buffer porewater is likely to have transitional 
compositions between those of the bulk of the buffer and that of the groundwater. The 
composition of the porewater at the buffer/rock interface is given in Appendix E, Table 
E-3. However, for modelling purposes, the same solubilities are applied throughout the 
buffer (and throughout the near field in the case of the deterministic calculations), and 
no solubility limitation is modelled in the geosphere. The omission of geosphere 
solubility limitation is expected to have negligible impact, or to err on the side of 
caution. In particular, in cases where the geosphere solubility of an element is higher 
than the near-field solubility, near-field releases are unaffected by applying the near-
field solubility limits at the interface. In cases where the geosphere solubility of an 
element is lower than the near-field solubility, near-field releases will tend to be higher 
if near-field, rather than geosphere, solubility limits are applied at the interface − i.e. the 
assumption is cautious. Furthermore, applying (a lower) geosphere solubility at the 
interface could lead to an under-estimation of near-field releases, since it implies that 
any precipitates formed at the interface because geosphere solubility limits are exceeded 
would be immobile, whereas, in reality, they could form mobile, intrinsic colloids. 
Applying the near-field solubility limits at the interface is equivalent to assuming 
cautiously that any such precipitates are mobilised as colloids, but redissolve a short 
distance into the geosphere as a result of dilution.  

Reference-case solubility limits (also used for other calculation cases for brackish 
groundwater and canister failure due to an initial penetrating defect) as well as those 
derived for the internal void space of the canister, buffer and backfill are given in Table 
7-11. These are based on the oxidation states and speciation for the internal void space 
of the canister, buffer and backfill given in Table 7-10. The oxidation states and 
speciation taken into account when defining solubility limits in different parts of the 
near-field are also used to define the sorption/diffusion data in the buffer and backfill 
(see Sections 7.6 and 7.7). 
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Table 7-11. Solubility limits used throughout the near field in the Reference Case 
assuming brackish water, and the solubility limits for the internal void space of the 
canister, buffer and backfill from which they are derived. “Unlimited” indicates that no 
solubility limit is applied in radionuclide release, retention and transport calculations. 
Values selected for the Reference Case are highlighted in pink.  

Element 

Solubility limits [mol/L] 

Canister 
internal void 
space 

Buffer Backfill 
Reference Case  
(Brackish water) 

Ag(I) 5.10E-06 1.40E-05 1.02E-05 5.10E-06 

Am(III) 6.00E-06 6.30E-06 1.12E-05 1.12E-05 

Be(II) 4.39E-06 5.99E-06 5.71E-06 4.39E-06 

Corg  Unlimited 

Cl(-I)  Unlimited 

Cm(III) 6.00E-06 6.30E-06 1.12E-05 6.00E-06 

Cs(I)  Unlimited 

I(-I)  Unlimited 

Mo(VI) 2.40E-06 3.70E-08 4.68E-08 2.40E-06 

Nb(V) 1.90E-07 1.50E-07 1.47E-07 1.90E-07 

Ni(II) 8.30E-04 1.50E-03 1.73E-03 8.30E-04 

Np(IV) 1.00E-09 1.00E-09 1.01E-09 1.01E-09 

Pa(V) 1.00E-08 1.00E-08 1.00E-08 1.00E-08 

Pd(II) 3.90E-06 3.90E-06 3.83E-06 3.90E-06 

Pu(III, IV) 4.30E-10 5.70E-09 6.32E-09 6.32E-09 

Ra(II) 6.70E-11 4.80E-11 3.24E-11 6.70E-11 

Se(-II) 5.90E-11 4.30E-10 2.79E-10 5.91E-11 

Sm(III) 3.60E-07 5.30E-07 7.16E-07 3.60E-07 

Sn(IV) 6.30E-08 5.90E-08 5.84E-08 6.30E-08 

Sr(II) 7.40E-04 6.70E-04 3.55E-04 7.40E-04 

Tc(IV) 3.90E-09 3.80E-09 3.78E-09 3.90E-09 

Th(IV) 4.20E-09 3.60E-09 3.49E-09 4.20E-09 

U(IV, VI) 2.40E-08 3.70E-09 3.81E-09 2.40E-08 

Zr(IV) 1.80E-08 1.40E-08 1.72E-08 1.80E-08 

 

The solubility limits for the interior of the canister corresponding the bounding 
groundwaters are presented in Table D-5. Solubility limits for the buffer porewater are 
in Table E-4, those for backfill porewater in Table F-3, and those at the buffer/rock 
interface are presented in Table I-6.  During the compilation of the present report and 
other background reports, a few discrepancies were found in the solubility limits that 
were used in the Assessment of Radionuclide Release Scenarios for the Repository 
System. These discrepancies are listed in the footnote of Table E-4. The effect of the 
most significant of these discrepancies was checked through additional radionuclide 
release, retention and transport calculations reported in Appendix M. The results show 
that none of these discrepancies lead to significant differences in the overall releases. 
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7.5.3 Approach for modelling the scenarios including alternative speciation 
and solubility limits 

Within the base scenario, alternative near-field and geosphere speciations have been 
considered in the BS-ANNFF calculation case (see Section 8.2 of Assessment of 
Radionuclide Release Scenarios for the Repository System), which addresses the 
possibility that radioisotopes of silver, molybdenum and niobium are present in anionic 
form, in addition to iodine, chlorine and selenium, which are assumed anionic in all 
cases. The motivation behind the case is that the speciation of silver, molybdenum and 
niobium is uncertain in the near and far field. For Ag speciation see Sections 4.3.7 
(Wersin et al. 2013a) and Section 3.3.7 in Wersin et al. (2013b), and Chapter 15 in 
Hakanen et al. (2013); for Mo, see Sections 4.3.4 (Wersin et al. 2013a) and Section 
3.3.4 in Wersin et al. (2013b) and Chapter 13 in Hakanen et al. (2013); for Nb, see 
Sections 4.3.3 (Wersin et al. 2013a) and 3.3.3 in Wersin et al. (2013b) and Chapter 15 in 
Hakanen et al. (2013). In all calculation cases, anions are assumed to diffuse without 
retardation by sorption through accessible pore space in the buffer and backfill, 
although the rate of diffusion is reduced compared with other migrating species due to 
anion exclusion. 

The model parameter values that differ from those of the Reference Case are the 
accessible porosity for the buffer and backfill and the effective diffusion coefficient. 
The different parameters were applied to metal anionic complexes which in BS-ANFF 
are assumed to behave as "true" anions rather than labile metal complexes. For Ag-
108m, Mo-93, Nb-91, Nb-92, Nb-93m and Nb-94 in the buffer, the porosity is reduced 
from 0.43 (diffusion available porosity for neutral species and cations, see Table E-5) in 
the Reference Case to 0.08 (diffusion available porosity for anions in brackish water, 
see Table E-5) in BS-ANNFF. In the backfill, the reduction is from 0.38 (value for 
neutral species and cations, see Table F-4) in the Reference Case to 0.07 (value for 
anions in brackish water, see Table F-4) in BS-ANNFF. Their effective diffusion 
coefficient in the buffer is reduced from 1.3 ·10-10 m2/s (value for neutral species and 
cations, see Table E-5) in the Reference Case to 7.8·10-12 m2/s (value for anions in 
brackish water, see Table E-5) in BS-ANNFF. In the backfill, the reduction is from 
9·10-11 m2/s (value for neutral species and cations, see Table F-4) in the Reference Case 
to 7.4·10-12 m2/s in BS-ANNFF (value for anions in brackish water, see Table F-4). The 
sorption distribution coefficient (Kd) for these radionuclides in the buffer, the backfill 
and the geosphere is assumed to be zero in BS-ANNFF (i.e. no sorption). All other 
parameter values are identical to those of the Reference Case. 

In addition to the base scenario case BS-ANNFF, several other calculation cases of the 
variant and disturbance scenarios, as well as complementary cases, have been calculated 
using different assumptions for solubility limits linked to the different groundwater 
types considered in these cases. The solubility limits defined for porewaters in the 
internal void space of the canister, the buffer and the backfill then reflect the different 
groundwater types applied to each calculation case, as described below. 

The effect of the presence of highly alkaline water in the case of an enlarging canister 
defect/degradation of the buffer around a defective canister has been studied in 
Assessment of Radionuclide Release Scenarios for the Repository System (Section 10.1). 
Highly alkaline water is a potential cause for the partial degradation of the buffer and it 
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affects also the transport properties (solubility limits, diffusion and sorption parameters) 
of the radionuclides. Case VS1-HIPH-NF takes into account the presence of highly 
alkaline water in the repository near field only. Case VS1-HIPH considers highly 
alkaline water in the near field and geosphere. Separate solubility limits have been 
derived for highly alkaline waters as shown in Tables D-5, E-4 and F-3 in Appendices 
D, E and F. Figure 7-11, which is taken from Figure 10-5 of Assessment of 
Radionuclide Release Scenarios for the Repository System, shows the impact on 
solubility limits of highly alkaline canister water compared with the solubility limits in 
brackish waters, which are used in the Reference Case. 

The figure shows, for example, that the solubility of Ni is considerably higher for 
brackish water than it is for highly alkaline water, which has an impact on the release 
rates of Ni-59 in the highly alkaline water cases considered in Assessment of 
Radionuclide Release Scenarios for the Repository System. 

In the scenario taking into account corrosion failure followed by buffer erosion 
(scenario VS2, Section 10.2 in Assessment of Radionuclide Release Scenarios for the 
Repository System), solubility limits vary with time, alternating between values for 
brackish water and, when low ionic strength water is assumed to be present at repository 
depth, values for glacial water. For each water type, near-field solubility limits are 
cautiously set to the values given for the internal void space of the canister (Table D-5) 
if these are higher than the values for the buffer (Table E-4), or to the buffer values if 
these are higher (note that only the F-pathway is modelled in this scenario, so backfill 
solubility limits are not relevant). 

 

Figure 7-11. Element-specific solubility limits in the internal void space of the canister 
for brackish and highly alkaline waters (Figure 10-5 of Assessment of Radionuclide 
Release Scenarios for the Repository System). 
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For the accelerated insert corrosion scenario (AIC, Section 11.1 of Assessment of 
Radionuclide Release Scenarios for the Repository System), the near-field solubility 
limit for each element is cautiously set to the value given for internal void space of the 
canister (Table D-5), the value for the buffer (Table E-4), or the value for the backfill 
(Table F-3), whichever is the higher. Note that, once the transport resistance of the 
defect is lost, it can no longer be assumed that the highest concentrations of an element 
will be in the internal void space of the canister, as it was in the Reference Case in the 
case of elements not having isotopes produced by radioactive ingrowth (Section 6.4.3 of 
Assessment of Radionuclide Release Scenarios for the Repository System). 

For the earthquake and rock shear scenario (RS, Section 11.2 of Assessment of 
Radionuclide Release Scenarios for the Repository System), solubility limits are 
assumed to be those for brackish water, i.e. no penetration of glacial meltwater to 
repository depth and no chemical erosion of the buffer are assumed. On the other hand, 
for the rock shear followed by buffer erosion scenario (RS-DIL, Section 11.3 of 
Assessment of Radionuclide Release Scenarios for the Repository System), the 
groundwater composition in the near field is assumed to alternate between brackish and 
glacial, with glacial water present for limited periods during glacial retreat, resulting in 
time-dependent solubility limits (in addition to other chemistry-related retention and 
transport parameters). For each water type, near-field solubility limits are cautiously set 
to the values given for the internal void space of the canister (Table D-5) if these are 
higher than the values for the buffer (Table E-4), or to the values for the backfill (Table 
F-3) if these are higher. The eroded buffer is assumed to maintain its colloid filtration 
function, such that solubility limits can be applied in the internal void space of the 
canister (see, however, the discussion of intrinsic colloids below). 

The potential effect of the bounding brine water on radionuclide retention and transport 
in the near field is analysed in complementary calculation cases (CS1-BRINE and CS1-
BRINE-V, see Section 12.1.1 of Assessment of Radionuclide Release Scenarios for the 
Repository System). Brine water is not considered elsewhere in Assessment of 
Radionuclide Release Scenarios for the Repository System since it is unlikely that such 
water will ever reach the repository. The effect of brine water can be seen only in 
relation to the long-term release (after a few tens of thousands of years) due to the 
higher contribution from Ra-226. This is attributable to the lower sorption of Ra-226 in 
the buffer for brine compared with the other water types in the near field and geosphere, 
as illustrated in Figure 9-34 of Assessment of Radionuclide Release Scenarios for the 
Repository System. The peak release, however, is still dominated by C-14 and is the 
same for all the groundwater and porewater types considered. 

For the case considering the possibility of intrinsic colloid release (case CS3-COLL 
Section 12.2.3 of Assessment of Radionuclide Release Scenarios for the Repository 
System), the solubility limits for Am, Be, Cm, Np, Pa, Pu, Sm, Sn, Tc(IV), Th, Zr and U 
are cautiously disregarded (along with their near-field distribution coefficients). 
Intrinsic colloids can be formed if the solubility limit is exceeded and the precipitated 
compound is polymerised. This can occur for strongly hydrolysing elements. Intrinsic 
colloids can also be formed due to erosion of materials in amorphous form. Other 
elements, such as Ra, are weakly hydrolysed. Ra is less than 0.01 % hydrolysed in 
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groundwater, and the speciation is dominated by sulphate or carbonate complexes. The 
formation of intrinsic colloids can thus be excluded for these other elements. 

Geosphere retention and transport are not calculated in case CS3-COLL. In general, 
disregarding near-field sorption and not applying solubility limits is a cautious approach 
to the treatment of intrinsic colloids (see below). The results show that, even if intrinsic 
colloids are released from the near field, the maximum normalised release rate to the 
surface environment would remain below the regulatory geo-bio flux constraint, 
provided that the number of failed canisters is less than around ten. 

As in other deterministic calculations, to simplify the radionuclide release, retention and 
transport analysis, the same solubility limits have been applied in all parts of the near-
field model domain (canister, buffer and backfill). For each water type, near-field 
solubility limits are cautiously set to the values for the internal void space of the canister 
if these are higher than the values for the buffer, or to the buffer values if these are 
higher. 

7.5.4 Confidence in the model and data 

For safety assessment, it is important to carry out calculations under cautious 
assumptions. For this purpose, upper (solubility) limits were used that address both 
“thermodynamic” and “geochemical” uncertainty.  

Treatment of the thermodynamic uncertainty 

The formal thermodynamic uncertainty (formal uncertainty in the following) is 
estimated from the uncertainty in the solubility constant and that of the main species in 
solution. If the required uncertainty data are available and the different uncertainties of 
the logK constants are independent, the Gaussian error propagation method can be used 
(Grenthe et al. 1992). A simplified form of the general formula for error propagation is 
given in Equation 7-3. 

 

7-3

The formula to calculate the standard deviation  can be simplified if the resulting 
variable X is a function of the sum of the variables Yi. 

 
7-4

The total concentration of a radionuclide is the result of summing up the distribution of 
the total solubility over different complexes. Therefore, the error propagation is 
calculated by summing up the uncertainties of the solubility product of the solubility 
controlling phase, and the formation constant of the main aqueous complexes (minor 
complexes are omitted as a model simplification). 

2

1

2 














N

i
Yi

i
x Y

X 

   22
2

1
2

2211 21
     : YYx ccYcYcX  



538 

 

 

It should be emphasised that, in many cases, these uncertainties are highly correlated 
(e.g. Hummel & Berner 2002) and thus the error propagation often leads to an 
overestimation of the uncertainty in total dissolved concentration. Identification of such 
correlations requires inspection beyond the thermodynamic database and careful 
evaluation of the original experimental data.  

The “thermodynamic” uncertainty also depends on the quality of the selected data in the 
database itself. For example, it includes various types of uncertainties, such as the 
extrapolation procedure of the original experimental data to zero ionic strength and the 
omission of relevant complexes or other types of errors in data processing for the 
database. This has been qualitatively considered by also applying the Nagra/PSI 
database for selected radionuclides where the underlying thermodynamic data differ.  

The logK uncertainty induced by the extrapolation method from zero to the ionic 
strength of the water also needs to be addressed. In the ANDRA/Thermochimie 
database, the logK data for charged species are extrapolated by the Davies equation and 
for uncharged species by the Setchenow equation (ANDRA 2009, Parkhurst & Appelo 
1999). The error induced by the ionic strength extrapolation is largely accounted for in 
the reported logK uncertainty up to an ionic strength of about 0.3 M, thus for all waters 
except for the brine water. For this water, the error induced by using the Davies method 
has been qualitatively evaluated for selected radionuclide (Th, U, Pu, Am) by using the 
SIT data in the ANDRA/Thermochimie database, available in version 2.17 of 
PHREEQC (USGS 2010). For many elements, the “thermodynamic” uncertainty is less 
significant than the “geochemical” uncertainty, i.e. the uncertainty resulting from 
variations in chemical composition, discussed below.  

Treatment of the geochemical uncertainty 

The geochemical uncertainty depends on the timing of the scenario considered and the 
uncertainty in estimated chemical evolution of the geosphere. The uncertainty in 
geochemical conditions (in particular pH, Eh, CO2 concentration) is treated, to a large 
extent, by defining the reference and bounding groundwaters as a function of evolving 
climatic conditions.  

An aspect that cannot be fully treated in this manner is related to the redox conditions. 
A number of key nuclides (e.g. U, Pu, Se) are highly sensitive to Eh conditions, in terms 
of redox potential and reducing capacity of the system. In addition, the reactivity of 
redox active surfaces may strongly affect the kinetics of precipitation. Thus, both 
thermodynamic and kinetic factors need to be considered for such radioelements. 
Recent work on the reduction of soluble oxidised U, Np, Tc and Se and precipitation to 
insoluble solids in canister-like environments has been summarised to support 
thermodynamic calculations (Wersin et al. 2013a). Uncertainties related to the omission 
of potential complexation of organic substances are discussed in a qualitative manner in 
Section 5.2 of Wersin et al. (2013a). 

Treatment of the uncertainty due to the omission of Ca, Mg uranyl carbonates  

Recently, stability constants for ternary alkaline earth (Ca, Mg) uranyl carbonate 
complexes have been reported (Dong & Brooks 2006, 2008) that are not implemented in 
the NEA thermodynamic database (TDB) and not included in the 
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ANDRA/Thermochimie database. The updated NEA TDB for uranium (Guillamont et 
al. 2003) noted these complexes, but did not accept them in the TDB. Including these 
data leads to strongly increased solubilities, in particular for the brackish water (310-6 
M). Such high solubilities are not in line with uranium concentrations inferred from 
natural analogue studies, which are usually below 10-7 M (see e.g. Wersin & Schwyn 
2004). Because of this mismatch, these complexes are not included in the derivation of 
the recommended solubility data. There remains uncertainty with regard to the 
relevance of ternary calcium uranyl carbonate complexes for Olkiluoto-type waters. To 
address the effect of this uncertainty, a bounding calculation has been carried out in 
Section 12.2.3 of Assessment of Radionuclide Release Scenarios for the Repository 
System (case CS3-COLL), for which the near-field distribution coefficients of U is 
cautiously set to zero and its solubility limit disregarded. The results (see Figure 12-6, 
ibid.) show that even in this case, the maximum normalised release rate to the surface 
environment are four orders of magnitude below the regulatory geo-bio flux constraints. 

Treatment of the uncertainty in the nature of the solubility limiting solid 

A major uncertainty related to the thermodynamic approach relates to the nature of the 
solubility-limiting solid. This poorly constrained uncertainty was taken into account for 
many radionuclides by conservatively considering kinetically favoured less crystalline 
hydroxide solids. Also, the possibility of solid solution formation was neglected in view 
of large inherent uncertainties in applying this approach to the EBS system. An 
exception is Ra, where sufficient experimental and natural analogue evidence is 
available to support its co-precipitation and solid solution formation with Ba sulphate. 

Treatment of uncertainty related to the temperature 

The application of the data calculated at 25 °C to higher temperatures represents a 
model simplification. Between 1000 years (minimum time required to fill an initially 
defective canister) and 10,000 years after closure, temperatures between 20 and 50 °C 
are expected in the buffer (see Figure 6-55) and even lower in the backfill (Pastina & Hellä 2006). 
For the canister, the temperature is higher in the very early evolution stage and this has an effect 
on the solubility limits. However, the error introduced in neglecting temperature 
dependence in solubility and sorption data in this temperature range is assumed to be 
smaller than the error that would have been introduced by using thermodynamic 
calculations at non-standard temperatures with significant gaps in enthalpy data for 
important solids and complexation or hydrolysis reactions. For sorption data, the lack of 
temperature-dependent data is even more pronounced. 

On the other hand, available recent experimental data indicate a significant temperature 
effect on complexation and hydrolysis reactions of actinides and lanthanides. For 
example, increasing complexation with increasing temperature was observed for 
Pu(IV)-F complexes (Moore 2011), the Cm(CO3)3

3- complex (Vercouter et al. 2005), 
Pa(V)-sulphate complexes (Di Giandomenico & Le Naour 2009) and various 
actinide/lanthanide complexes with organic ligands (summarised in Skerencak et al. 
2009), whereas Rao & Tian (2011) found only a small temperature effect on the 
formation of CmNO3

2+ complexes. It should be noted, however, that none of these 
complexes play an important role under in situ conditions, and thus does not have any 
impact on the calculated solubilities at 25 °C. An enhancement of hydrolysis with 
increasing temperature for Pu(VI) has been described by Rao et al. (2011) and for Pa(V) 
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by Trubert et al. (2002, 2003), resulting in a larger proportion of the less soluble neutral 
hydrolysed species at higher temperature. Thus, the effect of temperature on solubilities 
will be radionuclide specific and needs more consideration in the future but as discussed 
above, the simplification of neglecting the temperature dependency in the calculated 
solubility data is likely not to have a significant impact on the assessment given the 
limited temperature variations in disposal conditions. Based on the same arguments, 
temperature dependence on solubilities and sorption values are not considered in other 
safety assessments, e.g. SR-Site (SKB 2011) and Nagra (2002). 

Treatment of uncertainties in the solubility of organic carbon 

Organic carbon is not considered in reference bentonite waters or “canister” waters used 
to derive solubility limits, due to the expected low concentration. There is uncertainty in 
the effect of dissolved humic substances (HS) from the groundwater on speciation and 
solubility because of the lack of site-specific data. As a first estimate, the findings of 
Hummel et al. (2000), applying a “conservative roof” approach can serve as guidance. 
In this approach, a conservative and simple equilibrium model is proposed from a 
number of metal-humate complexation data. Effects of humate sorption or competition 
with other cations are conservatively ignored in the model. Analysing the situation for 
Swiss groundwaters, Hummel et al. (2000) concluded that significant effects on 
speciation are limited to trivalent lanthanides and actinides for HS concentrations in the 
ppb range. For HS concentrations of 10 ppb, complexation of HS with Eu could − for 
low carbonate waters − lead to an increase in solubility or decrease in sorption of about 
one order of magnitude or less. The results from a recent experimental study on Eu 
binding by natural dissolved organic matter in Opalinus Clay (Courdouan et al. 2008) 
indicated an increase in solubility of 510-8 M, representing about 30 % of total 
dissolvable Eu. For the Olkiluoto case, the effect of groundwater-born humic substances 
on solubilities is expected to be minor except for trivalent lanthanides and actinides, 
despite the lack of knowledge of the nature of dissolved organic matter. Because of the 
conservative uncertainty treatment and the corresponding large range of solubilities for 
these trivalent elements, it was considered justified to ignore the potential complexation 
effects of HS. Further details on the possible effects of humic substances on the 
migration parameters have been discussed in Wersin et al. (2013a). 

Treatment of the overall uncertainty 

The estimation of overall uncertainty is a difficult task and depends strongly on the 
information available and the specific characteristics of the radioelement. Moreover, as 
noted above, the water composition is not constant with time, but is influenced by 
climatic evolution. To handle these uncertainties, it is important to present a 
“pessimistic” estimate or “upper limit” for solubility data which accounts for both data 
and conceptual uncertainty (e.g. Andersson 2000) and a “best estimate” (termed 
“reference values” here). This is not a trivial task and requires, besides a transparent and 
traceable treatment, a certain amount of (subjective) expert judgment (e.g. Berner 2002, 
Wersin & Schwyn 2004). Because of the large uncertainty in the climatic evolution, one 
(pessimistic) upper limit has been proposed for all times. For most elements, this upper 
limit corresponds to the highest solubility in the reference and bounding groundwaters 
considered, taking into account the formal uncertainty. In cases where this resulted in 
unrealistically high solubilities, an element-specific procedure based on geochemical 
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reasoning was adopted. Thus, for some elements (e.g. Am, Sn), only the “geochemical” 
uncertainty was considered, rather than the formal (thermodynamic) uncertainty. 

The assumptions and data in the report, in draft state, by Wersin et al. (2013a) 
discussing the solubility, diffusion and sorption in the near field of the canister, buffer 
and the buffer/rock interface were subject to expert elicitation (see Appendix L). The 
elicitation process resulted in a list of specific comments taken into account in finalising 
the report. The elicitation process brought up some fundamental uncertainties related to 
solubility, e.g. the gaps in thermodynamic databases, lack of thermodynamic data at 
high temperatures and adequacy of chemical analogues for selecting the solubility 
limiting solid phases. Feedback from the expert elicitation process was incorporated in 
the final version of the reports. One of the main outcomes of the expert elicitation 
process was that uncertainties remain in the transport parameters for the near field and 
far field. However, the documents that were submitted for expert elicitation were 
considered to represent the state of the art, thus giving confidence in the selected 
approach.  

Impact of the uncertainties in the solubility limits on radionuclide releases 

The impact of the uncertainty in the solubility limits on the Assessment of Radionuclide 
Release Scenarios for the Repository System has been assessed in the PSA (Cormenzana 
2013). In the Monte Carlo simulations used in the PSA, unlike the deterministic 
calculation cases, the canister interior, buffer, backfill and the buffer-rock interface were 
each assigned their own element-specific solubilities. This analysis shows that 
solubilities outside the canister (i.e. in the buffer, at the buffer-rock interface and in the 
backfill) have no effect on peak release rates of any radionuclide in the case where there 
is assumed to be a small hole in the canister that persists throughout the assessment time 
frame (the “hole-forever” case).  

In the case of a small hole enlarging after a given time (the “growing-hole” case), the 
occurrence of smaller solubilities in the buffer porewater or at the buffer-rock interface 
(compared with those inside the canister limits) affects the peak release rates of some 
radionuclides. On the other hand, lower solubilities in the backfill have no effect. These 
observations can be understood as follows. Transport through the defect results in a 
large difference in concentration (a factor of 100 or more) between the internal void 
space of the canister and the buffer close to the defect. This is an effect related to the 
assumed length and diameter of the defect. As a consequence, if the solubility in the 
buffer or any other location outside the canister is smaller than that inside the canister, 
but the difference is less than a factor of 100, the solubility limits outside the canister 
are not reached and only the solubility limit inside the canister can affect the releases (as 
found in the PSA of the hole-forever case). When the small defect grows, 
concentrations inside the canister and in the adjacent buffer are similar and hence the 
lower solubility limits in the buffer porewater can be reached and control the diffusive 
transport through the buffer.  

Due to the importance of C-14 data, the PSA has assessed the impact of uncertainties in 
C-14 speciation (organic or inorganic) on the radionuclide release model results 
(Cormenzana et al. 2013). Due to lack of information on the relative amounts of 
inorganic and organic carbon, the PDFs for the release, retention and transport parameters 



542 

 

 

of carbon have been created giving the same weight to the inorganic and the organic forms. 
In particular, in 50 % of the realisations, C-14 parameters are sampled from the PDFs 
for organic carbon and, in the other 50 % of the realisations, C-14 parameters are 
sampled from the PDFs for inorganic carbon. Inorganic carbon has limited solubility 
and some sorption on the buffer and backfill, whereas organic carbon has unlimited 
solubility and no sorption on the buffer or backfill. In the Reference Case of the 
Assessment of Radionuclide Release Scenarios for the Repository System, carbon is 
assumed to be in organic form and conservatively assumed not to be oxidised in 
microbially induced reactions with sulphate or iron in the rock (dissolved methane).  

Results of the PSA show that the C-14 speciation (and solubility limit) inside the 
canister has an impact on the release rates from the repository system, while its 
solubility in the buffer and in the backfill do not (Section 9.4.2 of Assessment of 
Radionuclide Release Scenarios for the Repository System). The highest C-14 peak 
release rates from the near field and to the environment are obtained in realisations in 
which carbon is in organic form (unlimited solubility and no sorption on buffer, as in 
the Reference Case), while the lowest C-14 peak release rates are obtained in 
realisations in which carbon is in inorganic form (low solubility and some sorption on 
buffer).  

The results of the PSA presented in Cormenzana (2013) show that the uncertainty 
concerning the speciation and hence solubility limit of C-14 has a great impact on the 
radionuclide release and transport results. This uncertainty is handled cautiously in the 
deterministic calculations by assuming that C-14 speciation is purely organic. Research 
is ongoing and further research is planned at the international level to address the 
uncertainty related to C-14 speciation (e.g. EU research project CAST). 

7.6 Modelling radionuclide transport in the buffer  

7.6.1 Approach for modelling the base scenario 

In the base scenario, radionuclide retention and transport in the buffer are assumed to 
take place by aqueous diffusion, retarded by sorption on buffer pore surfaces. If the 
buffer performs according to design, advection can be shown to be so small as to be 
negligible. Gas-related transport is discussed in Section 7.6.4. 

Diffusive transport of the isotope N of element E in the buffer is described by: 

,
, , , Θ  

 

 7-5

   

where: 

,  is the dissolved concentration of the isotope (mol/(m3 solution)), 

 is the element-specific available porosity of the buffer (element-specific to 
account, e.g., for the effects of anion exclusion, see below), 

 is the pore diffusion coefficient of element E (m2/s), 



543 

 

 

N the rate of radioactive decay (1/s), 

Θ  is a radionuclide source term accounting for any radioactive ingrowth from 
parent radionuclides (mol/(m3·s)), 

 is a retardation coefficient for the element E in the buffer, which accounts 
for the distribution of the radionuclide between the aqueous and sorbed 
phases due to sorption, and 

PN,E is the rate of precipitation or dissolution of radionuclide N, 
(mol/(m3solution·s)), to maintain the dissolved concentration at or below the 
solubility limit.  

Buffer pore surfaces, being negatively charged, repel anions. Anion concentrations in 
narrow pores and near to pore surfaces in larger pores are therefore less than those of 
neutral and cationic species, for given concentrations at the boundaries. This “anion 
exclusion” effect is treated in transport modelling by assigning the buffer a lower 
available porosity and lower pore and effective diffusion coefficients when modelling 
anion transport, compared with the values for neutral and cationic species.  

The amount of any element sorbed on buffer pore surfaces is assumed to adjust rapidly 
to changes in aqueous concentration, and to be proportional to this aqueous concentra-
tion at any time; i.e. for transport modelling, linear, equilibrium sorption is assumed, 
quantified by an element-dependent distribution coefficient (Kd). Based on this 

assumption, the retardation coefficient, E
pbR , is given by:  

1
1

 

 

 7-6

here: 

 is the distribution coefficient of element E (m3/kg); 

ρsb is the buffer grain density (kg/m3); 

b  is the total porosity of the buffer (equal to the available porosity in the case 

of neutral species and cations); and 

 is the available porosity of the buffer for element E. 

 

To account for solubility limitation of concentrations, the maximum dissolved 
concentration of isotope N in the buffer is set by scaling the elemental solubility limit by 
the ratio of the total mass of radionuclide N (in solution, sorbed or precipitated) to the 
total mass of all isotopes of an element E (in solution, sorbed or precipitated). 

Radionuclide flux at the canister surface is zero in the direction normal to the surface, 
except at any defect, where the radionuclide mass flow rate is treated using the concept 
of mass transport resistances, and is derived as follows.  
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The steady-state activity flow rate by diffusion through the defect can be calculated 
according to Fick’s first law. 

 

 

 7-7

where: 

Ah is the area of the defect (m2); 

Dh is the effective diffusion coefficient in the material filling the defect (m2/s); 

lc is the length of the defect (m); 

Ci is the activity concentration inside the canister (Bq/m3); 

C1 is the activity concentration at the outer end of the defect (Bq/m3); 

Qch is the resulting equivalent flow rate through the defect (m3/s). 

 

From the outer end of the defect, diffusing species are assumed to spread out radially 
into the buffer. The activity flow rate between two concentric hemispherical surfaces at 
radius rh and a much larger outer radius can be described according to the equation: 

2   7-8

where: 

rh is the radius of the defect in the canister (m); 

C1 is the activity concentration at the mouth of the defect (Bq/m3); 

C2 is the activity concentration at distances into the buffer that are large 
compared with the defect diameter (Bq/m3); and 

Qhm is the resulting equivalent flow rate (m3/s) from the mouth of the defect into 
the buffer. 

The transfer resistances (the reciprocals of the equivalent flow rates) are combined 
according to the “resistors in series” principle to obtain the mass flow rate from the 
internal void space of the canister into the buffer: 

1 1
 

 

 7-9

It is shown in Section 13.5 of Assessment of Radionuclide Release Scenarios for the 
Repository System that the fractional mass transfer rate from the canister to the buffer, 
which is proportional to the equivalent flow rate Qc (m

3/s) in Equation 7-7, is generally 
much less than (and is therefore more significant to overall mass transfer in the 
repository system than) other transfer rates in the repository near field or between the 
repository near field and geosphere.  
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As illustrated in Figure 7-12, radionuclides in the buffer can diffuse vertically upwards 
to the backfilled tunnel and its EDZ (the TDZ-path described in Section 7.1.2), or they 
can diffuse to the outer boundary of the buffer and into the damaged zone that, in the 
base scenario, is assumed to surround the deposition hole, from where they can either 
enter a geosphere fracture (the F-path described in Section 7.1.2), or they can migrate 
vertically upwards to the tunnel EDZ (the DZ-path). To model this system, a single, 
horizontal fracture is assumed to intersect the deposition hole at a level that is cautiously 
assumed to be the same as that of the defect, thus minimising the transport distance 
through the buffer. The outer boundary of the buffer below the level of the fracture 
(including the line AB in Figure 7-12) is treated as impermeable, i.e. a no-flux boundary 
condition is applied. Along the remainder of the outer boundary of the buffer, 
radionuclide concentrations are assumed to be continuous between the buffer and the 
adjacent damaged zone. This part of the damaged zone itself is treated as being 
perfectly well mixed (spatially constant concentration), such that a constant 
concentration boundary condition is applied along the line BC in Figure 7-12. 

Radionuclides are partitioned between the F-path and DZ-path according to the relative 
equivalent flow rates through the fracture, QF, and through the EDZ, QDZ. Thus, if cN

 
(mol/m3) is the dissolved concentration of radionuclide N in the mixing zone, the release 
rate to the F-path,  (mol/s), and to the DZ-path,  (mol/s), are given by: 

 
 

 7-10

and 

 
 

 7-11

QF (m3/s) and QDZ (m3/s) are derived from groundwater flow modelling. 

Radionuclide concentrations and fluxes are assumed to be continuous across the 
buffer/backfill interface. 
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Figure 7-12. Radionuclide transport paths followed after passing through the defect in 
the canister. 

  

Deposition tunnel 

Deposition 

hole 

C
an

is
te

r 
   

EDZ

Damaged zone

Water-conducting
fractures 

 

Failure location 

F-path 

DZ-path 

TDZ-path 

 

 

  

  

 

  

 

 

 

B 

C 

D 

A 

M
ix

in
g

 
zo

n
e 

QDZ 

Q
F

B
u

ff
er

 
(d

if
fu

si
ve

 t
ra

n
sp

o
rt

) 

Backfill 
(advective/diffusive transport) 

 



547 

 

 

7.6.2 Key data for the base scenario 

Equivalent flow rates 

The flow-related geosphere transport parameters QF and QDZ corresponding to the 
Reference Case location for the defective canister (deposition hole 381) are taken from 
the groundwater flow modelling results for case ps_r0_5000:  

 Equivalent flow rate through fracture intersecting deposition hole, QF = 
6.14·10-3 m3/a; 

 Equivalent flow rate through tunnel EDZ, QDZ = 2.69·10-4 m3/a.  

These flow rates are at the high end of the flow distribution following from the fact that 
the canister location in the reference case was cautiously selected to be one that gives 
high releases from the geosphere to the surface environment, for detailed description of 
the selection method, see Section 6.2 of Assessment of Radionuclide Release Scenarios 
for the Repository System. The rationale for the selection of groundwater flow 
modelling case ps_r0_5000 is described in Section 6.2 of Assessment of Radionuclide 
Release Scenarios for the Repository System (summary of the groundwater flow 
modelling cases is given in Appendix I, Table I-2). 

Retention parameters 

Retention parameters for the buffer are specific to the assumed buffer porewater 
composition. This is derived for each of the reference and bounding groundwaters using 
a thermodynamic equilibrium model based on the concept of multi-porosity anion 
exclusion in compacted saturated bentonite, as described in Wersin et al. (2004), 
augmented with more recent information on porosities reported in Appelo et al. (2010) 
and Tournassat (2008). The initial groundwater compositions are first equilibrated with 
quartz and calcite at 25 °C before equilibration with the buffer. A detailed description of 
the model is provided in Appendix C of Wersin et al. (2013a). 

Solubility limits 

The same solubility limits are applied in the buffer (and backfill) as in the internal void 
space of the canister (see Table 7-11, right-most column). Solubility limits for the 
reference water type and bounding buffer porewaters are reproduced in Table E-4. A 
few discrepancies with the values used in the Assessment of Radionuclide Relase 
Scenarios for the Repository System are listed in the footnote of Table E-4 (i.e. wrong 
solubility limit for Ra in brackish water; Pa, Th, Ni, Pd in brine water; Np in glacial 
water; Pa in alkaline water). The significance of all of these discrepancies where 
checked in Appendix M (Table M-1) except for Ra and Th because the error led to an 
overestimate of their concentration in solution.  The results in Figure M-7 show that the 
change in the solubility limits (along with the correction of the diffusion coefficient of 
cationic and neutral species) has negligible impact on the nuclide-specific release rates 
in the Base Scenario assuming brine water, except in the case of Ni, where the peak 
release rate of Ni-59 increases by about an order of magnitude. Other calculation cases 
including corrected solubility values show that none of the discrepancies above lead to 
significant differences in the overall releases (Appendix M). The evolution of the 
release rate of Np-237 is shown in Figure M-10 of Appendix M, where it can be seen 
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that the higher Np-237 solubility used in the case RS2-DIL in Assessment of 
Radionuclide Relase Scenarios for the Repository System compared with the corrected 
value (RS2-DILa) has some impact on the results during the first glacial cycle following 
canister failure, leading to higher release rates at times between the first two peaks in 
RS2-DIL, though the effect on the peaks themselves is small. 

Distribution coefficients 

Distribution coefficients for the buffer have been obtained for each water type using the 
empirical approach of Bradbury & Baeyens (1997, 2003) and Ochs & Talerico (2004). 
High quality batch sorption data from relevant experiments, where these are available, 
have been transferred to in situ conditions using conversion factors, which account for 
any differences in mineralogy and porewater composition (pH and speciation). 
Distribution coefficients for cations sorbing via cation exchange have been obtained by 
modelling. For the cation exchange of Cs, sorption values determined at low and high 
Na concentrations were used as source data depending on the Na concentration of the 
reference and bounding porewaters. Where there is a lack of suitable and reliable 
experimental data, information from natural analogues and/or expert judgment have 
been used. Uncertainties have been calculated as the product of the individual 
uncertainties associated with each conversion factor and the derivation of an overall 
uncertainty factor has been carried out as proposed by Bradbury & Baeyens (2003).  

The three main steps in the setting up of the distribution coefficients (Kd values) 
included (i) the data selection, based on the definition of data source hierarchy, (ii) the 
conversion to the in situ conditions, in particular the corresponding pore water 
conditions, using conversion factors (CF), and (iii) the estimation of uncertainties, 
which is implemented as an uncertainty factor (UF) that depends on the conversion 
factors used (Wersin & Schwyn 2004). The derivation of radionuclide-specific sorption 
data, expressed in terms of best estimates and limiting Kd values, is discussed for each 
radionuclide of interest in Sections 10.1 to 10.4 of Wersin et al. (2013a) and Sections 
8.1 to 8.4 in Wersin et al. (2013b). Data sheets for each radionuclide, including the 
speciation in the reference and bounding bentonite porewaters, source data information, 
CF and UF are provided in Appendix B2 of Wersin et al. (2013a). The best estimate Kd 
values and UF for all reference and bounding bentonite porewaters are summarised in 
Table B-1 of Wersin et al. (2013a) and for the backfill porewater in Table 9-1 of Wersin 
et al. (2013b). Table 11-1 in Wersin et al. (2013a) provides a comparison of the best 
estimate Kd values for the two reference porewaters for the buffer with the previously 
reported Kd values by Ochs & Talerico (2004).  

Effective diffusion and distribution coefficients for the brackish water for the buffer and 
backfill assumed in modelling the base scenario (brackish water) are presented in Table 
7-12. Porewater chemistry has a strong effect on the distribution coefficient for some 
radionuclides (e.g. Cs, Pd, Sr). A comparison of element-specific distribution 
coefficients for the buffer in brackish and brine waters is shown in Figure 7-13. Best 
estimate and upper and lower limit distribution coefficients for each reference and 
bounding buffer porewater are given in Table E-6 in Appendix E based on Wersin et al. 
(2013a). During the compilation of the present report and other background reports, a 
few discrepancies were found in the buffer distribution coefficients that were used in the 
Assessment of Radionuclide Release Scenarios for the Repository System. These 
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discrepancies are listed in the footnote of Table E-6. The effect of the most significant 
of these discrepancies (i.e. U Kd in glacial meltwater) was checked through additional 
radionuclide release, retention and transport calculations reported in Appendix M. The 
results in Figures M-9, M-11 and M-13 show that this discrepancy does not lead to 
significant differences in the overall releases.  

Effective diffusion coefficient and porosity 

As summarised below, effective diffusion coefficients and diffusion-accessible 
porosities for the buffer are based on a compilation of available experimental data and 
their extrapolation to in situ conditions (see Wersin et al. 2013a for details): 

 effective diffusion coefficients in the buffer for anions and cations sorbing via 
ion exchange have been determined individually for each of the reference and 
bounding porewaters to account for the variability in ionic strength; 

 

 

Figure 7-13. Element-specific buffer distribution coefficients for brackish and brine 
waters. 
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 diffusion-accessible porosities for anions in the buffer have been determined 
individually for each of the reference and bounding groundwaters; 

 effective diffusion coefficients for neutral species and cations not sorbing via ion 
exchange have been taken to be equal to those for HTO (= tritiated water), these 
being based on a compilation of HTO diffusion data from the literature and their 
extrapolation to the in situ dry density; 

 diffusion-accessible porosities for neutral species and cations in the buffer and 
backfill are assumed to be equal to the total porosities of these materials. 

For the special cases of Cs, Sr and Ra, the derivation of diffusion parameters is based on 
a concept presented in Gimmi & Kosakowski (2011), which implies a direct 
relationship between the diffusion and the ion-exchanged concentration (i.e., the 
concentration sorbed in the interlayer). From this relationship, a constant diffusion 
coefficient (Di = De/ ´), i.e. the quotient of the effective diffusion coefficient, De, and a 
dimensionless distribution coefficient ´ 	 1 / , was derived with the 
aid of experimental data taken from the literature. This simple relationship is 
appropriate in the case of intermediate to high sorption (i.e. at low to intermediate ionic 
strength), but may lead to unduly low De values at higher salinities (Gimmi & 
Kosakowski 2011). Therefore, it was decided to consider the De of HTO as a minimum 
value and to apply this value in all cases where the calculated De values were below that 
of HTO. This was done for reasons of conservatism. Assigning a constant Di (= De/ ´) 
in cases of intermediate to high sorption is consistent with experimental observation and 
surface diffusion models. Further, the same diffusion-accessible porosity as for HTO is 
proposed for Cs, Sr and Ra for the buffer and the backfill (Wersin et al. 2013a, b). The 
effective diffusion coefficients for Cs, Sr and Ra are used in combination with the lower 
limit distribution coefficients. 

Effective diffusion for the brackish porewater for the buffer and backfill assumed in 
modelling the base scenario are presented in Table 7-12. The buffer is assigned a grain 
density of 2760 kg/m3 and a total porosity of 0.43 (see Table E-5 in Appendix E). The 
porosity accessible to diffusing species is equal to the total porosity, except for anions, 
where anion exclusion is assumed to result in a lower accessible porosity of 0.08 in the 
buffer (see Table E-5 based on Wersin et al. 2013a) and 0.07 in the backfill (see Table 
F-4 based on Wersin et al. 2013b). During the compilation of the present report and 
other background reports, an error were found in the buffer effective diffusion 
coefficient used for neutral species and cations (and Sr, Ba in brackish water) used in 
the Assessment of Radionuclide Release Scenarios for the Repository System (higher 
value 1.3E-10 mol/L was used rather than 9.5E-11 mol/L), see the footnote of Table E-
5. The effect of this mistake was checked through additional radionuclide release, 
retention and transport calculations reported in Table M-1 of Appendix M. The results 
in Figure M-7 (recalculated reference case) show that the change in the effective 
diffusion coefficient in the buffer (and solubility limits, see above) has negligible 
impact on the nuclide-specific release rates, except in the case of Ni, where the peak 
release rate of Ni-59 increases by about an order of magnitude but the mistake does not 
lead to significant differences in the total near field release rate. Variant and disturbance 
cases that were recalculated using the updated diffusion coefficients did not show 
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significant changes compared with the corresponding results in the Assessment of 
Radionuclide Release Scenarios for the Repository System.  

Table 7-12. Reference Case distribution coefficients (Kd) and effective diffusion 
coefficients (De) in the buffer and backfill. Brackish water assumed.  

 
Kd (m

3/kg) De (m
2/s) 

Buffer Backfill Buffer Backfill 

Ag(I) 0 0 1.3E-10 9.0E-11 

Am(III) 3.2E+01 1.8E+02 1.3E-10 9.0E-11 

Be(II) 3.9E+01 5.5E+01 1.3E-10 9.0E-11 

Corg 0 0 1.3E-10 9.0E-11 

Cl(-I) 0 0 7.8E-12 7.4E-12 

Cm(III) 3.2E+01 1.8E+02 1.3E-10 9.0E-11 

Cs(I) 4.8E-02 6.1E-01 1.0E-09 9.5E-10 

I(-I) 0 0 7.8E-12 7.4E-12 

Mo(VI) 2.1E-02 1.9E-02 1.3E-10 9.0E-11 

Nb(V) 5.4 3 1.3E-10 9.0E-11 

Ni(II) 2.4E-01 1.5 1.3E-10 9.0E-11 

Np(IV) 6.3E+01 1.1E+02 1.3E-10 9.0E-11 

Pa(V) 8.1E+01 5.7E+01 1.3E-10 9.0E-11 

Pd(II) 2.7E-01 2.0 1.3E-10 9.0E-11 

Pu(III) 9.9E+01 1.9E+02 1.3E-10 9.0E-11 

Ra(II) 1.4E-03 9.8E-04 1.3E-10 9.0E-11 

Se(-II) 0 0 7.8E-12 7.4E-12 

Sm(III) 1.0E+01 4.9E+01 1.3E-10 9.0E-11 

Sn(IV) 5.0E+01 1.0E+02 1.3E-10 9.0E-11 

Sr(II) 1.4E-03 9.8E-04 1.3E-10 9.0E-11 

Tc(IV) 6.3E+01 1.1E+02 1.3E-10 9.0E-11 

Th(IV) 6.3E+01 1.1E+02 1.3E-10 9.0E-11 

U(IV) 5.2E+01 1.1E+02 1.3E-10 9.0E-11 

Zr(IV) 6.3E+01 1.1E+02 1.3E-10 9.0E-11 
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7.6.3 Approach for modelling the variant and disturbance scenarios 

Enlarging defect/degradation of the buffer around a defective canister 
(VS1) 

In Variant Scenario 1 (VS1) it is assumed that processes occurring at the buffer/rock 
interface, including piping and erosion and possible interactions of the buffer with 
highly alkaline water from cementitious repository materials, lead to a degradation of 
the outer part of the buffer and to a partial loss of its radionuclide retention capacity.  

The model for retention and transport in the buffer is similar to that for the base 
scenario, except in the degraded part of the buffer, which is assumed to consist of the 
outermost 3.5 cm, i.e. 10 % of the overall buffer thickness. The value of 10 % is 
cautiously selected based on experimental observations of e.g. piping erosion (Sane et 
al. 2012) and modelling work on e.g. bentonite-cement interactions (see Koskinen 
2013). Note that any piping would only occur during the transient period when the 
repository saturates; thereafter, buffer swelling would lead to closure of pipes although 
some density inhomogeneity may remain. Furthermore, bentonite/cement interaction on 
this scale is only likely when a large cement body is in direct contact with the buffer. 
Nevertheless, the case can be seen as providing an analysis of the situation where the 
buffer, for whatever reason, has been degraded. 

Diffusion is assumed to remain the dominant transport process in the degraded part of 
the buffer. Anion exclusion is, however, disregarded and the effective diffusion 
coefficient is cautiously set to a relatively high value equal to that of ions in free water, 
taken to be 10-9 m2/s (see the discussion of diffusion in a water-filled defect in Section 
7.4.2), multiplied by the porosity of 0.43, i.e. the porosity of the degraded buffer is the 
same as that of the bulk of the buffer (note that, if the buffer has been degraded by 
erosion, the porosity may be higher, but the error this introduces is small compared with 
the overall uncertainty in the properties of the degraded layer). Furthermore, the 
capacity of the degraded part of the buffer to sorb radionuclides is assumed to be lost 
(this is a cautious assumption; if the buffer continues to provide diffusion-dominated 
transport, it is also likely to provide some retention due to sorption).  

In addition to the brackish water considered in case VS1-BRACKISH, cases VS1-
HIPH-NF and VS1-HIPH consider the possibility of highly alkaline water in the 
geosphere, as well as in the near field. The retention parameters for the buffer in variant 
and disturbance scenarios are given in Tables E-5 and E-6 in Appendix E.  

Corrosion failure following buffer erosion (VS2) 

In Variant Scenario 2 (VS2), the deposition hole under consideration is assumed to be 
intersected by a horizontal fracture. Chemical erosion of the buffer34 is assumed to take 
place due to low ionic strength water penetrating to repository depth, e.g. in association 
with glacial retreat, and contacting the buffer via the intersecting fracture, leading to 
bentonite colloid generation, accelerated canister corrosion and eventual canister failure. 

                                                 
 

34  Chemical erosion of the backfill is shown in Section 7.5.7 of Performance Assessment not to have the potential to lead to 
canister failure by corrosion.  
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Once the canister fails, it is assumed to provide no further resistance to radionuclide 
transport. Thus, the concentration in the buffer at its interface with the canister is set 
equal to the dissolved radionuclide concentration in the internal void space of the 
canister. Furthermore, chemical erosion of the buffer is assumed to have led to 
advective conditions in a ring of partly eroded bentonite extending radially 35 cm from 
the canister wall to the wall of the deposition hole and extending vertically above and 
below the fracture plane, with a total vertical height also of 35 cm (Figure 7-14).  

This ring has increased porosity and hydraulic conductivity compared with the bulk of 
the buffer, but total loss of bentonite within the ring is assumed not to occur (see 
Conceptualisation of eroded part of the buffer in the VS2 and RS-DIL scenarios in 
Section 7.6.4). 

Radionuclides are assumed to be well mixed both in the void space in the canister 
interior and in the 35 cm × 35 cm eroded bentonite ring. Because advective conditions 
are assumed to exist between the failed canister and the fracture, the F-path is the 
dominant transport path and is the only path considered in the calculations. Diffusion is 
modelled between the porewater in the ring of partly eroded bentonite and that of the 
remaining, undisturbed bentonite. Sorption is modelled in both the disturbed and 
undisturbed bentonite. Solubility limits are applied in the internal void space of the 
canister. Intrinsic colloids (eigencolloids formed by precipitation and colloids formed 
by co-precipitation or sorption on corrosion products in colloidal form) are assumed not 
to migrate through the eroded buffer (see Section 7.4.4 for further discussion). Near-
field solubility limits are cautiously set to the values for the internal void space of the 
canister if these are higher than the values for the buffer, or to the buffer values if these 
are higher. 

 

Figure 7-14. Model of radionuclide transport via the F-path between the canister and 
the rock in the situation where the buffer is eroded between the fracture and the rock. 
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Groundwater composition in the geosphere is assumed to alternate between brackish 
and glacial, with glacial water present for short intervals during glacial retreat. The 
chemistry related properties of the near field and geosphere (solubility limits (see Table 
E-4), distribution coefficients, accessible porosity (see Table E-5) and effective 
diffusion coefficients (see Table E-6)) therefore vary with time, alternating between 
values for brackish water and, when low ionic strength water is assumed to be present at 
repository depth, values for glacial water. A time-dependent velocity factor, fv, is also 
used to scale the steady-state groundwater flow rate in the repository near field to 
account for the possibility of increased flow rates during the glacial retreat periods. This 
same factor is used to scale the geosphere transport resistance, and is presented in the 
discussion of geosphere retention and transport in Section 7.8.  

The near-field effective flow rate QF is based on the results of groundwater flow 
modelling case ps_r0_no_spall_2000, in which there is no hydraulically significant rock 
damage around the deposition holes (see Table I-2 in Appendix I). The rationale for 
using this case is also given in Section 7.8.3. QF is calculated from the flow parameter 
UF, which is the flow per unit width summed over all fractures intersecting the 
deposition hole, using: 

4 when 1

4 1 when 1
, 

 

 7-12

 
where rt is the deposition hole radius (0.875 m), UF (m2/a) is the flow per unit width 
summed over all fractures intersecting the deposition hole, taken from the results of 
groundwater flow modelling case ps_r0_no_spall_2000 and fv is the above-mentioned 
time-dependent velocity factor (see Table 10-2 of the Assessment of Radionuclide 
Release Scenarios for the Repository System).  

According to Equation 7-12, QF is set equal to 4  when 1. This is a cautious 
value that will tend to overestimate QF, since it assumes that (i) flow occurs 
predominantly in one fracture, and (ii) the eroded zone has a very high hydraulic 
conductivity, such that it focuses flow from a section of the fracture that has a width 
equal to twice the deposition-hole diameter. When 1, it is also assumed that low 
ionic strength water supports a stable population of bentonite colloids. The impact of 
these colloids on radionuclide transfer to the geosphere is modelled by means of the 
factor 1 , as explained in Section 3.5 of Assessment of Radionuclide Release 
Scenarios for the Repository System. Kc (m

3/kg) is a mass-based partitioning coefficient 
for radionuclide sorption on colloids. A review of colloid data in Appendix K indicates 
that Kc can be set equal to the distribution coefficient for compacted bentonite (see 
Table E-6). The colloid concentration in fracture water at the near-field/geosphere 
interface, mc (kg/m3), can be calculated directly from the buffer erosion rate R (kg/a), 
using: 
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0 when	 1

/ 4 when 1
,  7-13

where R is calculated using Equation 6-75 and v (m/a) is the velocity in the fracture, 
calculated from the flow parameter UF, using Equation 7-14: 

b

fU
v vF

2
 ,  7-14

2b is the fracture transport aperture, which is taken from the groundwater flow model 
and is set equal to the reference value of ten times the hydraulic aperture. 

The results are presented in Table 10-2 of Assessment of Radionuclide Release 
Scenarios for the Repository System. The review of colloid data in Appendix K suggests 
that a maximum colloid concentration in the vicinity of an eroding buffer of 500 mg/L 
can be expected, corresponding to a value of mc = 0.5 kg/m3. This is of the same order 
of magnitude as colloid concentrations obtained using the above equations and shown in 
Table 10-2 of the Assessment of Radionuclide Release Scenarios for the Repository 
System. 

Accelerated insert corrosion rate (AIC) 

The AIC scenario considers an accelerated corrosion rate of the insert of a canister with 
an initial penetrating defect. In this scenario, an insert corrosion rate that is higher than 
expected is assumed to cause a sudden (instantaneous) loss of transport resistance of the 
defect after 15,000 years. Once this occurs, the concentration in the buffer at its 
interface with the canister is set equal to the dissolved radionuclide concentration in the 
internal void space of the canister. In other respects, the buffer retention and transport 
model is identical to that for the base scenario, except that near-field solubility limits for 
each element are cautiously set to the element-specific values for internal void space of 
the canister, the value for the buffer, or the value for the backfill, whichever is the 
higher. 

Earthquake and rock shear (RS) 

The RS scenario addresses the possibility of canister failure due to shear movements on 
fractures intersecting the deposition holes in the event of a large earthquake. As in the 
VS2 scenario, groundwater composition in the geosphere is assumed to alternate 
between brackish and glacial, with glacial water present for short intervals during 
glacial retreat, resulting in time-dependent rock matrix distribution coefficients. 
However, the buffer is assumed to continue to fulfil its safety functions (the RS-DIL 
scenario is taken to encompass cases where the buffer undergoes some perturbation due 
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to rock shear itself, e.g. deformation, local thinning)35 . Two calculation cases are 
examined: RS1, in which the earthquake leading to failure is postulated to occur at 
40,000 years, i.e. during the present, temperate period, and RS2 in which this 
earthquake occurs at 155,000 years, during a period of glacial retreat; the selection of 
these times is discussed further in Formulation of Radionuclide Release Scenarios. 

As in the analysis of canister corrosion failure following buffer erosion (variant scenario 
VS2), a time-dependent velocity factor, fv, is used to scale the groundwater flow rate. 
This is to account for increased flow rates during periods of glacial retreat. In addition, 
fv is set equal to 10 for a period of 100 years immediately following the earthquake 
event in the calculation case RS1 (earthquake at 40,000 years) to account for possible 
early, transient effects of a large earthquake on groundwater flow36. However, the 
chemistry related properties of the near field (distribution coefficients, solubility limits, 
effective diffusion coefficients and accessible porosity) are assumed to remain those for 
brackish water, i.e. no penetration of glacial meltwater to repository depth and no 
chemical erosion of the buffer are assumed (this possibility is covered by the RS-DIL 
scenario). Near-field solubility limits for each element are set to the value obtained for 
brackish water either in the internal void space of the canister or in the buffer, 
whichever is the higher. 

Following the rock shear event, an equivalent near-field flow rate, QF, of 0.1 m3/a, 
multiplied by the time-dependent velocity factor fv, is chosen (i.e. the highest flow rate 
used at any time is 1 m3/a). 0.1 m3/a is judged to be cautious, being a little over an order 
of magnitude higher than the Reference Case value. It is also at the very high (cautious) 
end of the range for stochastic fractures in the groundwater flow modelling (see e.g. 
Figure 4-7 in Assessment of Radionuclide Release Scenarios for the Repository System).  

Rock shear followed by buffer erosion (RS-DIL) 

In the RS-DIL scenario, the buffer undergoes either immediate damage or longer-term 
erosion following canister failure due to rock shear. In calculation case RS1-DIL, as in 
RS1, an earthquake is postulated to occur, and a single canister to fail, at 40,000 years, 
when brackish water is assumed to be present at repository depth. However, unlike RS1, 
chemical erosion of the buffer is assumed to occur gradually over time, as a result of the 
periodic infiltration of glacial meltwater to repository depth (note that chemical erosion 
of the buffer around the failed canisters would become more likely if the rock shear 
event has increased water flow through any fractures intersecting the deposition holes, 
since this would increase the likelihood of penetration of low-ionic strength water to 
these holes during glacial retreat). In RS2-DIL, as in RS2, an earthquake is postulated to 

                                                 
 

35  Based on earlier safety analyses, the effects of even quite significant thinning of the buffer on radionuclide releases will be 
minor. For example, in the KBS-3H safety analysis, calculation cases PD-FEBENT 2 and PD-FEBENT3 consider a buffer 
thicknesses reduced by 10 % and 50 %, respectively. Near-field releases were found to be similar to case PS-FEBENT1, where 
the full buffer extent is assumed (see Section 5.7 of Smith et al. 2007). This is also consistent with the complementary analysis 
of the extent of buffer perturbation described in Section 12.1.2 of Assessment of Radionuclide Release Scenarios for the 
Repository System. 

36 Large earthquakes have been observed to lead to transient increases in stream and spring flow at the surface. The effects on 
deep groundwater flow and on the transmissivities of bedrock fractures are less clear (see Section 5.3 of Formulation of 
Radionuclide Release Scenarios). However, some impact on deep groundwater flow cannot be excluded.  
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occur, and a single canister to fail, at 155,000 years, during a period of glacial retreat. 
Unlike RS2, glacial water is assumed to be present at this time in the near field as well 
as the geosphere. The earthquake in RS2-DIL is assumed to be more severe than in 
RS1-DIL, leading to rapid or immediate buffer damage and to the immediate 
establishment of advective conditions between the internal void space of the canister 
and the geosphere. 

As in the VS2 scenario, groundwater composition in the near field is assumed to 
alternate between brackish and glacial, with glacial water present for limited periods 
during glacial retreat, resulting in time-dependent chemistry-related solubility limits 
(see Table E-4) retention and transport parameters (see Tables E-5 and E-6). Chemical 
erosion of the buffer is assumed to occur when glacial water is present, leading to the 
generation of bentonite colloids. The buffer density and porosity are assumed to be 
constant until advective conditions occur. In RS1-DIL, advective conditions in the 
buffer are assumed to arise once the total buffer mass loss by erosion exceeds 1200 kg, 
as also assumed in the modelling of buffer erosion in Section 7.5 of Performance 
Assessment. Thereafter, the model of the buffer is identical to that used for the VS2 
scenario and for case RS2-DIL of the present scenario. 

In calculation case RS1-DIL, prior to advective conditions becoming established in the 
buffer at time ta (a), QF is set according to the equation: 

0.1 m a when 1

0.1 1 m a when 1
. 

 

 7-15

 
As noted in the context of the RS scenario, an equivalent flow rate of 0.1 m3/a is a little 
over an order of magnitude higher than the Reference Case value, and is at the very high 
(cautious) end of the range for stochastic fractures in groundwater flow modelling. The 
factor 1  takes account of bentonite colloids formed at the near-
field/geosphere interface, as in the model of the VS2 scenario.  

After advective conditions are established in the buffer (i.e. at all times following 
canister failure in case RS2-DIL), the equivalent flow rate at QF increases due to the 
effects of the eroded buffer region on groundwater flow, and is assigned values 
according to Equation 7-13. 

7.6.4 Confidence in the model approach and data 

Overall modelling approach 

Unless the buffer is severely eroded, the dominant radionuclide transport process is 
assumed to be molecular diffusion, described by Fick’s laws, retarded by linear, 
equilibrium sorption. The assumption of linear, equilibrium sorption entails a 
simplification of relatively complex sorption processes. The assumption of linearity is, 
however, usually met at the low concentrations that are of interest, and the assumption 
of equilibrium is met if the sorption occurs on a timescale that is much shorter than the 
timescale for slow diffusive transport across the buffer.  
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The assumptions and data in the draft report by Wersin et al. (2013a), discussing the 
solubility, diffusion and sorption in the near field (in the canister, buffer and at the 
buffer/rock interface), was subject to an expert elicitation (see Appendix L). The 
elicitation process resulted in a list of specific comments taken into account in finalising 
of the report. The expert elicitation process brought up some fundamental uncertainties 
related to diffusion, e.g. that the microstructure of compacted bentonite is poorly known 
and therefore a variety of bentonite models exists. However, Posiva’s work was 
considered to represent the state-of-the-art, thus giving confidence in the selected 
approach. Where there is uncertainty, parameter values were chosen that err on the side 
of caution, alternative cases were evaluated examining alternative conceptual 
assumptions or parameter values, or suitably broad PDFs were used in the Monte Carlo 
simulations for the PSA, as elaborated in the following paragraphs.  

Effects of uncertainty in speciation and in buffer sorption and solubility 
parameters 

Speciation affects sorption of dissolved radionuclides on buffer pore surfaces, and also 
the accessibility of these pores by diffusion. Buffer pore surfaces, being negatively 
charged, repel anions. Anion concentrations in narrow pores and near to pore surfaces in 
larger pores are therefore less than those of neutral and cationic species, for given 
concentrations at the boundaries. This “anion exclusion” effect is treated in transport 
modelling by assigning the buffer a lower available porosity and lower pore and 
effective diffusion coefficients when modelling anion transport compared with the 
values for neutral and cationic species. Furthermore, in TURVA-2012, anionic 
radionuclide species are assumed not to sorb on buffer pore surfaces. 

In the Reference Case, the only radionuclides considered to migrate in anionic form are 
I-129, Cl-36 and Se-79. In the sensitivity case BS-ANNFF, the radioisotopes of silver, 
molybdenum and niobium are also assumed to migrate in anionic form, with zero 
sorption in both the near field and geosphere. Especially for the radioisotopes of silver 
and molybdenum, this has little effect on migration; see Section 9.8.2 of Assessment of 
Radionuclide Release Scenarios for the Repository System. This is because the 
Reference Case distribution coefficients of these elements are already zero or small (see 
Table 7-10). In all deterministic calculation cases, carbon is cautiously assumed to be in 
organic form (dissolved methane) and to be non-sorbing.  

Buffer pore water composition, which is affected by groundwater composition and is 
correspondingly variable both in space and time, also affects the speciation of dissolved 
radionuclides in the buffer. The Reference Case retention parameters for the buffer are 
based on the assumption that the groundwater is of the brackish reference type. 
However, the full range of water types has been taken into account when defining the 
PDFs for parameters affected by groundwater type in the Monte Carlo calculations for 
the PSA (Cormenzana 2013). Furthermore, brine water and high-pH saline water have 
been considered in the complementary calculation cases CS1-BRINE and CS1-HIPH 
(Section 9.7 of Assessment of Radionuclide Release Scenarios for the Repository 
System). Finally, high-pH saline water in the near field (and geosphere) is also 
considered in the context of an enlarging canister defect in the cases VS1-HIPH and 
VS1-HIPH-NF (Section 10.1.2 of Assessment of Radionuclide Release Scenarios for the 
Repository System). Peak near-field release rates in all these deterministic cases are 
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virtually identical to those for brackish water, being dominated by C-14, which is, for 
all the water types, assumed to be in organic form and to be both non-sorbing and not 
solubility limited.  

Alternating periods of brackish water and glacial water in the geosphere are considered 
in the calculation cases for the VS2, RS and RS-DIL scenarios (with corresponding 
effects on buffer porewater composition in the VS2 and RS-DIL scenarios; no 
penetration of glacial meltwater to repository depth and no chemical erosion of the 
buffer are assumed in the RS scenario). While in all these cases the releases remain 
below the regulatory limits, the cases for RS-DIL (rock shear followed by buffer 
erosion) are the most penalising of the three. The peak expectation value of the 
normalised release rate (i.e. the peak probability-weighted normalised release rate), 
taking into account the uncertain timing of the earthquake leading to canister failure and 
assuming that all canisters that could potentially fail do in fact fail, is around an order of 
magnitude below the regulatory guideline in this scenario (Assessment of Radionuclide 
Release Scenarios for the Repository System, Section 11.3). 

The PSA covered all solubility data for all waters and included speciation of C-14 in 
inorganic form. The solubility of C-14 inside the canister is identified as a very 
important parameter, while the reduced carbon solubility in the backfill has no impact 
on the results (Cormenzana 2013). 

Conceptualisation of the damaged zone around a deposition hole 

The base scenario conceptualisation of the damaged zone depicted in Figure 7-12 is one 
of several alternative conceptualisations that have been considered in scoping 
calculations. The main results of these scoping calculations, and the rationale for 
choosing the particular conceptualisation shown in Figure 7-12, are presented in 
Appendix C of Assessment of Radionuclide Release Scenarios for the Repository 
System. Further, the assumption of hydraulically significant rock damage around the 
deposition hole, as in the base scenario model, generally produces higher peak release 
rates from the near field than does the assumption that there is no such rock damage. 
This has been demonstrated through the use of Monte Carlo calculations in the PSA, 
and by the analysis of the deterministic complementary calculation case CS3-HYCON. 
As noted in Section 7.9.3 of Performance Assessment, the damaged zone is not assumed 
to be hydraulically significant in modelling the VS2 and RS-DIL scenarios, since the 
buffer erosion model implies that any damaged zone fractures would become filled with 
extruded bentonite and bentonite gel. 

Conceptualisation of the eroded part of the buffer in the VS2 and RS-DIL 
scenarios 

The conceptualisation of the eroded part of the buffer as a well-defined ring of increased 
porosity and hydraulic conductivity is a simplification made to facilitate modelling. This 
simplification is unrealistic because bentonite will migrate into the fracture and, at the 
same time, the material distribution will tend to homogenise within the deposition hole, 
resulting in a density gradient between the fracture and the bulk of the buffer. Advective 
conditions in the partly eroded bentonite are taken to mean that advective transport of 
dissolved radionuclides in a volume of the buffer between the canister and the host rock 
fracture dominates over diffusive transport. As the buffer density decreases, the 
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interlayer spacing within stacks of clay minerals may increase, and voids may form 
between stacks of clay mineral sheets through which water bearing dissolved 
radionuclides can flow. The clay mineral sheets themselves would not, however, be 
physically affected by this flowing water until the buffer density in the affected part of 
the deposition hole decreased to the extent that a loose gel or sol was formed. Note that 
the threshold value for buffer dry density below which advective conditions may occur 
is 1000 kg/m3, which corresponds to a hydrated solid that would be too stiff to yield to 
any viscous flow. Viscous flow of buffer material would require a further significant 
decrease in buffer density throughout the deposition hole, since, as noted above, the 
density differences will tend to homogenise as the buffer is eroded. Down to a volume 
fraction of about 0.01−0.02 the gel has such a high viscosity that it essentially is 
immobile (Neretnieks et al. 2009). Calculations made for SR-Can (Börgesson & 
Hernelind 2006) of canister sinking in a deposition hole for a range of buffer densities 
and hence swelling pressures indicate that the sinking will be less than 2 cm for 
swelling pressures down to 0.1 MPa (see also SKB 2006b, p. 186; SKB 2009, p. 22; 
SKB 2011, p. 373).  

According to Abend & Lagaly (2000), at salt concentrations below the critical 
coagulation concentration (CCC) and at solid contents above 3 %, sodium 
montmorillonite dispersions become gel-like with the appearance of a yield value. This 
value is consistent with the modelling of bentonite loss from a deposition hole described 
in Section 3.9.2 of Birgersson et al. (2009), where it is assumed that at water to solid 
mass ratios higher than 30, bentonite transport is driven by colloid dispersion, erosion 
and settling. A water to solid ratio of 30 corresponds to a dry density of about 33 kg/m3. 
An erosion rate of about 1.3 kg per year (the highest value considered in the analysis of 
these scenarios; see Table 10-2 of Assessment of Radionuclide Release Scenarios for the 
Repository System), persisting for 1000 years in each of eight glacial cycles assumed to 
occur within the million year assessment time frame, would lead to a loss of 10,000 kg 
of bentonite from a deposition hole, or around 43 % of the initial total amount. The 
average final bulk density in the deposition hole after a million years would then be 
around 880 kg/m3, which is far in excess of the 33 kg/m3 required for advection of clay 
particles out of the deposition hole. It cannot be excluded that some inhomogeneity of 
bentonite density will exist in the deposition hole, in spite of its tendency to 
homogenise, with a lower density near the interface with the fracture than in the bulk of 
the buffer. On the other hand, if significant loss of bentonite were to take place, the 
buffer would no longer support the backfill load as previously and may even undergo 
some compression, compensating to some extent for the loss of buffer mass. Overall, it 
is considered implausible that erosion will occur to the extent that viscous flow of buffer 
material occurs in the deposition hole, given the rates of erosion assumed in the analysis 
of the present calculation cases.  

Furthermore, the deposition hole under consideration is assumed to be intersected by a 
horizontal fracture. There is some preliminary experimental evidence that higher 
erosion rates could occur if the fracture was steeply inclined. Work is ongoing to better 
understand the effect of fracture inclination on buffer erosion. 

In the analyses of the VS2 and RS-DIL scenarios, solubility limits are applied in the 
internal void space of the canister, implying that the eroded buffer maintains its colloid 
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filtration function; intrinsic colloids (eigencolloids formed by precipitation and colloids 
formed by co-precipitation or sorption on corrosion products in colloidal form) are 
assumed not to migrate through the eroded buffer. It cannot, however, be excluded that 
the colloid filtration function of the eroded part of the buffer is degraded. Thus, the 
potential migration of eigencolloids through the eroded buffer to the geosphere is 
considered in a complementary calculation case CS3-COLL, defined and analysed in 
Section 12.2.3 of Assessment of Radionuclide Release Scenarios for the Repository 
System, where the modelling approach adopted is not to apply any solubility limits in 
the near field for those radionuclides assumed to form such phases, and simply to 
transfer released radionuclides directly to the surface. 

Effects of gas 

In most calculation cases, it is assumed that radionuclides are transported entirely as 
dissolved species. This includes gaseous radionuclides and radionuclides that can form 
gaseous compounds. From a safety perspective, the most significant of these is C-14, 
which could be present in the repository system as methane. C-14 could, however, also 
be transported as methane by repository-generated gas (principally hydrogen from 
corrosion of the insert) and this possibility is considered in complementary analyses of 
gas-mediated transport in the context of the AIC disturbance scenario (calculation cases 
GAS-FC, GAS-SC, GAS-FC-ALLPOS and GAS-SC-ALLPOS mentioned in Section 
7.2 of the present report and described in detail in Section 12.3 of Assessment of 
Radionuclide Release Scenarios for the Repository System). 

In the analyses, as the insert corrodes, gas pressure inside the canister rises until it 
reaches the gas breakthrough pressure of the buffer. The timing is uncertain, because of 
the uncertainties in gas generation rate. At the moment the breakthrough pressure is 
reached, a pulse of gas, together with the C-14 with which it is mixed, is released from 
the internal void space of the canister and the gas pressure in the internal void space of 
the canister will fall to a value, about half the gas breakthrough pressure, that is just 
sufficient to support the pathways for gas flow and prevent their closure due to swelling 
pressure. The pulse release is thus assumed to consist of half the gas in the internal void 
space of the canister. The C-14 released with gas from the canister is assumed to be 
transferred directly and instantaneously to the geosphere. Note that some of the C-14 in 
the form of methane will be dissolved in water in the canister interior, and so is not 
released immediately upon gas breakthrough. This mechanism for the retention of C-14 
is, however, cautiously disregarded.  

A further possibility addressed in earlier Posiva Safety Analyses is gas-induced release 
of contaminated water from the canister interior to the buffer through a penetrating 
defect on the canister surface (analysed, for a KBS-3H repository in Section 5.8 of 
Smith et al. 2007 and, for a KBS-3V repository, in Section 6.1.4 of Nykyri et al. 2008). 
Expulsion of contaminated water by gas cannot occur if the defect is located at the top 
of the canister, since free gas will only be present above the water level in the canister 
interior. The weld at the top of the canister is considered the only plausible location for 
an initial penetrating defect. Expulsion of contaminated water by gas will therefore not 
occur.  
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7.7 Modelling radionuclide transport in the backfill  

7.7.1 Approach for modelling the base scenario 

In the base scenario, radionuclide transport in the backfill occurs by advection in 
flowing porewater and by diffusion, retarded by sorption. Advective/diffusive transport 
of isotope N of element E in the backfill is described by: 

,
, ,

, , Θ  
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where: 

 is the element-specific available porosity of the backfill (element-specific to 
account, e.g., for the effects of anion exclusion), 

 
is the pore diffusion coefficient of element E (m2/s), 

q is the flux of water (flow rate per unit area) in the deposition tunnel (m/s), 
and 

 is the retardation coefficient for the element E in the backfill, which 
accounts for the distribution of the radionuclide between the aqueous and 
solid phases due to sorption, calculated in the same manner as for the buffer. 

For other parameters, the same notation is applied as in the case of the buffer. Element-
specific solubility limits are also applied in the same manner as in the buffer.  

As noted in Section 7.6.1, radionuclide concentrations and fluxes are assumed to be 
continuous across the buffer/backfill interface. Transfer of radionuclides between the 
backfilled tunnel and the EDZ is not considered in near-field modelling. However, once 
released from the near field, the radionuclides follow sometimes tortuous transport paths 
that may include sections that re-enter (and may pass between) near-field elements such 
as the tunnel and EDZ. These paths are treated as part of the geosphere transport model, 
even if they include near-field elements. Note that the properties of these paths are 
derived from groundwater flow modelling, and near-field elements are included in the 
groundwater flow model.  

The transport path through the backfill − TDZ-path − is illustrated further in Figure 
7-15. Having diffused upwards through the 2.5 m of buffer above the canisters and 
entered the deposition tunnel, the radionuclides are transported by advection and 
diffusion through the backfill as far as a downstream location along the tunnel, where 
the tunnel is intersected by a water-conducting fracture. This is the fracture that, in 
groundwater flow modelling, is entered by the particle used in particle tracking to trace 
the TDZ path (see Section 3.3 of Hartley et al. 2013a and Section 6.1 of this report). It is 
not necessarily the natural fracture that intersects the tunnel that is nearest to the 
deposition hole. A particle will not enter a natural fracture unless that fracture provides 
a preferential pathway relative to the backfilled tunnel. Such fractures have to be 
connected to the wider fracture network and also have sufficient transmissivity.  
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Figure 7-15. Radionuclide migration along the TDZ-path. 
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Radionuclides transported along the tunnel are then partitioned, with some entering the 
fracture and some continuing along the tunnel. In particular, if the radionuclide 
concentration at a location s in plane AB in Figure 7-15 is denoted as cN(s) (mol/m3), 

then the release to the fracture,
N
AR  (mol/s), is: 
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where QTDF (m
3/s) is an equivalent flow rate through the fracture and A is the tunnel 

cross-sectional area. 

Radionuclides that do not enter the fracture are advected further downstream along the 
tunnel at a rate:  
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where qTDZ (m/s) is the flux of water (flow rate per unit area) along the tunnel. For 
simplicity, however, transport further downstream along the tunnel is not explicitly 
modelled. Rather, in the deterministic evaluation of calculation cases, this component is 

added to the release to the fracture, such that the total release to the fracture,
N
TDZR  

(mol/s), is: 
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QTDF and qTDZ are derived from groundwater flow modelling, see Section 6.1.  

Note that this approach overestimates the release to the single fracture that intersects the 
tunnel, but gives a reasonable representation of the combined release to all the fractures 
that intersect the tunnel.  

In the PSA (Cormenzana 2013), a similar approach is used, the only difference being 
that the release to the fracture that intersects the tunnel is set equal to  in Equation 
7-19. This definition ensures that the flux of water in the backfill (qTDZ) plays just one 
role in the model and allows clearer conclusions to be drawn regarding its importance. 
The PSA has found that qTDZ has no effect on any model output, whereas QTDF has a 
small influence on the peak release rates from the near field for a few radionuclides. If 
the definition of  in Equation 7-19 had been used in the PSA, it would have been 
found that qTDZ had a small effect on some model outputs. 
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7.7.2 Key data for the base scenario 

The flow-related geosphere transport parameters QTDF and qTDZ corresponding to the 
Reference Case location for the defective canister (deposition hole 381) are taken from 
the groundwater flow modelling results for case ps_r0_5000:  

• equivalent flow rate through fracture intersecting tunnel, QTDF = 2.39·10-3 m3/a, 
and 

• water flux through tunnel, qTDZ = 2.65·10-5 m3/a. 

The assumed location for the defective canister is selected such that these parameters 
are towards the cautious end of the range of possibilities (see Section 6.2 of Assessment 
of Radionuclide Release Scenarios for the Repository System). 

The rationale for the selection of groundwater flow modelling case ps_r0_5000 is 
described in Section 6.2 of Assessment of Radionuclide Release Scenarios for the 
Repository System. 

In calculating QTDF, the mass transfer from the water flowing along the deposition 
tunnel to the flowing groundwater in a fracture intersecting the tunnel is assumed to be 
limited by the boundary layer (film) resistance (Neretnieks 1982, Hillebrand 1985, 
Nilsson et al. 1991). Using this concept, QTDF is calculated using: 

𝑄𝑇𝐷𝐹 = 4�
2𝑏𝐷𝑤𝐿𝑈𝑇𝐷𝐹

𝜋
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where: 

Dw is the diffusivity of ions in water in the fracture, which is set to 10-9 m2/s, 

L is the half-circumference of the tunnel, √(πA), based on a tunnel area A of 
12.6 m2 for LO1 and LO2 tunnels and 14 m2 for OL1 to OL4 tunnels, 

UTDF is the flow rate per unit width of the fracture (m2/s), and 

2b is the fracture transport aperture (m). 

The fracture transport aperture used when applying Equation 7-20 is set to a value that 
is a factor of 10 larger than the hydraulic fracture aperture. The background to this 
assumption is described in Section 9.6.7 of Assessment of Radionuclide Release 
Scenarios for the Repository System, where the (minor) effects on radionuclide release 
and transport of an increased fracture transport aperture, a factor of 40 larger than the 
hydraulic fracture aperture, are also described. 

The horizontal distance along the deposition tunnel from the deposition hole to the 
downstream fracture to which radionuclides migrate following the TDZ-path is 5.84 m. 

Effective diffusion coefficients and distribution coefficients for the backfill are specific 
to the assumed backfill porewater composition and are derived in a similar manner to 
those for the buffer (Section 7.6.2) and are listed in Table 7-12. As summarised below, 
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effective diffusion coefficients and diffusion-accessible porosities are based on a 
compilation of available experimental data and their extrapolation to in situ conditions 
(see Wersin et al. 2013b for details): 

 effective diffusion coefficients in the backfill for anions and cations sorbing via 
ion exchange have been derived by scaling the corresponding effective diffusion 
coefficients for the buffer by the relative effective diffusion coefficients of 
tritiated water (HTO) in buffer and backfill, 

 diffusion-accessible porosities for anions in the backfill have been calculated 
using the same relationship for neutral to anion diffusion-accessible porosity as 
for the buffer, 

 effective diffusion coefficients for neutral species and cations not sorbing via ion 
exchange have been taken to be equal to those for HTO, these being based on a 
compilation of HTO diffusion data from the literature and their extrapolation to 
the in situ dry density, 

 diffusion-accessible porosities for neutral species and cations in the buffer and 
backfill are assumed to be equal to the total porosities of these materials. 

The same solubility limits are applied in the backfill as in the internal void space of the 
canister (see Table 7-11, right-most column). The backfill is assigned a grain density of 
2780 kg/m3 and a total porosity of 0.38 (Table F-4 in Appendix F). The porosity 
accessible to diffusing species is equal to the total porosity, except for anions, where 
anion exclusion is assumed to result in a lower accessible porosity of 0.07 (Table F-4 
based on Wersin et al. 2013b).  

Solubility limits, effective diffusion coefficients (and porosities) and distribution 
coefficients for the reference and bounding backfill porewaters are reproduced in Table 
F-3, Table F-4 and Table F-5, respectively. During the compilation of the present report 
and other background reports, a few discrepancies were found in the distribution 
coefficients that were used in the Assessment of Radionuclide Release Scenarios for the 
Repository System. These discrepancies are listed in the footnote of Table F-5 (i.e., 
lower Kd for inorganic carbon (Cinorg) in brine water; lower limit Kd for Be in all 
porewater types; upper limit for Kd for Zr in all porewaters). The lower distribution 
coefficient for Be that was used in Assessment of Radionuclide Release Scenarios for 
the Repository System underestimates the retention in the backfill and therefore its 
quantitative effects on the radionuclide release, retention and transport results have not 
been evaluated in Appendix M.  

The upper limit Kd for Zr and the Kd for Cinorg were used only to support the chosen 
PDFs for Kd in the PSA (Cormenzana 2013) and not in the deterministic calculations 
reported in Assessment of Radionuclide Release Scenarios for the Repository System. 
The PSA has found that the uncertainty in the parameters related to radionuclide 
transport in the deposition tunnel has from very small to no effect on the uncertainty in 
the peak total (summed over the F-, DZ- and TDZ-paths) normalised release rates from 
the near field and to the biosphere. This is a consequence of the smaller contribution 
made by the TDZ-path to total releases compared with the F- and DZ- paths.   
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7.7.3 Approach for modelling the variant and disturbance scenarios 

In Variant Scenario 1 (VS1), it is assumed that processes occurring at the buffer/rock 
interface, including possible interactions of the buffer with highly alkaline water from 
cementitious repository materials, lead to a degradation of the outer part of the buffer 
and to a partial loss of its radionuclide retention capacity. The model and associated 
parameter values for retention and transport in the backfill in scenarios VS1 and AIC 
are identical to those used to analyse the base scenario. In scenarios VS2 and RS-DIL, 
because advective conditions are assumed to exist between the failed canister and the 
fracture, the F-path is the dominant transport path and is the only path considered in the 
calculations. The F-path is also the dominant transport path in the RS scenario. Thus, in 
these three scenarios, the F-path is the only path considered in the radionuclide transport 
calculations and transport and retention in the backfill are not modelled. 

As summarised in Section 7.7.4, and described in detail in Section 9.6 of Assessment of 
Radionuclide Release Scenarios for the Repository System, complementary cases CS3-
FRACAP and CS3-BACTHROUGH consider alternative model assumptions for the 
backfilled deposition tunnel above the deposition hole with the defective canister, 
though in the context of the base scenario. 

7.7.4 Confidence in the model approach and data 

Overall modelling approach 

In the modelling of radionuclide migration in the backfilled tunnel, the tunnel is 
modelled as a homogeneous porous medium with a uniform flow. Note that, in 
groundwater flow modelling, the possibility of voids in the crown space of the tunnel 
due to partial consolidation of the backfill is treated by assigning increased hydraulic 
conductivity to a layer at the top of the tunnel. The consequences for flow-related 
transport parameters are discussed in Section 8.3 of Hartley et al. (2013a), where it is 
concluded that assuming crown space voids has a moderate detrimental effect, 
increasing flow in the fractures directly connected to the deposition tunnels, though it 
has no significant effect on the flow in fractures directly connected to the deposition 
holes, or on the flow-related transport resistance of the geosphere transport paths as a 
whole. 
The dominant radionuclide transport processes in the backfill are assumed to be 
advection and molecular diffusion, with the latter described by Fick’s laws, retarded by 
linear, equilibrium sorption. Variations in the flow field within the backfill, coupled 
with mechanical mixing and molecular diffusion, can result in local water flows and 
velocities that differ from the larger-scale average, leading to the spatial spreading of 
radionuclide releases in a process termed hydrodynamic dispersion, which is generally 
modelled as a diffusion-like process. However, when defining the PDFs for the model 
parameters to be used in the PSA, taking into account the various sources of uncertainty, 
it has been found that the hydrodynamic dispersion coefficient in the backfill is always 
much smaller than the effective diffusion coefficient (Cormenzana 2013). For this 
reason, hydrodynamic dispersion is included in neither the Monte Carlo simulations for 
the PSA nor the deterministic analysis of calculation cases. 
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The discussion of uncertainty in speciation and in sorption and solubility parameters for 
the buffer also applies to the backfill, as does the discussion of solubility limitation near 
the interface with the host rock. 

As discussed in the context of the buffer, the assumption of linear, equilibrium sorption 
entails a simplification of relatively complex sorption processes. The assumption of 
linearity is, however, usually met at the low concentrations that are of interest, and the 
assumption of equilibrium is met if the sorption occurs on a timescale that is much 
shorter than the timescale for slow diffusive transport across the backfill.  

Conceptualisation of the tunnel EDZ 

In the groundwater flow modelling, the deposition tunnel EDZ is represented as a 
transmissive structure situated below the tunnel. In the majority of groundwater flow 
modelling cases (including ps_r0_5000), the EDZ is assumed to be discontinuous, i.e. 
broken into discrete sections with gaps in between, see Sections 6.1 and 6.4. The 
properties of the EDZ are, however, subject to uncertainty. Radionuclide transport 
modelling based on a range of groundwater flow modelling cases with different 
conceptualisations of the EDZ is reported in Section 9.6.5 of Assessment of 
Radionuclide Release Scenarios for the Repository System. The results indicate that the 
conceptualisation of the EDZ as a discontinuous but still hydraulically significant 
feature generally results in somewhat lower peak release rates than a continuous EDZ. 
However, it results in higher peak release rates than if the EDZ is assumed not to be 
hydraulically significant (i.e. not included in the model). In all cases, however, the 
effects on releases from the least favourably located deposition holes are small. 

Conceptualisation of radionuclide transfer from the deposition tunnels to 
the rock  

In the base scenario model of transport in the backfill, radionuclide transfer from the 
water flowing in the backfilled tunnel to the flowing groundwater in a fracture 
intersecting the tunnel is assumed to be limited by the boundary layer (film) resistance 
(Equation 7-20). This assumption is based on the concept that water in the fracture 
flows smoothly around the perimeter of the tunnel. It does not account for the effects of 
the tunnel EDZ and other physical or chemical perturbations to the tunnel-rock 
interface, which might affect the boundary layer resistance. Neither does it account for 
the part of the fracture flow that passes through, rather than around, the tunnel. Rather, 
the tunnel is viewed as having sufficiently low permeability that water in the fracture 
neither enters nor leaves the tunnel to a significant degree, and radionuclide transfer 
between the tunnel and fracture takes place by diffusion only. The possibility that 
transfer to intersecting fractures is advective in nature is considered in the deterministic, 
complementary calculation case CS3-BACTHROUGH. The background to this 
alternative assumption is described in Appendix D of Assessment of Radionuclide 
Release Scenarios for the Repository System. The analysis of this case is described in 
Section 9.6.8 of Assessment of Radionuclide Release Scenarios for the Repository 
System, where it is concluded that advective transfer of radionuclides from the tunnel 
backfill to the rock can lead to higher releases via the TDZ-path, although the F-path 
remains dominant and hence total release rates are not significantly affected by this 
alternative assumption. 
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7.8 Modelling radionuclide transport in the geosphere  

Geosphere transport modelling is carried out using either GoldSim (for the Monte Carlo 
simulations used in the PSA (Cormenzana 2013) and for simplified modelling carried 
out for the rock shear scenarios RS and RS-DIL) or the MARFA code (for other 
deterministic calculation cases). 

7.8.1 Approach for modelling the base scenario 

Radionuclides released from the repository near field are transported through the 
surrounding bedrock (the geosphere) by flowing groundwater. Groundwater flow in the 
Olkiluoto host rock takes place mainly in hydraulically active deformation zones and in 
individual fractures. The hydrogeological zones are larger than the individual fractures 
and carry most of the volumetric water flow in the deep bedrock on the site scale. The 
hydrogeological zones and fractures, collectively termed water-conducting features, 
form a connected network of transport paths that could ultimately lead to radionuclides 
released from the repository near field being conveyed to the surface environment. The 
geosphere model domain comprises the volume of rock that contains the transport paths 
linking radionuclide release points in the near field with the surface environment. These 
paths are identified, and their flow-related transport properties quantified, by means of 
groundwater flow modelling, as described in Section 6.1. 

Groundwater flow modelling is used to identify the transport routes followed by 
radionuclides released to the geosphere, which are continuations of the near-field F-, 
DZ- and TDZ-paths described in Section 7.1.2. The specific technique used is one of 
particle tracking, where typically one particle is used to track the F-path for a given 
canister location, one is used to track the DZ-path and one is used to track the TDZ-
path, such that each canister location has three potential discharge points to the surface 
environment (see Hartley et al. 2013a for details). In reality, there are many possible 
tracks from any given near-field release point through the geosphere fracture network, 
resulting in a spreading of the releases of radionuclides to the surface environment in 
space and time. This effect, termed route dispersion, along with dispersion in individual 
fractures, is omitted in the deterministic modelling of the base scenario and other 
scenarios, but has been evaluated in the PSA (Cormenzana 2013) by means of 
simplified modelling, as described in Section 9.8.3 of Assessment of Radionuclide 
Release Scenarios for the Repository System. The results show that disregarding 
dispersion is a cautious approach for relatively unfavourable deposition hole locations 
as the peak geosphere release calculated taking into account ten transport paths through 
the geosphere fracture network for each of the F, DZ and TDZ near-field release points 
is about a factor of two smaller than the peak release calculated with just one path.  

A key flow-related transport parameter obtained from groundwater-flow modelling is 
the geosphere transport resistance, WL/Q, where W is the width of the transport path 
along which advection occurs, L is the transport distance and Q is the flow rate through 
the path. Where flow varies along the path, the geosphere transport resistance is defined 
more generally as: 
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where: 

qf is the flux of water (flow rate per unit area) in the flow channels along the 
path (m/a);  

l is distance along the path (m), and 

2b is the transport aperture of the channels (m). 

The main radionuclide retention and transport processes occurring along a transport 
path are assumed to be: (i), advection, (ii) dispersion, (iii) diffusion and (iv) sorption, 
and are illustrated in Figure 7-16. In addition to advection in the plane of a geosphere 
fracture, radionuclides are assumed to diffuse normal to this plane into interconnected 
pore spaces in the adjacent fracture coatings and in the rock matrix, where water is 
assumed to be effectively stagnant. Diffusion normal to the fracture plane is termed 
matrix diffusion in the following. In reality, diffusion may also occur into regions of 
stagnant water in the fracture plane and also into intersecting “dead-end” fractures, but 
these possibilities are omitted in the present conceptualisation.  

Matrix diffusion, coupled to sorption on the mineral surfaces of the fracture coatings 
and rock matrix pores, is the dominant retention mechanism in the geosphere for many 
radionuclides in the present conceptualisation of the geosphere (immobilisation 
reactions may also occur, but these are conservatively omitted in the modelling). Even 
for non-sorbing species, matrix diffusion may provide significant retardation and 
spreading of radionuclide releases in time. In reality, flow and advective transport in the 
fracture plane may occur preferentially in open channels. The possibility of diffusion 
into areas of more stagnant water in the fracture plane is cautiously omitted in the 
present retention and transport model of the geosphere. However, the (limited) effects of 
channelling of flow-related transport parameters have been investigated, as described in 
Assessment of Radionuclide Release Scenarios for the Repository System, Section 7.9.4.  
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Figure 7-16. The main retention and transport processes along a geosphere transport 
path. 

 
To evaluate radionuclide retention by matrix diffusion and sorption, it is necessary to 
take into account the spatial variability of mineralogy and porosity of the fracture 
coatings and rock matrix. For modelling purposes, planar layers parallel to the fracture 
surface are used to describe the fracture coatings and varying properties of the rock 
matrix adjacent to the fracture. A schematic illustration of the flow channels through 
water conducting features of different types, some with fracture coatings and layers of 
adjacent altered and unaltered rock, is shown in Figure 7-17. For the deterministic 
analysis of calculation cases, water-conducting features at Olkiluoto are each assigned 
to one of four different transport classes based on fracture data from the site: 

 clay (and possibly sulphide) coated fractures, 

 calcite (and possibly clay and sulphide) coated fractures, 

 slickensided37 fractures, and 

 other (non-coated) fractures. 

These transport classes differ in the characteristics (thickness, porosity and effective 
diffusion coefficient) assumed for the fracture coatings and adjacent rock matrix layers, 
and hence in the degree of retention by matrix diffusion and sorption experienced by 
migrating radionuclides. 

                                                 
 

37  Slickenside is a polished fault surface formed by frictional wear during sliding, but now used to denote any of several types of 
lineated fault surfaces.  
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Figure 7-17. Schematic illustration of a flow channel through water conducting 
features of different types (transport classes).  

 
In each case, transport is modelled through a representative flow channel, with up to 
three consecutive layers of diffusion-accessible rock adjacent to each of the channel 
walls.  

In the Monte Carlo simulations for the PSA (Cormenzana 2013), the geosphere is 
further simplified to include only the transport class “other fractures”. This 
simplification is made to enable the results of the PSA to be more easily interpreted. 
Note, however, that:  

 the fracture coatings, which are absent in “other fractures”, are very thin, in the 
order of tenths of a millimetre to a couple of millimetres, and, with the exception 
of hydrothermal clays, are assumed in the deterministic analyses to be non-
sorbing, 
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 the alteration halos, though they have enhanced porosity, are assigned the same 
distribution coefficients as the unaltered host rock in the deterministic analyses.  

The results of groundwater flow modelling include WL/Q values that are obtained 
separately for those parts of a transport path that pass through features assigned to each 
of the transport classes. The governing equations for radionuclide transport are then 
solved for each path, using these WL/Q values together with the transport-relevant 
properties of each transport class. 

Retention and transport of the isotope N of element E along a geosphere transport path 
are described by the equation: 

, , , , Θ ,  
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where (in addition to parameters described earlier in this section): 

,  is the dissolved concentration of the isotope (mol/(m3 solution)), 

 (m2/s) describes the combined effects of molecular diffusion and 
hydrodynamic dispersion in the channel in the longitudinal (flow) direction, 

RE is the retardation coefficient for element E due to sorption on channel 
surfaces (conservatively set to unity in the present safety case), 

N the rate of radioactive decay (1/s), and 

Θ ,
  (mol/(m3·s)) is a source term describing diffusive transfer to and from the 

adjoining rock matrix as well as any radioactive ingrowth from parent 
radionuclides, the form of which is dependent on the thicknesses and 
transport properties of the layers depicted in Figure 7-17. 

 
The parameter D is given by: 
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where: 

 is the effective diffusion coefficient in the channel (m2/s), and 

 is the longitudinal dispersion length (m). 

The longitudinal dispersion length can be written in terms of a Peclet number, Pe: 

  7-24

where: 

L is the length of the channel in the flow direction (m). 
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In the deterministic calculations the dispersion length is set to zero, and the Peclet 
number to infinity. Hydrodynamic dispersion in individual water-conducting features is 
considered (with Peclet numbers between 2 and 200) only in the Monte Carlo 
simulations for the PSA (a simplified analysis of route dispersion in a network of 
fractures is given in Section 9.8.3 of Assessment of Radionuclide Release Scenarios for 
the Repository System). 

In the fracture coatings and rock matrix: 

, , , Θ  
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where (in addition to parameters described above): 

m is the porosity, 

 
is the pore diffusion coefficient (m2/s), 

Θ  is a radionuclide source term accounting for any radioactive ingrowth from 
parent radionuclides (mol/(m3·s)), and 

 is a retardation coefficient for the element E, which accounts for the 
distribution of the radionuclide between the aqueous and sorbed phases due 
to sorption.  

m includes all porosity up to the outer boundary of the model domain (3 m from the 
fracture plane; see Section 7.8.2) and this porosity is assumed to be connected and 
diffusion accessible. Note also that all migrating species are assigned the same value of 
m, i.e. anion exclusion effects are not considered, although the site data indicates that 
anion exclusion indeed occurs. Taking into account the anion exclusion would reduce 
diffusion of the anions to the rock matrix and would thus be a more cautious approach. 
However, this is accounted for by the cautious selection of the values for porosity and 
effective diffusion coefficient (see Section 7.8.4 for further discussion). 

This retardation factor is given by: 

1
1
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where: 

 is the distribution coefficient of element E (m3/kg), and 

ρm is the mineral grain density (kg/m3). 

Radionuclide concentrations are modelled as continuous across the boundaries between 
the flow channel and adjacent fracture coatings or rock matrix. When matrix diffusion 
occurs through a layered structure, i.e. when fracture coatings are present and the rock 
matrix is heterogeneous (see Figure 7-17), the porosity, pore diffusion coefficient and 
distribution coefficients can vary between different layers. Dissolved radionuclide 
concentration and radionuclide flux are continuous across the boundaries between 
layers. 
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7.8.2 Key data for the base scenario 

Flow-related parameters 

The transport paths and their properties − flow rate, the fraction of the flow path 
belonging to a specific fracture type and discharge location − are based on the 
groundwater flow modelling supporting the analysis of the radionuclide release 
scenarios (Hartley et al. 2013a).  

Flow-related geosphere transport parameters for transport paths originating at the 
Reference Case location for the defective canister (deposition hole 381) are read directly 
by the geosphere transport code MARFA from the groundwater flow modelling results. 
The geosphere transport resistances for the F-, DZ- and TDZ-path are, respectively, 
3.95·104 a/m, 4.65·104 a/m and 3.76·104 a/m and are thus rather similar. The 
corresponding groundwater travel times are 18 years, 28 years and 25 years (these data, 
and also similar data for other deposition holes used e.g. in the PSA, are provided 
directly from the output files of ConnectFlow, and are reported in Section 6.6 of 
Assessment of Radionuclide Release Scenarios for the Repository System). It should be 
noted, however, that the transport parameters read by MARFA include portions of the 
ConnectFlow particle tracks that re-enter the near-field. When these portions are taken 
into account, the groundwater travel times are about 20 years, 36 years and 33,000 
years, respectively − i.e. the groundwater travel time for the TDZ-path is significantly 
longer than the others, the effects of which are apparent in the results given in 
Assessment of Radionuclide Release Scenarios for the Repository System, Section 7.2. 

Some inconsistencies in the treatment of geosphere migration paths have been observed. 
These are related to double counting of the part of the TDZ-path and of the last part of 
the release path in the soil layer. In case of the TDZ-path, the section that passes 
through the tunnel backfill before entering the host rock for the first time is included in 
both the near-field and geosphere models. This causes additional advective delay along 
the TDZ-path. The last part of the release path in the soil layer is included in both the 
geosphere and surface environment retention and transport models. To check the effects 
of these inconsistencies, new calculations have been carried out with the double 
counting removed, see Appendix M.  In none of the new calculations do the peak 
release rates from the near field or geosphere significantly exceed those of the 
corresponding original cases. In most instances, peak release rates are virtually 
identical. According to the results (see Figure M-5 in Appendix M) removing the parts 
of these transport paths that pass through soil layers does not have any significant effect 
in the release rates. In the Reference Case, the contribution of the TDZ-path to the 
overall release from the geosphere, compared with those of the F- and DZ-paths, was 
under-estimated due to the double counting of the first part of the TDZ path (see Figure 
M-5 in Appendix M). However, the F-path remains dominant, and overall release rates 
are virtually identical in the original Reference Case and in the new, corrected version.  

Non-flow related parameters 

The parameter values used to model retention by matrix diffusion and sorption for each 
of the transport classes in the Reference Case are shown in Table 7-13 to Table 7-16 
(see also Table I-7 in Appendix I). The following points are noted: 
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 As it is assumed that all porosity in the fracture coatings and rock matrix is 
connected and diffusion accessible, the fracture spacing imposes an upper bound 
to the spatial extent of matrix diffusion (the layer thickness parameter in the 
tables). In the Reference Case, the maximum depth of the rock matrix (layer 
thickness of unaltered rock from Table 7-13 to Table 7-16) is set to 3 m, based 
on the typical spatial frequency of flowing fractures at the repository depth 
(Table 10-3 in Hartley et al. 2012). The fracture data used to define the typical 
fracture frequency are based on pilot holes in ONKALO at the approximate 
repository depth, which is considered to be the most relevant data set. It gives a 
higher frequency of flowing fractures than would be estimated based on data 
from the surface-based drillholes, because of the better detection of fractures 
with relatively low transmissivity (detection limit approximately 2·10-11 m2/s, 
Hartley et al. 2012, Section 10).  

 The grain density of the rock is set to 2700 kg/m3. This value is selected based 
on the available data on the density of Olkiluoto rock types. The bulk density of 
the Olkiluoto rock types varies from slightly below 2600 kg/m3 to 2900 kg/m3 
and the mean value is 2711 kg/m3 (see Site Description, Table 5-13 and Figure 
5-66, the laboratory measurements are reported by Kukkonen et al. 2011 and 
Åkesson 2012). The grain density is higher than the bulk density, but given the 
low porosity of the rock, typically clearly less than 1 % (Site Description, Figure 
4-25 and Section 8.2.1), the difference between the grain density and the bulk 
density is limited. Furthermore, using the values for bulk density instead of 
values for the grain density leads to lower retardation factors and is thus a 
cautious selection. The same value, 2700 kg/m3, was used also for the fracture 
coatings, for which it can be considered as an reasonable average. The grain 
density of carbonates and clays, which are by far the most common fracture 
minerals in Olkiluoto, are approximately 2700 kg/m3 and that of sulphides about 
4800 kg/m3 (average value based on density of the most common sulphide 
minerals, pyrite, 4890 kg/m3, and pyrrhotite, 4615 kg/m3). On the other hand the 
fracture coatings include also other minerals, like quartz and feldspar, with 
density of slightly over 2600 kg/m3. The densities for the minerals are according 
to Ralph & Chau (2013).  

 Different values of the porosity and effective diffusion coefficient have been 
specified for the rock layers (Tables 7-13 to 7-16). The values originate from  
Site Description, Table 8-2. The characteristics of the rock layers are based on 
autoradiography of C-14-labelled methylmethacrylate (PMMA method) and X-
ray tomography studies on Olkiluoto rock samples, giving information on the 
porosity profile adjacent to the fracture. The effective diffusion coefficients are 
determined from He gas through-diffusion experiments, carried out using rock 
samples from Olkiluoto (for a summary of these studies see Chapter 8 of Site 
Description). This data set was selected as similar methods for determination of 
porosity and diffusion coefficients were applied and thus the results are 
comparable. In addition, data from leaching and through-diffusion 
measurements are also available (see Valkiainen et al. 1995, Kaukonen 1997 and 
Olin et al. 1997) and the results are consistent with the data presented in Chapter 
8 of Site Description, see also discussion in Section 6.1.3. 
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 The distribution coefficients have been selected based on the results for the 
brackish reference groundwater from Hakanen et al. (2013, Tables A-7, A-21 
and A-23, see also Table I-8 and I-9 in Appendix I of this report). The data are 
mainly based on laboratory experiments carried out during the Finnish site 
selection phase and on the complementary laboratory tests carried out for 
TURVA-2012. Literature sorption data for well-defined materials, especially for 
clays, were collected to complement the dataset. The derivation of distribution 
coefficients from the laboratory data and non-site-specific data takes into 
account the in situ conditions at Olkiluoto, by considering the specific surface 
area and cation exchange capacity. As reported by Hakanen et al. (2013, Chapter 
3), sorption has been observed to depend strongly on the micaceous mineral, 
especially biotite, content of the rocks, because of the higher surface area and 
better cation exchange capacity. Therefore, the conversion factor to derive the 
distribution coefficients of the intact rock from the experimental data on crushed 
rocks is based on the surface area and accessibility of the micaceous minerals 
(Hakanen et al. 2013). The conversion factors range from 0.05 to 0.23. These 
conversion factors are thus well in line with the observed difference of the 
sorption values measured on crushed rock and intact rock samples reported by 
André et al. (2008a, b, 2009).  

To estimate the effect of uncertainties, uncertainty factors that take into account 
uncertainties in mineral composition and material properties of rocks as well as 
in the source data and solution chemistry have been defined. For the unaltered 
rock matrix, the reported lower limit Kd values for the T-MGN type mica gneiss 
are used. Mica gneiss is abundant at Olkiluoto as the paleosome of migmatitic 
gneisses, the dominant rock types at Olkiluoto, is most commonly composed of 
mica gneiss. The sorption parameters for other typical rock types at Olkiluoto, 
namely, tonalitic granodioritic gneisses (TGG) and pegmatitic granites (PGR) 
were also determined by Hakanen et al. (2013). Of these, PGR have the lowest 
distribution coefficients due to their lower biotite content. PGR occur either as 
units of limited size or as leucosome veins in the migmatitic gneisses. However, 
the selected values for distribution coefficients can be considered cautiously 
chosen for most of the transport paths, which are likely to contain sections 
through mica gneisses. Also, the selected values are typically of the same order 
as the best estimates for the pegmatitic granites. These same Kd values are also 
used for the altered rock matrix, as there are no specific data for altered rock. 
This can be considered a cautious assumption, since the higher specific surface 
area in the altered zone is likely to result in enhanced sorption compared with 
the unaltered rock. Regarding the fracture coatings, no sorption is assumed to 
take place on the calcite and sulphide coatings or on the slickensided surfaces. 
For the clay fillings, the minimum best estimate values for the clays (illite and 
kaolinite) given by Hakanen et al. (2013, Tables A-21, A-22, A-23 and A-24) 
have been used.  
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Table 7-13. Transport-related parameters for clay (and possibly sulphide) coated 
fractures. Brackish water assumed. 

Parameter Units Element 
Layer (nearest to fracture to furthest from fracture) 

Illite and 
Kaolinite 

Alteration halo Unaltered rock 

Layer thickness m 

All 

2E-04 1E-02 3E+00 

Grain density kg/m3 2700 2700 2700 

Porosity - 6E-02 4E-02 5E-03 

Effective 
diffusion 
coefficient 

m2/s 1E-12 7E-13 6E-14 

Distribution 
coefficient 

m3/kg 

Ag 0 0 0 

Am 2.5E+02 1.5E-01 1.5E-01 

Be 1.8E+02 5.5E-03 5.5E-03 

C 0 0 0 

Cl 0 0 0 

Cm 2.5E+02 1.5E-01 1.5E-01 

Cs 2.0E-03 5.4E-02 5.4E-02 

I 0 0 0 

Mo 1.5E-02 3.0E-04 3.0E-04 

Nb 4.5E+00 4.2E-01 4.2E-01 

Ni 6.5E-01 5.5E-03 5.5E-03 

Np 2.0E+01 4.0E-01 4.0E-01 

Pa 6.0E+01 2.2E-02 2.2E-02 

Pd 6.5E-01 5.5E-03 5.5E-03 

Pu 2.5E+02 1.5E-01 1.5E-01 

Ra 3.4E-03 3.0E-03 3.0E-03 

Se 0 0 0 

Sm 2.5E+02 1.5E-01 1.5E-01 

Sn 1.5E+02 5.0E-01 5.0E-01 

Sr 3.4E-03 3.0E-05 3.0E-05 

Tc 2.0E+01 4.0E-01 4.0E-01 

Th 2.0E+01 4.0E-01 4.0E-01 

U 1.3E+01 1.6E-02 1.6E-02 

Zr 2.0E+01 4.0E-01 4.0E-01 
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Table 7-14. Transport-relevant parameters for calcite (and possibly clay and sulphide) 
coated fractures. Brackish water assumed. 

Parameter Units Element 
Layer (nearest to fracture to furthest from fracture) 

Calcite (and 
Sulphides) 

Alteration halo Unaltered rock 

Layer thickness m 

All 

2E-04 5E-03 3E+00 

Grain density kg/m3 2700 2700 2700 

Porosity - 6E-02 2E-02 5E-03 

Effective 
diffusion 
coefficient 

m2/s 1E-12 3E-13 6E-14 

Distribution 
coefficient 

m3/kg 

Ag 0 0 0 

Am 0 1.5E-01 1.5E-01 

Be 0 5.5E-03 5.5E-03 

C 0 0 0 

Cl 0 0 0 

Cm 0 1.5E-01 1.5E-01 

Cs 0 5.4E-02 5.4E-02 

I 0 0 0 

Mo 0 3.0E-04 3.0E-04 

Nb 0 4.2E-01 4.2E-01 

Ni 0 5.5E-03 5.5E-03 

Np 0 4.0E-01 4.0E-01 

Pa 0 2.2E-02 2.2E-02 

Pd 0 5.5E-03 5.5E-03 

Pu 0 1.5E-01 1.5E-01 

Ra 0 3.0E-03 3.0E-03 

Se 0 0 0 

Sm 0 1.5E-01 1.5E-01 

Sn 0 5.0E-01 5.0E-01 

Sr 0 3.0E-05 3.0E-05 

Tc 0 4.0E-01 4.0E-01 

Th 0 4.0E-01 4.0E-01 

U 0 1.6E-02 1.6E-02 

Zr 0 4.0E-01 4.0E-01 
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Table 7-15. Transport-relevant parameters for slickensided fractures. Brackish water 
assumed. 

Parameter Units Element 
Layer (nearest to fracture to furthest from fracture) 

Slickensided 
surfaces 

Alteration halo Unaltered rock 

Layer thickness m 

All 

2E-03 3E-03 3E+00 

Grain density kg/m3 2700 2700 2700 

Porosity - 1E-02 5E-02 5E-03 

Effective 
diffusion 
coefficient 

m2/s 1E-13 1E-12 6E-14 

Distribution 
coefficient 

m3/kg 

Ag 0 0 0 

Am 0 1.5E-01 1.5E-01 

Be 0 5.5E-03 5.5E-03 

C 0 0 0 

Cl 0 0 0 

Cm 0 1.5E-01 1.5E-01 

Cs 0 5.4E-02 5.4E-02 

I 0 0 0 

Mo 0 3.0E-04 3.0E-04 

Nb 0 4.2E-01 4.2E-01 

Ni 0 5.5E-03 5.5E-03 

Np 0 4.0E-01 4.0E-01 

Pa 0 2.2E-02 2.2E-02 

Pd 0 5.5E-03 5.5E-03 

Pu 0 1.5E-01 1.5E-01 

Ra 0 3.0E-03 3.0E-03 

Se 0 0 0 

Sm 0 1.5E-01 1.5E-01 

Sn 0 5.0E-01 5.0E-01 

Sr 0 3.0E-05 3.0E-05 

Tc 0 4.0E-01 4.0E-01 

Th 0 4.0E-01 4.0E-01 

U 0 1.6E-02 1.6E-02 

Zr 0 4.0E-01 4.0E-01 
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Table 7-16. Transport-relevant parameters for other fractures. Brackish water 
assumed. 

Parameter Units Element 
Layer 

Unaltered rock 

Layer thickness m 

All 

3E+00 

Grain density kg/m3 2700 

Porosity - 5E-03 

Effective diffusion coefficient m2/s 6E-14 

Distribution coefficient m3/kg 

Ag 0 

Am 1.5E-01 

Be 5.5E-03 

C 0 

Cl 0 

Cm 1.5E-01 

Cs 5.4E-02 

I 0 

Mo 3.0E-04 

Nb 4.2E-01 

Ni 5.5E-03 

Np 4.0E-01 

Pa 2.2E-02 

Pd 5.5E-03 

Pu 1.5E-01 

Ra 3.0E-03 

Se 0 

Sm 1.5E-01 

Sn 5.0E-01 

Sr 3.0E-05 

Tc 4.0E-01 

Th 4.0E-01 

U 1.6E-02 

Zr 4.0E-01 

 

7.8.3 Approach for modelling the variant and disturbance scenarios 

Enlarging defect/degradation of the buffer around a defective canister 
(VS1) 

In Variant Scenario 1 (VS1) it is assumed that processes occurring at the buffer/rock 
interface, including possible interactions of the buffer with highly alkaline water from 
cementitious repository materials, lead to a degradation of the outer part of the buffer 
and to a partial loss of its radionuclide retention capacity. The geosphere retention and 
transport model is identical to that for the base scenario. However, case VS1-HIPH 
considers the possibility of highly alkaline water in the geosphere, as well as in the near 
field. The corresponding sorption parameters for high alkaline water are given in Table 
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I-8 and Table I-9 in Appendix I. Other retention parameters are the same as in the 
reference case (see Table I-7 in Appendix I).  

Corrosion failure following buffer erosion (VS2) 

In Variant Scenario 2 (VS2), chemical erosion of the buffer and backfill is assumed to 
take place due to low ionic strength water penetrating to repository depth, e.g. in 
association with glacial retreat, leading to bentonite colloid generation, accelerated 
canister corrosion and eventual canister failure. 

To assess this scenario, a time-dependent velocity factor, fv, is used to scale the steady-
state groundwater flow rates (and hence the geosphere transport resistance WL/Q) to 
account for the periodically increased flow rates. The velocity factor used in the 
reference case erosion/corrosion model (Performance Assessment) is also used in the 
radionuclide transport calculations, and is shown in Table 6-13. Also shown is the 
assumed evolution of the water type in the geosphere and around the deposition holes. 
Chemistry-related retention and transport parameters are assumed to switch periodically 
between those for brackish water and those for glacial water. After an initial temperate 
50,000 year period, the pattern of flow and composition variations in the following 
120,000 year period is assumed to be repeated throughout the million year assessment 
time frame (see Chapter 4 of Performance Assessment). The expected suppression of 
flow during periods of permafrost is cautiously disregarded. 

A stable population of bentonite colloids is assumed to be present at the near-
field/geosphere interface and in the geosphere when low-ionic strength water penetrates 
to repository depth (i.e. when 1). Radionuclides are assumed to sorb to these 
colloids, affecting their migration behaviour (Figure 7-18. Conceptual model of colloid-
facilitated radionuclide transport in the geosphere.). The modelling approach for this 
scenario involves a redefinition of the geosphere transport model parameters. The 
following simplifying assumptions are made (see e.g. Smith (1993) for further 
discussion): 

 colloids are advected in flow channels with the same velocity as solutes (in 
reality colloids tend to stay centre-stream, and thus migrate somewhat faster than 
the average flow velocity in the channel, although the effect is small compared 
with other uncertainties in this simplified approach), 

 linear, equilibrium (i.e. reversible) uptake of radionuclides on colloids is 
assumed (see, however, the discussion of irreversible uptake, below), 

 the concentration of colloids is constant in space and time, 

 cautiously, there is no interaction assumed between colloids and fracture 
surfaces, 

 cautiously, there is assumed to be no penetration of colloids into rock matrix 
pore water due to their size and/or charge (cautious where reversible uptake of 
radionuclides is assumed), and 

 also cautiously, there is assumed to be no penetration of colloids into regions of 
stagnant water in the fracture plane or into intersecting “dead-end” fractures. 
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Figure 7-18. Conceptual model of colloid-facilitated radionuclide transport in the 
geosphere.  

 

Under these assumptions, the governing equations for colloid-facilitated radionuclide 
transport in the geosphere are identical in form to those for solute transport with the 
following substitutions: 
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mc (kg/m3) is the colloid concentration in fracture water and  (m3/kg) is a mass-based 
partitioning coefficient for radionuclide sorption on colloids, so that the concentration of 
a radio-element E sorbed to colloids,  (mol/m3) is given by: 

 

 

  7-31

where  (mol/m3) is the concentration in fracture water.  

The derivation of these substitutions is given in Appendix I of SKB (2010g). An 
equivalent derivation is given in Smith (1993). 

From the above, it can be concluded that reversible uptake of radionuclides on colloids 
has no significant impact on geosphere transport provided the following condition is 
fulfilled: 

≪ 1 

 

  7-32

in which case , ~  and , ~ . 

A review of colloid data in Appendix K indicates that Kc can be set equal to the 
distribution coefficient for compacted bentonite in glacial water (Table E-5 of Appendix 
E and Table F-4 of Appendix F). mc (kg/m3) is the colloid concentration in fracture 
water at the near-field/geosphere interface, which can be calculated directly from the 
buffer erosion rate R (kg/a), using Equation 7-13. 

 In this case, there is assumed to be no hydraulically significant damaged zone around 
the deposition holes. Although such a zone cannot be excluded at early times (and is 
assumed to persist indefinitely in the Reference Case), the erosion model indicates a 
penetration of bentonite gel into the fractures intersecting the deposition hole (including 
any fractures in the damaged zone around the hole) to a depth of between 0.5 m and 
34.6 m for water velocities between 315 m per year and 0.1 m per year (see Table 5-1 in 
Moreno et al. 2010), i.e. much further than the expected distance over which damaged 
zone fractures might be found. It is therefore considered inappropriate to use the results 
of the groundwater flow DFN calculations that include hydraulically significant rock 
damage to analyse buffer erosion, canister corrosion and subsequent canister failure and 
radionuclide release, retention and transport.  

The buffer erosion rate is calculated from the erosion model described in Section 6.11. 
The rates obtained range from 0.4 to 1.3 kg per year, which give colloid concentrations 
ranging from 0.08 to 0.3 kg/m3 (see Table 10-2 of Assessment of Radionuclide Release 
Scenarios for the Repository System). The review of colloid data in Appendix K 
suggests that a maximum colloid concentration in the vicinity of an eroding buffer of 
500 mg/L can be expected, corresponding to a value of mc = 0.5 kg/m3. This is of the 
same order of magnitude as colloid concentrations obtained using the above modelling 
approach. With this colloid concentration, colloid-facilitated radionuclide transport can 
be significant for several radionuclides (i.e. the condition given by Equation  7-32 is not 
always satisfied), and this colloid facilitated radionuclide transport is included in all 
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cases that consider chemical erosion of the buffer, i.e. all cases for the VS2 scenario, 
and also the RS-DIL scenario (below).  

It is implicitly assumed in this approach that the colloid concentration is constant 
throughout the geosphere. In reality, colloids generated at the near-field/geosphere 
interface will be diluted as they migrate through the fracture network and may also be 
immobilised by filtration, e.g. in fracture constrictions. The assumption of a constant mc, 
equal to the value calculated for the near-field/geosphere interface, is cautious in that it 
leads to an overestimate of radionuclide releases. 

An error was identified in the geosphere transport calculations for calculation cases 
CS4-H2, CS4-H3 and CS4-H4 (complementary analyses for the VS2 scenario, in which 
canister failure occurs following chemical erosion of the buffer). In the original 
calculations, the same concentrations of bentonite colloids in the geosphere were used 
in these cases as in case VS2-H1. The correct colloid concentrations should have been 
those given in Table 10-2 of Assessment of Radionuclide Release Scenarios for the 
Repository System. Furthermore, the error in the near-field distribution coefficient for U 
in glacial water in the buffer also affects the sorption of U on bentonite colloids in the 
VS2 scenario, as well as in the RS-DIL scenario (rock shear followed by buffer 
erosion), where erosion of the buffer also provides a source of colloids in the geosphere. 
Both these errors are corrected in the new calculation cases presented in Appendix M. 
The results for the new cases are seen to be similar to those of the corresponding 
original cases.  A closer examination of the individual peaks for each radionuclide, 
however, reveals some differences (see Figures M-11 to M-13 in Appendix M). Too 
coarse a time discretisation in the original analysis of cases VS2-H1 and CS4-H2 to H4 
gave significant differences compared with the new results, but the original results err 
on the side of conservatism. 

Accelerated insert corrosion rate (AIC) 

The AIC scenario considers an accelerated corrosion rate of the insert of a canister with 
an initial penetrating defect. The geosphere retention and transport model is identical to 
that for the base scenario. 

Earthquake and rock shear (RS) 

The RS scenario addresses the possibility of canister failure due to shear movements on 
fractures intersecting the deposition holes in the event of a large earthquake. As in the 
VS2 scenario, groundwater composition in the geosphere is assumed to alternate 
between brackish and glacial, with glacial water present for short intervals during 
glacial retreat, resulting in time-dependent rock matrix distribution coefficients. It is 
assumed that rock shear adversely affects the flow-related transport properties of the 
fracture intersecting the deposition hole where failure occurs. 

As in the analysis of canister corrosion failure following buffer erosion (variant scenario 
VS2), a time-dependent velocity factor, fv, is used to scale the groundwater flow rate 
and the geosphere transport resistance WL/Q. This is to account for increased flow rates 
during periods of glacial retreat. In addition, fv is set equal to 10 for a period of 100 
years immediately following the earthquake event in the calculation case RS1 
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(earthquake at 40,000 years) to account for possible early, transient effects of a large 
earthquake on groundwater flow. 

The geosphere transport model is illustrated in Figure 7-19. A cautious and simplified 
approach is taken, which is appropriate given the uncertain impact of a rock shear event 
on the transport properties of the geosphere. A single, uniform transport channel 
(fracture) is modelled, characterised by a transport resistance WL/Q set to 5·104 a/m, 
divided by the time-dependent velocity factor fv. This is also judged to be a cautious 
choice, given that a transport resistance of 5·104 a/m is towards the lower (cautious) end 
of the range of values obtained from groundwater flow modelling (see e.g. Figure 4-11 
of Assessment of Radionuclide Release Scenarios for the Repository System). The 
fracture transport aperture is set to 1 mm, although the performance of the geosphere 
transport barrier is not sensitive to this parameter (see the findings of the PSA in Section 
9.8.1 of Assessment of Radionuclide Release Scenarios for the Repository System).  

The fracture is surrounded by a homogeneous rock matrix of finite extent. The model 
has been implemented in GoldSim. As in all other calculation cases, the rock matrix is 
modelled as extending 3 m on each side of the channel. It is assigned the properties of 
unaltered rock matrix throughout (i.e. the transport class “other fractures” is assumed). 
The distribution coefficients for the rock matrix are assumed to alternate between those 
for brackish water when the velocity factor, fv, is equal to 1 and those for glacial water 
when fv = 10, except in the period immediately following the earthquake at 40,000 years 
in RS1, when fv = 10, but brackish water is assumed to be present.  

 

 

Figure 7-19. Geosphere transport model used to analyse RS1 and RS2. 
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Rock shear followed by buffer erosion (RS-DIL) 

In the RS-DIL scenario, the buffer undergoes either immediate damage or longer-term 
erosion following canister failure due to rock shear. In the latter case, chemical erosion 
of the buffer is assumed to occur gradually over time, as a result of the periodic 
infiltration of glacial meltwater to repository depth (note that chemical erosion of the 
buffer around the failed canisters would become more likely if the rock shear event has 
increased water flow through any fractures intersecting the deposition holes, since this 
would increase the likelihood of penetration of low-ionic strength water to these holes 
during glacial retreat). 

As in the VS2 scenario, buffer erosion is modelled using Equation 7-13. The geosphere 
transport model is similar to that shown in Figure 7-19 for the RS scenario. However, 
transport of radionuclides sorbed on bentonite colloids generated by buffer erosion is 
taken into account following the approach described for the VS2 scenario.  

7.8.4 Confidence in the model approach and data 

Overall modelling approach 

As a result of decades of laboratory, URL and natural analogue studies (see discussion 
in Alexander et al. 2003, for example), there is reasonable confidence that all processes 
relevant to radionuclide transport in fractured hard rocks have been identified, and, 
internationally, models similar or identical to those of TURVA-2012 in all key aspects 
are used for safety assessments of repositories in comparable geological environments. 
An overview of some of the most relevant work is given in Section 9.2 of 
Complementary Considerations. Regarding matrix diffusion, it is noted that numerous 
natural analogue and URL studies now exist that confirm matrix diffusion will occur up 
to tens (to hundreds) of metres from a water-conducting feature.  

Effects of channelling 

It is generally considered that channelling (i.e. preferential flow through openings or 
channels) occurs at some length scale within water-conducting features, as a result, e.g. 
of variations in aperture and hence transmissivity. For example, it is observed that 
inflows from fractures into tunnels can occur at discrete points within the fracture rather 
than along the whole intersection (see, e.g., Neretnieks 2006), although the pattern of 
inflow may be exaggerated by the geometry of the tunnel wall along the fracture trace, 
and there are other effects at play, such as degassing.  

The effects of channelling within water-conducting features have been studied e.g. by 
Crawford (2008) and Neretnieks et al. (2010). Channelling may affect the transport 
resistance WL/Q of geosphere transport paths and give rise to dispersion along these 
paths. In addition, radionuclides may diffuse into areas of more stagnant water in the 
fracture plane. As noted in Section 7.8.1, this latter effect is cautiously omitted in the 
present retention and transport model of the geosphere.  

The effect on WL/Q and on other flow-related transport parameters has, however, been 
investigated in the context of groundwater flow modelling (see Section 7.2.4 of Hartley 
et al. 2012). Three concepts for how variability in transmissivity is distributed between 
fractures, within fractures, or shared between and within fractures are considered. For 
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each concept, two fracture size-transmissivity relationships have been tested. Hence, a 
total of six model cases have been considered. Ensemble statistics have been compared 
for the flow rate per unit width through fractures, and for the transport resistance WL/Q, 
for all six model cases based on particle release and transport through a generic rock 
block, with side lengths of 200 m. Distributions of transport resistance and flow rate per 
unit width are found to be similar for each of the model cases. It is concluded in Hartley 
et al. (2012) that calibration of groundwater flow models against flow-related data from 
the site provides a strong constraint on subsequent simulations of important flow-related 
transport parameters. Thus, statistical distributions of flow-related transport parameter 
values, such as WL/Q, are rather insensitive to modelling assumptions that are hard to 
substantiate by measurement, such as the distribution of transmissivity within and 
between fractures (and hence the degree of channelling), as well as the relationship 
between fracture size and transmissivity. 

Interconnections between water-conducting features and channelling within these 
features can also give rise to mechanical dispersion. The effects of mechanical 
dispersion on radionuclide transport are discussed further, below. 

Effects of dispersion 

In the model for a single transport path through the geosphere described in Section 
7.8.1, hydrodynamic dispersion, the combined effect of mechanical dispersion and 
molecular diffusion within the water-conducting features, is modelled as a diffusion-like 
process in the longitudinal (flow) direction. The mechanical dispersion component is 
described in terms of a Peclet number, which is the ratio of the path length to the 
longitudinal dispersion length. In the analysis of deterministic calculation cases, 
mechanical dispersion is disregarded (the longitudinal dispersion length is set to zero, 
and the Peclet number to infinity). However, sensitivity to mechanical dispersion has 
been investigated in the PSA (Cormenzana 2013), where the Peclet number has been 
varied across a wide range (2 to 200). The value of the Peclet number has been found to 
have no statistically significant effect on the total peak normalised release rates to the 
surface environment, or on the peak normalised release rates of the three most important 
radionuclides (C-14, Cl-36 and I-129). This is a consequence of the fast transport of 
these three radionuclides through the geosphere. For radionuclides that sorb 
significantly on the rock matrix, and are hence transported more slowly through the 
geosphere, Peclet number is one of the flow-related geosphere transport parameters with 
the highest influence on the peak release rate to the surface environment. When 
identified as relevant, Peclet number is negatively correlated with the peak release rate 
to the surface environment, i.e., a decrease of Peclet number (higher longitudinal 
dispersion) produces an increase in their peak release rates. This is because higher 
longitudinal dispersion produces earlier first arrival times to the geosphere/surface 
environment interface, allowing radionuclides to be released to the surface environment 
that otherwise would decay substantially within the repository system or would not be 
released to any significant extent during the million year assessment time frame. As a 
consequence, for radionuclides with high sorption on the rock matrix, neglecting 
dispersion can lead to significantly lower peak release rates, although the effect on the 
peak total normalised release rate to the surface environment is negligible, since this 
peak is dominated by radionuclides weakly sorbed or non sorbed on the rock matrix. 
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A more significant issue is the effect of simplifying geosphere transport such that only a 
single transport path is modelled for each of the three starting locations at the near-
field/geosphere interface. In reality, due to the network of geosphere fractures through 
which released radionuclides can travel, multiple paths exist from each starting location 
at the near-field/geosphere interface. Since each path will have different transport 
properties, the result is large-scale (route) dispersion that is likely to have a more 
significant effect on the spreading of releases in space and time than the longitudinal 
dispersion in a single path included in the Monte Carlo simulations for the PSA 
(Cormenzana 2013) using the Peclet number. The impact of route dispersion is analysed 
in Section 9.8.3 of Assessment of Radionuclide Release Scenarios for the Repository 
System. It has been found that, for the Reference Case defective canister location, the 
peak geosphere release calculated taking into account ten transport paths through the 
geosphere fracture network for each of the F, DZ and TDZ near-field release points is 
about a factor of two smaller than the peak release rates calculated with just one path, 
indicating that disregarding route dispersion is a cautious approach for such relatively 
unfavourable deposition hole locations selected for the Reference Case. 

Effects of anion exclusion in the rock matrix 

Anion exclusion may restrict the diffusion of the radionuclides in anionic form to the 
rock matrix. Laboratory studies indicate that anion exclusion takes place in the 
Olkiluoto host rock (see Section 3.1 and Valkianen et al. 1995, Kaukonen et al. 1997, 
Olin et al. 1997). These studies include equilibration-leaching measurements and 
through-diffusion experiments. Tritium, Cl-36, and Na-22 were used as the main tracers 
in these experiments, with additional tracers in some of the tests. A variety of rock types 
and a range of ionic strengths of the water, have been considered. The test results show 
a variation in the porosities and effective diffusion coefficients between the rock types. 
The reported effective diffusion coefficients are typically in the order of 10-14 – 
10-13 m2/s, with higher values for the altered samples. The porosities from the through-
diffusion experiments range from 0.1 % to 1-2 % (see also discussion in Section 6.1.3). 
Further information on the in-situ matrix diffusion properties is being obtained in the 
REPRO experiment at ONKALO (Voutilainen et al. 2013) and from 
palaeohydrogeological studies (Smellie at al. 2013). However, these results were not 
available in time for inclusion in the safety case. 

Based on the recent studies summarised in SKB (2010a), anion exclusion is likely to 
reduce the effective diffusion coefficient by half an order of magnitude. The effect of 
the anion exclusion in rock layers with higher porosity and limited thickness (fracture 
fillings and altered rock) can be assumed to be even less. As the effective diffusion 
coefficient is only affected by anion exclusion to a limited extent and as the uncertainty 
in this parameter is small compared with the uncertainty and variability in the flow-
related transport resistance (WL/Q), anion exclusion is not explicitly included in the 
calculations of geosphere transport. It is also noted that the values for porosity and 
effective diffusion coefficients applied in the analysis are in the range observed in the 
laboratory tests. Furthermore, in Section 9.8.2 of Assessment of Radionuclide Release 
Scenarios for the Repository System, anions are hypothetically assumed to migrate 
instantaneously through the geosphere (without spreading or delay) to provide a 
bounding illustration of the possible effects of anion exclusion in the geosphere on 
release rates to the surface environment. It is concluded that the reduction in geosphere 
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retention that would be produced by modelling anion exclusion would have little effect 
on geosphere release rates, since geosphere retention is already so low for the anions 
that generally dominate overall peak release rates, at least for the cautious Reference 
Case location for the defective canister. Similar conclusions can also be drawn from the 
PSA study by Cormenzana (2013), which shows that even though the porosity and 
effective diffusion coefficient have some impact on the results in some probabilistic 
realisations, it is always of secondary importance with respect to the release rates.  

Effects of uncertainty in speciation and in sorption parameters 

Speciation affects sorption of dissolved radionuclides on mineral surfaces in rock 
fractures and in the adjacent diffusion-accessible rock matrix, and also the accessibility 
of the rock matrix pore spaces by diffusion (see anion exclusion, above). Similar types 
of uncertainties as discussed earlier in Section 7.5 also apply to the geosphere, the main 
factor affecting the speciation being the prevailing groundwater composition. In 
TURVA-2012, anionic radionuclide species are assumed not to sorb on the mineral 
surfaces of rock matrix pores. In the Reference Case, the only radionuclides considered 
to migrate in anionic form are I-129, Cl-36 and Se-79. In the sensitivity case BS-
ANNFF, the radioisotopes of silver, molybdenum and niobium are also assumed to 
migrate in anionic form, with zero sorption in both the near field and geosphere. In 
general, this has little effect on the migration of these radionuclides; see Section 9.8.2 of 
Assessment of Radionuclide Release Scenarios for the Repository System. In all 
deterministic calculation cases, carbon is cautiously assumed to be in organic form 
(methane) and to be non-sorbing. 

Groundwater composition, which is variable both in space and time, also affects the 
speciation of dissolved radionuclides in the geosphere and hence geosphere sorption. 
The water composition used in the laboratory sorption tests described in Hakanen et al. 
(2013) included simulants for the reference and bounding groundwaters. The results for 
brine water were extrapolated from the results for the highly saline water (TDS 50 g/L). 
For glacial meltwater, the results for the high pH variant of another dilute meltwater 
have been used (for further details of the groundwaters used in laboratory tests see 
Appendix 3 of Hakanen et al. (2013), and for the scaling procedure see Table I-10 in 
Appendix I). The Reference Case retention parameters are based on the assumption that 
the groundwater is of the brackish reference type. However, the full range of water 
types has been taken into account when defining the probability density functions 
(PDFs) for parameters affected by groundwater type used in the PSA (Cormenzana 
2013). Furthermore, high-pH saline water in the geosphere is considered in the context 
of an enlarging canister defect in the cases VS1-HIPH and VS1-HIPH-NF (Section 
10.1.2 of Assessment of Radionuclide Release Scenarios for the Repository System). 
Peak near-field release rates in these deterministic cases are virtually identical to those 
for brackish water, being dominated by C-14, which is, for all the water types, assumed 
to be in organic form and to be both non-sorbing and not solubility limited.  

Alternating periods of brackish water and glacial water in the geosphere are considered 
in the calculation cases for the VS2, RS and RS-DIL scenarios, the effects of which on 
the buffer are described in Section 7.6.3. 
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The assumptions and data presented in the report, in draft state, by Hakanen et al. 
(2013), discussing sorption in the geosphere, was subject to an expert elicitation (see 
Appendix L). The elicitation process resulted in a list of specific comments taken into 
account in finalising of the report. The expert elicitation process brought up the two 
main uncertainties related to sorption in the geosphere: gaps in thermodynamic data and 
the accessibility of sorption sites in intact rock (and possibly also nature of sites in 
crushed rock / artefacts). However, Posiva’s work is considered to represent the state-
of-the-art, thus giving confidence in the selected approach.  

Where there is uncertainty, parameter values were chosen that err on the side of caution, 
alternative cases were evaluated examining alternative conceptual assumptions or 
parameter values, or suitably broad PDFs were used for the Monte Carlo simulations 
and PSA. In particular, in the Reference Case, the only radionuclides considered to 
migrate in anionic form are I-129, Cl-36 and Se-79. In the sensitivity case BS-ANNFF, 
the radioisotopes of silver, molybdenum and niobium are also assumed to migrate in 
anionic form, with zero sorption in both the near field and geosphere. In general, this 
has little effect on the migration of these radionuclides; see Section 9.8.2 of Assessment 
of Radionuclide Release Scenarios for the Repository System. In all deterministic 
calculation cases, carbon is cautiously assumed to be in organic form (methane) and to 
be non-sorbing. For radionuclides that sorb strongly on the rock matrix, the PSA 
(Cormenzana 2013) showed that the parameters with the greatest influence on the peak 
release rate to the surface environment, in addition to the flow-related parameters, are 
those related to diffusion and sorption in the rock matrix. However, these radionuclides 
have little impact on the overall peak release rates to the surface environment, which are 
in general dominated by less sorbing radionuclides; see Section 9.8.1 of Assessment of 
Radionuclide Release Scenarios for the Repository System. 

Immobilisation processes 

In modelling radionuclide retention, linear, equilibrium sorption is assumed (Equation 
7-26). Sorption may, in reality, be non-linear, but Kd values are selected to handle non-
linearity conservatively (see Hakanen et al. 2013). No account is taken of irreversible 
sorption or long-term immobilisation processes (precipitation/co-precipitation) and 
isotopic exchange in the host rock. This approach is cautious, unless a change in 
geochemical conditions leads to remobilisation of previously immobilised 
radionuclides. There is no evidence to suggest this might happen at the site. 
Furthermore, radionuclide concentrations will in any case be substantially reduced by 
dilution due to mixing with groundwater in the fracture network. Therefore, solubility 
limits are unlikely to be reached except near the interface with the near field, the 
treatment of which is discussed in Section 7.6. 

Effects of colloids 

Colloids (i.e. particles in the size range 1−1000 nm) have the potential to enhance the 
migration of radionuclides away from a deep repository, owing to their ability to 
transport sorbed radionuclides. For colloids to play a significant role, they must be 
present, stable in the groundwater both chemically (with respect to dissolution) and 
colloidally (with respect to aggregation and sedimentation processes), and mobile over 
significant distances through the groundwater system. There must also be a significant 
association of radionuclides with colloids.  



592 

 

 

Naturally occurring colloid concentrations are currently low in Olkiluoto groundwater 
(between 10-6 and 0.2 mg/L; see Järvinen et al. 2011) and it is assumed in TURVA-
2012 that colloids at such low concentration play no significant role in radionuclide 
migration. The limited impact of natural groundwater colloids is discussed in Section 
9.3 of Complementary Considerations. However, as noted by Degueldre et al. (1996a, 
b), colloids display an inverse correlation between colloid populations and groundwater 
ionic strength. Thus, higher natural concentrations may arise during periods when low 
ionic strength water penetrates deep underground, in particular in association with 
future periods of glacial retreat. In addition, colloids may be generated during such 
periods due to the chemical erosion of the bentonite buffer and backfill. 

Radionuclide transport in the presence of colloids generated by bentonite erosion is 
considered in variant scenario VS2 and disturbance scenario RS-DIL, as described in 
Section 7.8.3. The approach adopted to model geosphere transport in these scenarios 
assumes reversible uptake of radionuclides on the bentonite colloids. There is, however, 
the possibility that sorption of the tetravalent actinides38 Th, U (which may occur partly 
as VI and IV) and Np is at least partly irreversible. The irreversibly bound fraction 
cannot be reliably quantified given the current state of knowledge (Schäfer et al. 2012). 
Thus, the potential impact of irreversible uptake of these actinides on colloids is 
assessed by assuming that they are transported instantaneously and without attenuation 
to the surface upon release from the near field (see Sections 12.2.2 and 12.4.1 of 
Assessment of Radionuclide Release Scenarios for the Repository System). It should be 
noted that, in reality, any radionuclides sorbed irreversibly on bentonite colloids will 
also be sorbed irreversibly on compacted bentonite, reducing near-field releases. 
Irreversible sorption on compacted bentonite is, however, cautiously omitted from these 
calculations. 

The rate of colloid generation by buffer erosion is based on a fitted relationship to the 
results of a model for predicting the rate of erosion of the bentonite buffer in low ionic 
strength water, developed by KTH (the Royal Institute of Technology), Sweden, on 
behalf of SKB, and is also the relationship used in the erosion modelling described in 
Section 6.19.1. The model is presented in detail in Moreno et al. (2010). The fitted 
relationship is assumed to apply whenever low ionic strength water is present at 
repository depth, i.e. for 1000 years per glacial cycle. In reality, a number of factors 
could affect this relationship and cause the erosion rate to vary: 

 the expected exchange of Na+ for Ca2+ in the buffer during the present temperate 
period; the Olkiluoto groundwater composition as well as the calcium inventory 
in the buffer material itself (from the accessory mineral content, i.e. calcite − 
CaCO3 − and gypsum − CaSO4•2H2O), are expected to favour the cation 
exchange of montmorillonite towards a Ca-dominant composition that is less 
susceptible to chemical erosion (see Section 7.4.2 of Performance Assessment), 

 the formation of a porous region of accessory minerals naturally present in the 
buffer and left behind when clay minerals are lost due to erosion, which could 

                                                 
 

38  Pu is assumed tetravalent in alkaline water and glacial water, but is trivalent otherwise (Wersin et al. 2013a). 



593 

 

 

act as a physical barrier (filter) limiting or preventing further erosion (Chapter 8 
of Neretnieks et al. 2009), 

 gradual loss in buffer density within the buffer where the fracture intersects the 
deposition hole (taken to be constant in the model of Moreno et al. 2010), and 

 eventual advection of clay particles out of the deposition hole, once the overall 
buffer density in the deposition hole becomes sufficiently low (such that a loose 
gel or sol is formed). 

Thus, the erosion rate could either decrease (the first three factors) or increase (the 
fourth factor) with respect to that predicted by the fitted relationship. Given that the 
fourth factor would only be likely to come into play once a significant fraction of the 
buffer in the deposition hole had been lost (see above), and this loss is prevented or 
delayed by the first three factors, the assumption that the erosion rate is the same at all 
times when low ionic strength water is present at repository depth is deemed to be 
sufficiently cautious for the purposes of the present safety case. 

Complementary calculation case CS3-COLL, which considers the possibility that the 
gradual reduction in buffer density due to erosion in the VS2 and RS-DIL scenarios 
(should low ionic strength water penetrate to repository depth) could ultimately lead to 
the loss of the capacity of the buffer to filter intrinsic colloids formed around the spent 
fuel, has been mentioned already in Section 7.6.4. By disregarding geosphere transport 
in this complementary case, it is, in effect, cautiously assumed that the intrinsic colloids 
are transported instantaneously and without retention to the surface. In reality, intrinsic 
colloids are likely to be stable only in supersaturated solutions when such conditions 
occur in the repository near field. Although relevant dissolution rate measurements for 
colloids without the presence of a solid phase are lacking in the literature, it is likely 
that any intrinsic colloids formed in the repository near field will not migrate significant 
distances into the geosphere. Rather, they will either redissolve in the undersaturated 
conditions likely to be encountered outside the near-field/geosphere interface, or 
become attached to rock mineral surfaces near the near-field/geosphere interface.  

Effects of gas 

At the Olkiluoto site, there is naturally occurring gas dissolved in the groundwater, but 
no signs of meaningful amounts of gas in the gas phase have been found. In most 
calculation cases, it is assumed that radionuclides are transported entirely as dissolved 
species. This includes gaseous radionuclides and radionuclides that can form gaseous 
compounds. From a safety perspective, the most significant of these is C-14, which 
could be present in the repository system as methane. C-14 could, however, also be 
transported as methane by repository-generated gas (principally hydrogen from 
corrosion of the insert) and this possibility is considered in complementary analyses of 
gas-mediated transport in the context of the AIC disturbance scenario. 

Two possibilities are considered regarding the transport of the C-14 once it reaches the 
geosphere:  

 Hydrogen gas conveys C-14 through the geosphere with no retardation by 
matrix diffusion.  
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 All hydrogen gas and gaseous C-14 reaching the geosphere dissolves in the 
relatively large amounts of water present in the rock. The C-14 is then 
transported with flowing water through the fracture network to the surface 
environment, retarded by matrix diffusion, using the base scenario geosphere 
transport model. 

Both these possibilities are evaluated separately in the analyses described in Section 
12.3 of Assessment of Radionuclide Release Scenarios for the Repository System.  

The possibility that hydrogen gas conveys the pulse release of C-14 through the 
geosphere can be cautiously modelled by assuming instantaneous transport from the 
repository near field to the surface environment. Nevertheless, when comparing to the 
regulatory geo-bio flux constraint for C-14, it can be assumed that the pulse is spread 
over 1000 years. According to Guide YVL D.5: 

Para. 313 

“… activity releases can be averaged over 1000 years at the most”.  

The results show that the highest peak normalised release rate (assuming no geosphere 
retention) occurs for a pulse release time of 2000 years and is around a factor of four 
below the regulatory geo-bio flux constraint. Note that, at 2000 years (1000 years after 
the onset of corrosion), all the other metal parts have corroded and released their 
inventory of C-14, which amounts to 62 % of the total C-14 inventory in the spent 
nuclear fuel. At later pulse release times, C-14 from the zirconium alloy cladding 
contributes increasingly to the pulse release. However, the zirconium alloy cladding has 
a relatively small C-14 inventory, with only about 13 % of the total. Furthermore, the 
amount of C-14 available for release is reduced by radioactive decay. As a result, the 
peak near-field releases for these later pulse release times are less than that for a pulse 
release time of 2000 years. 

Consequences of multiple canisters with initial penetrating defects 

The Reference Case analysed in the Assessment of Radionuclide Release Scenarios 
considers a single defective canister in the repository that happens to be located in a 
relatively unfavourable deposition hole. The possibility of there being more than one 
defective canister emplaced within the repository cannot currently be excluded, and is 
also acknowledged in the definition of the base scenario. Defective canisters are equally 
likely to be placed in any deposition hole in the repository. Clearly, if there is more than 
one defective canister, there is a chance that any of these will be unfavourably located, 
but probability that all such canisters are unfavourably located is very low.  

To illustrate this point, a series of calculations has been performed for three key 
radionuclides: I-129, Cl-36 and C-14. In each calculation, the peak release rate from the 
geosphere to the biosphere, in terms of Bq/a summed over these nuclides, has been 
calculated assuming the defective canister to be located in a particular deposition hole. 
All deposition holes are considered (including those that do not pass the inflow RSC 
criterion). Parameter values are the same as in the Reference Case, except for those that 
depend on canister location. These parameter values are calculated based on the same 
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DFN model realisation as the Reference Case. From these calculations, the mean peak 
release rate for a single canister, randomly placed in the repository, can be calculated 
(i.e. the peak release rate, averaged over all calculations). It is more than an order of 
magnitude less than the peak release rate in the Reference Case, illustrating the 
cautiousness of the chosen location for the defective canister in the Reference Case.  

Similarly, the mean peak release rate for a two canisters, randomly placed in the 
repository in the repository, can be calculated. It is roughly twice the mean peak release 
rate for one canister, randomly placed, but still well below the peak release rate in the 
Reference Case. In fact, as illustrated in Figure 7-20, around 20 defective canisters, 
randomly placed, are required below the mean peak release rate exceeds the peak 
release rate in the Reference Case.  

Thus, it is concluded that the Reference Case, which considers a single defective 
canister in a relatively unfavourable deposition hole, is more cautious in its assumptions 
than if it had been assumed that there had been multiple defective canisters (up to 
around 20), located in more typical deposition holes.  

The number of defective canisters, if any, that will in reality escape detection and be 
placed in the repository is not known, and will probably never be known with certainty. 
It is likely that there will always remain a small possibility of there being one or more 
such canisters. Although much of the data needed to support detailed analysis of this 
issue is currently lacking, the probability of there being a given number of defective 
canisters in the repository has been tentatively estimated by Holmberg and Kuusela 
(2011) (also discussed in Section 6.26 of this report). Assuming these tentative 
estimates to be correct, the analyses described above have been extended in Section 9.2 
of the Assessment of Radionuclide Release Scenarios to show that the expectation value 
of peak release rate from multiple failed canisters randomly located in the repository 
would be significantly less than the peak release rate in the Reference Case. 
Furthermore, the probability that the release maximum from multiple randomly placed 
defective canisters exceeds that of the Reference Case release maximum is low, and is 
estimated to be about 0.04 %. 
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Figure 7-20. Mean peak release rate from a given number of defective canisters, 
randomly placed in the repository. The isolated point on the far right is the 
(hypothetical) case where all deposition holes contain defective canisters. For 
comparison, the peak release rate from a single defective canister in the Reference Case 
(RC) deposition hole is also shown.  

 

 

  



597 

 

 

8 SUMMARY AND WAY FORWARD 

This report provides an assessment of the key models (and numerical or qualitative 
assessments) used in supporting reports and in Performance Assessment and Assessment 
of Radionuclide Release Scenarios for the Repository System along with key data and 
assumptions. The main outcome is that models and databases are fit-for-purpose, i.e. 
models incorporate relevant FEPs and models and data used within their applicable 
ranges of conditions. However, improvements could still be made to reduce 
uncertainties and improve overall system understanding. 

An important purpose of the present report was to bring forward quality assurance 
aspects of the models and data handling process. It would not have been possible (nor 
was it in the scope of this report) to provide exhaustive information on every sub-model 
and related data used in Performance Assessment and Assessment of Radionuclide 
Release Scenarios for the Repository System in order to reproduce the model results; 
rather, extensive references to supporting reports containing detailed information have 
been provided to the readers. In this respect, the present report represents a compromise 
between the level of detail necessary to reproduce the models (traceability) and the 
transparency required in a safety case.  

The compilation of the present report helped to identify which data have been used in 
the modelling chain, clarify input/output data flow and identify discrepancies in the use 
of the data. Appendices C through I provide a component-wise view of the various input 
data and point out whenever there were discrepancies in data use for different models. 
For example, the performance assessment modelling chain was implemented by groups 
(or individuals) who worked independently from each other or ran their models in 
parallel and used different input data for the same parameter (e.g. porosity of the buffer 
and backfill) or used provisional data, where only this was available at the time of 
model compilation (e.g. layout).  

Some discrepancies originated from miscommunication among modelling groups (or 
individuals) (e.g. transport parameter values in the near field) in spite of the quality 
control measures implemented for the assessment of radionuclide release scenarios for 
the repository system modelling chain (see Section 2.3). Those discrepancies that had a 
potential impact on the results of Assessment of Radionuclide Release Scenarios for the 
Repository System were selected and additional calculations have been done using the 
updated data and the results compared with those presented in Assessment of 
Radionuclide Release Scenarios for the Repository System (see Appendix M). None of 
these discrepancies led to significant differences in the total releases. Other 
discrepancies (e.g. rounding errors) were discovered in the compilation of this report 
and reported in the relevant sections but they were not deemed sufficiently significant to 
require additional calculations. 

The entire modelling process starting from the performance assessment through the 
formulation of radionuclide release scenarios to the assessment of radionuclide release 
scenarios for the repository system and finally into the biosphere assessment took place 
over 4−5 years. No single “data freeze” was carried out at the beginning of this process 
since site data, EBS design and development and repository layout continuously 
evolved to incorporate new knowledge and changes in constraints (e.g. total amount of 
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spent fuel changed from 5500 tU to 9000 tU in 2009). Rather, an ad hoc data freeze per 
model was applied as needed by the next activity in the modelling chain. Thus, the 
publication of the present report was possible only after the other reports of the 
TURVA-2012 safety case portfolio. On the one hand, the absence of an early data 
freeze caused some of the quality assurance problems mentioned above (i.e. use of 
preliminary data or data published in background reports that were, in some cases, 
outdated); on the other hand, it allowed the models and data to incorporate the most up-
to-date information available at the time of modelling. These discrepancies have been 
reported and will be used as a basis for improvement in the next safety case. 

Another clear benefit of compiling the present report at the end of the modelling chain 
is that it allowed the modellers to focus on producing the results that were central to the 
safety case in support of the construction license application. The task of documenting 
input data and providing background reports involved a concerted effort among 
modellers, subject-matter experts (e.g. radionuclide transport parameters in the near 
field and geosphere) and long-term safety assessors. The present report will greatly 
facilitate the setting up of an earlier data freeze for further updates of the safety case. 
The report also highlights the significant effort (time-wise and resource-wise) necessary 
to gather the input data and run the entire modelling chain and it will be useful in the 
time and resource allocation for the next update of the safety case.  

For the above reasons, the present report provides important feedback on the models 
and data handling process within Posiva and the iteration needed among long-term 
safety, design and construction of the repository and its components.  

Confidence aspects and uncertainties concerning models and data are also discussed 
along with a description of how they are handled in the modelling chain starting from 
the performance assessment down to the assessment of radionuclide release scenarios 
for the repository system. Additional research and development activities will help to 
increase the confidence and reduce the remaining uncertainties in the models and data to 
be used in the new safety case needed for the operational licence application. The 
activities affecting the confidence in models and data described in the RTD programme 
for the years 2013−2015 (Posiva 2012) are summarised below. 

Models and data concerning the spent nuclear fuel evolution and 
radionuclide releases  

Uncertainties in the source term (both radionuclide inventory and release rate) have a 
large impact on the radionuclide release and transport calculation results, most notably 
uncertainties in the fuel dissolution rate and the labile fractions of radionuclides (instant 
release fraction). Further planned work to reduce uncertainties in the source term 
includes: 

 update of the radionuclide inventories based on updated spent fuel data from 
TVO and Fortum, 

 evaluate spent fuel dissolution rates in natural groundwater and UO2 surface 
reactions (EU project REDUPP, REDucing the uncertainty in Performance 
Prediction), 
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 perform short-term leaching tests of high burn-up fuel to justify lowering of the 
assumed release rates of the labile fraction of the inventory (EU project FIRST-
Nuclides, Fast / Instant Release of Safety Relevant Radionuclides from Spent 
Nuclear Fuel). 

Modelling work concerning scenarios potentially leading to criticality events in the long 
term continues throughout the 2013−2015 research period. 

Models and data concerning the canister  

Further work on the canister models and data used in the performance assessment is also 
ongoing to improve the confidence in the long-term performance of the canister. Further 
work includes:  

 Experimental and theoretical work on copper in oxygen-free water (in 
collaboration with SKB) to better understand the origin of hydrogen and changes 
on the copper surface observed as well as the parameters controlling the 
processes involved.  

 Analysis and fate of the residual nitrogen compounds in the repository and 
evaluation of their effects on stress corrosion cracking. Sampling campaigns 
have been conducted in ONKALO to obtain site-specific information. 

 Modelling work to study canister failure due to rock shear from a probabilistic 
point of view, in order to define the statistical risk of this event (in collaboration 
with SKB). 

 Modelling work to improve the understanding of the effect of evolving 
geochemical conditions on copper corrosion (affects the performance and 
durability of the canister). 

 Modelling work on copper creep including sensitivity analyses to improve the 
understanding of the performance of the canister under the expected loads. 

 Criticality safety analyses (considering also long-term criticality) including 
validation of computational methods and assessment of the possible implications 
of various uncertainties. 

 A literature review on microbial activity in the buffer and backfill, to allow 
updating the bounding sulphide estimates and their implication for canister 
corrosion (see Models and data concerning the buffer, backfill and closure).  

The collaboration between Posiva and SKB concerning canister design (e.g. design 
strength analyses) continues. The work carried out within the independent KYT programme (Finnish 
Research Programme on Nuclear Waste Management) on copper in oxygen-free water 
will also be closely followed. 

Models and data concerning the buffer, backfill and closure 

Further work on the buffer and backfill models and data used in the performance 
assessment is ongoing to improve the confidence in the performance of these 
components in the long term. Further work includes (Posiva 2012): 
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 Experimental and modelling work on the interactions between mechanical 
erosion and swelling of clay materials at small and large scale; demonstration of 
water uptake process as well as down-scaled and full-scaled demonstrations. 

 Experimental and modelling studies on chemical erosion and formation of 
colloids, including participation in the international CFM (Colloid Formation 
and Migration) project at the Grimsel Test Site (Switzerland), and in the EU 
Project BELBaR (Bentonite Erosion: effects on the Long term performance of 
the engineered Barrier and Radionuclide transport). 

 Assessing the overall dilute water−buffer/backfill interaction in order to allow 
more realistic estimate on the mass loss rates of relevant clays. 

 Theoretical studies on microbial activity in the buffer and the backfill, including 
estimation of formation and transport of sulphides in buffer and backfill to allow 
updating of bounding estimates (including also fluxes to canister surface). 

 Experimental studies on long-term stability of the buffer including temperature 
effects (including participation in the Äspö HRL international project LOT 
(Long-term test of buffer material). 

 Experimental and modelling studies for assessment of the thermo-hydro-
mechanical (THM) and thermo-hydro-chemical (THC) behaviour of the 
engineered barrier system (including participation in the international project 
such as BelBaR). 

 Experimental and theoretical work on specification of alternative buffer 
materials to better understand which properties are important for the behaviour 
of the material, including participation in the international project ABM 
(Alternative Buffer Materials). 

 Validation of the assessment of the buffer behaviour in rock shear. 

 Further development of the cement-clay interaction assessment including 
experimental and modelling work. 

In addition to the activities above, full-scale and/or in situ tests on the components of 
the repository system according to the technical design and quality performance 
requirements will also be carried out to demonstrate that the repository can be 
implemented according to the assumptions (including model and data assumptions) 
made in the safety case. In situ tests on the components will be conducted following the 
description in Section 5.4 of Posiva (2012). The full-scale in-situ system test will 
comprise of 2−4 deposition holes with a heated canister and buffer, a backfilled 
deposition tunnel of the corresponding length, and a plug at the end of the backfilled 
section. This in-situ test will start in 2017. Additional examples of such implementation 
activities are the design and installation of the deposition tunnel plug (EU project 
DOPAS, Full-Scale Demonstration Of Plugs And Seals) and demonstration of buffer 
installation (EU project LUCOEX, Large Underground Concept Experiments). 
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Models and data concerning the evolution of the Olkiluoto site  

Experimental and modelling work continues to improve the understanding of the site 
from the long-term safety point of view and to provide data for the models. Further 
work includes: 

 Modelling of the evolution of groundwater chemistry (with emphasis on dilute 
waters, sulphate reduction and factors controlling the sulphide levels, and the 
buffering capacity of the bedrock).  

 Modelling groundwater flow, especially during the glacial period.  

 Development of reactive transport modelling to improve the understanding of 
the evolution of groundwater chemistry and the adequacy of buffering capacity 
during long time periods by integrating groundwater flow, groundwater 
chemistry and water-rock interaction data, including microbial processes and 
matrix diffusion (significance of anion exclusion). 

 Modelling work to assess the potential shear displacements in the vicinity of the 
deposition holes. 

 Experimental work (site characterisation) to improve understanding of the 
processes affecting long-term safety and the data to be used in the models 
especially in the areas of:  

- rock stress and strength (POSE experiment),  

- detailed-scale hydraulic properties and connectivity (HYDCO 
programme), 

-  hydraulic properties of the EDZ,  

- rock matrix properties (REPRO, Rock matrix REtention PROperties, 
experiment) and 

- hydrogeochemical processes; microbial sulphate reduction and factors 
controlling the sulphide levels (SURE and hydrogeochemical 
monitoring programme), the buffering capacity of the bedrock 
(Infiltration Experiment (INEX), detailed fracture infilling studies), and 
matrix diffusion including anion exclusion (matrix porewater studies 
and REPRO). 

In addition, development needs of models in certain areas have been recognised, e.g. to 
take into account salinity in the discrete fracture network based groundwater flow 
models. 

Models and data concerning climate evolution  

Modelling work continues to develop the models and data used in studies of climate and 
climate-related processes. Further work includes: 

 Modelling work to represent explicitly the carbon cycle in the climate model. 

 Modelling work to assess the hydrogeology in the vicinity of an ice sheet 
margin. 
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 Collection and evaluation of data on post-glacial land uplift. 

 

Models and data concerning radionuclide transport 

Experimental and modelling work continues to improve the understanding of the 
radionuclide transport processes and to provide data for the models. Further work 
includes: 

 Experimental work on rock matrix properties at repository depth (measurements 
of porosity and diffusivity, and participation to the REPRO experiment). 

 Revision of the conceptual model of the fractures based on their transport 
properties (transport classes) also taking into account channelling of flow. 

 Modelling work to determine the distribution coefficients of the key nuclides in 
the geosphere by thermodynamic modelling. 

 Modelling work using a probabilistic approach in transport calculations to assess 
the impact of data uncertainties. 

 Further integration between the modelling of radionuclide transport for 
geosphere and surface environment. 

The activities mentioned above aim to increase confidence and reduce the remaining 
uncertainties in the models and data used and in the conclusions reached in TURVA-
2012. 
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APPENDIX A. CODES USED 

This appendix gives a summary of the models and codes used for the assessment of the 
performance of the repository system and radionuclide release and transport in the 
repository system. 

Table A-1. Main models and codes used for modelling climate evolution and climate-
driven processes for the safety case TURVA-2012. 

Models and codes Purpose and scope 

Climate evolution 

Modelling of the climate evolution to support the selection of the climate scenarios and climatic conditions 
during temperate, permafrost and glacial periods.  
The key input for the model is shown in Figure 5-1. 
Main references: Pimenoff et al. (2011, 2012). 

CLIMBER-2 
(Calov et al 2005a,b, 
Ganopolski et al. 2010) 

Earth System Model of Intermediate Complexity (EMIC) used for simulating 
the climate evolution (near-surface air temperature, precipitation, solar flux at 
the surface, global radiation at the surface and vegetation) on a time scale of 
120,000 years.  

SICOPOLIS 
(Calov et al 2005a,b, 
Ganopolski et al. 2010) 

Ice-sheet model describing the evolution of the Northern Hemisphere ice 
sheets, their thickness and areal extent, basal temperatures and bedrock 
elevation. 

GAM 
(Wood 2006, Pimenoff et 
al. 2011) 

Generalised Additive Model used to downscale near-surface air temperature 
and precipitation from the CLIMBER-2-SICOPOLIS results to the Olkiluoto 
area. 

MPI/UW 
(Mikolajewicz et al. 2007) 

Earth System Model of Max Planck Institute used for the estimation of the 
climate evolution (atmospheric CO2 concentration, near-surface air 
temperature, precipitation, sea level, incoming shortwave radiation at the 
surface) on a time scale of 10,000 years. The model enables a coupled 
treatment of atmosphere, ocean, sea-ice, ocean carbon cycle and dynamic 
vegetation. 

UVic 
(Eby et al. 2009) 

Earth System Model of the University of Victoria used for the estimation of 
the climate evolution (atmospheric CO2 concentration, near-surface air 
temperature, sea level, incoming shortwave radiation at the surface) on a 
time scale of 10,000 years. The model enables a coupled treatment of 
atmosphere, ocean, sea-ice, ocean carbon cycle and land and terrestrial 
vegetation carbon cycle and oxic-only sediment respiration. 

Permafrost modelling 

Modelling of permafrost development, e.g. depth of the permafrost, to support the formulation of the 
radionuclide release scenarios as well as input to groundwater flow modelling. 
Key inputs to the permafrost modelling are the climate conditions, e.g. air temperature and vegetation, 
based on the climate model (see above), soil cover and water bodies and the properties of the rock mass 
and groundwater based on Olkiluoto specific data and the heat generated by the spent fuel. 
Main reference: Hartikainen (2013). 

1D model Freezing and thawing of groundwater saturated rock by applying a 1D-
model.  

3D model Freezing and thawing of groundwater saturated rock by applying a 3D-
model. 
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Models and codes Purpose and scope 

Crustal uplift 

Crustal uplift for groundwater flow modelling and the development of the surface environment. The crustal 
uplift is modelled using the equations according to Påsse (2001). 
Key inputs for the model are shoreline displacement data and crustal thickness data. 
Main references: Påsse (2001), Vuorela et al. 2009, and Chapter 9 of Biosphere Data Basis. 

Seismicity 

Frequency of earthquakes with magnitudes large than M are estimated according to the Gutenberg-Richter 
equation. parameters for the equation are defined according to the data on historic earthquakes in area 
relevant for Olkiluoto.  
Key inputs for the model are historical data on earthquakes. 
Main references:.Saari (2012) 

 

Table A-2. Main models and codes used for host rock evolution in TURVA-2012. 

Models and codes Purpose and use 

Hydrological evolution 

Groundwater flow modelling has been carried out to describe the groundwater flow rates, flow paths and 
salinity distribution in the geosphere and around the repository. Two conceptualisations of the flow have 
been applied, equivalent continuous porous medium (ECPM) combined with a dual porosity (DP) approach 
and discrete fracture network (DFN) models. The shore line evolution and the assumed climate conditions 
are taken into account by initial and boundary conditions and the repository layout and the underground 
openings and their properties are represented in the models. The results are applied to assessing the 
geochemical evolution and performance of the EBS, and they also provide input to the radionuclide release 
and transport analysis. 
Main references: Löfman & Karvonen (2012), Hartley et al. (2012, 2013a, b). 

ConnectFlow 
(AMEC 2012) 

Software package for simulation of the groundwater flow at different scales using 
both ECPM and DFN approaches and their combination. Enables detailed study of 
the flow paths by the stochastic representation of individual fractures and 
representation of the underground openings in the model. The hydrogeological DFN 
models and hydrogeological structure model are key inputs to the model. Three 
different scales (see Section 6.1); regional, site and repository, with varying levels of 
detail of the representation of the sparsely fractured rock, hydrogeological zones and 
underground openings (e.g. deposition holes, deposition tunnels, other tunnels and 
shafts) are used. Main results used in the safety case are the inflow to and flow rates 
around the deposition holes and deposition tunnels, flow paths between the 
repository and the surface environment and flow and transport properties along these 
paths, but the salinity evolution has also been modelled. See Section 6.1. 

FEFTRA 
(Löfman et al. 
2007) 

The finite-element program package for groundwater flow modelling that applies the 
ECPM approach to model transient and density-driven flow and heat transfer by 
conduction and the DP approach for modelling salt transport. The rock is represented 
by two hydraulic units, hydrogeological zones and sparsely fractured rock. Both of 
these units have averaged hydraulic properties based on site-specific data. The 
tunnel system is considered by using the appropriate boundary conditions to 
represent the hydraulic or thermal impact of tunnels. Key inputs to the model include 
outputs from the hydrogeological structure model and the hydraulic conductivity of 
the sparsely fractured rock, properties of the rock related to salt transport and 
thermal properties of the rock. Main results used in the safety case are the evolution 
of the flow conditions and groundwater salinity. See Section 6.1. 

Geochemical evolution 

Assessment of the geochemical evolution of the site is based on understanding of the past evolution of the 
site as well as on reactive transport modelling. The main processes considered are mixing of groundwaters, 
and water-rock interactions. Expected and bounding groundwaters for different future conditions are defined 
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Models and codes Purpose and use 

based on these assessments and are used for assessing the performance of the EBS as well as for 
determining the solubility, speciation and retention parameters for the radionuclide release and transport 
analysis.  
Main references: Trinchero et al. (2013), Wersin et al. (2013c); see also Section 6.2 of the present report. 

FASTREACT, 
PHREEQC 
(Trinchero et al. 
2010, Parkhurst & 
Appelo 1999) 

The FASTREACT (FrAmework for Stochastic REACtive Transport, Trinchero et al. 
2010) approach has been used to combine the flow and the chemical reactions. In 
this approach, particle tracking methods are used to define particle trajectories, 
streamlines, along which reactive transport simulations are carried out.  The solute 
concentration in the whole set of particle trajectories is reproduced using a set of 
PHREEQC one-dimensional reactive transport simulations where the longitudinal 
coordinate (e.g. the distance from the infiltration location) along the trajectory is 
interpreted in terms of travel time. The key inputs to the model are the velocity field 
and the initial salinity field derived from the FEFTRA model for representative times, 
which are used to define the streamlines. Further inputs are site-specific 
mineralogical data and the composition of the initial and infiltrating waters and the 
thermodynamic database(s). The main results are the groundwater composition at 
the repository depth and evaluation of the buffering capacity of the host rock against 
the infiltrating waters. See Section 6.2. 

Rock mechanics evolution 

Modelling has been carried out to estimate the disturbances caused by the excavation and thermal load 
generated by the spent fuel, the stress evolution at site during a glacial cycle, and the rock shear 
displacements caused by earthquakes. The results have been taken into account in the groundwater flow 
modelling and in estimation of the likelihood of canister failures due to shear displacements. 
Main references: Site Description (Section 9.2), Lund & Schmidt (2011), Fälth & Hökmark (2011, 2012), 
Hakala et al. (2008), Johansson et al. (2013). 

3DEC 
(Itasca 2007, 2010) 

A three-dimensional numerical code for rock mechanics modelling. 3DEC (version 
4.0, Itasca 2007, 2010 for PSOE predictions) is based on a distinct element method 
for discontinuum modelling. 3DEC simulates the response of discontinuous media 
(such as jointed rock masses) subjected to either static or dynamic loading. Thermal 
loads can be taken into account. The code employs an explicit time-stepping solution 
scheme. The discontinuous medium is represented by an assemblage of discrete 
blocks. The discontinuities are treated as boundary conditions between the blocks; 
large displacements along discontinuities and rotations of blocks are allowed. 
Individual blocks behave either as rigid or deformable material. Deformable blocks 
are subdivided into a mesh of finite-difference elements, and each element responds 
according to a prescribed linear or non-linear stress-strain law. The relative motion of 
the discontinuities is also governed by linear or non-linear force-displacement 
relations for movement both in the normal and shear directions. 3DEC is based on a 
“Lagrangian” calculation scheme suitable to model the large movements and 
deformations of a blocky system (see, e.g., Itasca 2007, Jing & Stephansson (2007). 
The code documentation contains several examples that verify the performance of 
the dynamic logic. 3DEC also contains a built-in programming language called FISH, 
which makes it possible to extend 3DEC’s capabilities by the definition of custom 
functions and variables (Itasca 2007).  See Sections 6.4 and 6.5. 

Fracod2D 
(Shen et al. 2010) 

A fracture mechanics code based on the Displacement Discontinuity Method (DDM) 
that has been used for predicting potential for rock damage. Key inputs for the 
analysis have been site-specific data on rock mechanics properties of the rock mass, 
fractures and deformation zones, thermal properties of the rock and rock stresses. 
See Section 6.4. 

ABAQUS (Simulia 
2012) 

The finite element code used for calculating glacially induced stresses, which, 
combined with a synthetic regional background stress model, are used for 
assessment of fault stability. In addition to the stress model, key inputs for the 
analysis include a model of the Weichselian ice sheet, and variant Earth models for 
the lithosphere. See Section 6.5. 
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Table A-3. Main models and codes used for EBS performance assessment in the safety 
case TURVA-2012. 

Models and codes Purpose and use 

Thermal evolution 

Modelling activity carried out to describe the evolution of the temperature in the near field (at the canister 
surface in the buffer and at the buffer/rock interface) and in the far field. Analytical and numerical 
approaches are used to model the heat transfer among the different barriers. The processes represented 
are conduction, radiation and convection. The input data are principally the heat output of the canister 
(which in turn is determined by the spent nuclear fuel loading and the storage time of the spent nuclear fuel 
prior to emplacement in the canister), the repository layout and the thermal properties of the canister, 
bentonite buffer and backfill, and the surrounding rock.  
Main references: Ikonen & Raiko (2012), Raiko (2012). 

PASULA  The PASULA code system has been developed at VTT and it consists of a 
number of codes developed for pressure vessel behaviour analysis during a 
core melt accident. Heat conduction and convection analysis can be 
performed for two- and three-dimensional cases. The codes are based on 
finite difference and control volume method. The codes are non-linear and 
take into account phase changes and latent heat. The structure to be 
calculated may contain internal gaps, over which various heat transfer modes 
can be taken into account. Heating or cooling effect of fluid flow in narrow 
gaps can be analysed. PASULA has been benchmarked against ABAQUS 
(Simulia 2012) in the context of the EU project SAFIR 2014 (Könönen et al. 
2013). See Section 6.3. 

Mechanical, hydraulic and geochemical evolution of closure components 

No codes, empirical data only. 
Main references: See Section 6.7. 

Thermal, hydraulic and mechanical evolution of backfill and buffer 

Modelling activity carried out to describe the duration of saturation and piping and erosion issues. 
Main reference: Pintado & Rautioaho (2013). 

CODE_BRIGHT (Olivella 
et al. 1994, 1996) 

The finite element code CODE_BRIGHT is used to model the thermo-
hydraulic behaviour of clay. Although the code allows study of the 
mechanical behaviour of a porous medium in a coupled form, only the 
thermal and water flow capacities of the code have been used. Initially, the 
code was developed for non-isothermal multiphase flow of brine and gas 
through porous deformable saline media. Key assumptions used in the 
material models include: Fourier’s law for heat transport, Fick’s law for non-
advective liquid flow (diffusion) and Darcy´s law for advective liquid flow. The 
heat flow from the canister and the temperature and liquid evolution at the 
boundaries are the key boundary conditions. The initial conditions are the 
initial temperature and the liquid pressure distribution, which is considered 
hydrostatic in rock and negative in buffer and backfill (they are unsaturated at 
the initial state). See Section 6.6. 

BBM (Barcelona Basic 
Model, Alonso et al. 1990) 

The BBM is a critical state model that reproduces the mechanical behaviour 
of unsaturated soils under different boundary conditions (displacements and 
forces or stresses). The BBM is an extension of the modified Cam clay model 
that has become popular in applications involving unsaturated soils and, in 
particular, in simulations using the finite element method. Partially saturated 
soils can be loaded in different ways, for instance, mechanically and/or 
hydraulically. In addition, cycles of loading and unloading can be applied. 
Key input data used in the model include: the initial porosity, initial 
temperature and initial liquid pressure, which is negative because the 
materials analysed are unsaturated at the initial state. The initial stresses are 
used as well. The boundary conditions in the mechanical model are stresses 
or constant rates of displacement (usually zero, i.e. fixed boundaries). See 
Section 6.6. 
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Models and codes Purpose and use 

Geochemical evolution of backfill and buffer 

The following are the main codes used for performance assessment (processes assessed only through 
data are discussed in the text): 

PHREEQC Code used to describe the buffer and backfill porewater composition based 
on a thermodynamic equilibrium model (described in Wersin et al. 2013a, b). 
The key input data for the buffer are the groundwater composition and the 
mineralogical and pore water composition of the bentonite. The dissolution 
and precipitation of accessory minerals as well as surface reactions including 
cation exchange and protonation/deprotonation are taken into account. See 
Sections 6.8 and 6.9 

TOUGHREACT Integral finite difference code used for thermo-hydro-geochemical modelling 
(Xu et al. 2008, Idiart et al. 2013). The objective of the modelling is to identify 
changes in porewater chemistry during the early evolution of the system. In 
addition to mineral reactions, cation exchange was accounted for in the 
geochemical model. Key input includes mineral composition of the buffer and 
backfill, groundwater composition and groundwater flow rates in the 
repository near field. See Section 6.9.1. 

Mechanical loads on canister 

2D- or global 3D-finite-element models are used including large-deformation and non-linear material 
modelling and, in some cases, also creep. The models include material models for copper and bentonite 
mechanical behaviour. All materials are modelled according to the elastic-plastic material model developed 
by von Mises (von Mises 1913). The material models include strain hardening, in some cases also strain 
rate hardening, swelling pressure dependency, and temperature dependency. In elevated temperature 
analyses, creep models are also used for copper and in some cases also for iron. Codes applying the finite 
element method (FEM) are also used to simulate material flaws or lack of material. In the case of cracks, 
fracture parameters are calculated and the allowable crack sizes are determined. The bentonite material 
model is described in Börgesson et al. (2010). The swelling pressure and the yield strength of the saturated 
bentonite are strongly dependent on the density of the bentonite. Different strength and swelling pressure 
estimates for Na and Ca bentonites are used. The rock shear analysis used a strain-rate dependent 
material model, so the material stress-strain curve was presented for static and dynamic strain rates 
(Dillström et al. 2010, Hernelind 2010).  
Main references: Raiko (2012) and Raiko et al. (2010). 

ABAQUS (Hibbitt et al. 
1994) and ANSYS 
(www.ansys.net) 

Codes used in 3D FEM-analyses. ABAQUS is used to model the bentonite 
material and the rock shear response of the buffer/canister/insert system. 
ANSYS is used to simulate static (stationary), dynamic (moving) and heat 
transfer (thermal) problems. Key inputs to the codes include the material 
models described above as well the loading on the canister buffer system, 
e.g. isostatic load, the shear load in terms of velocity and forced displace-
ment. The geometry of the canister and buffer is modelled in full 3D with solid 
elements, including gaps and contacts, and fillets of structural corners. See 
Sections 6.23 and 6.24. 

Copper creep and copper overpack lifetime 

The Logistic Creep Strain Prediction model used for canister overpack creep simulation has been 
developed at VTT by Holmström & Auerkari (2006). The model is based on the logistic creep strain 
prediction model, which is a creep strain prediction tool able to predict representative creep strain curves 
and strain rates in a large stress and temperature range. The geometry used in the model is that of the OL1 
and OL2 (BWR) spent fuel canister.  
The creep model developed by Sandström et al. (2009) has been used in the canister design strength 
analyses carried out in collaboration with SKB. The model is based on empirical method for the 
extrapolation of creep strain data. Basic models for tensile stress–strain curves and for secondary creep 
are combined to derive a model that describes experimental creep strain curves for CuOFP materials in the 
temperature interval 75–250oC (Sandström 2012). 
Main reference: Holmström et al. (2013). See Section 6.25. 

ABAQUS (Simulia 2012) The creep material model by Holmström et al. (2013, Chapter 3) is 
implemented in the general purpose finite element code  ABAQUS (v.6.12-1) 
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as a user routine by way of the CREEP subroutine interface, which enables 
implementation of the material model as a function deviatoric and hydrostatic 
stress components as well as solution-dependent state variables. The 
CREEP subroutine interface allows to translate the uniaxial creep model into 
a multiaxial constitutive equation form. The CREEP subroutine has been 
developed at at VTT (Technical Research Centre of Finland).  

Number of canisters with an initial penetrating defect 

Probabilistic calculation to assess the probability to emplace one or more canisters with an initial 
penetrating defect in the repository.  
Main reference: Holmberg & Kuusela (2011). See Section 6.26. 

Estimation of the number 
of canisters with an initial 
defect based on the 
Bayesian method  

Combines information about the reliability of the welding process (Ronneteg 
et al. 2006, p. 105) and that of the NDT methods as well as human error 
(Swain & Guttmann 1983) to assess the number of canisters with an initial 
penetrating defect that could be accidentally emplaced in the repository. Key 
input assumptions are the reliability of the sealing process (only one of 100 
canisters might have a critical flaw) based on the opinion of manufacturing 
experts and the probability for human error during the NDT process (0.003) 
based on a general screening value for human errors in nuclear power plant 
risk analysis. 

 

Table A-4. Main models and modelling tools used for the analysis of radionuclide 
release scenarios for the repository system in safety case TURVA-2012. 

Models and codes Purpose and use 

Models for the analysis of radionuclide release scenarios for the repository system 

Models take into account the following processes: radioactive decay, radionuclide release, solubility 
limitation, sorption, diffusion and advection (and, in the PSA, dispersion in the geosphere). The codes 
applied are summarised in the main text. The activity fluxes provided as output are used to address 
compliance with the regulatory requirements or are used as input for the biosphere assessment. 
Main reference: Assessment of Radionuclide Release Scenarios for the Repository System. 

GoldSim 
(GoldSim 2010) 

The transport module of GoldSim is used for analysis of the near-field release, 
retention and transport, also for geosphere retention and transport modelling in 
stochastic simulations, and in the simplified geosphere modelling carried out for 
the rock shear scenarios RS and RS-DIL (see Chapter 7). The GoldSim near-
field model addresses radionuclide release from a failed canister and 
radionuclide transport through the repository near field to the geosphere, 
resulting in the release from the near field to the geosphere. The input to near 
field modelling includes radionuclide inventories and half-lives, amount of fuel in 
the canister, fuel dissolution rate, corrosion rates of zirconium alloy and other 
metal parts, flow properties around the deposition hole containing the failed 
canister, properties of the canister defect, density, porosity and elemental 
solubilities, diffusion coefficients and distribution coefficients in the buffer and 
backfill dependent on the assumed groundwater composition and flow rates 
according to groundwater flow modelling. 
The geosphere transport model implemented in GoldSim addresses the 
migration of radionuclides from each of the entry points (see Figure 7-1 in the 
main text) through the geosphere fracture network. Inputs to geosphere 
modelling include the transport resistance of the geosphere (WL/Q) and the 
porosity, elemental distribution coefficients and diffusion coefficients in the 
fracture coatings and rock matrix.  
Flow-related parameters (e.g. near-field flows and WL/Q) are, in general, based 
on the results of groundwater flow modelling. 
The main output from near-field modelling is the radionuclide release rates to the 
geosphere along the F-, DZ- and TDZ-paths. The main output of geosphere 
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modelling is the spatially-integrated radionuclide release rates to the surface 
environment (the geo-bio fluxes). See Sections 7.3, 7.4, 7.5, 7.6 and 7.7. 

MARFA 
(Painter & Mancillas 
2013) 

MARFA is used for analysis of radionuclide retention and transport in the 
geosphere in most of the deterministic calculation cases. 
The geosphere transport model implemented in MARFA addresses the migration 
of radionuclides from each of the entry points (see Figure 7-1 in the main text) 
through the geosphere fracture network. The variation of the geosphere 
transport resistance (WL/Q) along the migration paths is read directly from the 
result of groundwater flow modelling. The release rates from the near field are 
based on GoldSim calculations. Other inputs are the same as described above 
for geosphere retention and transport modelling using GoldSim.  
The main output of geosphere modelling is the spatially-integrated radionuclide 
release rates to the surface environment (the geo-bio fluxes) and also the 
release locations associated with the F-, DZ- and TDZ-paths. See Section 7.8. 
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APPENDIX B. CLIMATE AND CLIMATE-RELATED DATA 

This appendix contains data that have been used either in Performance Assessment, 
Assessment of Radionuclide Release Scenarios for the Repository System or in other 
TURVA-2012 reports used as a support for those. The table provides the reference to 
the section of this report where the data have been discussed. 

Table B-1. Summary of the climate and climate-related parameters and data used either 
in Performance Assessment (PA), Assessment of Radionuclide Release Scenarios for the 
Repository System (AOS), or in other TURVA-2012 reports used as a support for PA 
and AOS. 

Parameter/data Value 
Context of parameter and data (reference to 
the relevant section in the present report) 

Atmospheric 
CO2 
concentration 

Vostok ice core data (past) 
 

Input to the Climate modelling (CLIMBER-
SICOPOLIS simulation, Pimenoff et al. 2011) 
(Section  5.1) 

Solar insolation As in Berger (1978) Input to the Climate modelling (Pimenoff et al. 
2011) (Section  5.1) 

Atmospheric 
dust 

Proportional to global ice sheet 
concentration (Schneider et al. 
2006) 

Input to the Climate modelling of the last glacial 
cycle (Pimenoff et al. 2011) (Section  5.1) 

Mean annual 
near-surface air 
temperature 

Output of the climate simulations 
with CLIMBER-2-SICOPOLIS and 
downscaled using GAMs (for next 
120 ka) 

Input to the permafrost modelling  (Section 5.2; 
Hartikainen 2013) coming from climate modelling 
(Section 5.1) 

Mean annual 
precipitation at 
Olkiluoto 

Output of the climate modelling 
with CLIMBER-2-SICOPOLIS and 
downscaled using GAMs (for next 
120 ka) 

Input to groundwater flow modelling (Löfman & 
Karvonen 2012) (Section  6.1) 

Ice sheets 

Northern 
Hemisphere 
(NH) ice sheet 
areal extent 

Output of the climate modelling 
with CLIMBER-2-SICOPOLIS 

Comparison with proxy data (Section 5.1) 

Ice sheet basal 
temperature 

Output of the climate modelling 
with CLIMBER-2-SICOPOLIS 

Input to permafrost modelling (Section 5.2; 
Hartikainen 2013) 

Ice sheet 
retreating rate 

200 m/year Groundwater flow modelling by Löfman & 
Karvonen (2012) (Section 6.1) 

Ice model Based on Näslund et al. (2003) 
and Näslund (2006) 

Modelling the glacially induced stresses and fault 
stability (Lund & Schmidt 2011) (Section 6.5) 

Initial and boundary conditions for the groundwater flow modelling 

Hydraulic head, 
temperate and 
permafrost 
period  

Hydraulic head at z=0 (current sea 
level) based on surface 
hydrological modelling  

Used as top boundary condition for groundwater 
flow modelling by Löfman & Karvonen (2012) 
(Section 6.1) model variants  based on  Vaittinen 
et al. (2009, 2011) (see also Section 5.3) 



672 
 

 
 

Parameter/data Value 
Context of parameter and data (reference to 
the relevant section in the present report) 

 Hydraulic head at z= 0 based on 
the results by Hartley et al. (2012)  

Used as top boundary condition for groundwater 
flow modelling by Löfman & Karvonen (2012) 
(Section 6.1), model variant using the upscaled 
values based on the DFN 

 Calculated head relative to surface 
elevation (see below) 

Groundwater flow modelling by Hartley et al. 
(2013) for PA (Section 6.1) and AOS (Section 
7.8), (see also Section 5.3) 

Hydraulic head, 
glacial period 
(the retreating 
ice sheet) 

See Figures 6-16 and 6-28 Groundwater flow modelling Sections 6.1  

Recharge 120 mm/year for the temperate 
period (Karvonen 2008)  

Groundwater flow modelling by Hartley et al. 
(2013) referred to in Sections 6.1 and 7.8 

Surface 
temperature 

6 °C 
(Table 3-3 and Figure 11-7, Site 
Description) 
 

Groundwater flow modelling by Hartley et al. 
(2013) referred to in Sections 6.1 and 7.8 

Soil thickness Soil thickness (Löfman & 
Karvonen 2012, Fig. 2-5).  
 

Groundwater flow modelling by Hartley et al. 
(2013)  referred to in Section 6.1 (for details see 
Biosphere Data Basis) and Section 7.8 

Hydraulic 
conductivity of 
the soil layer 

10-4 m/s Groundwater flow modelling by Hartley et al. 
(2013) referred to in Sections 6.1 and 7.8 

Shoreline 
displacement 
and lakes 

Digital terrain model data for the 
period 2009 AD through to 
15009 AD (Löfman & Karvonen 
2012, Figure 2-3) 

Groundwater flow modelling by Hartley et al. 
(2013) referred to in Sections 6.1 and 7.8 (see 
also Section 5.3) 
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APPENDIX C. SPENT NUCLEAR FUEL DATA 

This appendix contains data concerning spent nuclear fuel that have been used in 
Performance Assessment or Assessment of Radionuclide Release Scenarios for the 
Repository System. Table C-1 in Section C.1 provides numerical data concerning fuel 
types, amounts and inventory. Section C.2 provides inventory and partitioning data that 
were calculated with the Monte Carlo code Serpent (Anttila 2011). Section C.3 provides 
fuel data used for criticality safety analyses. Section C.4 provides the radionuclide 
screening table used to derive the final list of radionuclides to be included in the source 
term of the assessment of radionuclide release scenarios (Section 7.3). Section C.5 
contains crud data used as input data for one of the calculation cases in the Assessment 
of Radionuclide Release Scenarios for the Repository System. 

C.1 Spent fuel characteristics  

The following section contains the main fuel parameters used in the Performance 
Assessment or Assessment of Radionuclide Release Scenarios for the Repository 
System. The third column provides context and references to the sections of this report 
where the data have been discussed. 

 

Table C-1. Spent fuel parameters and data used in Performance Assessment or 
Assessment of Radionuclide Release Scenarios for the Repository System. 

Parameter/data Value 
Context of parameter and data (reference to the 
relevant section in the present report)  

Fuel characteristics 

Total amount of 
fuel 

9000 tU (base case)  Used in the layout (Appendix H) upon which the DFN 
groundwater flow modelling was carried out (Sections 
6.1 and 7.8). 
Also used for the thermal evolution model (Section 6.3) 

 5500 tU (alternative) Used in older layouts (Appendix H). The smaller layout 
used in EPM groundwater flow modelling (Section 6.1). 
Value used also and in estimating the amounts of 
foreign materials (Section 6.7). 

Types of fuel, 
fuel assembly 
type 

BWR (OL1−2)  
VVER 440 (LO1−2)  
PWR (OL3-4)  
 
 

The type of fuel is uranium dioxide UO2. For OL1−2 
dozens of slightly different fuel assembly designs have 
been used. For LO1−2 the two fuel providers 
considered are TVEL and BNFL. For OL3-4 the fuel 
assembly type is 17x17 HTP and in this report it is 
assumed that OL4 will be of the same type as OL3). 
The type of fuel assembly determines design of the 
canister as well as material and radionuclide 
inventories (Section 7.3). The types of fuel assembly 
are also used in criticality safety analyses (Section 
6.27)  

Decay heat per 
canister type 

1830 W (PWR) 
1700 W (BWR) 
1370 W (VVER) 
 

The decay heat from the different fuel/canister types 
affects the repository layout (Appendix H), and the 
thermal evolution of the repository (Section 6.3). It also 
affects the buffer THM evolution (Section 6.6) and in 
some cases groundwater flow modelling (Section 6.1) 
 

Minimum 
cooling times / 
average 
assembly burn-
up  

30 years (reference 
inventory) 
 
32.9 years for BWR fuel with 
a burn-up of 40 MWd/kgU 

Minimum cooling time (30 years) used for the 
reference inventory in the source term (Section 7.3). 
 
Estimated actual cooling times per fuel type necessary 
to fulfil the maximum decay heat criterion. 
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Parameter/data Value 
Context of parameter and data (reference to the 
relevant section in the present report)  

 
29.6 years for VVERfuel with 
a burn-up of 40 MWd/kgU 
 
50.3 years for PWR fuel with 
a burn-up of 50 MWd/kgU 

 

U-235 
enrichment 

Table C-3 Used in the reference fuel inventory for the source term  
(Section 7.3) 
 

Discharge burn-
up  

See Table C-3 below Source term  (Section 7.3) 

Anticipated 
maximum 
average burn-
up of a fuel 
assemply 

OL1−2: 50 MWd/kgU 
LO1−2: 55 MWd/kgU 
OL3: 50 MWd/kgU 

Used for layout purposes (Appendix H) 

Estimated 
average burn-
up of all the fuel 
(MWd/kgU) 

OL1-2 38-39 (MWd/kgU) 
LO1-2 39-40 (MWd/kgU) 
OL3 46-47 (MWd/kgU) 

Used for layout purposes (Appendix H) 

Void fraction %  See Table C-3 Source term (Section 7.3). Void fraction is the relative 
volume of steam bubbles (water vapor) in a boiling 
water reactor. Void fraction influences the calculated 
inventories of radionuclides. 

Masses per fuel 
assembly type 

OL1−2: 172−180 
kg/assembly 
LO1−2: 120−126 
kg/assembly 
OL3: 530−533 kg/assembly 

Used for layout purposes (Appendix H) 

Mass of fuel per 
canister 

2 tU 
(the actual estimated 
inventories are in Table C-2) 

Used in the reference fuel inventory for the source term 
(Section 7.3) 

Impurities (N, 
Cl) assumed 

See Table C-4 Source term  (Section 7.3) 

Minimum 
cooling time of 
a single 
assembly 
(years) 

OL1−2: 20 
LO1−2: 20 
OL3: 20 

Used for layout purposes (Appendix H) 

Minimum 
average cooling 
time with 
average burn-
up (years) 

OL1−2: 43.7 
LO1−2: 31.5 
OL3: 56.5 

Used for layout purposes (Appendix H) 

 

C.2 Data used for the initial inventory calculations 

Tables C-2, C-3, C-4 and C-5 provide the input assumptions used in Anttila 
(2005) for the initial inventory calculations. These inventory data were used to derive 
the reference inventory for the source term (Section 7.3). Table C-6 gives the assumptions
for the Serpent calculations. Results are in Figures C-1 to C-11.
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Table C-2. Fuel types taken into account in the inventory. The amount of uranium per 
fuel type is based on data available at the time of the calculations; they differ slightly 
from the final amounts presented in the Construction Licence Application (Posiva 
2012). The difference is not expected to affect the conclusions in this report. 

Reactor Representative fuel 
assembly type 

Total amount 
of uranium (tU) 

Number of 
canisters 

Loviisa 1−2 VVER-440 (manufacturers 
TVEL and BNFL) 

1107 750 

Olkiluoto 1–2 BWR ATRIUM 10 x 10-9Q 2893 1400 

Olkiluoto 3–4 PWR1) 17 x 17-24 5000 2350 

Total  9000 4500 

1) The reactor type of Olkiluoto 4 has not been chosen, but it is assumed that it is the 
same type as for Olkiluoto 3 for long-term safety assessment purposes 

 

Table C-3. Fuel parameters taken into account in the reference inventory (based on 
Anttila 2005, Appendix 2). These are used to derive the source term in Section 7.3. 

Parameter Unit Values in Anttila (2005) 

U-235 enrichment (%) 3.6, 4.0 (PWR) 
3.7 (VVER-BNFL) 
3.8, 4.2 (BWR) 
4.0 (VVER-TVEL) 
 

Discharge burn-up 
(average) 

(MWd/kgU) 40, 50, 60 (BWR) 
40, 50, 60 (VVER-TVEL and 
VVER-BNFL) 
40, 50, 60 (PWR) 

Void fraction (%) 0, 40, 80 (BWR only) 

 

Table C-4. Relative weights (per kg of uranium) of the components of a BWR, VVER-
440 (for the different fuel manufacturers TVEL and BNFL) and EPR/PWR fuel 
assemblies used for activity inventory calculations (Anttila 2005, p. 8-9). 

Fuel assembly 
component 

BWR 
assembly* 

VVER-440 assembly PWR 
assembly 

  TVEL BNFL  

Oxygen in UO2 (kg) 134.4 134.4 134.4 134.4 

Cladding (kg) 265 (Zry-2) 342.62 (ZrNb1) 263.71 (ZrNb1) 282.55(M5) 

Flow channel (kg) 190 (Zry-4) 112.31 (ZrNb2.5) 111.99 (ZrNb2.5) - 

Nickel-based alloys (kg) 2.9 - - 4.8 

Stainless steel parts (kg) 53 194.30 198.70 50.90 

Nitrogen impurities (ppm) 10  10 10 10 

Chlorine impurities (ppm) 10 10 10 10 

* The BWR assembly used for these calculations is one of several dozen types used in OL1−2. 

 

  



678 
 

 
 

Table C-5. Source of data for C-14, Cl-36 and Mo-93 used to derive the reference 
inventory (Section 7.3). 

Source of data Fuel matrix Cladding Other metal parts 

C-14 Serpent data of 2011 for 
fuel. Same IRF/matrix ratio 
as in RNT-2008 (Nykyri et 
al. 2008). 

Serpent data of 2011 ORIGEN data (light 
elements) of 2005 for the 
other metals:  50 % of 
the C-14 light-element 
inventory allocated to 
other metals 
(cf.  50%/50% between 
zirconium-based alloys 
and other metals in RNT-
2008). 

Cl-36 Serpent data of 2011 for 
fuel. Same IRF/matrix ratio 
as in RNT-2008.  

Serpent data of 2011 No analysis results for 
the other metals. 

Mo-93 Serpent data of 2011 for 
fuel. The IRF/matrix ratio of 
0.05 / 0.95 is used without 
any source of information, 
while in RNT-2008 the Mo-
93 activity was zero in both 
fuel matrix and IRF. 

Serpent data of 2011 ORIGEN data (light 
elements) of 2005 for the 
other metals:   100 % of 
the Mo-93 light-element 
inventory allocated to 
other metals (similarly 
with RNT-2008). 

 

Table C-6. Assumptions used in Serpent calculations to calculate the activity of some 
radionuclides in different components of the three fuel types. 

 BWR PWR VVER 

Fuel design BWR Atrium 10x10-9Q 
fuel assembly  

17 x 17  
 

VVER-440 (TVEL) 
 

U-mass of the slice 
used to calculate the 
activity inventory 
expressed in Bq per 
axial slice of a bundle, 1 
cm thick) (see Figures 
C-1 to C-11) 

488.26 g 
 

1273.9 g 510.71 g 
 

Enrichment 3.8% (flat distribution, 
i.e. the gadolinium rods 
are replaced with 
normal fuel rods) 
 

4.0% (flat distribution, 
i.e. the gadolinium 
rods are replaced with 
normal fuel rods) 

4.4% (flat distribution) 

Constant power density 29.3 W/gU 
void fraction/history 80 
% 

33.35 W/gU 
 

38 W/gU 

Material compositions as in Anttila (2005)  as in Anttila (2005)  as in Anttila (2005)  

Components 
considered 

Fuel matrix, cladding 
and two flow channels 
(the Atrium bundles 
have a inner water 
region separated from 
the fuel lattice by a 
channel wall)  

fuel, cladding, 24 
guide tubes  

Fuel matrix, cladding and 
the flow channel 
(including a small 
contribution from the 
water/instrumentation rod 
at the centre of the 
assembly). 
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Figure C-1. Serpent calculation results for C-14 for BWR fuel (void fraction 80 %), 
VVER fuel, and PWR fuel. The components of the different fuel types are explained in 
Table C-6.  Activity is expressed as Bq in 1 cm thick axial slice of a fuel assembly. 

 

 

Figure C-2. Serpent calculation results for Cl-36 for BWR fuel (void fraction 80 %), 
VVER fuel, and PWR fuel. The components of the different fuel types are explained in 
Table C-6. Activity is expressed as Bq in 1 cm thick axial slice of a fuel assembly. 
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Figure C-3. Serpent calculation results for Be-10 for BWR fuel (void fraction 80 %), 
VVER fuel, and PWR fuel. The components of the different fuel types are explained in 
Table C-6. Activity is expressed as Bq in 1 cm thick axial slice of a fuel assembly. 

 

 

Figure C-4. Serpent calculation results for Ni-59 for BWR fuel (void fraction 80 %), 
VVER fuel, and PWR fuel. The components of the different fuel types are explained in 
Table C-6. Activity is expressed as Bq in 1 cm thick axial slice of a fuel assembly.  
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Figure C-5. Serpent calculation results for Ni-63 for BWR fuel (void fraction 80 %), 
VVER fuel, and PWR fuel. The components of the different fuel types are explained in 
Table C-6. Activity is expressed as Bq in 1 cm thick axial slice of a fuel assembly. 

 

 

Figure C-6. Serpent calculation results for Zr-94 for BWR fuel (void fraction 80 %), 
VVER fuel, and PWR fuel. The components of the different fuel types are explained in 
Table C-6. Activity is expressed as Bq in 1 cm thick axial slice of a fuel assembly. 
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Figure C-7. Serpent calculation results for Nb-91 for BWR fuel (void fraction 80 %), 
VVER fuel, and PWR fuel. The components of the different fuel types are explained in 
Table C-7. Activity is expressed as Bq in 1 cm thick axial slice of a fuel assembly. 

 

 

Figure C-8. Serpent calculation results for Nb-92 for BWR fuel (void fraction 80 %), 
VVER fuel, and PWR fuel. The components of the different fuel types are explained in 
Table C-7. Activity is expressed as Bq in 1 cm thick axial slice of a fuel assembly. 
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Figure C-9. Serpent calculation results for Nb-94 for BWR fuel (void fraction 80 %), 
VVER fuel, and PWR fuel. The components of the different fuel types are explained in 
Table C-7. Activity is expressed as Bq in 1 cm thick axial slice of a fuel assembly. 

 

Figure C-10. Serpent calculation results for Ag-108m for BWR fuel (void fraction 
80 %),  VVER fuel, and PWR fuel. The components of the different fuel types are 
explained in Table C-7. Activity is expressed as Bq in 1 cm thick axial slice of a fuel 
assembly. 
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Figure C-11. Serpent calculation results for Mo-93 for BWR fuel (void fraction 80 %), 
VVER fuel, and PWR fuel. The components of the different fuel types are explained in 
Table C-7. Activity is expressed as Bq in 1 cm thick axial slice of a fuel assembly. 

 

C.3 Data used in the criticality safety calculations 

Table C-7 provides the geometrical data and input assumptions for criticality safety 
calculations (Section 6.27). Further details can be found in Ranta-aho (2012). 

Table C-7. Material compositions and densities of bentonite, rock and canister 
components used for the criticality safety assessment. The table is from Ranta-aho 
(2012) based on Agrenius (2010) and the Canister Production Line report. 

Element Bentonite Rock Insert Steel tube Overpack 

 Densities g/cm3 

 2.05 2.5 7.1 7.85 8.9 

 Weight fractions (%) 

Al 8.90 7.9    

Fe 1.86 3.3 > 90 97.57  

Mg 0.97 1.3 0.02−0.08   

Si 24.97 30.6 1.5−2.8 0.55  

O 57.92 46.8    

H 2.56     

Na 0.95 2.7    

Mn  0.6 0.05−1.0 1.6  

Ca 0.58 3    

K 0.79 2.7    

C 0.45 0.6 3.2−4.0 0.22  

S 0.05 0.6 max 0.02 0.03  

P   max 0.08 0.03  

Ni   max 2.0   

Cu     100 
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C.4 Phase D of the screening for potentially safety relevant nuclides 

The following table shows the result of Phase D of the screening inventory discussed in 
Section 7.3 (see Figure 7-5). 

Table C-8. Result of the screening in Phase D: Screening down of the radionuclides to 
the 41 radionuclides actually used in the radionuclide release and transport 
calculations in Assessment of Radionuclide Release Scenarios for the Repository 
System.  

 RN from 
Step 3 

Considerations based on half-life (T ½) 
inventory, transport properties  

Considerations based 
on radiotoxicity 
 

Screening 
decision 

1 Ac-227 Short T ½ (21 a), taken into account in the 
decay chain (as the daughter of Pa-231) 

high radiotoxicity; it is 
the daughter of Pa-231, 
also highly radiotoxic. 

OUT  

2 Ag-108m Very low inventory but in as “scoping” 
radionuclide because it is in the rod cluster 
control assembly of PWR canisters  

 IN  

3 Am-241 Medium T ½ (433 a) high radiotoxicity IN 

4 Am-242m Medium T ½ (141 a), very high Kd value, 
(transport time is longer than decay time), 
high inventory 

high radiotoxicity OUT  

5 Am-243 Short T ½ and high Kd value high radiotoxicity IN 

6 Ba-133 Short T ½, high inventory  OUT 

7 Be-10 Half-life 1.5 million years, high inventory 
based on Serpent calculations 

 IN 

8 C-14 Non-sorbing, safety relevant  IN 

9 Cd-113m Short T ½ but very high inventory  OUT 

10 Ce-144 Short T ½  OUT  

11 Cf-249 Low inventory in UO2 matrix, slow release high radiotoxicity OUT 

12 Cf-250 Low inventory in UO2 matrix, low inventory in 
UO2 matrix 

 OUT 

13 Cf-251 Low inventory in UO2 matrix  high radiotoxicity OUT 

14 Cf-252 Low inventory in UO2 matrix slow release  high radiotoxicity OUT 

15 Cl-36 Non sorbing ion, short transport time  IN 

16 Cm-242 Short T ½ and high Kd value, slow release 
from UO2 matrix 

 OUT  

17 Cm-243 Short T ½ and high Kd value, slow release 
from UO2 matrix 

 OUT  

18 Cm-244 Short T ½ and high Kd value, slow release 
from UO2 matrix 

 OUT  

19 Cm-245 Short T ½ and high Kd value high radiotoxicity IN 

20 Cm-246 Short T ½ and high Kd value high radiotoxicity IN 

21 Cm-247 Long T ½ but low inventory high radiotoxicity  OUT 

22 Cm-248 Extremely low inventory high radiotoxicity OUT 

23 Co-60 Short T ½, strong sorption  OUT  

24 Cs-134 Short T ½  OUT  

25 Cs-135 Very long T ½, very high inventory  IN 

26 Cs-137 Short T ½ but very high inventory  IN 

27 Eu-152 Short T ½, low inventory in the UO2 matrix, 
long release times 

 OUT 
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 RN from 
Step 3 

Considerations based on half-life (T ½) 
inventory, transport properties  

Considerations based 
on radiotoxicity 
 

Screening 
decision 

28 Eu-154 Short T ½ (8.5 a)  OUT  

29 Eu-155 Short T ½ (4.5 a)  OUT  

30 Fe-55 Short T ½ (2.5 a) and low release rate from 
metal parts, sorption 

 OUT  

31 H-3 Short T ½ (12 a), high inventory   OUT  

32 Hf182 Long T ½, in “light elements” metal parts 
from where it can be quickly released as 
anion, very low inventory  

 OUT  

33 Ho166m Long T ½, quite low inventory only in the fuel 
matrix, slow release 

 OUT 

34 I-129 Long T ½, no retention in the NF/FF  IN 

35 La137 Long T ½ (60,000 a) but low inventory in the 
UO2 matrix, slow releases 

 OUT 

36 Mo-93 Long T ½ (4000 a)  IN  

37 Nb-91 Short T ½, low inventory in the UO2 matrix  OUT 

38 Nb-92 Long T ½, high inventory in the UO2 matrix 
(slow release) but not in cladding and other 
metal parts 

 OUT  

39 Nb-93m Short T ½, very high inventory, it is the 
parent of Zr-93, it may act as a source; if 
short groundwater travel time, it can become 
important 

 IN  

40 Nb-94 Long T ½, high inventory  IN 

41 Nb-95 Short T ½ (35 d), no daughter of any safety 
relevant nuclides 

 OUT  

42 Nd144 Long T ½, low inventory in the fuel matrix  OUT 

43 Ni-59 Long T ½ (75,000 a), relatively high 
inventory 

 IN  

44 Ni-63 Medium T ½ (96 a) but very high inventory  IN  

45 Np236 Long T ½, low inventory, only in the matrix  OUT 

46 Np-237 Long T ½, high inventory  IN 

47 Pa-231 One of highest release rates in the long term high radiotoxicity IN 

48 Pb-210 Short T ½ and low inventory in the matrix. It 
can be thought to be in secular equilibrium 
with Ra-226. They belong to 4n+2 decay 
chain (Uranium Series or Radium Series). 

high radiotoxicity OUT  
 

49 Pd-107 Long T ½, high inventory  IN 

50 Pm145 Short T ½, high inventory in the UO2 matrix 
but slow releases 

 OUT 

51 Pm146 Short T ½, high inventory in the UO2 matrix 
but slow releases 

 OUT 

52 Pm-147 Short T ½, high inventory in the UO2 matrix, 
slow releases 

 OUT  

53 Pu-236 Short T ½  OUT  

54 Pu-238 Short T ½, very high inventory and produces 
U-234 

high radiotoxicity IN 

55 Pu-239 Long T ½, high inventory 
 

high radiotoxicity IN 

56 Pu-240 Long T ½, high inventory high radiotoxicity IN 

57 Pu-241 T ½ 14.4 a, high Kd, decays to Am-241, the  IN 
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 RN from 
Step 3 

Considerations based on half-life (T ½) 
inventory, transport properties  

Considerations based 
on radiotoxicity 
 

Screening 
decision 

inventory is added to Am-241 

58 Pu-242 Long T ½, significant inventory high radiotoxicity IN 

59 Pu-244 Long T ½ but low inventory in the UO2 
matrix 

high radiotoxicity OUT  

60 Ra-226 Long T ½  high radiotoxicity  IN 

61 Ra-228 Daughter of Th-228, included in the Th-228 
inventory 

high radiotoxicity OUT  
 

62 Rb87 Very long T ½, low inventory in the UO2 
matrix, slow release 

 OUT 

63 Rh101 Low inventory and short T ½  OUT 

64 Rh102m Low inventory and short T ½  OUT  

65 Ru-106 T ½ 1 year  OUT  

66 Sb-125 Not included, T ½ 2 a, taken into account 
through decay chain and short T ½ 

 OUT  

67 Se-79 Long T ½, high inventory  IN 

68 Si32 Medium T ½ (101 a), low inventory in the 
ORIGEN calculations 

 OUT 

69 Sm146 Very long T ½ but low inventory in the UO2 
matrix, low release rates 

 OUT 

70 Sm147 Long T ½ but low inventory in the UO2 
matrix, low release rates 

 OUT 

71 Sm-151 Included, even though it is a lanthanide 
(high Kd) 

 IN 

72 Sn121m High inventory in the matrix but slow release 
rate and short T ½ 

 OUT 

73 Sn-126 Long T ½ and high inventory  IN 

74 Sr-89 Short T ½ (50 days)   OUT  

75 Sr-90 Very high inventory, short T ½ but important 
for the initially penetrated canister scenario 

 IN 

76 Tb157 T ½ 150 a but low inventory in the UO2 
matrix, low release rates 

 OUT 

77 Tb158 T ½ 150 a but low inventory in the UO2 
matrix, low release rates 

 OUT 

78 Tc98 Long T ½ but low inventory (compared to 
Tc-99) in the UO2 matrix, low release rates 

 OUT 

79 Tc-99 Long T ½, large inventory   IN 

80 Te-125m Daughter of Sb-125   OUT  

81 Th-228  Less than 2 a, coming from Th-232, higher 
Kd than Ra-228. Assumed to be that in 
secular equilibrium with parent/daughter. 

 OUT  

82 Th-229 Long T ½, high inventory high radiotoxicity IN 

83 Th-230 Long T ½, high inventory high radiotoxicity IN 

84 Th-232 Long T ½, ingrowth from U-236, accounted 
for in the solubility limits of Th 

high radiotoxicity IN 

85 Tm171 Short T ½, in the UO2 matrix, slow releases  OUT  

86 U-232 Short T ½ (5 a) decays to Th-228, low 
inventory in the UO2 matrix, low release 
rates 

high radiotoxicity OUT  

87 U-233 Very long T ½  IN 

88 U-234 Very long T ½, high inventory  IN 



688 
 

 
 

 RN from 
Step 3 

Considerations based on half-life (T ½) 
inventory, transport properties  

Considerations based 
on radiotoxicity 
 

Screening 
decision 

89 U-235 Very long T ½, high inventory  IN 

90 U-236 Very long T ½, high inventory  IN 

91 U-238 Very long T ½, high inventory  IN 

92 Y-90 Decays almost immediately T ½ (2.7 d) after 
having formed from Sr-90 (T ½ 29 a) and 
does not live long to migrate long distances. 

of significance to the 
biosphere 

OUT  

93 Zr-93 Long T ½ and high inventory  IN 

94 Zr-95 Short T ½ (64 d), short T ½ daughter and no 
safety relevant daughters, low inventory. 

not included OUT  

 

As a result of the screening process, the following radionuclides were included in the 
inventory compared with that in the previous safety assessment RNT-2008 (Nykyri et 
al. 2008): Ag-108m, Be-10, Nb 91, Nb-92, Nb-93m, and Th-232. 

The additional radionuclides included in the list reflect the effect of screening the initial 
set of radionuclides based on an activity cut-off screening criterion, which was applied 
in Anttila (2005), and long-term safety-based screening criteria (i.e. the risk quotients), 
which were applied in the current safety assessment (see Section 7.3).  

C.5 Impact of crud on the radionuclide inventory 

Crud (originally an acronym for Chalk River Unidentified Deposit) is a corrosion 
product from the primary circuit which precipitates from the cooling waters onto the 
fuel surfaces (mainly in the core section) during reactor operation. It is composed 
mostly of Fe, Co, Cr, Mn, Ni, and Zn. Crud contains activation and fission products. In 
Assessment of Radionuclide Release Scenarios for the Repository System, a single 
deterministic calculation case, CS2-CRUD, has been analysed in which the activation 
and fission products associated with crud are included in the source term (Assessment of 
Radionuclide Release Scenarios for the Repository System, Section 9.5.4). Given the 
uncertainties in the long-term release rates of the crud deposited onto the cladding and 
metallic parts of the fuel assembly, an instantaneous release has been used in the source 
term model.  

In normal operation of PWR (and VVER), crud is not precipitated on the fuel surfaces 
because of the lower linear power, no boiling on surfaces and very little oxygen in the 
cooling water compared to BWR. This is why only crud from BWR is considered. 

In the calculation, crud inventory data from SKB (2010) have been used for the 
calculation case CS-CRUD as show in Table C-9. The relevance of SKB data to Posiva 
fuel is discussed here.  

The SKB crud data set (Table C.8 in SKB 2010) was selected among those showing the 
highest inventory of crud products for a canister with 12 BWR fuel elements (second 
column in Table C-9). Since each BWR fuel element contains 175 kg of uranium 
(Posiva 2012), there are 2.1 tonnes of initial uranium per canister. The crud inventory 
per tonne of uranium is divided by the total inventory in the spent fuel to obtain the 
fraction of total inventory in the crud. Radionuclides whose crud inventory represents 
more than (or close to) 10-5 times the total inventory are shown in light blue cells.  
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For actinides and Tc-99 the crud inventory represents 10-7 times the total inventory at 
most. In the reference case (UO2 alteration rate equal to 10-7/a) the crud inventory is 
smaller than the release from the UO2 in one year. In the probabilistic calculations for 
the PSA, the range of values of the UO2 alteration rate is 10-8 to 10-6/a, and the 
inventory released from the UO2 in 0.1 to 10 years would be greater than the inventory 
in the crud. Taking into account the slow transport of actinides and Tc-99, releases from 
the near field become significant only after thousands of years, and the activity released 
from the fuel up to that instant is nearly identical with and without crud. For this reason 
no IRFs of actinides are included in the model for the PSA (Cormenzana 2013). 

Table C-9. Crud inventory and fraction of the total inventory in the fuel in the crud. 
Crud inventory is from Table C.8 of SKB (2010). Radionuclides whose crud inventory 
represents more than (or close to) 10-5 times the total inventory are shown in light blue 
cells.  

Radionuclide 
Crud inventory 

(Bq/canister) (SKB 2010) 
Fraction of total 

inventory in the crud 

Am-241 3.12·107 7.7·10-8 

Am-243 3.91·105 5.5·10-8 

Cm-245 1.02·104 4.7·10-8 

Cm-246 3.08·103 4.1·10-8 

Mo-93 7.79·106 1.6·10-4 

Nb-93m 4.59·1010 4.3·10-3 

Nb-94 2.84·108 1.8·10-4 

Ni-59 7.03·109 1.5·10-2 

Ni-63 7.14·1011 1.4·10-2 

Np-237 3.53·103 7.1·10-8 

Pu-238 3.16·107 5.7·10-8 

Pu-239 2.05·106 6.9·10-8 

Pu-240 3.38·106 5.5·10-8 

Pu-241 9.81·107 2.7·10-8 

Pu-242 2.30·104 5.3·10-8 

Tc-99 1.18·106 6.8·10-7 

Th-230 3.94·100 1.4·10-7 

U-234 1.07·104 9.2·10-8 

U-235 8.81·101 5.1·10-8 

U-236 2.18·103 7.8·10-8 

U-238 1.98·103 8.1·10-8 

Zr-93 3.15·106 1.2·10-5 
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C.5.1 Relevance of SKB’s crud data to Posiva’s data 

Crud measurement campaigns are regularly undertaken in nuclear power plants to 
monitor crud buildup. The three most recent crud measurement campaigns on OL1 
(2011) and OL2 (2007, 2012) show the following broad characteristics:  

 Crud amount: about 20 g/m2, which is composed of corrosion products, silicon, 
radioactive corrosion products and fission products.  

 Most of the corrosion products are iron (about 90-95 wt%) and nickel (about 2-6 
wt%).  

 The radioactive nuclides analysed in crud are: Co-57, Co-58, Co-60, Cr-51, Fe-59, 
Mn-54, Hf-181, Sb-124, Sb-125, Sn-113, Zn-65, Nb 95, and Zr-95.  

 The radioactive inventory of crud is dominated by Co-60 (45-65 %). The other main 
radioactive components are Cr-51 (5-15%), Mn-54 (9-15%); other radionuclides 
(Co-58, Fe-59, and Sb-124) are present in minor amounts (0.5 to 10 %). Nb-95 and 
Zr-95 are the main components of the activation products of corrosion products but 
their radioactive inventory is < 1%.  

 Half lives of the main radionuclides are short: Co-60 (5.3 years), Cr-51 (28 days), 
Mn-54 (313 days), Co-58 (8.4 days), Fe-59 (60 days), and Sb-124 (60 days). 

By the time the fuel is encapsulated (after an average storage time of 50 years) all these 
radionuclides will have significantly decayed away. Posiva does not have additional 
data on crud measurements after these very long storage times or inventory data for 
longer lived nuclides that can be found in very small amounts in the crud. Hence, data 
from SKB has been used. 

C.5.2 Impact of crud in the radionuclide release and transport calculations 

Figure C-12 shows the ratios of the radionuclide-specific crud inventories to the 
corresponding initial Reference Case activity inventories. For all radionuclides, the crud 
inventories are small compared with the total. In the cases of Ag-108m and Tc-99, the 
crud inventories are also four to five orders of magnitude smaller than the Reference 
Case IRFs. For the isotopes of Am, Cm, Np, Pu, Th, and U, the crud inventories are less 
than the amounts released by spent nuclear fuel dissolution in 2 years assuming the 
Reference Case fuel dissolution rate. The fraction of the inventory present in the crud 
exceeds 0.001 % only for isotopes of Mo, Ni, Nb and Zr, and it is only for these that the 
crud inventories could conceivably affect release rates.  
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Figure C-12. Ratio of the crud inventories to the initial Reference Case activity 
inventories (Figure 9-15 in Assessment of Radionuclide Release Scenarios for the 
Repository System). 

A single deterministic calculation case, CS2-CRUD, has been analysed in Assessment of 
Radionuclide Release Scenarios for the Repository System, in which the activation and 
fission products associated with crud are included in the IRF. In Figure C-13, the 
radionuclide-specific release rates from the repository near field to the geosphere in 
CS2-CRUD are compared with those of the Reference Case. The only differences occur 
at early times (as expected, since the crud inventory is allocated to the IRF) and are 
most evident for Ni-59 and Ni-63. However, as expected, differences in peak release 
rates are negligible for all calculated radionuclides. 

The results in Figure C-13 show that the crud inventory, if treated as part of the IRF, has 
no significant influence on peak radionuclide release rates.  

The probabilistic sensitivity analysis (PSA) carried out in parallel with the assessment 
of radionuclide release scenarios has also found that including the crud contribution to 
the IRF of Mo, Ni, Nb and Zr has no influence on the peak release rates of these 
isotopes, and hence it can be concluded that including the crud inventory in the safety 
assessment has no effect on the results (Cormenzana 2013). 

C.5.3 Confidence in the radionuclide inventory (without the crud) 

As a cautious, alternative assumption on the radionuclide inventory, the crud inventory 
(and Ag-108m inventory from RCCAs of OL3) has been considered as a source term in 
a variant scenario (see Section 9.5.4 of Assessment of Radionuclide Release Scenarios 
for the Repository System). Both the deterministic complementary calculation in 
Assessment of Radionuclide Release Scenarios for the Repository System and the 
probabilistic sensitivity analysis (PSA) have found that the crud has no influence on the 
peak release rates of these isotopes. It can be concluded that including the crud 
inventory in the safety assessment has no effect on the results.  
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Figure C-13. Radionuclide-specific release rates from the repository near field to the 
geosphere in CS2-CRUD (solid lines) and in the Reference Case (dashed lines). The 
upper figure gives an expanded view of the shaded box in the lower figure, illustrating 
that small differences occur at early times and are most evident in the cases of Ni-59 
and Ni-63 (Figure 9-16 in Assessment of Radionuclide Release Scenarios for the 
Repository System).  
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APPENDIX D. CANISTER DATA 

This appendix contains canister data that have been used in Performance Assessment or 
Assessment of Radionuclide Release Scenarios for the Repository System. The tables 
provide the reference to the section of the present report where the data presented have 
been discussed. Table D-1 provides main canister parameters data (inventory, 
dimensions, material properties). Table D-2 provides corrosion parameters and 
information concerning initial defects and assumptions on defects used in Chapter 7. 
Table D-3 provides detailed dimensions used for criticality safety calculations. Table 
D-4 provides the water compositions inside the canister to use with the radionuclide 
solubilities. Table D-5 presents solubility limits inside the canister.  

Table D-1. Summary of the main canister data used in Performance Assessment and in 
Assessment of Radionuclide Release Scenarios for the Repository System. Alternative 
values given in parenthesis. Canister dimensions from Raiko 2012 (Table 6) except for 
inner surface areas. 

Parameter/data Value 
Context and reference to the relevant section in 
the present report 

Inventory 

Number of 
canisters per spent 
fuel type 
(-) 

LO1-2 750 Layout determination (Section 3.2, Appendix H) 
Thermal modelling (6.3) 
Groundwater flow model by Hartley et al. (2013) 
(Section 6.1 and 7.8 of the present report) 

OL1-2 1400 

OL3-4 2350 

Canister dimensions 

Outer diameter (m) LO1-2 1.05 Canister design/description of the disposal system 
(Section 3.2) 
Modelling the thermal evolution (Section 6.3 )  
Calculation on canister performance (Sections 
6.14−6.22) 
Modelling the impact of rock shear on the canister  
(Section 6.23) 
Criticality safety analyses (Section 6.27) 
 

OL1-2 1.05 

OL3-4 1.05 

Height with flat 
bottom end1 (m) 

LO1-2 3.552 

OL1-2 4.752 

OL3-4 5.223 

Thickness of 
copper cylinder, 
nominal, (mm) 

LO1-2 49 (35) 

OL1-2 49 (35) 

OL3-4 49 (35) 

Thickness of 
copper lid and 
bottom, nominal, 
(mm) 

LO1-2 50 

OL1-2 50 

OL3-4 50 

Thickness of iron 
insert bottom2, 
nominal, (mm) 

LO1-2 70 

OL1-2 60 

OL3-4 85 

Total volume of 
canister1 (m3) 

LO1-2 3.03 

OL1-2 4.07 

OL3-4 4.47 

Total area of 
canister outside 
surface (m2) 

LO1-2 13.67 

OL1-2 17.63 

OL3-4 19.18 

Total area of 
canister inner 
surface (m2) 

LO1-2 11.75 

OL1-2 15.34 

OL3-4 16.72 

Void space with 
fuel assemblies 
(m3) 

LO1-2 0.61 

OL1-2 0.95 

OL3-4 0.67 
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Parameter/data Value 
Context and reference to the relevant section in 
the present report 

Number of fuel 
assemblies per 
canister 

LO1-2 12 

OL1-2 12 

OL3-4 4 

Amount of spent 
fuel (tU) per 
canister type 

LO1-2 1.4 

OL1-2 2.2 

OL3-4 2.1 

Mass of fuel 
assemblies (ton) 

LO1-2 2.6 

OL1-2 3.6 

OL3-4 3.2 

Mass of iron (ton) LO1-2 8.6 

OL1-2 10.6 

OL3-4 15.8 

Mass of steel (ton) LO1-2 2.0 

OL1-2 3.0 

OL3-4 2.1 

Mass of copper1 
(ton) 

LO1-2 5.6 

OL1-2 7.3 

OL3-4 8.0 

Total canister 
mass1, gross, (ton) 

LO1-2 18.8 

OL1-2 24.5 

OL3-4 29.0(3) 

Material properties 

Cast iron material 
composition of the 
insert 

Copper content in cast iron  
< 0.05 %. 

Specified only with respect to an upper limit on the 
content of copper to avoid the risk of radiation 
embrittlement (Section 6.24.3) 
Criticality safety analyses (Section 6.27) 
Description of the disposal system (Section 3.2) 

Composition of 
copper components 

Phosphorus-alloyed oxygen-
free copper with the following 
requirements: O < 5 ppm, 
P = 30−100 ppm, 
H < 0.6 ppm, S < 8 ppm 

Description of the disposal system (Section 3.2)  
Copper creep model (Section 6.25) 
Criticality safety analyses (Section 6.27) 

Density [kg/m3] Cast iron 7200 (7100)(4) Impact of rock shear and other mechanical loads 
on the canister (Sections 6.23.2 and 6.24.2) 
Copper uniform corrosion calculations used a 
density of copper of 8900 kg/m3 (Sections 6.15, 
6.17, 6.19) 
Criticality safety analyses (Section 6.27) 

Structural 
steel 

7850 

Copper 8940 (8900) 

Thermal properties 

Thermal power on 
the canister surface 
(requirement on the 

loading) 

1830 W (PWR) 
1700 W (BWR) 
1370 W (VVER) 

 

Thermal evolution (Section 6.3) 
Buffer THM evolution (Section 6.6) 

Groundwater flow modelling (Section 6.1) 
Layout formulation (Appendix H). 

Maximum canister 
temperature at 
emplacement 
(design 
requirement) 

90°C  Modelling the thermal evolution (Section 6.3) 
Buffer THM evolution (Section 6.6) 
Layout formulation (Appendix H) 

Temperature 
evolution at the 
canister surface 

See Figure 6-55 Modelling the thermal evolution (Section 6.3) 
Buffer THM evolution (Section 6.6) 
Buffer geochemical evolution (Section 6.9.1 and 
6.9.6) 
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Parameter/data Value 
Context and reference to the relevant section in 
the present report 

Long-term 
temperature of the 
canister during a 
glaciation  

0 to 10°C (Raiko et al. 2010) This temperature range has been used to derive 
the mechanical properties of the canister and the 
insert during a glaciation (Sections 6.23 and 6.24) 

Conductivity 
[W/mK] 

Cast iron 36 Thermal evolution of the system (Section 6.3)  
Impact of rock shear and other mechanical loads 
on the canister (Sections 6.23.2 and 6.24.2) 
TH evolution of the buffer (Section 6.6) 

Structural 
steel 

52…63 

Copper 391 

Specific heat 
[J/kgK] 

Cast iron 461 thermal evolution of the system (Section 6.3)  
Impact of rock shear and other mechanical loads 
on the canister (Sections 6.23.2 and 6.24.2) 

Structural 
steel 

500 

Copper 394 

Thermal expansion  
[10-6K-1] 

Cast iron 11.5 Impact of rock shear and other mechanical loads 
on the canister (Sections 6.23.2 and 6.24.2) Structural 

steel 
12 

Copper 16.9 

Canister effective 
volumetric heat 
capacity 
[MJ/(m3·K)] 

BWR 
canister 

2.4 Modelling the thermal evolution (Section 6.3) 

VVER 
canister 

2.5 

PWR 
canister 

2.7 

Emissivity of the 
copper surface 
when the canister is 
in the deposition 
hole 

0.3  Modelling the thermal evolution (Section 6.3) 

Mechanical properties of canister materials 

Young’s modulus 
[GPa] 

Cast iron 166 (162-
170)(4) 

Impact of rock shear and other mechanical loads 
on the canister (Sections 6.23.2 and 6.24.2) 

Structural 
steel 

210 (206) 

Copper 114 (117) 

Poisson’s ratio 
[-] 

Cast iron 0.32 (0.275) (4)  Impact of rock shear and other mechanical loads 
on the canister (Sections 6.23.2 and 6.24.2 and 
references therein) 
 

Structural 
steel

0.3 

Copper 0.308 (0.35)(4) 

Mechanical 
properties of the 
two weld types 
(electron beam 
weld, friction stir 
weld) 

Based on 
Andersson 
et al. 
(2005, p. 8) 

 Copper creep model (Section 6.25)  

1)  If the welded bottom lid alternative is used for the copper overpack, then the total length increases +75 
mm, the total canister volume +0.024 m3, the total surface area +0.45 m2, and the copper mass and the 
total canister mass +0.21 ton.  

2)  The total bottom thickness is the sum of cast iron thickness and the steel cassette bottom plate 
thickness. 

3)  The possible effect of control rod absorbers (about 55 kg per element) is not included. 

4)  Alternative values in parenthesis, see Raiko 2012 (Table 14) for details. 
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Table D-2. Parameters used in corrosion calculations in Performance Assessment and 
assumptions concerning initial defects and their evolution with time used in Assessment 
of Radionuclide Release Scenarios for the Repository System.  

Parameter/data Value 
Context and reference to the relevant section in 
the present report 

Corrosion parameters 

Surface area 
(internal) of the 
copper 
overpack  

See Table D-1 Modelling the internal corrosion due to radiolysis of 
residual water (Section 6.15) 

Surface area 
(external) of the 
canister  

See Table D-1 Modelling external corrosion due to radiolysis 
(Section 6.15) 
Modelling the aerobic corrosion in the deposition 
holes (Section 6.17) 
 

Molar mass of 
copper 

63.54 g/mol Copper uniform corrosion calculations (Sections 
6.15, 6.17, 6.19) 

Molar mass of 
sulphide ions 

33.07 g/mol Copper uniform corrosion calculations (Sections 
6.15, 6.17, 6.19) 

Molar mass of 
iron 

56 g/mol Volume of corrosion products of cast iron insert 
(Section 7.4.2) 

Moles of copper 
consumed per 
mole of 
sulphide 

2 Stoechiometric factor in the copper uniform 
corrosion calculations, Equation 6-91 (Section 6.19) 

Moles of copper 
consumed per 
mole of residual 
oxygen 

4 Stoechiometric factor in the copper uniform 
corrosion calculations, Equation 6-87 (Section 6.17) 

Anaerobic 
corrosion rate of 
cast iron 

0.1−1 µm/a 
>1  µm/a 

Corrosion of the cast iron insert (Section 6.22) 
AIC scenario (Section 7.2.3) 

Atmosphere and residual water volume in the canister 

Initial void 
volume in a 
generic canister 

950 L Corrosion of insert and volume of iron corrosion 
products (Section 6.22). 

Final volume of 
the void space 
within a canister 

700 L  
(takes into account the initial 
volume reduction due to 
corrosion of the insert) 

Modelling the radionuclide releases into the 
canister (Section 7.4.2, 7.4.4 ) 

Amount of 
water entrained 
in the canister 

600 g Modelling the internal corrosion due to radiolysis of 
residual water (Section 6.15) 

Composition of 
water inside the 
canister 

See Table D-4 below Modelling the radionuclide releases from the 
canister (Section 7.4.2, 7.4.4  

Amount of air 
(specifically O2 
and N2) inside 
the canister at 
the time of 
sealing 

Canister atmosphere initially 
comprises 10 % air and 90 % Ar 

Modelling the internal corrosion due to radiolysis of 
residual water (Section 6.15) 

Dose rate limit 
on the canister 
surface 

1 Gy/h Modelling external corrosion due to radiolysis 
(Section 6.15) 
 

Assumptions on initial defects 
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Parameter/data Value 
Context and reference to the relevant section in 
the present report 

Assumptions on 
the reliability of 
the sealing 
process  

It is assumed that the welding 
process will result in a defective 
weld with probability 0.01 

Assessment of initial canister defects (Section 6.26) 

Assumptions on 
the probability 
for human error 
during the NDT 
process 

Human error probability to miss 
a defective canister set to 0.003 
based on Swain & Guttmann 
(1983, p. 20-13).  

Assessment of initial canister defects (Section 6.26) 

Diameter of the 
initial 
penetrating 
defect 

1 mm –does not increase with 
time (Reference Case) 
1→10 mm in 25 000 years 
(Scenario VS1) 
complete loss of transport 
resistance at 15 000 years 
(Scenario AIC) 

Modelling the radionuclide releases from the 
canister (Section 7.4) 

Diffusion 
coefficient 
within any initial 
penetrating 
defect 

10-9 m2/s Assuming the defect is filled with water. Modelling 
the radionuclide releases from the canister (Section 
7.4) 

 

Table D-3. Detailed canister dimensions used for the criticality safety calculations 
discussed in Section 6.27 (Source: Raiko 2012 Tables 3−5). 

Flag Dimension (mm) BWR PWR  VVER-440 

B Insert base thickness 60 85  70 

C Insert inside length 4450 4900  3245 

K Thickness 30 +2.7/-4.6 100 +/-5  16.2 

L Inner width 160 x 160 +/-3.8 235 x 235 +/-5.1  D=173.7 (min: 168) 

M Tube thickness 10 +/-1 12.5 +/-1.25  10 +/-1 

D Insert outer diameter 949 +0.50/-0.50 949 +0.50/-0.50  949 +0.50/-0.50 

CQ Copper base thickness 50 50  50 

CM Copper lid thickness 50 50  50 

CE Copper inner diameter 952 +/-0.5 952 +/-0.5  952 +/-0.5 

CB Copper outer diameter 1050 +/-1.2 1050 +/-1.2 1050 +/-1.2 
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Figure D-1. BWR canister insert geometry used in the criticality safety calculations 
discussed in Section 6.27 (source: Raiko et al. 2012). 

 

 

Figure D-2. Geometry of the three types of canisters considered in the criticality safety 
calculations discussed in Section 6.27 (Raiko 2012).  

 

 



701 
 

 
 

 

Figure D-3. Near field dimensions used for criticality safety calculations. 

  



702 
 

 
 

Table D-4. Composition of the reference and bounding waters for radionuclide 
solubilities for water in the internal void space of the canister at 25 °C. Units in mmol/L 
unless otherwise stated (Wersin et al. 2013). The saturation index shows whether the 
water will tend to dissolve or precipitate a particular mineral. The Nagra/PSI database 
is described in Hummel et al. (2002). 

    

Reference waters Bounding waters 
Saline 
water 

KR20/465/1 

Brackish 
water 

KR6/135/8

Dilute, 
carbonate 
rich water, 
KR4/81/1 

Brine 
water, 

KR4/861/1 
Nagra/PSI 
database 

High 
alkaline 
water 

Glacial 
melt 

water,  
(Grimsel 
water) 

W
at

er
 in

si
d

e 
ca

n
is

te
r 

log p(CO2) -3.60 -2.69 -2.39 -5.27 -8.30 -5.48 

pH 7.94 7.33 7.63 7.87 10.0 9.56 

Eh (mV) -232 -163 -226 -346 -398 -304 

Alkalinity (meq/L) 0.48 0.95 3.06 0.02 1.89 0.42 

Ionic strength 
(meq/L) 

311 143 17.3 1300 214 1.26 

Na 265 76.9 11.2 421 113 0.79 

K 1.40 0.47 0.23 0.56 0.28 0.005 

Mg 5.57 7.34 0.64 4.53 2.63 0.0006 

Ca 13.64 15.93 1.17 391 33.4 0.13 

Cl 180 113 10 1210 182 0.16 

SO4
2- 62.00 4.80 0.98 - 0.21 0.06 

S-2 0.005 0.0006 0.00030 - 0.0057 - 

CO3TOT 0.52 1.05 3.20 0.009 0.23 

Sr 0.10 0.10 0.006 1.85 0.16 0.0020 

Si 0.19 0.18 0.18 0.15 1.88 0.29 

Mn 0.004 0.02 0.003 0.04 0.006 4.9E-06 

Fe 0.0024 0.010 0.010 0.16 0.0000 3.5E-06 

F 0.043 0.016 0.032 0.08 0.051 0.36 

Br 0.53 0.17 0.018 4.36 0.61 - 

B 0.10 0.06 0.027 0.08 0.12 - 

S
at

u
ra

ti
o

n
 i

n
d

ex
 S

.I.
 

Calcite 0.0 0.0 0.0 0.0 0.0 0.0 

Quartz 0.0 0.0 0.0 0.0 0.0 0.0 

Siderite -1.47 -0.94 -0.13 -1.81 -5.67 -3.6 

FeS(am) -0.99 -1.75 -1.73 - -2.44 - 

Magnetite 0.00 0.00 0.00 0.00 0.00 0.00 
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Table D-5. Solubility limits inside canister for the reference and bounding waters 
(reference values given by Wersin et al. 2013).  

Element Solubility limits (mol/L) 

Brackish 
water 

Saline  
water 

Dilute 
carbonate 
rich  water 

Brine  
water 

High  
alkaline  
water 

Glacial  
water 

Ag (I) 5.1E-06 9.9E-06 6.9E-07 2.5E-04 1.0E-05 1.2E-06 

Am (III) 6.0E-06 1.7E-06 1.9E-06 2.7E-05 1.2E-08 3.3E-08 

Be (II) 4.4E-06 1.4E-06 2.2E-06 1.7E-06 1.7E-06 7.6E-07 

Corg  unlim. unlim. unlim. unlim. unlim. unlim. 

Cinorg 1.1E-03 5.2E-04 unlim. 2.5E-05 9.3E-06 2.5E-04 

Cl(-I) unlim. unlim. unlim. unlim. unlim. unlim. 

Cm(III) 6.0E-06 1.7E-06 1.9E-06 2.7E-05 1.2E-08 3.3E-08 

Cs(I) unlim. unlim. unlim. unlim. unlim. unlim. 

I(-1) unlim. unlim. unlim. unlim. unlim. unlim. 

Mo(VI) 2.4E-06 3.1E-06 1.6E-07 1.1E-10 4.2E-06 1.0E-04 

Nb(V) 1.9E-07 9.5E-07 3.4E-07 5.2E-07 2.7E-03 1.3E-04 

Ni(II) 8.3E-04 9.3E-05 1.2E-04 6.2E-05 1.2E-07 1.4E-07 

Np(IV) 1.0E-09 9.6E-10 1.2E-09 6.8E-10 9.5E-10 1.0E-09 

Pa(V) 1.0E-08 1.0E-08 1.0E-08 8.4E-10 6.1E-09 1.0E-08 

Pd(II) 3.9E-06 3.7E-06 4.0E-06 6.3E-06 3.8E-06 4.0E-06 

Pu(III) 4.3E-10 1.2E-10 1.8E-09 1.2E-09 1.3E-11 1.4E-11 

Ra(II) 6.7E-11 1.6E-11 7.2E-11 2.5E-08 1.8E-09 4.2E-10 

Se(-II) 5.9E-11 5.8E-10 3.3E-10 8.2E-09 2.0E-07 5.9E-09 

Sm(III) 3.6E-07 6.1E-08 1.3E-07 2.4E-06 6.8E-07 6.1E-09 

Sn(IV) 6.3E-08 1.1E-07 7.6E-08 7.0E-08 1.3E-05 4.2E-06 

Sr(II) 7.4E-04 1.3E-04 1.8E-04 unlim. unlim. 2.0E-05 

Tc(IV) 3.9E-09 3.7E-09 4.0E-09 2.8E-09 4.6E-09 4.2E-09 

Th(IV) 4.2E-09 2.7E-09 1.3E-08 1.1E-09 1.5E-09 2.1E-09 

U(IV) 2.4E-08 4.1E-09 9.4E-09 2.1E-09 3.0E-09 8.7E-09 

Zr(IV) 1.8E-08 1.7E-08 1.8E-08 1.2E-08 1.7E-08 1.8E-08 
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APPENDIX E. BUFFER DATA 

This appendix contains buffer data that have been used in Performance Assessment or 
Assessment of Radionuclide Release Scenarios for the Repository System. Table E-1 
provides buffer properties and references to the sections in this report where the data are 
discussed. Table E-2 provides compositions for reference and bounding buffer 
porewaters and Table E-3 the reference and bounding water compositions at 
bentonite/rock interface. Solubility limits in the buffer for the reference and bounding 
porewaters are given in Table E-4. The effective diffusion coefficients and porosity in 
the buffer for the reference and bounding waters are listed in Table E-5, whereas Table 
E-6 presents distribution coefficients (Kds) in the buffer. 

Table E-1. Summary of the buffer parameters and data used in Performance 
Assessment (PA) or Assessment of Radionuclide Release Scenarios for the Repository 
System (AOS).  

Parameter/data Value 
Context of parameter and data (reference to the 
relevant section in the present report) 

Buffer properties 

Geometry See main dimensions in Figure 
6-55 

DFN groundwater flow modelling (Sections 6.1 and 
7.8). 
Thermal evolution of the repository (Section 6.3) 
Buffer THM evolution (Section 6.6). 
Corrosion of copper by sulphide (Section 6.19) 
Criticality safety calculations (Section 6.27) 
Radionuclide transport in the buffer (Section 7.6) 

Hydraulic 
conductivity  

Upper value set in the buffer 
design bases report 
(Juvankoski & Marcos 2010): 
1·10-12 m/s  
Experimentally determined 
value (Pintado & Rautioaho 
2013): 5·10-14 m/s  

DFN groundwater flow modelling (Sections 6.1and 
7.8).  
Value used in the buffer THM evolution (Section 
6.6).  

Porosity  Saturated buffer porosity = 
42 %. Note: This is the total 
porosity or diffusion accessible 
porosity. Flow porosity may 
assume a lower value, but it is 
not determined for the buffer.    

Canister corrosion via radiolysis (Section 6.15). 
DFN groundwater flow modelling (Section 6.1 and 
Section 7.8).  
Cement–clay mass balance calculations (Section 
6.7). 
Bentonite porewater composition calculations 
(Section 6.9). 

43 % Modelling radionuclide transport in the buffer 
(Section 6.7). 

0.438 THM modelling of the buffer (Section 6.6). 

0.370 (bentonite rings) 
0.388 (bentonite discs) 
0.669 (bentonite pellets) 

THM modelling of the buffer (Section 6.6). 

0.375 (initial value for MX-80) Elasto-plastic modelling, THM modelling of the 
buffer (Section 6.6). 

0.382 (bentonite discs)  
0.36 (bentonite rings) 

Geochemical evolution of the buffer (Section 6.9). 

Molecular weight 
of 
montmorillonite 

367 g/mol Cement–clay mass balance calculations (Section 
6.7). 

Grain density of 
the buffer 

2750 kg/m3 Cement–clay mass balance calculations (Section 
6.7). 

Volume fraction 
of 
montmorillonite 
in the buffer 

75 % Cement–clay mass balance calculations (Section 
6.7). 
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Parameter/data Value 
Context of parameter and data (reference to the 
relevant section in the present report) 

Final (saturated) 
density 

1950−2050 kg/m3 (Design 
Basis, Section 5.5) 
2050 kg/m3 (Raiko et al. 2010) 

Impact of other mechanical loads on the buffer 
(Section 6.24). 
 
Calculation of the canister mechanical loads in the 
rock shear case (Sections 6.23). 

Dry density 1,700 kg/m3 for buffer blocks 
1,760 kg/m3 For buffer rings 
 
1,570 kg/m3 (averaged) 

Calculation of the effective diffusion coefficient for 
the geochemical evolution of the buffer using a THC 
model (Section 6.9.1).  
 
Calculation of buffer porewater chemistry (Section 
6.9.2). 

Initial water 
content 

17% Geochemical evolution of the buffer using a THC 
model (Section 6.9.1). 

Swelling 
pressure 

2−10 MPa Impact of other mechanical loads on the buffer 
(Section 6.24).  

Assumptions on 
swelling 
pressure used 
for the 
calculation of the 
canister 
mechanical 
loads: 

Tables 4-2, 4-3 and 4-4 of 
Börgesson et al. (2010) 

Calculation of the canister mechanical loads 
(Sections 6.23 and 6.24). 

Maximum sum of 
isostatic 
pressure load 
components at 
Olkiluoto 

44 MPa (includes the option of 
using Ca-bentonite with higher 
swelling pressured up to 
15 MPa in the high density 
region) 

Calculation of the canister mechanical loads 
(Sections 6.23 and 6.24). 

Mineralogical 
composition 

Used sources of data: 
Kiviranta & Kumpulainen 
(2011), as given in Table 6-42 
in main text. 

Used in reactive transport modelling (Section 6.9.1). 
Used to estimated sulphide flux from buffer (Section 
6.9.4). 

 Müller-Vonmoos & Kahr 
(1983) and Bradbury & 
Baeyens (2002), as given in 
Table 6-53 in the main text. 

Used for calculation of porewater compositions 
(Section 6.9.2). 
Used also to estimated sulphide flux from buffer 
(Section 6.9.4). 

Thermal properties of the buffer 

Thermal 
conductivity of 
the buffer blocks 
(at 25oC) 

0.34 W/(m·ºC) in dry 
conditions  
1.19 W/(m·ºC) in wet 
conditions  

Modelling the geochemical evolution of buffer 
(Section 6.9.1). 
 
 

0.3 W/(m·ºC) in dry conditions 
1.3 W/(m·ºC) in wet conditions 

THM evolution of the buffer (Section 6.6). 
Geochemical evolution of the buffer 
(TOUGHREACT) (Section 6.9.1). 

1 W/(m·ºC) in dry conditions 
Börgesson et al. 1994 
1.3 W/(m·ºC) in wet conditions 
(ibid.) 

Modelling the thermal evolution of the repository 
system (Section 6.3). 

Thermal 
conductivity in 
the pellet slot 

0.2 W/(m·K) in dry conditions  
1.0 - 1.3 W/(m·K) in saturated 
condition 

Modelling the thermal evolution of the repository 
system (Section 6.3). 

Heat capacity (at 
25 ºC) 

830 J/(kg·ºC) Modelling the geochemical evolution of buffer 
(Section 6.9.1). 

Grain density 2750 kg/m3 

 
2760 kg/m3 

Modelling the geochemical evolution of buffer 
(Section 6.9.1). 
Effective diffusion coefficients and porosity (Table 
E-5). 

Initial 
temperature 

25 ºC Modelling the geochemical evolution of buffer 
(Section 6.9.1). 
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Table E-2. Composition of reference and bounding porewaters in buffer (free 
porewater, mmol/L unless otherwise indicated), cation exchange sites and edge sites  at 
a target wet density of 2000 kg/m3 (based on Wersin et al. 2013, Table CI-2). The 
temperature is 25 °C. 

  Buffer 
 

Reference porewaters Bounding porewaters 

Saline 
water 

Brackish 
water 

Dilute, 
carbonate 
rich water 

Brine 
water 

High 
alkaline 
water 

Glacial 
melt 

water 

Corresponding 
groundwater 

KR20/465/1 KR6/135/8 KR4/81/1 KR4/861/1
Influenced 
by cement 

Grimsel 
water 

F
re

e 
p

o
re

w
at

e
r 

log p(CO2) -3.20 -2.70 -2.40 -4.61 -8.28 -5.48 

pH 7.80 7.23 7.69 7.42 10.0 9.62 

Eh (mV) -245 -207 -238 -318 -407 -201 

Alkalinity 
(meq/L) 

0.83 0.75 3.57 
0.10 

1.89 0.51 

Ionic strength 
(meq/L) 

512.6 271.2 30.1 2971 215.8 2.01 

Na 499.6 150.8 22.1 774 116.0 1.54 

K 2.6 0.9 0.5 1.03 0.28 0.010 

Mg 10.5 14.4 1.2 8.33 2.63 0.0012 

Ca 11.0 30.7 1.1 720 33.40 0.11 

Cl 339.8 222.3 19.6 2231 182.46 0.31 

SO4
2- 101.9 9.4 1.9 - 0.21 0.12 

S2- 0.01 0.0012 0.00058 - 0.0057 - 

CO3 tot 0.94 0.90 3.72 0.08 0.010 0.28 

Sr 0.19 0.20 0.012 3.40 0.16 0.0039 

Si 0.18 0.17 0.18 0.07 1.88 0.31 

Mn 0.008 0.041 0.006 0.07 0.006 9.51E-06 

Fe 0.003 0.011 0.013 0.07 0.0023 5.42E-06 

F 0.081 0.032 0.064 0.15 0.051 0.71 

Br 0.99 0.33 0.036 8.02 0.56 - 

B 0.19 0.11 0.053 0.15 0.12 - 

C
at

io
n

 E
xc

h
an

g
e 

si
te

s 
 

CEC (meq/L) 2873 2873 2873 2873 2873 2873 

NaX (%) 80.1 34.7 18.1 46.8 - 4.4 

CaX2 (%) 13.5 46.9 54.6 52.2 - 95.1 

MgX2 (%) 4.7 17.6 25.8 0.8 - 0.4 

KX (%) 1.7 0.8 1.5 0.2 - 0.1 

E
d

g
e 

si
te

s
 

(m
eq

/L
) ≡SOH 24.9 49.7 57.0 18.1 - 43.4 

≡SOH2
+ 0.40 2.4 3.8 0.2 - 1.6 

≡SO- 78.5 51.9 43.2 72.5 - 59.0 
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Table E-3. Reference and bounding groundwaters at the bentonite/rock interface 
(equilibrated with calcite and quartz). Units in mmol/L unless otherwise indicated. The 
temperature is 25 °C. The saturation index shows whether the water will tend to 
dissolve or precipitate a particular mineral. Its value is negative when the mineral may 
be dissolved, positive when it may be precipitated, and zero when the water and mineral 
are at chemical equilibrium (Wersin et al. 2013, Table 2-2). The Nagra/PSI database is 
described in Hummel et al. (2002). 

Reference waters Bounding waters 

 Saline 
water 

KR20/465/1 

Brackish 
water 

KR6/135/8 

Dilute, 
carbonate 
rich water, 
KR4/81/1 

Brine 
water, 

KR4/861/1, 
Nagra/PSI 
database 

High 
alkaline 
water 

Glacial melt 
water,  

(Grimsel 
water) 

G
ro

u
n

d
w

at
er

 i
n

 e
q

u
ili

b
ri

u
m

 w
it

h
 c

al
ci

te
 a

n
d

 q
u

ar
tz

 

log p(CO2) -2.74 -2.28 -2.11 -3.91 -8.30 -5.72 

pH 7.21 7.12 7.49 7.18 10.0 9.69 

Eh (mV) -222 -198 -224 -296 -408 -204 

Alkalinity 
(meq/L) 

0.60 1.53 4.26 0.041 1.93 0.43 

Ionic 
Strength 
(meq/L) 

215 144 18.94 1299 218 1.21 

Na 116 77.12 13.15 424 117 0.69 

K 0.28 0.47 0.25 0.560 0.28 0.0050 

Mg 2.63 7.45 0.74 4.52 2.66 0.00062 

Ca 32.75 16.19 1.19 392 33.77 0.13 

Cl 182 114 9.91 1214 184 0.16 

SO4
2- 0.21 4.82 0.96 - 0.21 0.061 

S-2 0.0057 0.00060 0.00030 - 0.0058 - 

CO3 tot 0.77 1.74 4.52 0.103 0.0095 0.19 

Sr 0.16 0.093 0.0057 1.841 0.16 0.0020 

Si 0.17 0.18 0.18 0.121 1.91 0.32 

Mn 0.010 0.02 0.0 0.040 0.01 - 

Fe 0.0023 0.0057 0.0081 0.036 0.0023 3.00E-06 

F 0.051 0.016 0.032 0.084 0.052 0.36 

Br 0.56 0.17 0.018 4.363 0.57 - 

B 0.12 0.057 0.027 0.083 0.12 - 

S
at

u
ra

ti
o

n
 in

d
ex

 
S

.I
. 

Calcite 0.0 0.0 0.0 0.0 0.0 0.0 

Quartz 0.0 0.0 0.0 0.0 0.0 0.0 

Siderite -1.88 -1.18 -0.23 -2.45 -2.25 -3.89 

FeS(am) -1.59 -2.26 -2.01 - 1.00 -30.34 

Magnetite -4.92 -3.58 -1.34 -5.67 9.92 4.22 
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Table E-4. Solubility limits in buffer for the reference and bounding porewaters (free 
porewater; reference values given by Wersin et al. 2013, Section 4.5). The temperature 
is 25 °C. 

Element Solubility limits (mol/L) 

Reference porewaters Bounding porewaters 

Brackish 
water 

Saline  
water 

Dilute 
carbonate 

rich  
water 

Brine  
water 

High  
alkaline  
water 

Glacial  
water 

Ag (I) 1.4E-05 3.0E-05 1.0E-06 3.3E-04 1.0E-05 9.9E-07 

Am (III) 6.3E-06 4.9E-07 1.1E-06 9.2E-06 1.1E-08 3.3E-08 

Be (II) 6.0E-06 1.9E-06 2.1E-06 4.8E-06 1.7E-06 8.6E-07 
Corg  unlim. unlim. unlim. unlim. unlim. unlim. 

Cinorg 9.0E-04 9.3E-04 unlim. unlim. unlim. 2.8E-04 
Cl(-I) unlim. unlim. unlim. unlim. unlim. unlim. 
Cm(III) 6.3E-06 4.9E-07 1.1E-06 9.2E-06 1.1E-08 3.3E-08 

Cs(I) unlim. unlim. unlim. unlim. unlim. unlim. 

I(-1) unlim. unlim. unlim. unlim. unlim. unlim. 

Mo(VI) 3.7E-08 3.3E-07 1.3E-07 8.4E-12 4.1E-06 1.0E-04 

Nb(V) 1.5E-07 6.1E-07 4.1E-07 1.2E-07 2.8E-03 2.1E-04 

Ni(II) 1.5E-03 1.9E-04 1.0E-04 4.4E-04f 1.2E-07 1.3E-07 

Np(IV) 1.0E-09 9.1E-10 1.2E-09 5.5E-10 9.5E-10 1.0E-09e 

Pa(V) 1.0E-08 1.0E-08 1.0E-08 1.0E-08a 1.0E-08b 1.0E-08 
Pd(II) 3.9E-06 3.4E-06 4.0E-06 1.5E-04g 3.8E-06 4.0E-06 

Pu(III, IV) 5.7E-09 8.4E-10 2.4E-09 4.9E-09 1.3E-11 1.4E-11 

Ra(II) 5.7E-11c 1.4E-11 5.1E-11 2.8E-08 1.7E-09 2.4E-10 

Se(-II) 4.3E-10 1.4E-09 4.5E-10 1.5E-08 5.8E-09 4.9E-09 

Sm(III) 6.3E-07 1.7E-07 1.3E-07 8.6E-07 2.4E-06 5.8E-09 

Sn(IV) 5.9E-08 8.4E-08 8.1E-08 3.4E-08 1.2E-05 2.8E-06 

Sr(II) 6.7E-04 1.0E-03 5.1E-04 6.8E-02 3.2E-04 1.6E-05 

Tc(IV) 3.8E-09 3.4E-09 4.0E-09 2.2E-09 4.6E-09 4.4E-09 

Th(IV) 3.6E-09 3.6E-09 1.6E-08 9.3E-10d 1.5E-09 2.1E-09 

U(IV, VI) 3.7E-09 3.5E-09 1.2E-08 1.7E-09 3.0E-09 6.9E-10 

Zr(IV) 1.7E-08 1.5E-08 1.8E-08 9.8E-09 1.7E-08 1.8E-08 
a  In the radionuclide transport calculations a lower value (8.5E-10 mol/L) has been used. The effect of 

this discrepancy has been assessed in Appendix M. 
b In the radionuclide transport calculations a lower value (6.2E-9 mol/L) has been used. The effect of this 

discrepancy has been assessed in Appendix M. 
c In the radionuclide transport calculations a lower value (4.8E-11 mol/L) has been used.  
d In the radionuclide transport calculations a slightly higher value (1.1E-9 mol/L) has been used (the 

solubility inside the canister). 
e  In the radionuclide transport calculations a higher value (1.1E-8 mol/L) has been used. The effect of 

this discrepancy has been assessed in Appendix M. 
f  In the radionuclide transport calculations a lower value (6.2E-5 mol/L) has been used. The effect of this 

discrepancy has been assessed in Appendix M. 
g  In the radionuclide transport calculations a lower value (6.3E-6 mol/L) has been used. The effect of this 

discrepancy has been assessed in Appendix M. 



710 
 

 
 

Table E-5. Effective diffusion coefficient and porosity in buffer for the reference and 
bounding porewaters (free porewater, recommended values by Wersin et al. 2013, 
Table 8-4). Grain density for the buffer 2760 kg/m3. The temperature is 25 °C. 

  

Reference 
porewaters 

Bounding porewaters 

Brackish 
water 

Saline 
water 

Dilute 
carbonate 
rich  water 

Brine  
water 

High  
alkaline  
water 

Glacial  
water 

Anions             

De (m
2/s) 7.8E-12 1.0E-11 2.1E-12 3.2E-11 1.0E-11 3.7E-13 

, diffusion  
available porosity 

0.08 0.11 0.01 0.17 0.11 0.01 

Sr, Ra             

De (m
2/s) 9.5E-11a 1.3E-10 1.3E-09 1.3E-10 2.2E-10 1.0E-08 

Kd (m
3/kg) 1.4E-03 2.5E-04 1.4E-02 2.3E-05 3.0E-03 1.1E-01 

, diffusion  
available porosity 

0.43 

Cs             

De (m
2/s) 1.0E-09 3.0E-10 2.1E-09 1.3E-10 1.4E-09 3.1E-09 

Kd (m
3/kg) 4.7E-02 1.4E-02 9.6E-02 5.3E-03 6.2E-02 1.4E-01 

, diffusion  
available porosity 

0.43 

Neutral species and other cations         

De (m
2/s)a 9.5E-11a 

, diffusion  
available porosity 

0.43 

a  In the radionuclide transport calculations a higher value 1.3E-10 mol/L has been used. The effect of this 
discrepancy has been checked in Appendix M. 
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Table E-6. Distribution coefficients in buffer for the reference and bounding porewaters 
(free porewater; best estimate values, lower and upper limits in all waters from Wersin 
et al. 2013).  See Section 7.5.4 for a discussion on upper and lower limits and Section 
7.6.2 for a discussion on uncertainty factors. The temperature is 25 °C. 

Element 

Distribution coefficient, Kd (m3/kg) 

Lower 
limit 
in all 

waters 
(m3/kg) 

Upper 
limit 
in all 

waters 
(m3/kg) 

Reference 
porewaters 

Bounding porewaters 

Brackish 
water 

Saline  
water 

Dilute 
carbonate 

rich  
water 

Brine  
water 

High  
alkaline 
water 

Glacial 
water 

Ag (I) 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 2.1E-02 0.0E+00 3.2E-01 

Am (III) 3.2E+01 5.0E+01 7.9E+01 2.0E+01 1.4E+02 1.4E+02 4.0E+00 6.1E+02 

Be (II) 3.9E+01 3.9E+01 1.2E+02 3.3E+01 4.2E+01 1.3E+02 2.6E-01 8.4E+02 

Corg 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 

Cinorg 2.1E-04 1.9E-04 5.1E-05 2.2E-03 1.9E-02 6.7E-04 1.9E-05 7.0E-02 

Cl(-I) 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 

Cm(III) 3.2E+01 5.0E+01 7.9E+01 2.0E+01 1.4E+02 1.4E+02 4.0E+00 6.1E+02 

Cs(I) 2.1E-01 6.2E-02 4.3E-01 2.4E-02 2.8E-01 6.2E-01 5.3E-03 2.8E+00 

I(-I) 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 

Mo(VI) 2.1E-02 7.5E-03 7.5E-03 1.5E-02 1.5E-04 3.4E-04 7.2E-06 8.7E-02 

Nb(V) 5.4E+00 5.4E+00 5.4E+00 5.4E+00 1.8E+00 1.8E+00 1.0E-01b 7.1E+01 

Ni(II) 2.4E-01 3.4E-01 5.7E-01 1.1E-01 3.1E+00 3.1E+00 9.5E-03 3.7E+01 

Np(IV) 6.3E+01 6.3E+01 6.3E+01 6.3E+01 6.3E+01 6.3E+01 1.0E+01 4.0E+02 

Pa(V) 8.1E+01 8.1E+01 8.1E+01 8.1E+01 8.1E+01 8.1E+01 1.4E+01 4.7E+02 

Pd(II) 2.7E-01 7.0E-01 6.3E-01 5.0E-03 3.1E+00 3.1E+00 3.1E-04 5.1E+01 

Pu(III) 9.9E+01 2.2E+01 6.6E+01 8.4E+01 2.3E+01 2.4E+01 3.7E+00 5.8E+02 

Ra(II) 8.7E-03 1.5E-03 1.1E-01 1.4E-04 1.8E-02 8.5E-01 2.3E-05 6.8E+00 

Se(-II) 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 

Sm(III) 1.0E+01 1.8E+01 3.4E+01 3.5E+00 8.8E+01 1.1E+02 2.1E-01 1.8E+03 

Sn(IV) 5.0E+01 3.1E+01 3.9E+01 4.5E+01 2.4E-01 1.1E+00 3.8E-02 3.1E+02 

Sr(II) 8.7E-03 1.5E-03 1.1E-01 1.4E-04 1.8E-02 8.5E-01 2.3E-05 6.8E+00 

Tc(IV) 6.3E+01 6.3E+01 6.3E+01 6.3E+01 2.1E+00 2.1E+00 1.4E-01 4.0E+02 

Th(IV) 6.3E+01 6.3E+01 6.3E+01 6.3E+01 6.3E+01 6.3E+01 1.4E+01 2.8E+02 

U(IV,VI) 5.2E+01 4.8E+01 1.8E+01 6.2E+01 6.3E+01 5.6E-02
a 7.9E-03 4.0E+02 

Zr(IV) 6.3E+01 6.3E+01 6.3E+01 6.3E+01 6.3E+01 6.3E+01 5.0E+00 2.8E+02c 
a  In the radionuclide transport calculations a ten times lower value, 5.6E-3 m3/kg has been used. The 

effect of this discrepancy has been checked in Appendix M. 
b  In the radionuclide transport calculations a slightly higher value, 1.4E-1 m3/kg has been used.  
c  In the radionuclide transport calculations a slightly higher value, 4.0E+2 m3/kg has been used.  
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APPENDIX F. BACKFILL DATA 

This appendix contains data that have been used in Performance Assessment or 
Assessment of Radionuclide Release Scenarios for the Repository System. Table F-1 
provides numerical data concerning the deposition tunnel backfill geometry and 
properties, including plug mass and average backfill properties as well as the reference 
to the section of this report where the data here presented have been discussed. 
Compositions for reference and bounding backfill porewaters are given in Table F-2. 
Table F-3 lists solubility limits and Table F-4 effective diffusion coefficients and 
backfill porosities in relation to these water types. Distribution coefficients (Kds) for 
reference and bounding groundwater types are listed in Table F-5.  

Table F-1. Summary of the backfill parameters and data used in Performance 
Assessment (PA) or Assessment of Radionuclide Release Scenarios for the Repository 
System (AOS).  

Parameter/data Value 
Context of parameter and data (reference 
to the relevant section in the present 
report) 

Deposition tunnel backfill geometry 

Width 
 

See Figure 3-10 in main text 
 

DFN groundwater flow modelling. Sections 
6.1, 6.2 and Section 7.8. 
Specific dimensions given in Appendix H as 
part of the underground openings design. 

Height See Figure 3-10 in main text Used to determine the volume of backfill 
(Section 6.8). 
Specific dimensions given in Appendix H as 
part of the underground openings design. 

Volume Given in Appendix H 
 

Used to determine the amount of foreign 
materials (Section 6.7). 

Volume fractions of the different backfill materials (average values) 

Block volume with 
gaps volume 
 

11.36 m3 (for 1 m of tunnel), 
fraction 0.69 (Hansen et al. 2010) 

Used in calculating average backfill 
composition for backfill porewater chemistry 
(Section 6.8). 
 
In Backfill Production Line, the values have 
been updated to reflect the latest block 
geometry. However, this does not have any 
effect on the results presented in this report as 
the densities considered are the same. 
 

Foundation bed 
(Milos granules) 
volume: 
 

1.27 m3 (for 1 m of tunnel), 
fraction 0.077 (Hansen et al. 2010) 

Wall/roof pellet 
(Milos pellets) 
volume: 

3.83 m3 (for 1 m of tunnel), 
fraction 0.23 (Hansen et al. 2010) 

Excavation 
tolerances in 
roof/wall 

300 mm (Hansen et al. 2010)  

Excavation 
tolerances in floor 

400 mm (Hansen et al. 2010)  
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Parameter/data Value 
Context of parameter and data (reference 
to the relevant section in the present 
report) 

Deposition tunnel backfill properties 

Backfill porosity 
(average) 

0.4 DFN groundwater flow modelling (Section 
6.2). 

0.38 
0.38 

3D coupled reactive transport modelling using 
the code PHAST (Section 6.9.6). 
Backfill porewater chemistry calculations 
(Section 6.8.2). 
Radionuclide transport in the backfill (Section 
7.7). 
Elasto-plastic modelling, THM modelling of the 
buffer (Section 6.6). 

0.4602 THM modelling of the backfill (Section 6.6). 

0.367 (for backfill blocks after 
saturation) 
 

THM modelling of the backfill (Section 6.6). 

Backfill hydraulic 
conductivity in 
deposition tunnels 

1·10-10 m/s (base case) 
 

Groundwater flow modelling by Hartley et al. 
(2013) (Section 6.1 and Section 7.8 of the 
present report). 
3D coupled reactive transport modelling using 
the code PHAST (Section 6.9.6). 
 

1·10-9 m/s (Engineering Variant 6 
in Hartley et al. (2013)) 

Groundwater flow modelling by Hartley et al. 
(2013) (Section 6.1 of the present report). 
 

Dry density 
 

1705 kg/m3 
 
1720 kg/m3 

Cement – clay interaction mass balance 
calculations (Section 6.7). 
Backfill porewater calculations (Section 6.8.2). 

Grain density 2780 kg/m3 Radionuclide transport in the backfill (Section 
7.7.2). 
Backfill porewater calculations (6.8.2). 

Montmorillonite 
volume fraction in 
backfill 

48.6 % Cement – clay interaction mass balance 
calculations (Section 6.7). 

Mineralogical 
composition 

As given in Table 6-46 in main 
text, based on Kumpulainen & 
Kiviranta (2010). 

Geochemical evolution of the backfill (Section 
6.8). 

Average degree of 
saturation (ratio of 
volume of water to 
volume of voids) 

55 % (prior to saturation). The rest 
of the void volume is filled with air 
(45 %). 

THM evolution of the buffer and backfill 
(Section 6.6). 
Backfill porewater composition (Section 6.8.1). 

Deposition tunnel plugs 

Mass of deposition 
tunnel plug 

16,600 kg Cement–clay interaction mass balance 
calculations (Section 6.7). 
Used to calculate the amounts of cement in 
the repository (Section 6.7). 

Type of concrete Low-pH, see Karvonen (2011, 
Table 4-6) for recipe. 

Used to calculate the amounts of foreign 
materials (Section 6.7). 
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Table F-2. Compositions of reference and bounding backfill porewaters (Wersin et al. 
2013, Table 1-3 ). Concentrations in mmol/L. The temperature is 25 °C. 

Backfill 

Reference porewaters Bounding porewaters 

Brackish 
water 

Saline 
water 

Dilute, 
carbonate 
rich water

Brine 
water 

High 
alkaline 
water 

Glacial 
water 

Corresponding  
groundwater 

KR6/135/8 KR20/465/1 KR4/81/1 KR4/861/1 
Influenced 
by cement 

Grimsel 
groundwater

F
re

e 
p

o
re

w
at

e
r 

log p(CO2) -2.70 -3.47 -2.40 -4.61 -8.28 -5.48 

pH 7.21 7.60 7.28 7.46 10.00 8.75 

Eh (mV) -201 -234 -201 -270 -394 -297 

Alkalinity 
(meq/L) 0.73 0.23 1.53 0.10 3.40 0.08 

Ionic strength 
(meq/L) 245.08 362.06 86.44 2953 350.52 46.58 

Na 110.24 204.43 29.36 568 252.94 5.93 

K 0.67 3.27 0.62 0.83 0.38 0.04 

Mg 16.04 26.52 6.77 6.58 5.09 0.06 

Ca 35.35 36.45 13.48 644 37.64 14.50 

Cl 176.01 288.17 12.63 1862 288.05 0.22 

SO4
2- 18.50 22.27 28.15 4.47 20.64 17.28 

S-2 
tot 0.0006 0.0056 0.0003 - 0.0056 - 

CO3 tot 0.865 0.364 1.686 6.9E-02 0.014 0.044 

Sr 0.167 0.170 0.025 2.8 0.256 0.106 

Si 0.173 0.175 0.179 7.4E-02 3.323 0.204 

Mn 0.033 0.007 0.005 6.2E-02 0.010 0.000 

Fe 0.018 0.020 0.007 0.47 0.042 0.008 

F 0.025 0.069 0.040 0.13 0.080 0.470 

Br 0.265 0.868 0.023 0.89 0.886 0.000 

B 0.089 0.164 0.038 0.19 0.188 0.000 

C
at

io
n

 E
xc

h
an

g
e 

si
te

s
 

CEC (eq/L) 2.12 2.12 2.12 2.12 2.12 2.12 

NaX (%) 35.1 50.7 17.6 50.0 64.0 4.3 

CaX2 (%) 46.8 29.4 55.7 49.0 32.2 95.3 

MgX2 (%) 17.2 16.7 25.2 1.0 3.4 0.4 

KX (%) 0.8 3.2 1.5 0 0.4 0.1 

E
d

g
e 

si
te

s
 

(m
eq

/L
) ≡SOH 39.9 26.2 44.4 19.62 17.7 0.2 

≡SOH2
+ 1.9 0.6 2.8 0.31 0.2 0.0 

≡SO- 41.1 56.1 35.7 63.10 65.0 81.9 
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Table F-3. Solubility limits in backfill for the reference and bounding porewaters 
(reference values given by Wersin et al. 2013, Chapter 3). The temperature is 25 °C. 

Element Solubility limits (mol/L) 

Reference porewaters Bounding porewaters 

Brackish 
water 

Saline  
water 

Dilute 
carbonate 
rich  water 

Brine  
water 

High  
alkaline  
water 

Glacial  
water 

Ag (I) 1.0E-05 2.8E-05 1.1E-06 3.0E-04 2.8E-05 1.7E-06 

Am (III) 1.1E-05 1.0E-05 8.4E-06 3.9E-05 1.2E-08 7.0E-07 

Be (II) 5.7E-06 2.5E-06 4.9E-06 3.9E-06 1.8E-06 6.1E-07 

Corg  unlim. unlim. unlim. unlim. unlim. unlim. 

Cinorg 8.6E-04 3.6E-04 1.7E-03 8.1E-05 1.4E-05 4.4E-05 

Cl(-I) unlim. unlim. unlim. unlim. unlim. unlim. 

Cm(III) 1.1E-05 1.0E-05 8.4E-06 3.9E-05 1.2E-08 7.0E-07 

Cs(I) unlim. unlim. unlim. unlim. unlim. unlim. 

I(-1) unlim. unlim. unlim. unlim. unlim. unlim. 

Mo(VI) 4.7E-08 1.3E-07 7.0E-08 8.4E-12 4.1E-06 6.1E-06 

Nb(V) 1.5E-07 3.8E-07 1.6E-07 1.4E-07 unlim. 1.0E-05 

Ni(II) 1.7E-03 3.1E-04 1.3E-03 3.5E-04 1.2E-07 1.4E-06 

Np(IV) 1.0E-09 9.5E-10 1.1E-09 6.1E-10 9.2E-10 9.9E-10 

Pa(V) 1.0E-08 1.0E-08 1.0E-08 1.0E-08 1.0E-08 1.0E-08 

Pd(II) 3.8E-06 3.7E-06 3.9E-06 8.4E-05 3.7E-06 3.9E-06 

Pu(III, IV) 6.3E-09 7.8E-10 7.5E-09 3.5E-09 1.3E-11 1.4E-11 

Ra(II) 3.2E-11 3.2E-11 1.6E-11 1.0E-08 3.4E-11 1.7E-11 

Se(-II) 2.8E-10 4.2E-10 3.5E-10 5.1E-09 8.5E-10 4.3E-10 

Sm(III) 7.2E-07 4.3E-07 4.1E-07 2.2E-06 6.5E-07 8.5E-08 

Sn(IV) 5.8E-08 7.4E-08 6.2E-08 3.6E-08 1.4E-05 4.3E-07 

Sr(II) 3.5E-04 3.7E-04 1.3E-04 unlim. 3.8E-04 1.4E-04 

Tc(IV) 3.8E-09 3.7E-09 3.9E-09 2.3E-09 4.6E-09 3.9E-09 

Th(IV) 3.5E-09 2.2E-09 6.4E-09 9.2E-10 1.5E-09 1.7E-09 

U(IV, VI) 3.8E-09 3.1E-09 5.6E-09 1.8E-09 2.9E-09 3.1E-09 

Zr(IV) 1.7E-08 1.7E-08 1.8E-08 1.0E-08 1.7E-08 1.8E-08 
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Table F-4. Effective diffusion coefficients and porosity in backfill for the reference and 
bounding waters (recommended values by Wersin et al. 2013, Table 6-1). The 
temperature is 25 °C. 

   

Reference 
porewaters 

Bounding porewaters 

Brackish 
water 

Saline 
water 

Dilute 
carbonate 

rich  
water 

Brine  
water 

High  
alkaline  
water 

Glacial 
water 

Anions             

De (m
2/s) 7.4E-12 9.5E-12 2.0E-12 3.0E-11 9.5E-12 3.5E-13 

, diffusion  
available porosity 

0.07 0.10 0.01 0.15 0.10 0.01 

Sr, Ra             

De (m
2/s) 2.0E-10 2.0E-10 1.2E-09 2.0E-10 2.1E-10 9.5E-09 

Kd (m
3/kg) 9.8E-04 5.9E-04 2.4E-03 3.8E-05 6.3E-04 3.7E-03 

, diffusion  
available porosity 

0.38 

Cs             

De (m
2/s) 9.5E-10 2.8E-10 2.0E-09 2.0E-10 1.3E-09 2.9E-09 

Kd (m
3/kg) 6.1E-01 1.3E-01 5.5E-01 4.0E-01 1.1E+00 6.6E+00 

, diffusion  
available porosity 

0.38 

HTO, neutral species and other 
cations 

          

De (m
2/s), best estimate 9.0E-11 9.0E-11 9.0E-11 9.0E-11 9.0E-11 9.0E-11 

De (m
2/s), upper limit 2.0E-10 2.0E-10 2.0E-10 2.0E-10 2.0E-10 2.0E-10 

, diffusion  
available porosity 

0.38 
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Table F-5. Distribution coefficients in backfill for the reference and bounding waters 
(best estimate values given by Wersin et al. 2013, Table 9-1). Lower and upper limits 
for the distribution coefficient in all waters are given (see Section 7.5.4). See Section 
7.6.2 for a discussion on uncertainty factors. The temperature is 25 °C. 

Element 

Distribution coefficient, Kd (m3/kg) 

Lower 
limit  
in all 

waters 
(m3/kg) 

Upper 
limit  
in all 

waters 
(m3/kg) 

Reference 
porewaters 

Bounding porewaters 

Brackish 
water 

Saline  
water 

Dilute 
carbonate 

rich  
water 

Brine 
water 

High  
alkaline 
water 

Glacial 
water 

Ag (I) 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 1.5E-02 0.0E+00 2.3E+01 

Am (III) 1.8E+02 1.2E+02 2.2E+02 7.5E+01 2.4E+02 9.2E+01 2.0E+00 4.4E+02 

Be (II) 5.2E+01 5.2E+01 1.0E+02 4.6E+01 5.5E+01 1.1E+02 2.0E-01c 7.0E+02 

Corg 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 

Cinorg 6.9E-04 1.6E-03 3.5E-04 7.3E-03
a 4.4E-02 1.3E-02 1.3E-04 1.6E-01 

Cl(-I) 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 

Cm(III) 1.8E+02 1.2E+02 2.2E+02 7.5E+01 2.4E+02 9.2E+01 2.0E+00 4.4E+02 

Cs(I) 3.7E+00 7.8E-01 3.3E+00 2.4E+00 6.3E+00 4.0E+01 1.3E-01 2.4E+02 

I(-1) 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 5.0E-04 

Mo(VI) 1.9E-02 9.6E-03 1.9E-02 1.2E-02 1.3E-04 9.6E-04 6.2E-06 8.0E-02 

Nb(V) 3.0E+00 3.0E+00 3.0E+00 3.0E+00 1.0E+00 1.0E+00 3.0E-01 2.0E+01 

Ni(II) 1.5E+00 1.0E+00 1.2E+00 7.0E-01 6.3E+00 4.0E+00 1.0E-01 3.7E+01 

Np(IV) 1.1E+02 1.1E+02 1.1E+02 1.1E+02 1.1E+02 1.1E+02 2.0E+00 6.4E+02 

Pa(V) 5.7E+01 5.7E+01 5.7E+01 5.7E+01 5.7E+01 5.7E+01 7.0E+00 3.3E+02 

Pd(II) 1.9E+00 1.9E+00 2.0E+00 5.0E-02 6.6E+00 5.9E+00 9.0E-03 3.8E+01 

Pu(III, IV) 1.9E+02 2.1E+02 1.4E+02 3.4E+02 1.2E+02 1.2E+02 4.0E+00 6.7E+02 

Ra(II) 5.9E-03 3.5E-03 1.9E-02 2.3E-04 3.8E-03 3.0E-02 3.8E-05 2.4E-01 

Se(-II) 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 

Sm(III) 4.9E+01 3.6E+01 5.4E+01 1.1E+01 4.8E+01 2.7E+01 1.0E+00 3.2E+02 

Sn(IV) 1.0E+02 1.0E+02 1.0E+02 1.0E+02 1.0E+02 1.0E+02 1.4E+01 4.6E+02 

Sr(II) 5.9E-03 3.5E-03 1.9E-02 2.3E-04 3.8E-03 3.0E-02 3.8E-05 2.4E-01 

Tc(IV) 1.1E+02 1.1E+02 1.1E+02 1.1E+02 1.1E+02 1.1E+02 1.0E+00 6.4E+02 

Th(IV) 1.1E+02 1.1E+02 1.1E+02 1.1E+02 1.1E+02 1.1E+02 4.0E+00 6.4E+02 

U(IV,VI) 1.1E+02 1.1E+02 7.3E+01 1.1E+02 1.1E+02 1.1E+02 2.0E+00 6.4E+02 

Zr(IV) 1.1E+02 1.1E+02 1.1E+02 1.1E+02 1.1E+02 1.1E+02 2.0E+00 6.4E+02b 
a  Inorganic carbon was only considered in the PSA (Cormenzana 2013) where a different lower limit Kd, 

7.3E-04 m3/kg, was used to support the chosen PDFs. This does not affect the results from the 
radionuclide release and transport calculations.  

b  In the PSA (Cormenzana 2013) a higher upper limit, 1.2E+03 m3/kg, has been used to support the 
chosen PDFs. This does not affect the results from the radionuclide release and transport calculations.  

c  In the PSA (Cormenzana 2013) a slightly lower value, 1.8E-1 m3/kg, has been used to support the 
chosen PDFs. This does not affect the results from the radionuclide release and transport calculations. 
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APPENDIX G. CLOSURE DATA AND FOREIGN MATERIAL ESTIMATES 

This appendix contains data concerning closure and foreign materials that have been 
used in Performance Assessment. Table G-1 is organised according to the purpose of the 
data: 
 Data to estimate the amount of cementitious materials in the repository  

 Data to estimate the amount of organic matter in the buffer and backfill  

 Data to estimate the amount of iron in the repository  

 Assumptions used in the DFN groundwater flow model concerning closure  

The last column of Table G-1 provides the reference to the section of the report where 
the data presented here have been discussed. 

 
Table G-1. Summary of the closure parameters and data used in Performance 
Assessment (PA) or Assessment of Radionuclide Release Scenarios for the Repository 
System (AOS).  

Parameter/data Value 
Context of parameter and data (reference 
to the relevant section in the present 
report) 

Data for the estimate of cementitious materials in the repository 

Layout Layout 2009 from Saanio et al. 
2010, layout 1 (Figure 3-1 in 
Karvonen 2011) for 5500 tU 

Used to calculate the amounts of foreign 
materials (Section 6.7). 

Excess deposition 
holes 

10 % Used to calculate the amounts of foreign 
materials (Section 6.7). 

Volume of the 
entire disposal 
facility (excluding 
deposition holes) 

1 114 301 m3 Used to calculate the amounts of foreign 
materials (Section 6.7). 

Volume of 
ONKALO 

ONKALO February 2010 (Figure 3-2 
in Karvonen 2011) 

Volumes: 

-total 337,922 m3 

-access tunnel & shaft connections 
247,460 m3 

-technical rooms 75,719 m3 

-shafts 14,743 m3 

Used in foreign material estimate (Section 
6.7).  

 

Excavated volume 
overbreak (whole 
repository) 

10 % Used to calculate the amounts of foreign 
materials (Section 6.7). 

Excavated volume 
overbreak for 
deposition tunnel 
(variant)  

20 % Used to calculate the amounts of foreign 
materials (Section 6.7). 

Deposition holes 
radius  

 

1.75 m (reference, see Appendix H)  

 

Used to calculate the amounts of foreign 
materials (Section 6.7). 



722 
 

 
 

Parameter/data Value 
Context of parameter and data (reference 
to the relevant section in the present 
report) 

Deposition hole 
depth 

Alternative A (reference values, see 
Appendix H) 

Alternative B: 

OL1-2 7.50 m 

OL3 7.95 m 

LO1-2 6.30 m 

 

Used to calculate the amounts of foreign 
materials (Section 6.7). 

Closure plug 
materials 

As described in Karvonen (2011, 
Section 4.13). Follows 
approximately the reference design 
that was at preliminary stage during 
time of writing. 

Used to calculate the amounts of foreign 
materials (Section 6.7). 

Mass of cement in 
closure plugs 

20,000 kg Used in modelling of cement-clay interaction 
(Section 6.7). 

Mass of cement in 
deposition tunnel 
plugs 

 

16,000 kg Used in modelling of cement-clay interaction 
(Section 6.7). 

Mass of cement in 
grouted fractures 

See Table H-1 Used in the cement leaching assessment 
(Section 6.7). 

Density of the 
cementitious grout 
mass 

1330 kg/m3 As above (Section 6.7). 

Average mass of 
cement in rock 
bolts  

The assumption of 50 kg of the 
cementitious grout remaining in the 
rock is neglected in this connection 
but an assumption of 1200 kg is 
used both as realistic and 
conservative. 
 
Rock bolting is assumed to be 
systematic in deposition tunnels. 
The mass of remaining rock bolt 
grout for 350 m long deposition 
tunnels is estimated to be 7350 - 
7490 kg depending on the tunnel 
type (Karvonen 2011).  

However, here it is assumed that 
the total mass of the rock bolt grout 
remaining is 10,000 kg. Assuming 4 
bolts per metre yields roughly 7.2 kg 
of cement for each bolt. 

As above (Section 6.7). 

Data for the estimate of organic matter in buffer and backfill 

Organic matter in 
backfill and buffer 

Organic carbon content in the buffer 
is at most 0.28 %, representing 
about 75−94 kg of organic matter in 
one deposition hole depending on 
the canister type (Karvonen 2011). 

 

Organic material in backfill is 152 
kg/metre of tunnel (that is about 
1520 kg/canister section (10 m)) 

Used as a background information in 
estimating sulphide fluxes to the buffer 
(Section 6.9.4). 
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Parameter/data Value 
Context of parameter and data (reference 
to the relevant section in the present 
report) 

(Karvonen 2011). 

Data for the estimate of iron in the repository 

Amount of iron in 
deposition tunnels 

Total inventory of remaining steel in 
the disposal facility has been 
estimated to be 4500 tons 
(Karvonen 2011, Table 5-1).  

Total mass of steel: 67 kg per 
tunnel-m. 

The only potentially relevant 
interactions for the clay arise from 
the steel materials in direct contact 
with the backfill. These are 
principally the rock bolts and to a 
minor extent the remaining steel 
mesh and metal debris. 

Used assessing geochemical evolution of 
deposition tunnel backfill (production of 
sulphide and iron-clay interaction) (Section 
6.8). 

Assumptions used in the groundwater flow model concerning closure 

Porosity of backfill 
in other 
tunnels/shafts  

Repository level: 40 %  (pre-
compacted clay) 

Lower part of the access ramp and 
shafts (below the level -300 m): 
35 % (mixed material) 

Top part (above -300m):  25 % (e.g. 
crushed rock)  

Groundwater flow modelling by Hartley et al. 
(2013) (Sections 6.1, 6.7 and 7.8 of the 
present report). 

Hydraulic 
conductivity of 
backfill in other 
tunnels/shafts 

Ground surface to appr. 200 m 
(appr. deepest depth of permafrost): 
1·10-7 m/s 

From the depth of  200 m to the 
zone HZ20: 1·10-8 m/s 

Form the zone HZ20 to repository 
depth: 1·10-9 m/s  

NOTE 1·10-9 m/s at repository level 
even if above HZ20 

Engineering Variant 6: the base 
case values increased by one order 
of magnitude (Section 5.1.6 of 
“Support to Assessment of 
Scenarios: Temperate Period 
Modelling”) 

Engineering Variant 7: the base 
case values increased by two 
orders of magnitude (Section 5.1.7 
of “Support to Assessment of 
Scenarios: Temperate Period 
Modelling”) 

Groundwater flow modelling by Hartley et al. 
(2013) (Sections 6.1, 6.7 and 7.8 of the 
present report). 
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APPENDIX H. UNDERGROUND OPENINGS DATA 

This appendix contains data concerning underground openings that have been used in 
Performance Assessment or Assessment of Radionuclide Release Scenarios. Figure H-1 
shows cross sections of the deposition tunnels and deposition holes for the different 
canister types. Table H-1 provides the main data used for layout purposes or 
groundwater flow models (which are tightly related to layout). References to the section 
of the present report where the data have been discussed as well as the context in which 
they have been discussed are given in the last column. 

 

Figure H-1. Cross sections of the deposition tunnels and deposition holes for the spent 
fuel for the different canister types (Saanio et al. 2012, Figure 3-5). 

 
 
Table H-1. Summary of the underground openings data used in Performance 
Assessment (PA) or Assessment of Radionuclide Release Scenarios (AOS). 

Parameter/data Value 
Context of parameter and data (reference to 
the relevant section in the present report) 

Layout versions used for different purposes 

Layout 2011 Repository layout 2011 (Saanio et 
al. 2012, Appendix 3) designed for 
9000 tU of spent fuel (see Figure 
3-4). 

Groundwater flow modelling by Löfman & 
Karvonen (2012)(Section 6.1 of the present 
report) 
Thermal evolution modelling (Section 6.3 of the 
present report) 
Estimation of the number of deposition holes with 
potential for canister failure by shear load 
(Section 6.5) 

Layout 2009 ONKALO/repository layout 2009 
(modified from Saanio et al. 2010 

Groundwater flow modelling by Löfman & 
Karvonen (2012) (Section 6.1 of the present 
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Parameter/data Value 
Context of parameter and data (reference to 
the relevant section in the present report) 

and based on 5500 tU of spent 
fuel) (see Figure 3-5) 

report) 

Layout 2009 Layout 2009 from Saanio et al. 
2010, layout 1 (Figure 3-1 in 
Karvonen 2011) 

Used in the foreign materials estimate (Section 
6.7 of the present report)  

Boundary conditions for tunnels 

Boundary 
conditions for 
tunnels 

See Section 4.6 (sub-section 
“Boundary conditions for the 
tunnels”) in Löfman & Karvonen 
(2012) 

Groundwater flow modelling by Löfman & 
Karvonen (2012) (Section 6.1 of the present 
report) 

Grouting effects See Section 4.6 (sub-section 
“Grouting”) in Löfman & Karvonen 
(2012) 

Groundwater flow modelling by Löfman & 
Karvonen (2012) (Section 6.1 of the present 
report) 

Shafts 

Diameter 4.0 m Groundwater flow modelling by Hartley et al. 
(2013a)  (Section 6.1, and Section 7.8 of the 
present report) 

Hydraulic 
conductivity 

Ground to -200 m: 1.0·10-7 m/s 
-200 m to -300 m: 1.0·10-8 m/s 
Below -300 m: 1.0·10-9 m/s 

 

Porosity Repository level: 0.4 
up to -300 m: 0.35 
above -300 m: 0.25 

Shaft diameters Diameters of the shafts are 3.5 m 
(ventilation shafts) and 4.5 m  
(canister and personnel shafts)   
 
In groundwater flow modelling all 
shafts are assumed to have a 
diameter of 4 m (Hartley et al. 
2013a, Table E-1).  

Groundwater flow modelling by Hartley et al. 
(2013a)  (Section 6.1, and Section 7.8 of the 
present report) 

Central tunnels and Access  tunnels 

Height 6.7 m Groundwater flow modelling by Hartley et al. 
(2013a)  (Section 6.1, and Section 7.8 of the 
present report) Width 6.0 m 

Hydraulic 
conductivity 

Ground to -200 m: 1.0·10-7 m/s 
-200 m to -300 m: 1.0·10-8 m/s 
Below -300 m: 1.0·10-9 m/s 

Porosity Repository level: 0.4 
up to -300m: 0.35 
above -300m: 0.25 

Deposition tunnels 

Deposition 
Tunnels 

See Figure H-1 Groundwater flow modelling by Hartley et al. 
(2013a) (Section 6.1, and Section 7.8 of the 
present report) 

Height 3.60 m (LO1-2 tunnel) 
4.00 m (OL1−2 tunnel) 
4.00 m (OL3−4 tunnel) 

Slightly different tunnel dimensions have been 
used in the thermal modelling (Section 6.3.2) 

Width 3.5 m Groundwater flow modelling by Hartley et al. 
(2013a) (Section 6.1, and Section 7.8 of the 
present report) 

Hydraulic 
conductivity 

1.0·10-10 m/s  
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Parameter/data Value 
Context of parameter and data (reference to 
the relevant section in the present report) 

Porosity 0.4  

Orientation of 
the deposition 
tunnels  

Roughly parallel to the main 
horizontal stress, which is at 
repository level in the range NW-
SE and E-W. 

Groundwater flow modelling by Hartley et al. 
(2013a) (Section 6.1, and Section 7.8 of the 
present report) 

Maximum 
length of 
deposition 
tunnel 

350 m  

Nominal cross-
section of 
deposition 
tunnels  

14.1 m2 (OL1−2 tunnel) 
14.1 m2 (OL3−4 tunnel) 
12.7 m2 (LO1-2 tunnel) 

Groundwater flow modelling by Hartley et al. 
(2013a) (Section 6.1, and Section 7.8 of the 
present report) 

Nominal 
deposition 
tunnel spacing 

25 m Groundwater flow modelling by Hartley et al. 
(2013a) (Section 6.1, and Section 7.8 of the 
present report) 

Tunnel floor 
level 

-410 m Groundwater flow modelling by Hartley et al. 
(2013a) (Section 6.1, and Section 7.8 of the 
present report) 

Repository 
depth (metres 
below ground) 

400m to 450m Description of repository design (Section 3.2) 

Deposition holes 

Nominal 
deposition hole 
depth  

6.60 m (LO1&2 deposition hole) 
7.80 m (OL1&2 deposition hole) 
8.25 m (OL3&4 deposition hole) 
Dimensions according to Fig. 3-6 
in Saanio et al. (2010) 
6.9 m (alternative value based on 
Hernelind (2010)) 

Depth is defined as the distance between the 
bottom of the deposition hole and the reference 
level. The reference level is below the tunnel floor 
by the maximum excavation accuracy for the 
floor. Groundwater flow modelling by Hartley et al. 
(2013a)  (Section 6.1, and Section 7.8) 
Calculations of foreign materials (incl. cement) in 
the repository (Section 6.7 and Appendix G) 
The alternative value is used for the modelling of 
rock shear on the canister (Section 6.23) 
 

Diameter 1.75 m Groundwater flow modelling by Hartley et al. 
(2013a)  (Section 6.1, and Section 7.8) 
Thermal model (Section 6.3) 
Calculations of foreign materials (incl. cement) in 
the repository (Section 6.7) 

Nominal 
distance 
between 
deposition holes   

9.1 m (OL1−2 deposition holes) 
10.8 m (OL3−4 deposition holes) 
7.3 m (LO1-2 deposition holes)  

Values refer to the distance between the axes of 
two adjacent deposition holes. Most up to date 
dimensions used for layout determination (Section 
3.2) 

 9.0 m (OL1−2 deposition holes) 
10.6 m (OL3−4 deposition holes) 
7.2 m (LO1-2 deposition holes) 
Dimensions based on Saanio et 
al. 2010, p. 68 

Groundwater flow modelling by Hartley et al. 
(2013a)  (Section 6.1, and Section 7.8) 

Distance from 
centre point of 
first deposition 
hole to the wall 
of the central 
tunnel 

27m (based on layout 2009) Groundwater flow modelling by Hartley et al. 
(2013a)  (Section 6.1, and Section 7.8) 

Distance from 
centre point of 
last deposition 
hole to end of 
tunnel 

3.75 m (based on layout 2009) Groundwater flow modelling (Section 6.1, and 
Section 7.8) 
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Parameter/data Value 
Context of parameter and data (reference to 
the relevant section in the present report) 

Fuel-related dimensioning constraints   

Total amount of 
the fuel to be 
disposed 

9000 (tU)  
5500 (tU) (alternative value) 

Used for layout determination. The alternative 
value has been used in previous layouts and to 
calculate the amount of foreign materials (Section 
6.7) 

Total number of 
canisters to be 
disposed and 
inventory per 
canister type 

4500 of which: 
-1400 (OL1-2 canisters) 
-2350 (OL3-4 canisters) 
-750 (LO1-2 canisters) 

Groundwater flow modelling by Hartley et al. 
(2013a)  (Section 6.1 and Section 7.8) 

Total number of 
deposition hole 
locations in the 
layout  

5400 Corresponds to the total amount of canisters plus 
20% deposition holes rejection rate in layout 2011 
(Saanio et al. 2012, Appendix 3)  
 

Construction, operation and closure schedule 

Excavation and 
backfill 
schedule 

Figure 6-24 
 
A simplified excavation and 
bacfillling schedule disposal 
schedule was applied. The 
repository was divided into nine 
different panels. The total length of 
the deposition tunnels in the 
numerical model is 54 km and,  
the disposal lasts 106 years 
between 2020–2126. 
See also Table 4-8 of Löfman & 
Karvonen (2012). 
 
It is assumed that two top-left 
blocks in the northern part of the 
repository host LO1&2, the other 
three northern blocks host OL1&2, 
and the southern blocks all host 
OL3 and OL4. 

Stepwise implementation of repository 
construction (Section 3.2) 
Groundwater flow modelling (Section 6.1)   
The excavation and backfilling schedule affect the 
representation of the tunnels and related 
boundary conditions in the groundwater flow 
models (Section 6.1).  
The groundwater flow model  by Hartley et al. 
(2013a, b) takes into account the schedule for 
excavation and operation as it affects the inflows. 
In most cases  by Hartley et al. (2013a)  the 
detailed schedule is not taken into account, but 
the entire repository is assumed to be opened at 
once and closed at once after the operational 
period. 
In the groundwater flow model by Löfman & 
Karvonen (2012), the subsequent opening and 
closing of panels affects the boundary conditions 
of the model. In addition, the temperature effects 
considered during repository operations depend 
on the stepwise schedule, see below. 

 A simplified excavation and 
bacfillling schedule disposal 
schedule was applied. The 
repository layout 2009  was 
divided into seven different panels. 
See Table 4-7 of Löfman & 
Karvonen (2012). 

Groundwater flow modelling by Löfman & 
Karvonen (2012) (Section 6.1), model variant 
based on the hydrogeological model by Vaittinen 
et al. (2009). 
 
 

Schedule for 
ONKALO 
construction 

The ONKALO was modelled 
taking into account the progress of 
the excavations, using a stepwise 
excavation schedule (Löfman et 
al. 2009). The annual averages of 
the actual excavation rates and 
dates over the period 2004–2010 
were applied to the excavated 
parts of the access tunnel and the 
shafts, whereas the 
planned/approximated dates were 
used for the parts not yet 
excavated by the end of 2010. 

Groundwater flow modelling by Löfman & 
Karvonen (2012) (Section 6.1, Figure 6-24) 
 
 
 
 
 

Disposal 
schedule 

A simplified disposal schedule  
was applied. The total amount of 
spent fuel was 2840 canisters 
containing 5531 tU of spent fuel, 

Groundwater flow modelling by Löfman & 
Karvonen (2012) (Section 6.1, Figure 6-24), in 
model variant based on Vaittinen et al. (2009) and 
layout 2009 and taking the thermal effects into 
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Parameter/data Value 
Context of parameter and data (reference to 
the relevant section in the present report) 

which was emplaced evenly along 
the deposition tunnels of total 
length of 31 km  between years 
2020–2112, assuming a constant 
disposal rate of 60 tU/year (= 5531 
tU/92 years).  Löfman & Karvonen 
(2012, p. 73) 

account.  
 
Disposal schedule omitted in other groundwater 
flow modelling cases as thermal effects for not 
taken into account. 

ILW/LLW hall 

ILW/LLW layout Level −180 m (Saanio et al. 2012, 
Section 3.1.1) 

Groundwater flow modelling by Hartley et al. 
(2013a) (Section 6.1 and Section 7.8 in the 
present report) 
 

ILW/LLW 
dimensions 

Width 12 m, height 18 m, length 
78 m 

ILW/LLW 
porosity 

0.25 

ILW/LLW 
hydraulic 
conductivity 

1.0·10-4 m/s 

ILW/LLW EDZ Omit because of high conductivity 
of the room itself. 

ILW/LLW 
access tunnels 

Same preoperties and EDZ as 
other ONKALO tunnels at this 
depth 

EDZ  

Continuity Piecewise continuous Groundwater flow modelling by Hartley et al. 
(2013a) (Section 6.1 and Section 7.8 of the 
present report) 
 

 Continuous (Engineering Variant) 

 No EDZ (Engineering Variant) 

Length 4 m with 0.5 m discontinuity (base 
case) 

Thickness 400 mm 

Transmissivity 10-8 m2/s (base case) 
10-7 m2/s (engineering variant) 

Porosity 1 % 
 
 
 

Rock damage around deposition holes 

Affected area The damaged zone around the 
deposition hole is represented by 
four fractures orthogonal to the 
deposition hole. The deposition 
hole is represented by a 
rectangular block in a CPM 
representation of the repository. 
Alternative assumption: no rock 
damage around the deposition 
holes. 

Groundwater flow modelling by Hartley et al. 
(2013a) (Section 6.1 and Section 7.8) 

Length of 
affected area 

LO1&2: 7.70 m   
OL1&2: 6.50 m 
OL3&4: 8.15 m 

Groundwater flow modelling by Hartley et al. 
(2013a) (Section 6.1 and Section 7.8) 

Thickness of 
affected area 

0.1 m 
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Parameter/data Value 
Context of parameter and data (reference to 
the relevant section in the present report) 

Transmissivity 
of the fractures 
representing the 
affected area 

2.3·10-9 m2/s (base case) 

2.3·10-8 m2/s (engineering variant) 

Porosity of 
affected area 

0.02 

Disturbed properties in the crown space of the deposition tunnels  

Continuity No damage (base case) 
Continuous (variant)  

Used in the groundwater flow modelling by 
Hartley et al. (2013a) (Section 6.1 and Section 
7.8) 
 

Crown space 
properties 

Thickness 0.1 m 
Hydraulic conductivity 1·10-3 m/s 
Porosity 1.0 

Drillholes 

Unsealed 
drillholes 
(variant case) 

The properties of the unselaled 
drillholes and their modelling are 
described in Hartley et al. 2013a, 
Table L-3 

Used in the groundwater flow modelling by 
Hartley et al. (2013a) (Section 6.1 and Section 
7.8) 
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APPENDIX I. GEOSPHERE DATA 

This appendix contains data that have been used in Performance Assessment and/or 
Assessment of Radionuclide Release Scenarios for the Repository System. The tables 
provide the reference to the section of the present report where the data presented have 
been discussed.  

Table I-1 gives a summary of the geosphere parameters used in modelling as part of 
Performance Assessment (PA) or Assessment of Radionuclide Release Scenarios for the 
Repository System (AOS). Table I-2 provides summary of the groundwater flow 
modelling cases by Hartley et al. (2013a) considered in Performance Assessment and 
supporting the Assessment of Radionuclide Release Scenarios for the Repository System. 
Tables I-3 to I-5 provide chemical compositions of the initial groundwaters for the 
different time periods used in the reactive transport modelling to assess geochemical 
evolution. Table I-6 provides solubility limits at the buffer/rock interface for the 
reference and bounding groundwaters. Table I-7 provides the retention parameters for 
the specified fracture types discussed in Section 7.8 Tables I-8 and I-9 provide the 
distribution coefficients for the rock and the clays in different water types. Table I-10 
presents the derivation of the distribution coefficients for the brine water from the 
values for saline water. 

 
Table I-1. Summary of the geosphere parameters and data used in Performance 
Assessment (PA) or Assessment of Radionuclide Release Scenarios for the Repository 
System (AOS). 

Parameter/data Value 
Context of parameter and data (reference to the 
relevant section in the present report) 

Hydrogeological zones 

Hydrogeological 
zones 

Hydrogeological model 2011 
(Vaittinen et al. 2011) 
 

Groundwater flow modelling by Hartley et al. (2013a) for 
PA (Section 6.1) and AOS (Section 7.8) and by Löfman & 
Karvonen (2012) for PA (Section 6.1) 

 Hydrogeological model 2009 
(Vaittinen et al. 2009) 

Groundwater flow modelling by Löfman & Karvonen 
(2012) for PA (Section 6.1) 

 Stochastically generated 
properties of the 
hydrogeological zones in 
Hydrogeological model 2011 
(Hartley et al. 2013a, Tables 2-
4 and 2-5). 

Groundwater flow modelling by Hartley et al. (2013a) for 
PA (Section 6.1) and AOS (Section 7.8) and by Löfman & 
Karvonen (2012) for PA (Section 6.1)   

 Additional, stochastically 
generated hydrogeological 
zones outside the well-
characterised area (WCA) 
(Hartley et al. 2013a, Appendix  
H, Section H.3) 

Groundwater flow modelling by Hartley et al. (2013a) for 
PA (Section 6.1) and AOS (Section 7.8)  

Models and data for sparsely fractured rock 

Hydrogeological 
DFN-model  

Models A, B and C according 
to Hartley et al. (2013a, 
Section 2.2.2 and Appendix D) 

Groundwater flow modelling by Hartley et al. (2013a) for 
PA (Section 6.1) and AOS (Section 7.8) 
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Parameter/data Value 
Context of parameter and data (reference to the 
relevant section in the present report) 

Hydraulic 
properties of  the 
sparsely 
fractured rock 
(SFR) 

Effective hydraulic conductivity 
and kinematic porosity for the 
ECPM presentation (Hartley et 
al. 2013a, Section 4.1.2 and 
Tables 4-1 and 4-2) 

Groundwater flow modelling by Hartley et al. (2013a) 
referred to in Section 6.1 and Section 7.8. 
Groundwater flow modelling by Löfman & Karvonen 
(2012) for PA (Section 6.1), model variant using the 
upscaled values based on the DFN 

 Hydraulic properties for 
various depth levels, Löfman & 
Karvonen (2012, Table 4-4)  

Groundwater flow modelling by Löfman & Karvonen 
(2012) for PA (Section 6.1), model variant based on the 
hydrogeological model by Vaittinen et al. (2009) 
Permafrost simulations (Section 5.2, for the values used, 
see Table 5-4)  
Modelling the thermal, mechanical and hydraulic 
evolution of buffer and backfill (Section 6.6) 

 Hydraulic properties for 
various depth levels, Löfman & 
Karvonen (2012, Table 4-5) 

Groundwater flow modelling by Löfman & Karvonen 
(2012) for PA (Section 6.1), model variant based on the 
hydrogeological model by Vaittinen et al. (2011)   

 Hydraulic conductivity of rock 
1.52·10-12 m/s 

Modelling the thermal and hydraulic evolution of buffer 
and backfill (Section 6.6 (Input data for the TH analysis)) 

Other flow-related parameters 

Fracture 
transport 
aperture 

Factor of 10 larger than the 
hydraulic fracture aperture 

Groundwater flow modelling (Section 6.1). 
Modelling the corrosion by sulphide (reference 
assumption, variant assumption: Factor of 40 larger than 
the hydraulic fracture aperture also considered, Section 
6.19). 
Modelling radionuclide transport in the backfill (base 
scenario) (Section 7.7.2). 

 1 mm (in a single, uniform 
transport channel (fracture) in 
the geosphere transport 
model) 

Modelling radionuclide transport in the geosphere, 
assumption used in the modelling of disturbance scenario 
(RS) (Section 7.8.3 (Earthquake and rock shear (RS))) 

Diffusion 
accessible 
porosity 

0.005 Groundwater flow modelling by Hartley et al. (2013a) 
referred to in Section 6.1 and Section 7.8 

 0.01 Base case value for Löfman & Karvonen (2012), but they 
considered also porosisties 0.002 and 0.005 (Section 6.1) 
Modelling the geochemical evolution of geosphere (DP 
model parameterisation) (Section 6.2 (Table 6-1)) 

Total porosity 0.02 Matrix porosity and interconnected porosity used in 
modelling of thermal, hydraulic and mechanical evolution 
of buffer and backfill (Section 6.6., see Table 6- 28). 

Molecular 
diffusion 
coefficient in 
water 

1.0·10-9 m2/s Groundwater flow modelling by Hartley et al. (2013a) for 
PA (Section 6.1) and AOS (Section 7.8) and by Löfman & 
Karvonen (2012) for PA (Section 6.1)   
Modelling the geochemical evolution of geosphere (DP 
model parameterisation) 
Modelling the corrosion by sulphide (PA) (Section 6.2 
(Table 6-1); Section 6.19) 
Modelling radionuclide release and transport (Chapter 7 
7.7.2) 

Effective 
diffusion 
coefficient (De) 

6·10-14 m2/s Groundwater flow modelling by Hartley et al. (2013a) for 
PA (Section 6.1) and AOS (Section 7.8) and by Löfman & 
Karvonen (2012) for PA (Section 6.1)   

 Effective diffusion coefficient in 
the various transport classes, 
see Table I-7 below 

Radionuclide transport in geosphere (Section 7.8) 

Longitudinal 
dispersion length 

30 m  Groundwater flow modelling by Hartley et al. (2013a) for 
PA (Section 6.1) and AOS (Section 7.8) 
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Parameter/data Value 
Context of parameter and data (reference to the 
relevant section in the present report) 

 25 m 
 

Groundwater flow modelling by Löfman & Karvonen 
(2012) for PA (Section 6.1). 

Transverse 
dispersion length 

15 m  Groundwater flow modelling by Hartley et al. (2013a) for 
PA (Section 6.1) and AOS (Section 7.8). 

  1 m (0−50 m) 
25 % of longitudinal dispersion 
length at other depths 

Groundwater flow modelling by Löfman & Karvonen 
(2012) for PA (Section 6.1). 

Groundwater chemistry 

Groundwater 
distribution at 
6000 BC  

Figure 6-13 
 

Used as initial salinity distribution for groundwater flow 
modelling (Section 6.1) 

Present day 
composition of 
the 
groundwaters  

The groundwater types varying 
with depth  
Brackish HCO3, Brackish SO4 
Brackish saline, Saline and  
Highly saline, for composition, 
see Table 6-4. 
The equilibrated initial waters 
for different model periods are 
given in Tables I-3 to I-5 
below.  

Used as initial waters for modelling the geochemical 
evolution of geosphere (Section 6.2) 
Salinity and ionic strength used as input for Permafrost 
simulations (Section 5.2, the values used for permafrost 
modelling are given in Table 5-4) 

Infiltrating waters Infiltrating waters; sea water 
and meteoric water and for 
glacial period glacial 
meltwater. 
For composition, see Table 
6-3 

Modelling the geochemical evolution of geosphere 
(Section 6.2). 

Reference and 
bounding 
groundwaters 

The compositions of the 
reference and boundary 
groundwaters at repository 
depth are given in Table 6-12 
 

Modelling the geochemical evolution of geosphere 
(Section 6.2). 
Backfill porewater chemistry (Section 6.8.1). 
Microbial activity and production of sulphide in backfill 
(Section 6.8.2). 
Geochemical evolution of buffer using a THC model 
(Saline and Brackish water considered, Section  6.9.1). 
Buffer porewater and cation exchanger chemistry 
(Section 6.9.2) 
Sulphide fluxes in the buffer (6.9.4). 
Modelling the mechanical erosion of buffer and backfill 
(Section 6.10). 
Copper corrosion (Sections 6.14, 6.18, 6.19). 
Definition of the solubilities and retention parameters for 
the near field and far field (Sections 7.5, 7.6, 7.7 and 7.8). 

Duration of dilute 
conditions per 
glacial cycle 

See Table 6-13 Modelling the geochemical evolution of geosphere 
(Section 6.2). 
Modelling the corrosion by sulphide (Section 6.2). 
Assumptions on dilute water conditions in the 
radionuclide release and transport calculation cases 
(Chapter 7). 

Sulphide 
concentration in 
groundwater 

3 mg/L Modelling the geochemical evolution of geosphere 
(Section 6.2), this is the maximum value expected at 
repository level in the long term (see Section 6.2). 
Modelling the corrosion by sulphide (Section 6.19). 

Geochemical and mineralogical properties 

Model 
parameters for 
minerals and 
related 
processes 

See Table 6-5 
 

Modelling the geochemical evolution of geosphere  
(Section 6.2 (Key geochemical data)) 
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Parameter/data Value 
Context of parameter and data (reference to the 
relevant section in the present report) 

Chemical 
reactions 

See Table 6-6  Modelling the geochemical evolution of geosphere  
(Section 6.2 (Thermodynamic database)) 

Thermodynamic 
database 

PHREEQC.dat database 
(database provided with the 
PHREEQC code v.2.18.5570) 
THERMOCHIMIE v. 7b 
Nagra/PSI database 

Modelling the geochemical evolution of geosphere 
(Section 6.2 (Thermodynamic database)) 

Thermal conditions by depth  

Geothermal heat 
flow  

See Table 5-4 
Interpolated from the data by 
Pollack et al. (1993) 

Permafrost simulations (Section  5.2) 

Geothermal 
gradient  

See Table 5-4 
14.1 mK/m at 500 m, present 
day (Site Description, Section 
11.2.1) 

Permafrost simulations (Section 5.2)  
Groundwater flow modelling by Hartley et al. (2013a) 
(Section 6.1) 

Radiogenic heat 
production 

See Table 5-4 Permafrost simulations (Section 5.2) 

Temperature See Table 5-4 
(12.0 °C at 500 m, present 
day) 

Permafrost simulations (Section 5.2) 

 11 °C (at repository depth, 
present day) 

Modelling the geochemical evolution of buffer using a 
THC model (Section 6.9.1, Tables 6-44 and 6-47) 

 10.5 °C (at 400 m depth; 
increases by 1.5 °C per 100 
metres in downward direction) 

Modelling the thermal evolution (Section 6.3) 

 Max temperature at repository 
depth 65 °C (in the rock 
around a canister) 

Modelling the thermal evolution (Section 6.3) 

Temperature 
gradient 

See Table 5-4 Permafrost simulations (Section 5.2) 

Crustal thickness 
data 

Moho depth contours shown in 
Figure 5-4 (right) 

Post-glacial crustal uplift modelling (Section 5.3)  

Thermal properties of rock1 

Thermal 
conductivity 

2.91±0.51 W/(m·K) (25 °C) 
2.82 W/(m·K) (60 °C) 
2.64 W/(m·K) OR  
2.72 W/(m·K) (100 °C) 
 

Permafrost simulations (Section 5.2, for values used see 
Table 5-4). 
Modelling thermal evolution (Section 6.3). Constant 
average value of 2.82 W/(m·K) (at 60 C) is used for all 
the Olkiluoto repository thermal analyses in the base 
cases. 
Modelling the rock damage in the near field (2.92 
W/(m·K) at 25 °C) used, Section 6.4). 
Modelling the geochemical evolution of buffer using a 
THC model (values for 25 °C  for both dry and saturated 
conditions, Section 6.9.1 (Table 6-47). 

                                                 
 

1  There are slight differences in the values of thermal properties and rock mechanics properties used in different modelling 
studies because of the timing of the modelling and of different averaging of the results. 
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Parameter/data Value 
Context of parameter and data (reference to the 
relevant section in the present report) 

 2.61 W/(m·K) (60 °C both dry 
and saturated) 

Modelling groundwater flow (Section 6.1) 
Modelling the thermal, hydraulic and mechanical 
evolution of buffer and backfill (Section 6.6, Table 6-29) 

Specific heat 
capacity 

712 J/(kg·K) (25 °C, mica 
gneiss) 
764 J/(kg·K) (60 °C, mica 
gneiss) 
885 J/(kg·K)  OR 
824±32 J/(kg·K) (100 °C, mica 
gneiss) 

Permafrost simulations (Section 5.2, for values used see 
Table 5-4) 
Modelling thermal evolution (Section 6.3). The value of 
764 J/(kg·K) (at 60 °C) is used throughout the analysis 
Modelling the geochemical evolution of buffer using a 
THC model (values for 25 °C  used, Section 6.9.1 (Table 
6-47)) 

 716 J/(kg·K) (25 °C) 
 

Modelling the rock damage in the near field (Section 6.4) 

 784 J/(kg·K) (60 °C) Modelling groundwater flow (Section 6.1) 
Modelling the thermal, mechanical and hydraulic 
evolution of buffer and backfill (Section 6.6, Table 6-29) 

Volumetric heat 
capacity of the 
rock material 

2.1 MJ/(m3·K) (with the rock 
density of 2743 kg/m3)  

Modelling thermal evolution (Section 6.3) 

Diffusivity, d 1.47·10-6 m2/s (25 °C) 
1.34·10-6 m2/s (60 °C) 
1.20·10-6 m2/s (100 °C) 

Modelling  thermal evolution (Section 6.3) 
Modelling the rock damage in the near field 
(1.465·10-6 m2/s (25 °C) used, Section 6.4) 

 1.21·10-6 m2/s (60 °C) Modelling groundwater flow (Section 6.1) 

Thermal 
expansion 
coefficient 

9.76·10-6 1/K (25 °C) Modelling the rock damage in the near field (Section 6.4) 

Rock mechanics properties2 

Rock density * 2749 kg/m3 Modelling groundwater flow (Section 6.1) 
Modelling the thermal, mechanical and hydraulic 
evolution of buffer and backfill (Section 6.6, Table 6-28) 

 2743  kg/m3 Modelling thermal evolution (Section 6.3) 

Grain density 
(ρs) 

2711 kg/m3 Modelling the geochemical evolution of buffer using a 
THC model (Section 6.9.1, Table 6-47) 

 2700  kg/m3 Modelling the faulting induced shear displacements 
(Section 6.5, Table 6-24) 
Modelling radionuclide transport in geosphere (Section 
7.8 and Table I-7 below) 

Rock mechanics 
properties by 
depth 

See Table 5-4 Permafrost simulations  (Section 5.2) 

Rock mechanics 
properties of the 
intact rock 

See Table 6-16 
 

Modelling the rock damage in the near field  (Section 6.4) 

Rock mechanics 
properties of 
fractures 

See Table 6-17 Modelling the rock damage in the near field  (Section 6.4) 

Elastic 
parameters for 
the earth models 

See Table 6-20 Modelling the glacially induced stresses and fault stability 
(Earth models) (Section 6.5) 

                                                 
 

2 There are slight differences in the values of thermal properties and rock mechanics properties used in different modelling studies 
because of the timing of the modelling and of different averaging of the results. 
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Parameter/data Value 
Context of parameter and data (reference to the 
relevant section in the present report) 

Rheology of the 
Earth models  

See Table 6-21 Modelling the glacially induced stresses and fault stability 
(Earth models) (Section 6.5). 

Material 
properties for 
fractures, 
primary faults 
and target 
fractures 

See Table 6-24 Modelling the faulting induced shear displacements 
(Section 6.5). 

In situ stresses See Table 6-17 Modelling the rock damage in the near field (Section 6.4) 

Stress model Two synthetic background 
stress models, one strike-slip 
and one reverse, where σH is 
aligned with the local direction 
of plate motion.  
R (intermediate principal 
background stress) = 0.5 and 
the ice induced pore pressure 
head is 50 % of the ice weight. 

Modelling the glacially induced stresses and fault stability 
(Section 6.5) 

Present-day 
vertical stress by 
depth 

0 MPa (0 m) 
12 MPa (500 m) 
24 MPa (1000 m) 
240 MPa (10,000 m) 

Permafrost simulations (Section 5.2, Table 5-4) 

Seismic parameters 

Seismic data for 
Olkiluoto 

Historical earthquake data and 
parameters of larger regional 
seismic belts 

Modelling the future seismicity in the Olkiluoto area  
(Section 5.4) 

Average annual 
probability of a 
large earthquake 
on any one fault 
zone 

2.3·10-8 − 4.7·10-8 

(Table 5-7) 
 

Modelling the future seismicity in the Olkiluoto area  
(Section 5.4) 
Modelling the radionuclide releases from the canister (for 
disturbance scenarios RS and RS-DIL) (Section 7.4.2 
(Earthquake and rock shear (RS))) 

Models and properties of deformation zones, fractures and rock mass in other PA-models  

Lineaments and 
fracture zones  

Lineament map by Kuivamäki 
(2000) and the BFZ model 
presented in Site Description.  

Modelling the future seismicity in the Olkiluoto area 
(Section 5.4). Lineaments longer than 40 km were used. 
Also some lineaments possibly associated with current 
seismicity were considered. See Figure 4-3 of Saari 
(2012). 

Dimension and 
and orientation 
of the faults 

See Table 6-22 based on Site 
Description 

Modelling the faulting induced shear displacements 
(Section 6.5, Table 6-22) 

Geo-DFN A modified version of the Geo-
DFN by Fox et al. (2012). 
Model parameters given in 
Hartley et al. (2013b, Table 2-
3). 

Estimation of fractures with potential to undergo large 
shear displacements (Section 6.5) 

Target fractures 
for shear 
displacement 
analyses 

See Table 6-23 Modelling the faulting induced shear displacements 
(Section 6.5) 

Fractures for 
THM analysis of 
buffer and 
backfill 

See Table 6-27 Modelling the thermal and hydraulic evolution of buffer 
and backfill Section 6.6). Fracture transmissivities are 
adjusted to result in the inflows of the three illustrative 
cases. 

Hydraulic 
properties of the 
rock in TH model  

See Table 6-30 Modelling the thermal and hydraulic evolution of buffer 
and backfill Section 6.6) 
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Parameter/data Value 
Context of parameter and data (reference to the 
relevant section in the present report) 

Flow conditions  See Table 6-56 Modelling the buffer porewater and cation exchanger 
chemistry after saturation (Section 6.9.2). Flow conditions 
are defined based on the flow modelling results by 
Hartley et al. (2013a). 

Present-day 
pore water 
pressure by 
depth 

0 MPa (0 m) 
4.96 MPa (500 m) 
10.0 MPa (1000 m) 
98.3 MPa (10,000 m) 

Permafrost simulations (Section 5.2 (Table 5-4)) 

Hydraulic data 
for assessing 
potential fluxes 
to rock and 
buffer 

Taken from the DFN modelling 
work of Hartley et al. (2013a) 

Modelling the sulphide fluxes to the buffer (Section 6.9.4) 

Parameters for the cement leaching assessment 

Hydraulic 
gradient 

0.01  Cement leaching assessment (Section 6.7) 

Properties of fractures intersecting tunnels 

Opening of 
fractures 
(representative 
average value): 

Realistic value (conservative 
value in brackets) 

Cement leaching assessment (Section 6.7) 

-for grouted 
fractures 0.5 mm (1.0 mm) 

 

-for fractures that 
are in contact 
with shotcrete 
since larger 
fractures are 
grouted 

0.05 mm (0.1 mm) 

 

-for fractures that 
intersect holes 
drilled for rock 
bolts 

0.05 mm (0.1 mm) 

 

-for fractures that 
are in contact 
with 
miscellaneous 
cementitious 
structures 

0.05 mm (0.1 mm) 

 

-for fractures that 
are in contact 
with plugs 0.05 mm (0.1 mm) 

 

Representative 
average 
transmissivity of 
fractures in 
contact with 
cement: 

 

Cement leaching assessment (Section 6.7) 

-for grouted 
fractures 1·10-7 m2/s 

 

-for fractures that 
are in contact 
with shotcrete 
since larger 
fractures are 
grouted 

1·10-9 m2/s 
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Parameter/data Value 
Context of parameter and data (reference to the 
relevant section in the present report) 

-for fractures that 
intersect holes 
drilled for rock 
bolts 

1·10-9 m2/s 

 

-for fractures that 
are in contact 
with 
miscellaneous 
cementitious 
structures 

1·10-9 m2/s 

 

-for fractures that 
are in contact 
with plugs 1·10-9 m2/s 

 

Parameters for tunnel below HZ20 

Average opening 
of fractures 

Same assumptions as for the 
excavations above HZ20, see 
above 

Cement leaching assessment (Section 6.7) 

Representative 
average 
transmissivity of 
fractures in 
contact with 
cement 

The same assumptions are 
applied as for the excavations 
above HZ20 except that the 
transmissivity of grouted 
fractures is 1·10-8 m2/s on 
average 

Cement leaching assessment (Section 6.7) 

Parameters for deposition tunnels 

Average 
openings of 
fractures 

With respect to grout in 
grouted fractures, rock bolt 
grout in their drilled holes and 
plugs at the mouths of the 
deposition tunnels, the same 
assumptions regarding 
average opening of fractures 
are applied as for the 
excavations above HZ20 

Cement leaching assessment (Section 6.7) 

Representative 
average 
transmissivity of 
fractures in 
contact with 
cement 

The same assumptions are 
applied as for the excavations 
below HZ20 regarding grout in 
grouted fractures, rock bolt 
grout in their drilled holes and 
plugs at the mouths of the 
deposition tunnels 

Cement leaching assessment (Section 6.7) 

Flow-related geosphere transport parameters 

Equivalent flow 
rate through 
fracture 
intersecting 
deposition hole, 
QF 

6.14·10-3 m3/a 

Modelling radionuclide transport in the buffer  (base 
scenario) (Section 7.6.1) 

Equivalent near-
field flow rate 
following the 
rock shear 
event, QF 

0.1 m3/a, multiplied by the 
time-dependent velocity factor 
(i.e. the highest flow rate used 
at any time is 1 m3/a) 

Modelling radionuclide transport in the buffer (disturbance 
scenarios RS, RS-DIL) (Section 7.6.3 (Earthquake and 
rock shear (RS), Rock shear followed by buffer erosion 
(RS-DIL))) 

Equivalent 
flowrate through 
fracture 
intersecting 
tunnel, QTDF 

2.39·10-3 m3/a 

Modelling radionuclide transport in the backfill  (base 
scenario) (Section 7.7.2) 
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Parameter/data Value 
Context of parameter and data (reference to the 
relevant section in the present report) 

Equivalent 
flowrate through 
tunnel EDZ, QDZ 

2.69·10-4 m3/a 
Modelling radionuclide transport in the buffer (base 
scenario) (Section 7.6.1) 

Water flux 
through tunnel, 
qTDZ 

2.65·10-5 m/a 

Modelling radionuclide transport in the backfill  (base 
scenario) (Section 7.7.2) 

Velocity factor, fv 

See Table 6-13 

Modelling the geochemical evolution of geosphere 
(Section 6.2). Value used to scale the groundwater flow 
rate in the repository near field to account for the 
possibility of increased flow rates during the glacial 
retreat periods. 
Modelling radionuclide transport in the buffer (7.6)  and in 
geosphere (7.8). 

 10 (for a period of 100 years 
immediately following the 
earthquake event in the 
calculation case RS1) 

Modelling radionuclide transport in the buffer, Modelling 
radionuclide transport in the geosphere  (disturbance 
scenario RS) (Section 7.6.3 (Earthquake and rock shear 
(RS)), Section 7.8.3 (Earthquake and rock shear (RS))) 

 1 (for brackish water) 
10 (for glacial water) 
10 (in the period immediately 
following the earthquake at 
40,000 years in RS1, when 
brackish water is assumed to 
be present) 

Modelling radionuclide transport in the geosphere 
(disturbance scenario RS) (Section 7.8.3 (Earthquake 
and rock shear (RS))) 

Geosphere 
transport 
resistances 

3.95·104 a/m (F-path) 
4.65·104 a/m (DZ-path) 
3.76 ·104 a/m (TDZ-path) 

Modelling radionuclide transport in the geosphere (base 
scenario) (Section 7.8.2) 

Geosphere 
transport 
resistance, 
WL/Q 

5·104 a/m, divided by the time-
dependent velocity factor fv 

Modelling radionuclide transport in the geosphere 
(disturbance scenario RS) (Section 7.8.3 (Earthquake 
and rock shear (RS))) 

Groundwater 
travel times 

18 a / 20 a (F-path) 
28 a / 36 a (DZ-path) 
25 a / 33,000 a (TDZ-path) 

Modelling radionuclide transport in the geosphere (base 
scenario) (Section 7.8.2) 
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Table I-2. Summary of the modelling cases considered in Performance Assessment and 
supporting the Assessment of Radionuclide Release Scenarios for the Repository System 
by Hartley et al. (2013a), based on Tables L1−L4 in Hartley et al. (2013a). 

Flow modelling case Aims and comments Key assumptions 

ps_r0_2000 

Central case (see main 
text). Provides a reference 
against which to compare 
the variant cases 

Fracture size model: case A 
Transmissivity model: semi-
correlated 
Hydrogeological zone 
transmissivity: deterministic 
Rock damage around deposition 
hole: yes 
EDZ below the tunnel floor: 
discontinuous 
Flow field: year 2000 AD 

ps_r1 … r10_2000 
To examine impact of 
alternative realisations of 
stochastic fractures. 

Model assumptions as in the 
central case with the following 
exceptions: 
Hydrogeological zone 
transmissivity: stochastic 

ps_r0_a_uncorr_2000 

To examine impact of 
alternative fracture size 
and transmissivity 
correlations 
 

Model assumptions as in the 
central case with the following 
exceptions: 
Transmissivity model: 
uncorrelated 

ps_r2_a_uncorr_2000 

Model assumptions as in the 
central case with the following 
exceptions: 
Transmissivity model: 
uncorrelated 
Hydrogeological zone 
transmissivity: stochastic 

ps_r0_a_corr_2000 

Model assumptions as in the 
central case with the following 
exceptions: 
Transmissivity model: correlated 

ps_r2_a_corr_2000 

Model assumptions as in the 
central case with the following 
exceptions: 
Transmissivity model: correlated 
Hydrogeological zone 
transmissivity: stochastic 

ps_r0_b_2000 

To examine the impact of 
alternative assumptions 
regarding fracture intensity 
and size 
 

Model assumptions as in the 
central case with the following 
exceptions: 
Fracture size model: case B  
Hydrogeological zone 
transmissivity: stochastic  

ps_r2_b_2000 Model assumptions as in the 
central case with the following 
exceptions: 
Fracture size model: case B  

ps_r0_c_2000 Model assumptions as in the 
central case with the following 
exceptions: 
Fracture size model: case C  

ps_r2_c_2000 Model assumptions as in the 
central case with the following 
exceptions: 
Fracture size model: case C  
Hydrogeological zone 
transmissivity: stochastic  

ps_r0_ext_hz_2000 
To examine the impact of 
additional stochastic 
hydrogeological zones 

Model assumptions as in the 
central case with the following 
exceptions: 
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Flow modelling case Aims and comments Key assumptions 

outside the well 
characterised area 

Stochastic presentation of the 
hydrogeological zones outside the 
well characterised area 

ps_r0_ecpm_cont_edz_2000 

To examine the impact of 
using an equivalent 
continuous porous medium 
(EPM) representation of 
bedrock, in conjunction 
with uncertainties related 
to the EDZ 

Model assumptions as in the 
central case with the following 
exceptions: 
Conceptual model: EPM 
EDZ below the tunnel floor: 
continuous 

ps_r0_ecpm_no_edz_2000 
EPM representation of 
bedrock 

 
Model assumptions as in the 
central case with the following 
exceptions: 
Conceptual model: EPM 
EDZ below the tunnel floor: no 

ps_r0_cont_edz_2000 

To evaluate the impact of 
uncertainties regarding the 
EDZ and the damaged 
zone around the deposition 
holes. Note: 
ps_r0_no_spall_2000 used 
to derive flow-related 
radionuclide transport 
parameter values for 
calculation cases where no 
hydraulically significant 
rock damage is modelled 
around the deposition 
holes (Sections 9.6.4 and 
10.2) 

Model assumptions as in the 
central case with the following 
exceptions: 
EDZ below the tunnel floor: 
continuous 

ps_r0_no_edz_2000 

To evaluate the impact of 
uncertainties regarding the 
EDZ and the damaged 
zone around the deposition 
holes. 

Model assumptions as in the 
central case with the following 
exceptions: 
EDZ below the tunnel floor: no 
EDZ 

ps_r0_no_spall_2000 

Model assumptions as in the 
central case with the following 
exceptions: 
Rock damage around deposition 
hole: no 

ps_r0_condx10_2000 

Model assumptions as in the 
central case with the following 
exceptions: 
EDZ below the tunnel floor and in 
damaged rock zone around 
deposition holes: conductivity 10 
times higher 

ps_r0_crown_2000 

To evaluate the impact of 
uncertainties regarding the 
hydraulic properties of the 
tunnels, ramps and shafts 
 

Model assumptions as in the 
central case with the following 
exceptions: 
High conductivity layer at the top 
of all tunnels: 10-3 m/s and 0.1 m 
thick 

ps_r0_tunnel_condx10_2000 

Model assumptions as in the 
central case with the following 
exceptions:  
all tunnels and shafts 10 times 
higher conductivity 

ps_r0_nondep_tunnel_condx10_2000 

Model assumptions as in the 
central case with the following 
exceptions:  
main tunnels, ramps and shafts: 
100 times higher conductivity 

ps_r0_tunnel_condx10_2000 Model assumptions as in the 
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Flow modelling case Aims and comments Key assumptions 

central case with the following 
exceptions:  
all tunnels and shafts 10 times 
higher conductivity 

ps_r0_nondep_tunnel_condx10_2000 

Model assumptions as in the 
central case with the following 
exceptions:  
main tunnels, ramps and shafts: 
100 times higher conductivity 

ps_r0_ext_hz_2000 
To evaluate the impact of 
unsealed investigation 
drillholes 

Model assumptions as in the 
central case with the following 
exceptions: 
Site-investigation boreholes 
included with conductivity 0.1 m/s. 
Flow field: as in the central case, 
but assuming fresh water density 
in the drillholes. 

ps_r0_3000 

To investigate the 
evolution of the flow field 
with time. Note: 
ps_r0_5000 used to derive 
flow-related radionuclide 
transport parameter values 
for most calculation cases 
(see Section 6.2) 

Model assumptions as in the 
central case with the following 
exceptions: 
flow field: year 3000 AD 

ps_r0_5000 

Model assumptions as in the 
central case with the following 
exceptions: 
flow field: year 5000 AD 

ps_r0_climate_immobile3_100 

To evaluate the impact of 
glacial retreat on flow 
conditions 

An immobile ice margin northwest 
of the repository, the repository is 
no longer under the ice sheet. Ice 
margin has stayed in the same 
location for 100 years. 
Flow field: according to glacial 
model by Löfman & Karvonen 
(2012) 

ps_r0_climate_mobile_10 Ice sheet is retreating over the 
site, ice margin southeast of the 
repository; the repository is still 
under the ice sheet.  
Flow field: according to glacial 
model by Löfman & Karvonen 
(2012) 

ps_r0_climate_mobile_100 Ice sheet is retreating over the 
site, ice margin northwest of the 
site and the repository is no longer 
below the ice sheet. 
Flow field: according to glacial 
model by Löfman & Karvonen 
(2012) 
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Table I-3. Chemical composition of the initial groundwaters for the Operational and 
Temperate periods. Equilibrium reactions were performed assuming calcite and pyrite 
for dissolution/precipitation reactions and an illite-like phase as solid exchanger in 
equilibrium with groundwaters (units mol/L unless otherwise indicated, Trinchero et al. 
2013, Table 4-4). Also the code for the sample which is the basis for the water type is 
given. 

  Brackish 
HCO3 

 
After 

equilibrium 

Brackish 
SO4  

 
After 

equilibrium 

Brackish 
Saline Water 

 
After 

equilibrium 

Saline  
water 

 
After 

equilibrium 

Highly 
Saline water 

 
After 

equilibrium 

Based on sample KR4_81_1 KR6_135_8 KR20_465_1 KR10_498_1 KR12_741_1 

Eh (mV) -176 -156 -184 -226 -238 

Cl 1.11·10-2 1.14·10-1 1.84·10-1 3.90·10-1 8.71·10-1 

SO4 9.59·10-4 4.79·10-3 2.10·10-4 1.00·10-5 5.00·10-5 

DIC* 4.95·10-3 1.76·10-3 5.55·10-4 1.06·10-4 3.92·10-5 

SiO2 4.27·10-4 3.92·10-4 3.60·10-4 2.80·10-4 2.10·10-4 

PO4 3.87·10-6  - 4.02·10-8 9.51·10-9 

F 3.16·10-5 1.58·10-5 5.26·10-5 6.32·10-5 6.32·10-5 

Br 1.75·10-5 1.65·10-4 5.51·10-4 1.19·10-3 2.55·10-3 

Al 1.48·10-6 - - 2.97·10-7 2.22·10-6 

Na 1.31·10-2 7.70·10-2 1.15·10-1 2.10·10-1 3.61·10-1 

K 2.50·10-4 4.87·10-4 2.80·10-4 3.60·10-4 4.90·10-4 

Ca 1.40·10-3 1.62·10-2 3.24·10-2 8.91·10-2 2.55·10-1 

Mg 7.40·10-4 7.41·10-3 2.60·10-3 1.60·10-3 1.50·10-3 

Fe 7.18·10-6 6.45·10-6 2.50·10-6 2.00·10-6 3.81·10-7 

Mn 3.46·10-6 2.18·10-5 5.80·10-6 7.28·10-6 9.30·10-6 

* Dissolved inorganic carbon  
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Table I-4. Equilibrated initial waters calculated for the Temperate Period. Equilibrium 
reactions were performed assuming calcite and FeS(am) for dissolution/precipitation 
reactions and an illite-like phase as solid exchanger in equilibrium with groundwaters 
(units mol/L unless otherwise indicated, Trinchero et al. 2013, Table 4-5). 

  Brackish 
HCO3 

 
After  

equilibrium 

Brackish 
SO4 

 
After  

equilibrium 

BrackishSaline
Water 

 
After 

 equilibrium 

Saline  
water 

 
After 

 equilibrium 

Highly 
Saline  
water 
After 

 equilibrium 

Based on 
sample 

KR4_81_1 KR6_135_8 KR20_465_1 KR10_498_1 KR12_741_1 

pH 7.5 7.2 7.5 7.9 8.1 

Eh (mV) -213 -194 -219 -258 -267 

Cl 1.11·10-2 1.13·10-1 1.84·10-1 3.90·10-1 8.71·10-1 

SO4 9.60·10-4 4.79·10-3 2.14·10-4 1.25·10-5 5.29·10-5 

DIC* 4.95·10-3 1.75·10-3 5.51·10-4 1.04·10-4 3.67·10-5 

SiO2 4.27·10-4 3.92·10-4 3.60·10-4 2.80·10-4 2.10·10-4 

PO4 3.87·10-6 - - 3.90·10-8 8.75·10-9 

F 3.16·10-5 1.58·10-5 5.26·10-5 6.32·10-5 6.32·10-5 

Br 1.75·10-5 1.65·10-4 5.5110-4 1.19·10-3 2.55·10-3 

Al 1.48·10-6 - - 3.07·10-7 2.22·10-6 

Na 1.31·10-2 7.70·10-2 1.15·10-1 2.10·10-1 3.61·10-1 

K 2.50·10-4 4.87·10-4 2.80·10-4 3.60·10-4 4.90·10-4 

Ca 1.40·10-3 1.62·10-2 3.24·10-2 8.91·10-2 2.54·10-1 

Mg 7.40·10-4 7.41·10-3 2.60·10-3 1.60·10-3 1.50·10-3 

Fe 7.18·10-6 1.08·10-5 6.50·10-6 4.49·10-6 3.34·10-6 

Mn 3.46·10-6 2.18·10-5 5.83·10-6 7.28·10-6 9.28·10-6 

* Dissolved inorganic carbon  
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Table I-5. Chemical composition of groundwaters after evolution in the geosphere for a 
time period of 10 ka and used as the initial state for the modelling of glacial period, 
units in mol/L unless otherwise indicated. Chemical concentrations are in equilibrium 
with calcite, pyrite(Py)/FeS(am) and an illite-like exchanger in equilibrium with 
groundwaters (Trinchero et al. 2013, Table 4-6).  

 Brackish 
SO4 

 
in equilibrium 

with pyrite 

Brackish 
SO4 

 
in equilibrium 
with FeS(am) 

Brackish Saline 
 water 

 
in equilibrium 

with pyrite 

Brackish Saline
 water 

 
in equilibrium 
with FeS(am) 

Based on sample KR6_135_8 KR6_135_8 KR20_465_1 KR20_465_1 

pH 7.3 7.6 7.3 7.6 

Eh (mV) -189 -222 -159 -185 

Cl 8.23·10-2 1.63·10-1 8.23·10-2 1.63·10-1 

SO4 3.79·10-3 1.53·10-3 3.78·10-3 1.53·10-3 

DIC* 1.86·10-3 4.38·10-4 1.85·10-3 4.42·10-4 

SiO2 1.55·10-3 1.52·10-3 1.18·10-3 1.20·10-3 

PO4 2.21·10-7 5.88·10-10 2.20·10-7 5.88·10-10 

F 2.29·10-5 4.20·10-5 4.20·10-5 4.20·10-5 

Br 4.47·10-7 7.71·10-10 4.47·10-7 7.71·10-10 

Al 4.39·10-10 9.34·10-10 9.34·10-10 8.59·10-10 

Na 5.89·10-2 1.09·10-1 5.89·10-2 1.04·10-1 

K 4.85·10-4 2.98·10-4 4.85·10-4 3.85·10-4 

Ca 1.14·10-2 2.66·10-2 1.14·10-2 2.72·10-2 

Mg 5.82·10-3 2.34·10-3 5.81·10-3 4.00·10-3 

Fe 8.04·10-6 6.34·10-6 7.07·10-6 3.64·10-6 

Mn 2.45·10-5 1.04·10-5 2.45·10-5 1.04·10-5 

* Dissolved inorganic carbon  
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Table I-6. Solubility limits at buffer/rock interface for the reference and bounding 
waters (reference values given by Wersin et al. 2013).  

Element 

Solubility limits (mol/L) 

Brackish 
water 

Saline 
water 

Dilute 
carbonate 
rich  water 

Brine 
water 

High 
alkaline  
water 

Glacial  
water 

Ag (I) 5.2E-06 1.0E-05 6.9E-07 2.5E-04 1.0E-05 1.6E-06 

Am (III) 5.2E-06 1.1E-05 2.3E-06 6.8E-05 1.2E-08 2.3E-08 

Be (II) 7.1E-06 6.3E-06 3.0E-06 7.4E-06 1.7E-06 9.3E-07 

Corg  unlim. unlim. unlim. unlim. unlim. unlim. 

Cinorg 1.7E-03 7.7E-04 unlim. 1.0E-04 9.5E-06 1.9E-04 

Cl(-I) unlim. unlim. unlim. unlim. unlim. unlim. 

Cm(III) 5.2E-06 1.1E-05 2.3E-06 6.8E-05 1.2E-08 2.3E-08 

Cs(I) unlim. unlim. unlim. unlim. unlim. unlim. 

I(-1) unlim. unlim. unlim. unlim. unlim. unlim. 

Mo(VI) 2.3E-08 8.8E-09 5.2E-08 1.1E-11 4.1E-06 9.9E-05 

Nb(V) 1.2E-07 1.5E-07 2.4E-07 9.7E-08 2.8E-03 2.8E-04 

Ni(II) 2.1E-03 1.5E-03 2.3E-04 1.4E-03 1.2E-07 1.2E-07 

Np(IV) 1.1E-09 1.0E-09 1.3E-09 7.0E-10 9.5E-10 1.0E-09 

Pa(V) 1.0E-08 1.0E-08 1.0E-08 1.4E-09 6.2E-09 1.0E-08 

Pd(II) 3.9E-06 3.9E-06 4.0E-06 8.5E-05 3.8E-06 4.0E-06 

Pu(III) 1.1E-08 7.4E-09 5.8E-09 3.4E-08 1.3E-11 1.4E-11 

Ra(II) 6.7E-11 1.7E-09 7.7E-11 2.4E-08 1.7E-09 4.1E-10 

Se(-II) 4.9E-10 1.7E-09 4.7E-10 1.2E-08 5.9E-09 1.3E-08 

Sm(III) 5.3E-07 6.4E-07 1.8E-07 4.2E-06 6.8E-07 5.4E-09 

Sn(IV) 5.7E-08 5.9E-08 6.9E-08 3.9E-08 1.3E-05 3.3E-06 

Sr(II) 8.7E-04 5.0E-03 1.8E-04 unlim. unlim. 2.7E-05 

Tc(IV) 3.9E-09 3.8E-09 4.0E-09 2.7E-09 4.6E-09 4.6E-09 

Th(IV) 6.3E-09 3.3E-09 2.0E-08 1.2E-09 1.5E-09 1.9E-09 

U(IV) 6.3E-09 3.3E-09 2.0E-08 1.2E-09 1.5E-09 1.9E-09 

Zr(IV) 1.8E-08 1.7E-08 1.8E-08 1.2E-08 1.7E-08 1.8E-08 
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Table I-7. Retention parameters for the specified fracture types (transport classes) 
(Assessment of Radionuclide Release Scenarios for the Repository System, Tables 
6-9...6-12, based on Site Description, Table 8-2).  

Parameter Unit Element 
Layer (nearest to fracture to furthest from fracture) 

Coating/
surface 

Alteration halo Unaltered rock 

Clay (and possibly sulphide) coated fractures 

Layer thickness m 

All 

2E-04 1E-02 3 

Grain density kg/m3 2700 2700 2700 

Porosity - 6E-02 4E-02 5E-03 

Effective diffusion 
coefficient (De) 

m2/s 1E-12 7E-13 6E-14 

Distribution coefficient (Kd) m3/kg (see 
Table  
I-9) 

(as Unaltered rock, see 
Table I-8) 

(see Table I-8) 

Calcite (and possibly clay and sulphide) coated fractures 

Layer thickness m 

All 

2E-04 5E-03 3 

Grain density kg/m3 2700 2700 2700 

Porosity - 6E-02 2E-02 5E-03 

Effective diffusion 
coefficient (De) 

m2/s 1E-12 3E-13 6E-14 

Distribution coefficient (Kd) m3/kg 0 (as Unaltered rock, see 
Table I-8) 

(see Table I-8) 

Slickensided fractures 

Layer thickness m 

All 

2E-03 3E-03 3 

Grain density kg/m3 2700 2700 2700 

Porosity - 1E-02 5E-02 5E-03 

Effective diffusion 
coefficient (De) 

m2/s 1E-13 1E-12 6E-14 

Distribution coefficient (Kd) m3/kg 0 (as Unaltered rock, see 
Table I-8) 

(see Table I-8) 

Other fractures 

Layer thickness m 

All 

- - 3 

Grain density kg/m3 - - 2700 

Porosity - - - 5E-03 

Effective diffusion 
coefficient (De) 

m2/s - - 6E-14 

Distribution coefficient (Kd) m3/kg - - (see Table I-8) 
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Table I-8. Distribution coeffcients for rock according to Hakanen et al. (2013, Tables 
A-7 and A-8). The values for Fresh water are according to ALLMR water in Hakanen et 
al. (2013), for Brackish water according to OLBA water, the values for Saline water is 
based on KR20_465_1 waters, High alkaline water according to KR20_465_1 at pH 10 
and glacial water according to OLGA at pH 10, respectively. Brine water scaled from 
values for OLSR, see Table I-10. For the notes, see next page. 

Element 

Distribution coeffcient, Kd (m3/kg); 
based on the lower limit for T-MGN in  
Hakanen et al. (2013, Tables A-7 and A-8) Lower 

limita  
(m3/kg) 

Upper 
limitb 
(m3/kg) Fresh 

water 
Brackish 
water 

Saline 
water 

Brine 
water 

High 
alkaline 
water 

Glacial 
water,   
pH 10 

Ag (I) 2.0E-06 2.0E-08* 2.0E-09* 6.7E-11* 2.0E-09* 7.0E-06* 1.3E-12 1.4E-04 

Am(III) 1.2E-01 1.5E-01 1.5E-01 6.0E-02 1.4E-01 1.5E-01 8.8E-04 3.0E+00 

Be (II) 1.5E-01 5.5E-03 3.5E-03 3.0E-02c 3.0E-01 3.0E-01 2.4E-04 3.2E+00 

C org  *  * * *   

C inorg  - - - - - - - - 

Cl(-I) 9.5E-07 2.4E-07* 1.4E-07 6.3E-09* 0.0E+00 2.9E-07* 0.0E+00 1.0E-05 

Cm(III) 1.2E-01 1.5E-01 1.5E-01 6.0E-02 1.4E-01 1.5E-01 8.8E-04 3.0E+00 

Cs (I) 5.5E-01 5.4E-02 4.7E-02 4.2E-02 7.0E-02 1.4E+00 1.0E-04 1.7E+00 

I (-I) 2.9E-06 7.1E-07* 4.3E-07 1.9E-08* 0.0E+00 8.6E-06* 0.0E+00 3.0E-05 

Mo (VI) 4.0E-04 3.0E-04 4.6E-04 5.6E-05 1.8E-04 3.2E-04 9.4E-09 2.4E-03 

Nb (V) 4.2E-01 4.2E-01 4.2E-01 4.2E-01 4.2E-01 4.2E-01 1.2E-02 1.9E+00 

Ni (II) 1.5E-01 5.5E-03 3.5E-03 3.0E-03 3.0E-01 3.0E-01 2.4E-04 5.9E+00 

Np (IV) 4.0E-01 4.0E-01 4.0E-01 4.0E-01 4.0E-01 4.0E-01 2.0E-02 8.0E+00 

Pa (V) 4.4E-01 2.2E-02 2.2E-02 2.0E-02 1.2E-02 3.6E-01 3.4E-04 1.8E+00 

Pd (II) 1.5E-01 5.5E-03 3.5E-03 3.0E-03 3.0E-01 3.0E-01 2.4E-04 5.9E+00 

Pu (III, IV) 1.2E-01 1.5E-01 1.5E-01 6.0E-02 1.4E-01 6.0E-01 8.8E-04 3.0E+00 

Ra (II) 6.0E-03 3.0E-03 2.0E-03 1.2E-04 2.0E-03 1.8E-02 2.2E-06 3.5E-01 

Se (-II) - -* - - -* -* - - 

Sm (III)d 1.2E-01 1.5E-01 1.5E-01 6.0E-02 1.4E-01 1.5E-01 8.8E-04 3.0E+00 

Sn (IV) 9.0E-02 5.0E-01 5.0E-01 2.0E-01 1.8E-03 1.8E-03 1.4E-04 2.0E+01 

Sr (II) 2.7E-04 3.0E-05 1.5E-06 6.0E-08 1.5E-06 8.0E-04 1.0E-09 1.6E-02 

Tc (IV) 4.0E-01 4.0E-01 4.0E-01 4.0E-01 4.0E-01 3.9E-01e 2.0E-02 8.0E+00 

Th (IV) 4.0E-01 4.0E-01 4.0E-01 4.0E-01 4.0E-01 4.0E-01 2.0E-02 8.0E+00 

U (IV,VI) 8.4E-03 1.6E-02 1.6E-01 1.6E+00 1.6E+00 1.6E+00 3.8E-05 8.0E+00 

Zr (IV) 4.0E-01 4.0E-01 4.0E-01 4.0E-01 4.0E-01 4.0E-01 2.0E-02 8.0E+00 

 

* The values are set to zero in the analysis.  

- Very low sorption 

' 
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Empty cells Sorption not determined by Hakanen et al. (2013) 

a) Lower limit is determined as the minimum value of the lower limit for the PGR rock type over all water 
types (Tables A-19 and A-20 in Hakanen et al. 2013) 

b) Upper limit is determined as the maximum value of the best estimate values for the T-MGN-rock type 
over all water types (Table A-5 and A-6 in Hakanen et al. 2013) 

c) In the radionuclide release and transport analysis, value 3.0E-03 m3/kg, i.e. one order of magnitude 
lower value, was used for Be. 

d) Hakanen et al. (2013) do not report values for Sm (III), same value as for Am(III) are used. 

e) In the radionuclide release and transport analysis, a rounded value, 4.0E-01 m3/kg, was used. 

..  
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Table I-9. Distribution coefficients for clays according to Hakanen et al. (2013, Tables 
A-21, A-22, A-23 and A-24). Note, in the analysis values marked with * are set to zero. 
The values for Fresh water are according to ALLMR water in Hakanen et al. (2013), for 
Brackish water according to OLBA water, the value for Saline water is based 
KR20_465_1 waters, High alkaline water according to KR20_465_1 at pH 10 and 
glacial water according to OLGA at pH 10, respectively. Brine water scaled from the 
values for OLSR water, see Table I-10. For the notes, see next page. 

Element 

Distribution coefficient, Kd (m3/kg) 
Minimum of best estimate for kaolinite and best estimate for illite 
in Hakanen et al. (2013, Tables A-21, A-22, A-23 and A-24) 

Brackish 
water 

Saline 
water 

Brine 
water 

High alkaline 
water 

Glacial water,  
 pH 10 

Ag (I) 7.2E-06* 4.2E-07 2.1E-08* 4.2E-07* 2.0E-03 

Am (III) 2.5E+02 3.0E+01 1.0E+02 2.3E+02 2.5E+02 

Be (II) 1.8E+02 1.8E+02 1.8E+02 1.8E+02 1.8E+02 

C org *  * * * 

C inorg - - - - - 

Cl (-I) 1.0E-05* 6.0E-06 2.7E-07* 0.0E+00 1.3E-05* 

Cm (III) 2.5E+02 3.0E+01 1.0E+02 2.3E+02 2.5E+02 

Cs (I) 2.0E-03 1.0E-03 1.3E-04 1.0E-03 2.1E-01 

I (-I) 3.5E-05* 1.8E-05 8.0E-07* 0.0E+00 4.0E-05* 

Mo (VI) 1.5E-02 2.7E-02 1.0E-03 1.8E-04 1.0E-02 

Nb (V) 4.5E+00 4.5E+00 4.5E+00 4.5E+00 4.5E+00 

Ni (II) 6.5E-01 3.3E-01 5.4E-01 9.9E+00 1.5E+01 

Np (IV) 2.0E+01 2.0E+01 2.0E+01 2.0E+01 2.0E+01 

Pa (V) 6.0E+01 6.0E+01 6.0E+01 6.0E+01 6.0E+01 

Pd (II) 6.5E-01 3.3E-01 5.4E-01 9.9E+00 1.5E+01 

Pu (III,IV) 2.5E+02 2.5E+02 1.0E+02 2.3E+02a 2.0E+01 

Ra (II) 3.4E-03 2.0E-03 6.6E-05 2.0E-03 6.0E-02 

Se (-II) -* - -* -* -* 

Sm (III)b 2.5E+02 3.0E+01 1.0E+02 2.3E+02 2.5E+02 

Sn (IV) 1.5E+02 1.5E+02 1.5E+02 9.0E+01 9.0E+01 

Sr (II) 3.4E-03 3.4E-03 6.6E-05 2.0E-03 6.0E-02 

Tc (IV) 2.0E+01 2.0E+01 2.0E+01 2.0E+01 2.0E+01 

Th (IV) 2.0E+01 2.0E+01 2.0E+01 2.0E+01 2.0E+01 

U (IV,VI) 1.3E+01 7.2E+01 7.2E+01 7.2E+01 2.0E+01 

Zr (IV) 2.0E+01 2.0E+01 2.0E+01 2.0E+01 2.0E+01 

 

* The values are set to zero in the analysis.  

- Very low sorption 
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Empty cells Sorption not determined by Hakanen et al. (2013)  

a) This is the value for Pu(IV), in the radionuclide release and transport analysis, value for Pu(III), 2.3E+02 
m3/kg,  was used. No further calculations were, however, considered necessary, as Pu isotopes and their 
daughters make no significant contribution to activity release rates in cases VS1-HIPH (See Fig. 10-2 in 
Assessment of Radionuclide Release Scenarios for the Repository System). 

b) Hakanen et al. (2013) do not report values for Sm (III), same value as for Am(III) are used. 

 

Table I-10. Distribution coefficients for the rock assuming brine water scaled from the 
values for OLSR, lower limit for T-MGN (Hakanen et al. 2013, Table A-7). The same 
scaling factors have been used for the clays. 

 
Element 

Distribution coefficient, 
Kd (m3/kg); Scaling factors 

OLSR Brine 
water 

Ag(I) 2.0E-10 6.7E-11 
1/3 of Kd for Ag in OLSR, based on the difference in Cl 
content, see Cl. 

Am(III) 1.5E-01 6.0E-02 
2/5 of Kd for Am in OLSR, based on the difference in 
the content of the sorbing species, change in pH has 
no effect. 

Be(II) 3.0E-02 3.0E-02 
As in OLSR, as Be sorption is not depending strongly 
on the ionic strength. 

Organic C 0 0 All C assumed to be organic in brine water. 

Inorganic C - - 
 

Cl(-I) 1.9E-08 6.3E-09 
1/3 of Kd for Cl for OLSR, based on the difference in Cl 
content. Cl content in Brine water is roughly 3 times 
higher compared to OLSR. 

Cm(III) 1.5E-01 6.0E-02 As Am(III). 

Cs(I) 4.8E-02 4.2E-02 
Based on sorption model assuming Cs concentration 
of 1.0E-06 M in water. 

I (-I) 5.7E-08 1.9E-08 
1/3 of Kd for Ag for OLSR, based on the difference in 
Cl content, see Cl. 

Mo(VI) 2.8E-04 5.6E-05 
1/5 of Kd for Mo for OLSR, based on the difference in 
Cl content, see Cl, in addition Brine water contains 
phosphate, which competes with molybdate (MoO4

2-). 

Nb(V) 4.2E-01 4.2E-01 As in OLSR. 

Ni(II) 3.0E-02 3.0E-03 

1/10 of Kd for Ni for OLSR, based on the difference in 
the sorbing species Sr(II) content and as pH increases 
by a factor of 10 per one pH unit. Sr(II) content in Brine 
water / content in OLSR is roughly 6/8.5. 

Np(IV) 4.0E-01 4.0E-01 
As in OLSR, the main species is the same and the 
difference in pH has no effect on sorption. 

Pa(V) 2.0E-02 2.0E-02 
As in OLSR, as the difference in pH has no effect on 
sorption. 

Pd(II) 3.0E-02 3.0E-03 1/10 of Kd for Pd for OLSR. The correction takes into 
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Element 

Distribution coefficient, 
Kd (m3/kg); Scaling factors 

OLSR Brine 
water 

account the difference in the sorbing species content 
in Brine water / content in OLSR is roughly 0.4 and in 
pH. Compared to Ni, hydrolysis and complexation of 
Pd with Cl are stronger. 

Pu(III, IV) 1.5E-01 6.0E-02 As Am(III). Pu(III) determines the sorption. 

Ra 1.2E-03 1.2E-04 1/10 of Kd for Ra for OLSR, see Sr. 

Se(II) - 0.0E+00 Very low sorption. 

Sm(III) 1.5E-01 6.0E-02 As Am(III). 

Sn(IV) 2.0E-01 2.0E-01 
As in OLSR, same main species and the difference in 
pH has no effect.  

Sr 6.0E-07 6.0E-08 

1/10 of Kd for Sr for OLSR, based on the difference in 
the sorbing species Sr(II) content. Sr(II) content in 
Brine water / content in OLSR is roughly 2/3 and Ca/Sr 
content in Brine water is roughly 4−5 times higher 
compared to OLSR.  

Tc(IV) 4.0E-01 4.0E-01 As Th(IV). 

Th(IV) 4.0E-01 4.0E-01 As in OLSR, the main species Th(IV) is the same. 

U(IV, VI) 1.6E+00 1.6E+00 
 
As in OLSR, the main species U(IV) is the same. 

Zr(IV) 4.0E-01 4.0E-01 As Th (IV). 
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APPENDIX J. WATER PENETRATION AND INTERNAL EVOLUTION OF 
THE CANISTER 

J.1 Introduction 

The purpose of this appendix is to discuss the intrusion of water into a disposal canister, 
its consequences and to present experimental observations on the intrusion of bentonite.  

The disposal canisters are expected to stay very likely water- and gas-tight throughout 
the assessment time frame. Still, there are plausible conditions and incidental deviations 
that could lead to incomplete fulfilment of the canister’s containment safety function. 
Therefore, the containment is handled as a conditional property and various penetrating 
defects in the canisters at different times are assumed for the release and transport 
analysis. Assessment of Radionuclide Release Scenarios for the Repository System 
includes scenarios involving a canister with a penetrating 1 mm hole. In the Reference 
Case of that report, it is assumed that, even in case of an initially penetrating defect, it 
will take 1000 years for a transport pathway to be established between the canister 
interior and exterior. The cast-iron insert has not been assigned containment function in 
the safety case, but it is a massive structure with a well-fitting lid and can in reality 
serve as at least a temporary barrier to groundwater intrusion and radionuclide release. 
Its presence is acknowledged in this appendix, since the insert could reduce early mass 
transfer rates in a canister. 

Based on the manufacturing process of the canisters, the most likely location of the 
defect is in the electron-beam weld of the canister lid. Since the canisters will be 
emplaced in the deposition holes vertically the lids upward, the canister should first 
become filled with water before waterborne radionuclides could be released 3 . 
Accordingly, a central quantity in the safety case is the earliest time when the canister 
could become full of water. 

Before entering into a canister, groundwater must first flow from the bedrock or the 
deposition tunnel through the bentonite buffer. Compacted bentonite has a very low 
hydraulic conductivity and it can thus strongly limit the pressure-induced water flow. 
Beside the low hydraulic conductivity of bentonite, the counter pressure created by 
hydrogen from the corrosion of the cast iron insert can slow down or suppress the 
groundwater flow at the mouth of the defect hole. 

The behaviour and influence of water in a defective canister depend on several 
processes and parameters, especially on the dimensions of the defect, hydraulic 
conductivity of bentonite, saturation state of the buffer, corrosion rate of the insert, 
accumulation of corrosion products, and the integrity of the iron insert and the copper 
overpack. 

Scoping calculations on aqueous processes in a defective canister have been previously 
described in KBS-3V Evolution Report (Chapter 9, Pastina & Hellä 2006) and in the 

                                                 
 

3  Gas-borne radionuclides could be released from the canister driven by corrosion-generated hydrogen before the inflow of large 
amounts of water, but the case is considered relatively insignificant. In Posiva’s safety case TURVA-2012, the rate of the gas-
mediated C-14 release was found to remain below the regulatory geo-bio flux constraint even, when a hypothetical pulse release 
of the whole C-14 inventory at 2000 years was assumed (Section 7.2.4). The other gasborne radionuclides of the activity 
inventory are less important than C-14.  
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KBS-3H Process Report (Gribi et al. 2007), both based on Bond et al. (1997). These 
calculations have been upgraded in the present appendix to support the rationale for the 
assumed 1000 year delay before the establishment of a radionuclide release pathway 
between the canister internal structures and the buffer.  

The water penetration into the canister and the associated processes are treated in this 
appendix in the following order: 

 Identification and discussion on the relevant processes and scoping calculations for 
their assessment, 

 Experimental observations on the ingress of bentonite through defect holes, 

 Concluding remarks on the confidence in the assumption of 1000 years delay. 

 

J.2 Ingress of water into a canister  

J.2.1  Identification of the relevant processes  

The identification of the aqueous processes involved in the water ingress and canister 
internal evolution is based on the following considerations:  

 source and sinks of water, 

 associated physical and chemical processes, 

 timing and likelihood of occurrence, 

 theoretical and experimental evidence, 

 impact on radionuclide release and transport, and 

 technical means to influence these processes. 

A starting point for the identification of the relevant processes is to consider the 
existence of the three components depicted in Figure J-1 at various times for the safety-
relevant situations in the repository near field. 

The processes (and their consequences) are illustrated in detail in Figure J-2 and are 
briefly described in Table J-1, while the ones selected for analysis are explained further 
below the table. The processes are mainly mass transport processes, the exceptions 
being the swelling of bentonite, corrosion of cast iron insert and radioactive decay. 

 

 

Figure J-1. The essential interlinked components of water transport. 

 



759 

 

F
ig

u
re

 J
-2

. 
W

at
er

 c
an

 p
ar

ti
ci

pa
te

 i
n 

li
qu

id
 a

nd
 v

ap
ou

r 
fo

rm
s 

in
 s

ev
er

al
 p

ro
ce

ss
es

 i
n 

th
e 

ne
ar

 f
ie

ld
, 

an
d 

se
ve

ra
l 

fa
ct

or
s 

in
fl

ue
nc

e 
it

s 
be

ha
vi

ou
r 

in
 s

pa
ce

 a
nd

 t
im

e.
 T

he
 p

ri
nc

ip
al

 p
ro

ce
ss

es
 a

re
 d

if
fu

si
on

 o
f 

w
at

er
 t

hr
ou

gh
 t

he
 b

uf
fe

r 
in

to
 t

he
 c

an
is

te
r,

 w
hi

ch
 l

ea
ds

 t
o 

th
e 

co
rr

os
io

n 
of

 t
he

 c
as

t 
ir

on
 i

ns
er

t, 
ge

ne
ra

ti
on

 o
f 

hy
dr

og
en

 a
nd

 e
le

va
te

d 
ga

s 
pr

es
su

re
. 

T
he

 i
te

m
 n

um
be

rs
 a

tt
ac

he
d 

to
 m

os
t 

of
 t

he
 p

ro
ce

ss
es

 
co

rr
es

po
nd

 to
 th

e 
it

em
 n

um
be

rs
 in

 T
ab

le
 J

-1
.  



 
 

 
 

760 

T
ab

le
 J

-1
. O

ve
rv

ie
w

 o
f p

ro
ce

ss
es

 (
an

d 
th

ei
r 

co
ns

eq
ue

nc
es

) 
re

la
te

d 
to

 w
at

er
 in

gr
es

s 
in

 a
n 

in
it

ia
ll

y 
fa

il
ed

 c
an

is
te

r.
 S

om
e 

pr
in

ci
pa

l p
ro

ce
ss

es
 

ha
ve

 b
ee

n 
sp

li
t t

o 
di

ff
er

en
t i

te
m

s 
ac

co
rd

in
g 

to
 th

e 
lo

ca
ti

on
 o

r 
di

re
ct

io
n 

of
 th

e 
pr

oc
es

s.
 T

he
 s

am
e 

it
em

 n
um

be
rs

 a
re

 u
se

d 
in

 F
ig

ur
e 

J-
2.

 

P
ro

ce
s

s
 

D
es

cr
ip

ti
o

n
 

P
re

re
q

u
is

it
e 

C
o

n
se

q
u

en
ce

 
It

em
 

A
dv

ec
tio

n 
(e

ar
ly

) 
A

dv
ec

tio
n 

(f
lo

w
) 

is
 t

h
e 

bu
lk

 m
ov

em
e

nt
 o

f 
gr

ou
nd

w
at

er
 d

ue
 t

o 
a 

h
yd

ra
u

lic
 

(h
ea

d)
 g

ra
d

ie
n

t. 
T

hi
s 

pr
oc

es
s 

is
 i

m
po

rt
an

t 
d

ur
in

g 
th

e 
pe

ri
o

d 
so

on
 a

fte
r 

th
e

 
em

pl
ac

em
en

t 
of

 t
he

 d
ry

, 
co

m
pa

ct
ed

 b
en

to
ni

te
 b

lo
ck

s.
 I

f 
th

e 
ra

te
 o

f 
in

flo
w

 
ex

ce
e

ds
 t

he
 r

a
te

 o
f 

w
at

er
 u

pt
ak

e 
in

 t
he

 b
e

nt
on

ite
 t

h
en

 a
ct

iv
e 

flo
w

 c
ha

nn
e

ls
 

or
 ‘p

ip
es

’ m
a

y 
de

ve
lo

p 
in

 th
e 

bu
ffe

r.
 

 

D
ry

 b
en

to
ni

te
. 

H
ig

h-
ca

p
ac

ity
 

so
ur

ce
 o

f 
w

at
e

r.
 

W
at

er
 tr

an
sp

or
t a

nd
 u

pt
ak

e 
b

y 
th

e 
be

nt
on

ite
. 

1 

W
at

er
 u

pt
ak

e 
a

nd
 

sw
e

lli
n

g 
(S

at
ur

at
io

n 
of

 b
en

to
ni

te
) 

B
en

to
n

ite
 w

ill
 s

lo
w

ly
 fu

lly
 s

at
ur

at
e 

w
ith

 w
at

er
. 

T
he

 g
ap

s 
ar

ou
nd

 th
e 

b
uf

fe
r 

bl
oc

ks
 w

ill
 c

lo
se

 a
nd

 b
en

to
ni

te
 w

ill
 r

es
tr

ic
t 

w
at

er
 fl

o
w

. T
he

 a
ss

oc
ia

te
d 

sw
e

lli
n

g 
of

 b
en

to
ni

te
 w

ill
 in

du
ce

 m
ec

ha
ni

ca
l s

tr
es

s 
in

 th
e 

co
p

pe
r 

ov
er

pa
ck

. 
C

ap
ill

ar
y 

fo
rc

e 
en

h
an

ce
s 

sa
tu

ra
tio

n.
 

W
at

er
 f

lo
w

 f
ro

m
 t

he
 

su
rr

ou
nd

in
gs

 
S

w
e

lli
n

g 
of

 b
en

to
n

ite
, c

au
si

ng
 1

) 
cl

os
ur

e 
of

 o
pe

n 
flo

w
 c

ha
nn

el
s,

 2
) 

m
ec

ha
ni

ca
l l

o
a

d 
to

 th
e 

co
pp

er
 

ov
er

p
ac

k,
 3

) 
en

ab
lin

g 
of

 v
er

y 
sl

o
w

 a
dv

ec
tiv

e 
flo

w
 o

f 
w

a
te

r 
in

 
be

nt
o

ni
te

, a
n

d 
4)

 d
iff

us
iv

e 
m

a
ss

 
tr

an
sp

or
t i

n 
b

e
nt

on
ite

 

2 

A
dv

ec
tio

n 
(t

hr
o

ug
h 

th
e 

bu
ffe

r 
be

nt
o

ni
te

) 

W
at

er
 c

an
 fl

o
w

 a
dv

ec
tiv

e
ly

 in
 s

at
ur

at
ed

 b
en

to
ni

te
, d

riv
en

 b
y 

th
e 

pr
es

su
re

 
gr

ad
ie

nt
. A

dv
e

ct
io

n 
pr

ov
id

es
 t

he
 w

at
er

 s
u

pp
ly

 fr
om

 th
e 

be
dr

oc
k 

to
 th

e 
ca

ni
st

er
. T

he
 v

er
y 

lo
w

 h
yd

ra
u

lic
 c

on
d

uc
tiv

ity
 o

f b
en

to
ni

te
 e

ffe
ct

iv
el

y 
di

m
in

is
h

es
 a

dv
ec

tio
n.

  

W
at

er
 in

 b
en

to
ni

te
 

po
re

 s
ys

te
m

. 
P

re
ss

ur
e 

gr
ad

ie
nt

. 

T
ra

ns
po

rt
 o

f g
ro

un
d

w
at

er
 in

to
 

th
e 

be
nt

on
ite

 a
nd

 to
 th

e 
ca

n
is

te
r 

de
fe

ct
 

3 

A
dv

ec
tio

n 
(I

nb
ou

n
d 

flo
w

 o
f 

w
a

te
r 

th
ro

ug
h 

th
e 

de
fe

ct
 

af
te

r 
th

e 
sa

tu
ra

tio
n 

of
 b

en
to

ni
te

) 
 

If 
th

e 
in

bo
u

nd
 a

dv
ec

tio
n 

of
 w

at
er

 in
to

 th
e 

e
xt

er
na

l m
o

ut
h 

of
 th

e 
de

fe
ct

 
ex

ce
e

ds
 th

e 
ev

ap
or

at
io

n 
ra

te
 o

f 
w

at
er

 a
nd

 th
e 

di
ffu

si
o

n 
ra

te
 o

f 
w

at
er

 
va

po
ur

, t
he

 e
xc

ee
d

in
g 

pa
rt

 o
f t

he
 a

dv
ec

tio
n 

ra
te

 a
pp

ea
rs

 a
s 

th
e 

flo
w

 o
f 

liq
u

id
 w

at
er

 in
 th

e 
de

fe
ct

. 

M
oi

st
 b

en
to

ni
te

  
T

ra
ns

po
rt

 o
f g

ro
un

d
w

at
er

 in
to

 
th

e 
ca

ni
st

er
 th

ro
ug

h 
th

e 
de

fe
ct

 
4 

C
or

ro
si

on
 o

f t
h

e 
ca

st
 ir

on
 in

se
rt

 
T

he
 r

ea
ct

io
n 

co
ns

um
es

 ir
on

 a
nd

 w
at

er
, a

nd
 p

ro
du

ce
s 

m
ag

ne
tit

e 
an

d 
h

yd
ro

ge
n 

ga
s.

 T
he

 c
or

ro
si

on
 r

at
e 

de
p

en
ds

 s
tr

on
g

ly
 o

n 
th

e 
te

m
pe

ra
tu

re
 a

n
d 

hu
m

id
ity

. 
M

a
gn

et
ite

 is
 a

bl
e 

to
 c

lo
g 

tr
an

sp
or

t p
at

h
w

a
ys

 a
n

d 
ca

us
e 

m
ec

ha
ni

ca
l s

tr
es

s 
to

 th
e 

co
pp

er
 o

ve
rp

ac
k.

 

Ir
on

 a
nd

 w
at

er
 

G
en

er
at

io
n 

of
 m

ag
n

et
ite

 F
e 3

O
4
 

an
d 

h
yd

ro
ge

n 
H

2
. 

C
on

su
m

pt
io

n 
o

f 
w

at
er

 (
d

ec
re

a
se

 
of

 v
ap

ou
r 

pr
es

su
re

 in
 th

e 
ca

ni
st

er
).

 D
e

gr
ad

at
io

n 
of

 ir
o

n-
in

se
rt

. 

5 

H
ea

t t
ra

ns
fe

r 
(E

va
po

ra
tio

n 
a

nd
 

co
nd

en
sa

tio
n)

 

E
va

po
ra

tio
n 

an
d 

co
nd

en
sa

tio
n

 a
t t

he
 s

u
rf

ac
e 

of
 b

en
to

ni
te

. 
C

on
n

ec
te

d 
to

 
th

e 
di

ffu
si

o
n 

of
 w

at
er

 v
ap

ou
r 

(i
te

m
 7

).
 

M
oi

st
 b

en
to

ni
te

 o
r 

w
at

er
 v

ap
ou

r 
in

 th
e 

de
fe

ct
 

E
na

b
le

d 
tr

a
ns

p
or

t o
f 

w
at

er
 

th
ro

ug
h 

th
e 

va
po

ur
-b

en
to

ni
te

 
in

te
rf

ac
e.

 

6 



 
 

 
 

761 

P
ro

ce
s

s
 

D
es

cr
ip

ti
o

n
 

P
re

re
q

u
is

it
e 

C
o

n
se

q
u

en
ce

 
It

em
 

D
iff

us
io

n 
(o

f 
w

at
er

 
va

po
ur

) 
T

he
 d

iff
us

io
n 

ca
n 

ta
ke

 p
la

ce
 1

) 
in

 th
e 

de
fe

ct
, 2

) 
in

 th
e 

an
nu

la
r 

ga
p 

b
et

w
e

e
n 

th
e 

co
pp

er
 o

ve
rp

ac
k 

an
d 

th
e 

ir
on

 in
se

rt
, a

nd
 3

) 
in

si
de

 th
e 

in
se

rt
, b

ut
 th

e 
m

os
t r

es
tr

ic
tin

g
 o

ne
 is

 th
e 

fir
st

 o
ne

. 
D

iff
us

io
n 

oc
cu

rs
 in

 th
e 

d
ir

ec
tio

n 
op

p
os

ite
 to

 th
e

 c
on

ce
nt

ra
tio

n 
gr

ad
ie

nt
 *

. 

C
on

ce
nt

ra
tio

n 
gr

ad
ie

nt
 o

f 
w

at
er

 
va

po
ur

. V
oi

d 
vo

lu
m

e.
 

T
ra

ns
po

rt
 o

f 
w

at
er

 v
ap

o
ur

 in
 t

he
 

de
fe

ct
 h

ol
e 

an
d 

ot
he

r 
vo

id
 

vo
lu

m
es

 in
 th

e 
ca

ni
st

er
. 

7 

W
at

er
 u

pt
ak

e 
a

nd
 

sw
e

lli
n

g 
(I

nt
ru

si
on

 
of

 b
en

to
ni

te
 

th
ro

ug
h 

th
e 

de
fe

ct
) 

T
he

 s
w

el
lin

g 
pr

es
su

re
 o

f b
e

nt
on

ite
 c

a
n 

ca
us

e 
its

 in
tr

us
io

n 
th

ro
u

gh
 th

e 
de

fe
ct

. T
he

 p
he

no
m

en
o

n 
w

as
 o

bs
er

ve
d 

in
 th

e 
e

xp
er

im
en

ts
 d

es
cr

ib
ed

 in
 

th
is

 a
pp

en
di

x.
 

S
at

ur
at

ed
 b

en
to

ni
te

 
P

en
et

ra
tio

n 
of

 b
en

to
ni

te
 th

ro
u

gh
 

th
e 

de
fe

ct
  

8 

G
as

 tr
an

sp
or

t 
(r

el
ea

se
 o

f 
di

ss
ol

ve
d 

ga
se

s 
by

 
di

ffu
si

on
 th

ro
ug

h 
be

nt
o

ni
te

) 

T
he

 g
as

es
 th

at
 w

ill
 o

r 
m

a
y 

b
e 

pr
es

e
nt

 in
 th

e 
ca

ni
st

er
 a

re
 a

rg
on

 o
r 

ot
h

er
 

in
er

t f
ill

in
g 

g
as

, a
ir,

 h
el

iu
m

 a
s 

an
 a

lp
h

a-
de

ca
y 

pr
o

du
ct

, c
or

ro
si

o
n-

ge
ne

ra
te

d 
h

yd
ro

ge
n 

an
d 

ra
di

oa
ct

iv
e 

ga
se

s 
or

ig
in

at
e

d 
in

 th
e 

fu
el

 r
od

s.
 A

ll 
of

 th
em

 c
an

 
be

 tr
an

sp
or

te
d 

b
y 

di
ffu

si
o

n 
th

ro
ug

h 
th

e 
po

re
 s

ys
te

m
 o

f b
e

nt
on

ite
. 

 

C
on

ce
nt

ra
tio

n 
gr

ad
ie

nt
 o

f g
as

 in
 

bu
ffe

r 
to

w
ar

ds
 

ca
ni

st
er

  

O
ut

bo
un

d 
di

ffu
si

on
 o

f d
is

so
lv

ed
 

ga
s 

th
ro

u
gh

 b
e

nt
on

ite
 

9 

G
as

 tr
an

sp
or

t (
ra

s-
dr

iv
e

n 
re

le
as

e 
of

 
co

nt
am

in
at

e
d 

w
at

er
) 

 

C
on

ta
m

in
at

e
d 

w
at

er
 c

an
 fl

o
w

 o
ut

 o
f t

he
 c

an
is

te
r 

th
ro

ug
h 

th
e 

de
fe

ct
, i

f t
he

 
ca

ni
st

er
 is

 fu
ll 

of
 w

at
er

 a
nd

 th
e 

ga
s 

pr
es

su
re

 in
 th

e 
ca

ni
st

er
 e

xc
ee

ds
 th

e 
ex

te
rn

a
l h

yd
ro

st
at

ic
 p

re
ss

ur
e.

  

W
at

er
 le

ve
l i

n 
ca

ni
st

er
 a

bo
ve

 th
e 

de
fe

ct
 le

ve
l. 

H
ig

h 
ga

s 
pr

es
su

re
. 

R
el

e
as

e 
of

 w
at

er
bo

rn
e 

ra
di

on
uc

lid
es

 
10

 

G
as

 tr
an

sp
or

t 
(b

ur
st

 r
el

e
as

e 
of

 
ga

se
s 

th
ro

ug
h 

be
nt

o
ni

te
) 

H
ig

h 
ga

s 
pr

es
su

re
 in

 th
e 

ca
ni

st
er

 c
an

 fo
rm

 a
 m

om
en

ta
ry

 fl
o

w
 p

at
h 

in
 

be
nt

o
ni

te
 a

llo
w

in
g 

th
e 

g
as

es
 t

o 
bu

rs
t t

hr
ou

gh
 b

en
to

n
ite

. T
he

 fl
o

w
 p

at
h 

w
ill

 
cl

os
e 

af
te

r 
th

e 
fa

ll 
of

 p
re

ss
ur

e
. T

he
re

 is
 h

ys
te

re
si

s 
b

et
w

ee
n

 th
e 

op
e

ni
n

g 
an

d 
cl

os
in

g 
pr

e
ss

ur
es

. 

T
he

 g
as

 p
re

ss
ur

e 
ex

ce
e

ds
 a

 r
eq

ui
re

d 
th

re
sh

o
ld

 p
re

ss
ur

e.
 

S
at

ur
at

io
n 

of
 

be
nt

o
ni

te
. 

B
ur

st
 r

el
ea

se
 o

f 
ga

s 
th

ro
ug

h 
be

nt
o

ni
te

 
11

 

R
ad

io
ac

tiv
e 

de
ca

y 
 

an
d 

pr
od

uc
tio

n
 o

f 
he

liu
m

 g
as

 

T
he

 r
ad

io
ac

tiv
e 

de
ca

y 
in

 s
pe

nt
 fu

el
 g

e
ne

ra
te

s 
de

ca
y 

h
ea

t 
an

d 
th

e 
al

p
ha

 
de

ca
y 

g
en

er
at

es
 h

el
iu

m
 g

as
. 

R
ad

io
ac

tiv
ity

 
H

ea
t g

e
ne

ra
tio

n,
 

ge
n

er
at

io
n 

of
 H

e,
 e

va
p

or
at

io
n 

of
 

w
at

er
 (

in
cr

ea
se

 o
f v

ap
o

ur
 

pr
es

su
re

) 

12
 

*)
  

P
os

iti
ve

 g
ra

di
e

nt
 p

oi
nt

s 
to

w
ar

ds
 th

e 
hi

g
he

st
 s

ur
ro

u
nd

in
g 

va
lu

e.
 



762 
 

 
 

J.2.2  Description and evaluation of processes (and their consequences) 

The processes (and their consequences) related to the ingress of water in an initially 
penetrated defect are discussed below according the item numbers in Table J-1. The 
overall processes are described in Features, Events and Processes. 

Advection of water (early) (item 1) 

Water advection immediately after installing the buffer in the deposition hole (when 
bentonite is still dry) may occur because of the temperature and hydraulic gradients. The 
source of water would be either the bedrock around the deposition hole or the disposal 
tunnel. The rock suitability criteria (RSC) allow higher flow rates in the disposal tunnel 
compared with the flow rates in the canister-surrounding bedrock.  

A hypothetical groundwater flow between the buffer blocks has been considered as 
well. However, experimental observations do not provide evidence that flow between 
stacked blocks occurs to any significant extent even up to four months of saturation time 
at 0.1 L/min. These results are observed from tests that are designed to promote vertical 
flow through the buffer design in that the test systems feature either point inflows and 
point outflows (some distance above) or point inflows and completely open conditions 
above. It is observed that the pellet material hydration is competitive with the inflow 
rate and effectively seals the system near the level of the inflow point. Furthermore, 
there is no indication of water flowing between buffer blocks at these inflow rates and 
outflow features indicated above. Therefore, this process is not considered likely in light 
of the experimental observations available at the time of writing. Work is ongoing to 
improve understanding of bentonite water uptake and related hydromechanical 
behaviour (see Sections 6.6 and 6.10). 

Saturation of bentonite (item 2) 

The saturation of bentonite with water is an inherent and planned process in the 
repository and will eventually proceed to fully saturated state. Saturation will close the 
gaps around the buffer blocks and even out locally varying properties in bentonite. It 
also enables advective flow of water through the buffer.  

The swelling pressure of bentonite will progressively narrow the gap between copper 
and cast-iron. The effect of mechanical load is not taken into account in this 
consideration of aqueous processes, although the narrowing of the gap will restrain 
mass transfer in the gap. 

Partial saturation of the buffer was not specifically evaluated, since it does not offer 
important extra information from the point of view of the water in the canister. 

As shown in Figure 6-65 in Section 6.6 the saturation time can last from tens up to 
thousands of years depending on the transmissivities of water conducting features in the 
rock.  

Advection of water through bentonite and into the canister (items 3, 4) 

Water can flow in the pore system of saturated bentonite by advection, the flow rate 
being directly proportional to the pressure gradient. Advection allows groundwater to 
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flow from the bedrock to the canister. It is the only long-term transport process that 
connects the water source to the sink, the canister (see Figure J-1). In the case of 
saturated bentonite it is a prerequisite for the filling of a canister with water, which 
makes its safety relevance high. 

Outside the buffer the hydrostatic pressure corresponding to the disposal depth will be 
about 4.1 MPa. Inside the canister there will be approximately atmospheric pressure at 
the time of canister emplacement. In highly compacted bentonite the hydraulic 
conductivity is very low, which effectively diminishes flow rates.  

The sum of the diffusion of water vapour (item 7) and the flow of liquid water in the 
hole (item 4) equals the advective transport of water (item 3) at the mouth of the defect. 
In other words, if the inbound advection of water into the external mouth of the defect 
exceeds the evaporation rate of water (item 6) and the diffusion rate of water vapour, the 
exceeding part of the advection rate will appear as liquid water in the defect.  

Due to corrosion-generated hydrogen and alpha-activity-generated helium the pressure 
of a water-filled canister can reach and exceed the external hydrostatic pressure, turning 
the advection outbound. A potential consequence, the pressure-induced release of 
contaminated water, is discussed below (item 10). The outbound diffusion of dissolved 
gases (item 9) may also lower the gas pressure. 

It is possible that there will exist liquid water in the defective canister, but the 
preliminary calculations suggest that all intruding water will be consumed by corrosion 
of the cast-iron insert for a very long time.  

Scoping calculation on the flow rate to the mouth of the hole and on the filling time of 
the canister 

Let us make a scoping calculation on the advective transport of water from bentonite to 
the external mouth of the defect. The following equation has been defined for Darcian 
porous flow in a hemisphere geometry, and is a solution to a 1-D Laplace’s equation 
(Gribi et al. 2007, p. 52). 

Qw  2aK
Ps P

wg
 J-1 

where 

Qw water flow rate through the hole  (m3/s) 

a radius of the hole (m) 

K hydraulic conductivity of saturated bentonite at the mouth of the defect hole 
(m/s) 

P  pressure within the canister (Pa) 

Ps  hydrostatic pressure at repository depth (Pa) 

w  density of water (kg/m3) 

g  gravitational acceleration (m/s2). 
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If the dry density of bentonite is within the range 1400−1600 kg/m3, its hydraulic 
conductivity K is within the range 2·10-14...1·10-13 m/s depending on dry density and 
salinity (see Section 6.6). K = 5·10-14 m/s is considered a parameter value representing 
the expected density and salinity. 

In Equation J-1 the parameter values, where K gets an array of three optional values, 

a = 5·10-4 m, K = [2·10-14  5·10-14  1·10-13] m/s, P = 1·105 Pa, Ps = 4.1·106 Pa, w = 
1000 kg/m3 and g = 9.81 m/s2, 

give the following three values for the water flow rate:  Qw = [0.8  2.0  4.0] cm3/a. 

The obtained Qw represent the maximum water flow rate through the saturated buffer. 
With these Qw it would take 3700−19,000 years to fill the 15 L volume between the 
copper overpack and the cast-iron insert. It has been estimated that complete corrosion 
of the insert would reduce the total void volume of the canister by about one third to 
700 L (based on the molar volume ratios Fe3O4 : 3Fe). It would take 170,000…900,000 
years to fill the volume of 700 L. The first releases of waterborne radionuclides could 
not take place before this range of time, corresponding to 700 L. The result strongly 
supports the assumed 1000 years’ initial delay of the radionuclide release in the 
Reference Case of the radionuclide transport analysis. In light of this scoping 
calculation, a 1000-year delay is a very cautious assumption. Uncertainties are, 
however, increasing regarding much longer times. 

Corrosion of the cast iron insert (item 5) 

The corrosion of the cast-iron insert of the canister is a likely and important long-term 
process. The reaction  

3Fe + 4H2O  →  Fe3O4 + 4H2   J-2 

consumes iron and water, and produces magnetite and hydrogen gas. The corrosion rate 
decreases rapidly with decreasing humidity and temperature. According to Smart et al. 
(2001, p. 43) the anaerobic corrosion rate of carbon steel at 30 °C, 50 °C and 85 °C is of 
the order of 10 to 30 μm/a initially, but as an oxide film forms the rate decreases to 
< 0.1 μm/a. Since the volume of produced magnetite is about three times as large as the 
volume of corroded iron, magnetite is able to reduce the void volume in the canister. It 
leads to clogging of transport pathways and to mechanical stress in the copper overpack. 
These aspects are not further addressed in this appendix. Hydrogen will increase the 
pressure and along with the release of gases gradually dilute argon and other gases in 
the canister. 

Scoping calculation on the generation of hydrogen by the corrosion of the 
insert 

Let us choose the corrosion rates of 0.1 and 1 µm/a for calculating the generation of 
hydrogen by the corrosion of the insert. The lower value is chosen to allow less H2 
production and thus stronger water inflow in the canister. Furthermore, if an oxide film 
forms on the iron surface, the corrosion rate decreases. The higher value is meant for a 
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sensitivity case. An omitted factor that would reduce the corrosion rate is the reduction 
of corrosion rate with reducing humidity. 

The molar generation rate of hydrogen by the corrosion process is expressed by 

 J-3 

where 

  molar generation rate of hydrogen (mol/s) 

 corrosion rate of cast iron (m/s) 

SFe surface area of the cast-iron insert (m2) 

 density of cast iron (kg/m3) 

xFe,CI dimensionless concentration of iron in the cast iron (kg/kg) 

 stoichiometric ratio of H2 and Fe in the corrosion process (1) 

MFe molar mass of iron (kg/mol). 

In Equation J-3, the parameter values  

 = 0.1 and 1 µm/a, SFe = 15.0…54.5 m2,  = 7000 kg/m3, xFe,CI = 0.94 kg/kg, 

= 4/3 (Equation J-2), MFe = 55.8 g/mol 

give the following range of hydrogen generation rate:   = 0.24…8.6 mol/a. 

The corresponding consumption rate of water in corrosion is 

  J-4 

where 

 consumption rate of water (kg/s) 

MH2O molar mass of water (kg/mol) 

 stoichiometric ratio of H2O and H2 in the corrosion process (1). 

In Equation J-4, the parameter values  

 = 0.24…8.6 mol/a, = 4/4 J-2, MH2O = 18 g/mol 

give the following range for the consumption rate of water:   = 4.3…150 g/a. 

The range corresponds to nearly an order of magnitude higher values than the above-
calculated advective water flow rate to the mouth of the defect, Qw = 0.8…4.0 cm3/a. It 

nH 2 
scorrSFeCI xFe,CIH 2,Fe

MFe

nH 2

scorr

CI

H 2,Fe

scorr CI

H 2,Fe

nH 2

mH 2O  nH 2MH 2OH 2O,H 2

mH 2O

H 2O,H 2

nH 2
H 2O,H 2

mH 2O
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The range corresponds to nearly an order of magnitude higher values than the above-
calculated advective water flow rate to the mouth of the defect, Qw = 0.8…4.0 cm3/a. It 
means that corrosion could consume all the water leaking into the canister through the 
buffer via of the 1 mm hole. 

The hydrogen generation rate can also be calculated inversely, limiting the 
consumption of water in corrosion to the above given water supply rate Qw and 
Equations J-3 and J-4. The result is = 0.04…0.22 mol/a. 

Firstly, with this hydrogen generation rate it would take about 5000…30,000 years for 
the pressure of hydrogen gas in the canister to reach the hydrostatic pressure in the 
bedrock at the disposal depth. With the higher first found range of , 0.24…8.6 
mol/a, i.e. omitting the water-supply limitation, it would take less time, about 
120…4000 years.  

The increasing internal pressure suppresses the advective inflow rate of water. The 
above results with potentially very short times to reach the hydrostatic pressure mean 
that the advective inflow could be attenuated rather soon after the beginning of 
corrosion and generation of hydrogen.  

Evaporation, condensation and diffusion of water vapour (items 6, 7) 

Water vapour will diffuse in the defect and inside the canister4. The diffusion of water 
vapour leads to net mass transport, if there is a concentration gradient of water vapour. 
It can take place inbound or outbound according to the direction concentration gradient 
1) in the defect, 2) in the annular gap between the copper overpack and the iron insert, 
and 3) inside the insert. The present work concentrates on the most restricting case of 
these three, the diffusion in the defect.  

Before diffusion of vapour through the defect hole is possible, either water must 
evaporate or condensate at the surface of bentonite. If the surface of bentonite is moist 
and the relative humidity of the adjacent gas volume is below 100 %, water evaporates 
from the surface. If the water vapour is saturated and the temperature of bentonite 
surface is below the dew point, water condensates at the surface. 

The existence of vapour diffusion in the defect is independent of the pressure in the 
canister. It follows that diffusion also can be directed inward in a such a situation where 
the internal pressure exceeds the external hydraulic pressure, provided that at the same 
time the surface of bentonite remains moist  –  for example by capillary force  –  and the 
relative humidity is lower in the canister than in the defect. 

Since the calculation results with advective water inflow into the canister showed above 
that it takes at least several tens of thousands of years to fill the canister, the role of the 
diffusion of water vapour into the canister is not needed to be handled at a detailed level 
in this appendix. Even a high potential diffusion rate could not raise the inflow rate 

                                                 
 

4  Inside the canister also convective transport will take place due to the generated decay heat, but it is not discussed here. In the 
defect diffusion is thought to dominate the transport of vapour. 

nH 2

nH 2

nH 2
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above the earlier presented flow rate through bentonite without an additional water 
supply  –  such as caused e.g. by capillary force in bentonite. Neither can a low 
diffusion rate limit the inflow, since the “excess” water would flow in liquid from 
through the defect. It may be mentioned that the calculated diffusion rates of water 
vapour in the defect were about 0.03 and 11 cm3/a with the pressure/temperature 
combinations of [7 MPa, 100 °C] and [0.1 MPa, 60 °C], respectively.  

Intrusion of bentonite through the defect (item 8) 

The swelling of bentonite can lead to its intrusion through the defect. The buffer has to 
be sufficiently saturated, before intrusion can take place. The effect has been 
demonstrated experimentally as reported in Section J.3 and is also supported by the 
modelling of bentonite penetration into thin fractures using the dynamic bentonite 
swelling model (Neretnieks et al. 2009). If the defect becomes partially or fully filled 
with bentonite, bentonite prevents the diffusion of water vapour and the pressure 
difference for advection is distributed over the sum of the defect length and the buffer 
thickness, instead of the latter alone. This means additional transport resistance.  

Release of water-dissolved gases by diffusion through bentonite (item 9) 

The gases that will or may be present in the canister are argon or other original inert 
filling gas, helium as an alpha decay product, air leaked in, corrosion-generated 
hydrogen and heat-transfer-enhancing pressurised filling gas in the fuel rods and 
radioactive gases formed in the fuel rods. All these gases can be dissolved in water and 
transported by diffusion through bentonite. Since diffusion promotes lower internal gas 
pressure, it could in principle enhance the advective flow of groundwater into the 
canister.  

Diffusion of hydrogen out of the canister through the buffer would reduce the internal 
gas pressure. The diffusivity of hydrogen in water is high but its solubility rather low 
(Lide 2010).  According to a rough estimate the diffusion rate of hydrogen from the 
mouth of the defect through bentonite would remain low in comparison with the highest 
calculated generation rates. Hence the bursts of gas through the buffer seem to be a 
valid assumption. 

The diffusivity of helium in water is also high, but its solubility is the lowest one among 
the common gases (Lide 2010). A rough estimate indicates that the diffusion rate of 
helium from the mouth of the defect through bentonite would be lower than its 
generation rate until about 10,000 years, and higher thereafter. Hence, the outward 
diffusion of helium would not effectively depressurise the canister. 

Gas-driven release of contaminated water (item 10) 

Gas can displace contaminated water out of the canister through the defect, if the 
canister is full of water and gas generation in the canister has led to a pressure 
exceeding the prevailing hydrostatic pressure. The gas would be generated principally 
by corrosion of iron. The assumed location of the defect hole at the top of the canister 
effectively limits the amount of released water. As long as the water level in the canister 
stays below the defect level, the overpressure is not able to force contaminated water 
out; only gases would be released. 
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The effect of displacement could be strong, if the canister was mistakenly emplaced in 
the deposition hole upside down, which is not analysed in the present safety case 
because quality control measures will be set up to prevent this mishap. 

An additional probability-decreasing factor relevant to this case is that the gas pressure 
in the canister can effectively prevent groundwater from flowing into the canister.  
Thus, gas generation may be self limiting thereby preventing gas-driven release of 
contaminated water.  

Burst-release of gas through bentonite (item 11) 

If the gas pressure in the canister reaches a certain level, called threshold or 
breakthrough pressure, a rapid gas pathway propagation occurs via fissuring of the clay. 
This results in a burst of gas through bentonite. The phenomenon has been broadly 
demonstrated in laboratory experiments, where the threshold pressures have been on the 
order of the sum of the swelling pressures of bentonite and the hydrostatic pressure 
(Hoch et al. 2004). The pathway closes, when the pressure falls sufficiently below the 
threshold pressure. There is hysteresis between the opening and closing pressures, 
which makes the process pulsating in case of continuing gas generation. The 
phenomenon requires that the gas displaces water from pre-existing capillary forces at 
the breakthrough. The possibility that C-14 in gaseous form is mixed with repository 
generated gas (principally hydrogen from the corrosion of the insert) in the canister 
interior, and is released to the buffer once the gas pressure exceeds the gas breakthrough 
pressure of the buffer, is analysed in Assessment of Radionuclide Release Scenarios for 
the Repository System and it is discussed in Section 7.6 of the present report. 

Radioactive decay and production of helium gas (item 12) 

The radioactive decay in spent fuel generates decay heat and a part of it, the alpha 
decay, generates helium gas. 

Heat generation will keep the temperature gradient pointing from the bedrock towards 
the fuel rods in the canister, i.e. the canister internals will remain warmer than the 
surrounding bedrock. Although heat generation will fade away with time due to the 
decay itself, the gradient direction will not be reversed during the assessment time-
frame. The temperature gradient influences the transport of water vapour. 

The rise of temperature enhances the evaporation of water at the surface of saturated 
bentonite at the mouth of the defect (item 6) and in the canister. It also accelerates the 
corrosion of iron (item 5) although the temperature increase is not sufficiently great to 
have a significant impact on the performance of the insert.  

Concerning the production of helium gas via radioactive (alpha) decay, the production 
rate is low, but during the whole safety-relevant time of the repository, the cumulative 
amount of helium will be remarkable. 

Scoping calculation on the production of helium gas 

The production rate of helium can be calculated from the alpha activity in spent fuel 
(Anttila 2005). In the following it is shown how much the total production of helium 
contributes to the internal canister pressure. 
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The radioactivity is defined by 

A  dN

dt
  N  J-5

 

where 

A radioactivity of a sample (s) 

N number of radioactive atoms in the sample  (1) 

t time (s) 

N  rate of change in the number of radioactive atoms (1/s). 

The production rate of helium atoms NHe is equal to the alpha-decay rate  N : 

 N  NHe J-6 

The molar production rate of helium nHe is given by 

nHe 
NHe

NA

 J-7
 

where  

NA Avogadro’s constant = 6.022·1023 1/mol (mol-1). 
 

The cumulative molar generation of helium is the time integral of nHe: 

nHe  nHe0

t dt 
NHe

NA
0

t dt  A (t)

NA
0

t dt  J-8
 

where 

A (t)  alpha activity at time point t (1/s). 

Alpha-decay rates are reported at eight time points in Anttila (2005). They provide input 
for an estimate of helium generation. Equation J-8 is applied to the calculation of 
stepwise approximate of the generation of helium, presented in Table J-2. The resulting 
cumulative generation of helium during one million years is about 420 moles in a 
disposal canister. The accumulation of helium as a function of time is illustrated in 
Figure J-3. If the void volume in the canister was 700 L, temperature 10 °C and helium 
could not escape from the canister, the additional pressure due to helium would be 14 
bar. 
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Table J-2. Generation of helium in one BWR-type disposal canister containing two 
tonnes of uranium. The alpha-decay rates originate in Anttila (2005, Table 2.2.3.5). 

Period of time Alpha decay Molar generation of He 

Beginning 
of period 

(a) 

End of 
period 

(a) 

Length of 
time 

period 
(a) 

Alpha-decay 
rate at 

beginning of 
period 

(GBq/2tU) 

Number of 
decays on 

period 
(1/2tU) 

Periodical 
production 
(mol/2tU) 

Mean 
annual 

production 
on period 
(mol/2tU 
per year) 

Cumulative 
(mol/2tU) 

3E+01 1E+02 70 1.09E+06 2.40E+24 4 0.05698 4 

1E+02 1E+03 900 6.42E+05 1.82E+25 30 0.03362 34 

1E+03 1E+04 9000 1.47E+05 4.18E+25 69 0.00770 104 

1E+04 1E+05 90000 3.76E+04 1.07E+26 177 0.00197 281 

1E+05 1E+06 900000 2.92E+03 8.28E+25 137 0.00015 418 

 

 

Figure J-3. The cumulative generation of helium in a disposal canister (Table J-2). 
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J.3 Experimental observations on the intrusion of bentonite  

A series of laboratory experiments have been performed in which compacted bentonite 
buffer material was placed into contact with a simulated penetrating defect and 
saturated.  The specific objective of this work is to determine and demonstrate, 
experimentally, the bentonite/water ingress behaviour at a defective canister interface. 
Initial tests were started in late 2011 at B+Tech Oy and most of the tests are still 
ongoing. Therefore intermediate-state sample information presented in this account is 
based on estimation and direct, post mortem sample analysis will be performed after the 
tests are stopped in late 2013 or early 2014. The full set of results will be published at a 
later date. 

J.3.1  Materials and saturating solutions 

The sample material tested in this study was standard, commercially available bentonite 
targeted as reference buffer material. Specifically, sodium bentonite from Wyoming, US 
(Volclay MX-80) was used. The material was tested as received (Figure J-4) except that 
water was added in some cases prior to compaction in order to bring the water content 
level of the blocks to 17 %. 

Various additional characterisation results for the MX-80 bentonite are presented in 
Figure J-5 and Table J-3.  

 

 

Figure J-4. Photographic images of the MX-80 material. The image on the left shows 
the material in its as-received condition and the middle and right images show the 
material after block compaction.  
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Figure J-5. Particle size distribution from dry sieving analysis of the MX-80 bentonite. 

 
 
Table J-3. Characterisation results for the MX-80 bentonite as received. Ex. = 
exchanged; CEC = Cation Exchange Capacity. 

 

Material Water ratio1  
Smectite content 

[%] 
Ex. Ca [%] Ex. Na [%] 

CEC 
[eq/kg] 

MX-80 0.0752 76.33 223 683 0.893 

1  Water ratio is the ratio between the mass of water and the mass of solid.  
2 Measured in this study. 
3 From Kumpulainen & Kiviranta (2010). The concentrations of Ca and Na were analysed by ICP-AES 

after extraction with NH4Cl solution. The exchangeable cation compositions are represented in terms 
of “% saturation” for the analysed cations, i.e., percent of total exchangeable cations (Ca, Na, Mg, K 
and Fe). 

 

Two different solutions were used for sample saturation, as follows:  

 Tap water (TDS  0.0315 g/L) from untreated laboratory tap water. 

 Reference ground water simulant (TDS = 10 g/L, Ca2+/Na+ mass ratio = 0.5), 
prepared from deionised water and analytical grade CaCl2 and NaCl salts (Merck 
Chemicals).  

J.3.2  Test method 

A series of laboratory experiments were performed in which compacted bentonite buffer 
material (compacted to target dry density values indicated in Table J-5) was placed into 
contact with simulated penetrating defects from 0.5 to 2 mm in diameter and 50 mm in 
length (the latter dimension corresponding to the 50 mm thick copper overpack of the 
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canister) as shown in Figure J-6. The location of the defects was either radial through 
the cylinder wall or axial through the bottom plate. Both sets of defects intersect the 
sample at its midpoint. Samples were routinely saturated under passive conditions using 
de-aired tap water or 10 g/L salt solution over 2−3 months. After equilibrium swelling 
pressures were established, and solid material penetration into the defects ceased (see 
Section J.3.4), the samples were exposed to hydraulic pressures of 800−900 kPa at least 
for 5 months. Insofar as the repository will be located below a depth of 400 m, it is 
reasonable to consider the effect of more elevated hydrostatic pressure on solid 
material/water penetration behaviour as well. Therefore, for higher density samples, the 
hydraulic pressure was increased to 4 MPa. In some tests, the hydraulic conductivity 
was measured through the sample from bottom to top under hydrostatic pressure of 
800−900 kPa and/or 4 MPa. 

Over the entire course of the tests, solid material penetration and water flow into and out 
of the defect were studied by visual observation and flow rate determinations. Axial 
pressures were constantly measured over the course of the tests as well. 

J.3.3 Solid material penetration into defects 

Limited penetration of solid material into defects (see Figure J-7) was routinely 
observed in nine of ten tests during passive saturation. The single exception was sample 
WyBt-9 (1300 kg/m3). When hydraulic pressures were increased first to 800−900 kPa 
and later to 4 MPa, solid material penetration distances also increased (see Figure J-7 
and Table J-5). Furthermore, in the case of sample WyBt-9, solid material penetration 
was initiated with increased hydraulic pressure. 

 
 

   
 

Figure J-6. Schematic illustration images of test system with radial (left) and axial 
(right) penetrating defect.  
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Figure J-7. Sample WyBt-6 (1650 kg/m3), in contact with a total of eight defects. Solid 
material penetration distances at the same defects, but under passive saturation (left) 
and after hydraulic pressure was elevated to 4 MPa (right), are presented in the figure. 

 

Bentonite material extrusion out of the defect was observed in one test (see Figure J-8). 
This extrusion occurred at observed rates from approximately 5 to 80 mg (total 
mass)/day under passive saturation until it abruptly stopped after 21 days.  

 

 
 

Figure J-8. Extruded bentonite thread from sample WyBt-2 (1650 kg/m3). 
 

 

  

3 mm 20 mm 

26 mm 

21 mm  

Ph=4 MPa 

1 mm defect 

Ph= 16 kPa 
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J.3.4  Water flow through defects 

Water flow through and out of defects was observed in 2 (WyBt-1 and WyBt-2, see 
Table J-4) of 13 cases exposed to a hydraulic pressure of 4 MPa. However, the flow in 
these two cases was only observed after the removal of mineral deposits (proposed to be 
Na2SO4 by FTIR analysis) at the end of the defects open to atmosphere (see Figure J-9). 
The mechanism of formation of these deposits is unknown, but may be suggestive of 
low flow rate and evaporation. For both tests, the water flow through the penetrating 
defect ceased after 20 days (WyBt-1) and 19 days (WyBt-2). Average flow rates (during 
the active flow period) are presented in Table J-4. 

Water inside, but not through, penetrating defects was observed in two other samples, 
WyBt-5 (1300 kg/m3) and WyBt-9 (1600 kg/m3 with 0.5 mm defect), but was not 
measurable in terms of flow rate (see Figure J-10). 

 

 
 

Figure J-9. WyBt-2 sample under hydraulic pressure of 4 MPa. 

 
 
 

 
 

Figure J-10. Samples WyBt-9 (left) and WyBt-5 (right) under hydrostatic pressure of 
900 kPa. 

 
 

deposit removed

mineral deposit at 
defect outlet 

solid+liquid 
wire 

water droplet 

water flow through 
defect 



776 
 

 
 

Table J-4 presents water flow rates through saturated buffer into canister penetrating 
defects from experimental, numerical and analytical perspectives. The parameters used 
in the numerical and analytical calculations are experimentally determined from sample 
WyBt-2.  

A list of the samples, parameters and main observations at each hydraulic pressure 
condition is provided in Table J-5. During some of the tests, the defect space was 
probed for solid material depth and often excavated of such material. Solid material was 
observed to soon fill the defect space to the same extent as prior to the  treatment. In 
other cases the defect was filled with water from the outlet side or the outlet was sealed 
from atmosphere to prevent evaporation. These procedures were undertaken in order to 
examine the response of the bentonite/water ingress process, but no clear conclusions 
can yet be determined.  

 
Table J-4. Water flow rates through the saturated buffer material into canister 
penetrating defects. 

Experimental Numerical Analytical 

WyBt-1:  

MX-80 (1600 kg/m3, tap water, 1 mm 
diameter defect) 

 Hydraulic conductivity: 

            3.9·10-14 m/s 

 Hydrostatic  pressure: 4000 
kPa 

After removal of deposit 

 Average flow rate:  

     0.10 mL/day* (20 days) 

 

Using derivation of 3-D flow 
equation from Darcy’s law. 

 

Input parameters: 

a) Sample: 

50 x 40 mm (Ø x h) 

 

b) 1 mm defect and location: 
radial at sample midpoint 

 

c) Hydraulic conductivity: 

3.4·10-14 m/s 

 

d)  Hydrostatic pressure: 
4000 kPa 

 

 

Flow into the defect is 
approximated by a flow from 
an infinitely large 
hemispherical medium 
through a hemispherical 
surface of radius a with a 
head difference of h :  

 

Qw = 2πaKh,      

(Gribi et al. 2008) 

 

Parameters: 

i) Radius of the defect: 

a = 0.0005 m 

 

ii) Hydraulic conductivity: 

K = 3.4·10-14 m/s 

 

iii) Hydraulic head difference: 

h = 408 m 

 

 

WyBt-2:  

MX-80 (1650 kg/m3, tap water, 1 mm 
defect) sample: 

 Hydraulic conductivity: 

            3.4·10-14 m/s  

 Hydrostatic  pressure: 4000 
kPa 

After removal of deposit 

 Average flow rate:          
0.07 mL/day* (19 days) 

 

Flow rate (average) = 0.085 mL/day* Flow rate = 0.0044 mL/day Flow rate = 0.0038 mL/day 

* Due to the low flow rates, water evaporation through the measurement tube causes uncertainty in 
measured values. The estimated maximum error in these tests is approximately 0.01 mL/day. 
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Table J-5. Samples, parameters and main observations at different hydraulic pressure 
conditions.  

Sample 
ID 

Target 
Dry 

Density 
[kg/m3] 

Penetrating 
defect 

location and 
diameter 

Saturating 
solution 

Initial 
water 
ratio  

Passive 
saturation (16 

kPa), 2−3 
months 

Under 
hydraulic 

pressure of 
800−900 kPa  

at least 5 
months 

Under 
hydraulic 

pressure of 4 
MPa 

at least 2 
months 

Observations  Observations Pbservations 

WyBt-1 1600 
radial, 
1 mm 

tap water 0.07 

solid material 
was inside 
defect (~2−5 
mm), no 
water inside 
defect 

no changes solid material 
penetration 
enhanced to 
25−30 mm, 
water was 
observed 
inside defect; 
after the 
deposit was 
removed, a 
water flow of 
0.10 mL/day 
was 
measured 

WyBt-2 1650 
radial,  
1 mm 

tap water 0.07 

solid material 
extrusion out 
of the defect 
(only 
during500 h), 
no water 
inside the 
defect 

no changes after the 
deposit (see 
Figure J-8) 
was 
removed, a 
water flow of 
0.07 mL/day 
was 
measured 

WyBt-3 1600 
dummy (no 

defect) 
tap water 0.07 

measured swelling pressure was as expected 
indicating that there is no influence (e.g., 
frictional) of the polycarbonate material on the 
development of bentonite swelling pressure 

WyBt-4 1600 axial,1 mm 10 g/L 0.18 

solid material 
in the defect, 
no water 
inside the 
defect 

solid material 
inside the 
defect 
(~27−32 mm), 
no water 
inside the 
defect 

no changes 

WyBt-5 1600 
axial, 

0.5 mm 
10 g/L 0.18 

solid material 
in the defect, 
no water 
inside the 
defect 
 

solid material 
was inside 
defect 
(~3−5 mm),   
water was 
observed 
inside the 
defect, but no 
measurable 
flow 

solid material 
penetration 
enhanced to  
15 mm, water 
was observed 
inside the 
defect, but no 
measurable 
flow 

WyBt-6 1650 
radial, 

8x1 mm 
tap water 0.18 

solid material 
was inside 
defects 
unevenly 
(3−26 mm), 
no water 
inside the 

no significant 
changes 

solid material 
penetration 
inside defects 
was more 
evenly 
distributed 
(16−26 mm), 
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Sample 
ID 

Target 
Dry 

Density 
[kg/m3] 

Penetrating 
defect 

location and 
diameter 

Saturating 
solution 

Initial 
water 
ratio  

Passive 
saturation (16 

kPa), 2−3 
months 

Under 
hydraulic 

pressure of 
800−900 kPa  

at least 5 
months 

Under 
hydraulic 

pressure of 4 
MPa 

at least 2 
months 

defect no water 
inside defect 

WyBt-7 1650 
radial, 

1&2  mm 
tap water 0.17 

solid material 
was inside 
both defects 
(~6 mm 
through 1 mm 
and ~16 mm 
through 2 mm 
defect), no 
water inside 
the defect 

no changes hydraulic 
pressure was 
elevated only 
to 3 MPa  
no significant 
changes 

WyBt-8 1650 
radial,  
1 mm water-

filled 
tap water 0.16 

solid material 
was inside 
defect 
(~7−10 mm), 

defect was 
filled with 
water 

water filling in 
defect was 
stopped, no 
observation of 
water flow 
through 
penetrating 
defect  

solid material 
penetration 
enhanced to 
15 mm, no 
observation 
of water flow 
through the 
penetrating 
defect 

 

WyBt-9 1300 
radial,  
1 mm 

tap water 0.16 

no solid 
material 
inside the 
defect, no 
water inside 
the defect 

solid material 
(very soft) 
was inside 
the defect 
(~20 mm), 
water was 
observed 
inside the 
defect, but no 
measurable 
flow 

not tested 

WyBt-
10 

1500 
radial,  
1 mm 

tap water 0.07 

solid material 
was inside 
defect  
(~2 mm), no 
water inside 
the defect 

solid material 
penetration 
enhanced to 
12 mm, no 
water inside 
the defect 

not tested 
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J.3.5  Summary of the experimental observations 

The experimental observations indicate that solid bentonite will always penetrate to 
some degree into a 1 mm defect. Water flow through such openings into an open 
volume was observed in some cases but rapidly ceased. Due to the combination of 
extremely low flow rates and evaporation of water in the laboratory environment, the 
possibility of water flow through defects cannot be ruled out. 

J.4 Confidence in the assumption of 1000 years delay  

The delay before a transport path is established between canister interior and exterior 
depends on several processes. Firstly, the advective flow through saturated bentonite 
will be very slow due to the low hydraulic conductivity of bentonite and to the small 
cross-sectional area of the hole in the canister overpack. Secondly, the formation of H2 
gas by the corrosion of the insert will create a counter-pressure against the hydrostatic 
pressure of groundwater; consequently it can reduce the advective inbound flow further 
if not fully prevent it. This will delay water filling of the canister by at least tens of 
thousands of years. As presented in the above scoping calculations, the 1000 years’ 
delay is considered to be at the low end of the range of canister filling times and as such 
it is a cautious assumption. In the case of long delays, radioactive decay with formation 
of helium gas in the canister interior prior to the establishment of the pathway will also 
reduce releases. Finally, experimental observations in Section J.3 show that bentonite 
will penetrate through the defect and effectively increase the transport resistance of the 
defect.  These experimental observations are also supported by modelling results in 
Neretnieks et al. (2009). 
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APPENDIX K. COLLOIDS – A REVIEW 

This appendix first gives an overview of colloid/nanoparticle concentrations found in 
deep geological systems, focusing on crystalline environments (both inorganic and 
organic colloids), and a discussion on the colloid concentrations released via bentonite 
erosion from the near field. A summary of relevant sorption and, especially, desorption 
experiments with colloids concerning tri- and tetravalent radionuclides is also presented. 

K.1 Colloid concentrations in deep geological systems 

The exact determination of colloid/nanoparticle background concentration in 
groundwater systems aims to give an estimation of the maximum transport enhancement 
for strongly sorbing tracers. In fractured rocks, benefit can be gained from the well-
documented experience made from shallow aquifer systems (Backhus et al. 1993, 
Barcelona et al. 2005, Degueldre et al. 1996a). 

Early work at Olkiluoto focused on optimising sampling procedures for colloid 
quantification (Laaksoharju et al. 1993). Here, three different sampling techniques, 
namely ordinary filtration (cross-flow filtering in open air), inert filtration (cross-flow 
filtration using N2) and ultrafiltration (tangential filtering) were tested and compared on 
borehole OL-KR1 at 613−618 m depths. Later, other tests were conducted on the 
influence of different filter membranes and filtering techniques (Takala & Manninen 
2006). This study showed on the same groundwater sample colloid concentrations 
between 0.2 mg/L using Anopore filters and 11 mg/L using Nuclepore filters, but the 
latter was biased, according to the authors, by the low amount of water filtered and the 
clogging observed (Takala & Manninen 2006). 

K.1.1  Inorganic colloids 

A mobile equipment using laser-induced breakdown detection (LIBD) (Hauser et al. 
2002) has been applied within the framework of the EU project IP FUNMIG, in field 
investigations at the Grimsel Test Site and in the Swedish site investigation programme, 
as well as at the Ruprechtov site (salt rock overburden). It gives detailed information on 
the inorganic nanoparticle concentration. Colloid composition analysis by SEM-EDX 
mainly revealed aluminosilicates and SiO2-phases. The data show that the inorganic 
nanoparticle concentration is limited in advective transport dominated far-field 
environments (crystalline and salt rock overburden) mostly to concentrations < 1 mg/L 
and strongly depends on the ionic strength of the groundwater. Studies at Olkiluoto 
(borehole OL-KR1, 613−618 m depth) revealed colloid concentrations of 184 ± 177 ppb 
of inorganic colloids in the size range 1−1000 nm with clay minerals, silica, pyrite, 
goethite and magnesium oxide being identified (Laaksoharju et al. 1993). Other studies 
in ONKALO (Järvinen et al. 2011) on groundwater stations ONK-PVA1 (20 m below 
ground surface) and ONK-PVA5 (240 m below ground surface) revealed,  for the period 
2006−2009, colloid concentrations with a variation between 0.001 to 200 ppb in ONK-
PVA1, whereas the first sample of ONK-PVA5 showed a colloid concentration of 0.15 
ppb (Figure K-1). 
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Figure K-1. Comparison of inorganic colloid concentration in different types of natural 
groundwater, mineral water and synthetic NaCl-solution versus ionic strength; taken 
from Hauser et al. (2007). After Wold (2010). Blue stars denote additionally inserted 
data from Olkiluoto (Laaksoharju et al. 1993) and ONKALO (Järvinen et al. 2011). The 
uniformly blue shaded area indicates the ionic strength range where destabilisation of 
natural inorganic colloids is expected. 

 
K.1.2  Organic colloids 

Concerning the potential role of organic nanoparticles in crystalline environments, 
studies on groundwater samples of the Äspö site have shown that fulvic acids in the 
investigated groundwaters represent a significant fraction of the DOC inventory 
(Buckau 2005, Laaksoharju & Wold 2005). For the Grimsel Test Site, Switzerland, a 
DOC concentration of around 1 mg/L is determined, ranging from 0.24 mg/L found by 
Degueldre et al. (1996b) and 1.2  0.2 mg/L quantified by Schäfer et al. (2004). For the 
Whiteshell Research Area, Canada, Vilks & Bachinski (1996) reported an average DOC 
concentration of 0.5 mg/L. 

Data from the Olkiluoto site revealed low DOC concentrations of 10 ppb in borehole 
OL-KR1 from 613−618 m depth (Laaksoharju et al. 1993), whereas shallower 
groundwater samples (ONK-PVA1; 20 m b.g.l.) show significantly higher DOC 
concentrations of 8–12 mg/L (Apr. 2006 to Jun. 2010) decreasing to 1.4–1.8 mg/L in 
deeper systems (ONK-PVA5; 240 m b.g.l.). Additional analyses on Na fluorescein were 
below the detection limit giving confidence that no drilling fluid was present (Järvinen 
et al. 2011). 
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K.2 Estimation of colloid concentrations released from the near field 
(bentonite buffer) 

In the last couple of years a number of laboratory experiments have been applied to 
study bentonite erosion/colloid release rates. Frequently, these data are hard to compare 
without proper normalisation. In this appendix, the unit mg/(cm2·s) has been used to 
give comparable datasets whenever possible, and the flow rate has been documented if 
advective flow conditions have been chosen.  

K.2.1  Laboratory studies 

A number of groups have investigated parameters influencing the erosion behaviour of 
compacted bentonite (Alonso et al. 2008, Jansson 2009, Matsumoto et al. 2009, Missana 
et al. 2003, Seher 2011, Seher et al. 2009, Wold 2010). These parameters included inter 
alia the dry density of compacted bentonite (Alonso et al. 2007), the exchangeable 
cation composition, the clay type, the surface area exposed to hydration, the pore size of 
the extrusion contact and the contact water solution chemistry (pH, ionic strength, 
cation composition). 

It is worth noting that the majority of the bentonite erosion results given below were 
obtained using inter alia natural FEBEX or MX-80 bentonite in a dry compacted state 
and the experimental set-up represents better the scenario of early infiltration of dilute 
groundwater than a far future infiltration of glacial meltwater in contact with a fully 
saturated bentonite. A summary of selected experimental results is presented in Table 
K-1. 

The exchangeable cation composition of the starting clay material clearly controls the 
bentonite erosion rates with Na-exchanged bentonite being more sensitive than Ca-
exchanged bentonite to erosion, as expected. Higher dry densities of compacted 
bentonite yielded a higher colloid concentration plateau value (Alonso et al. 2008). 

Batch type studies on the release of colloidal material from MX-80 (< 1 mm fraction) in 
contact with saline OLSO5 and low saline Allard water (Lahtinen et al. 2010) revealed 
concentrations of up to 190 mg/L (DLS, i.e. dynamic light scattering) and 66 mg/L (via 
inductively coupled plasma-mass spectroscopy (ICP-MS) analysis), respectively. 
Colloid size distribution analyses indicate instability of these bentonite-derived colloids 
after 0.45 µm filtration especially in the high saline waters. Taking the data on bentonite 
stability analysis presented in Schäfer et al. (2012) and the Ca- and Na-concentrations 
found in Allard water and in the OLSO reference water (Figures K-2 and K-3), it 
becomes very clear that colloidal stability of bentonite colloids in OLSO water cannot 
be expected. 

 

  

                                                 
 

5  OLSO is the saline oxic reference water (synthetic water). 
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Table K-1. Summary of selected experimental results. Grimsel glacial meltwater (GGW) 
ionic strength 0.964 mM. n.d. = not documented; § compacted to 1.6 g/cm3; $ 
compacted to 1.7 g/cm3; * flow rate between 6−44 mL/h; 5 mm aperture; # not 
compacted, < 1 mm fraction used. The symbol  indicates the direction of pH drift 
throughout the experiment whereas the symbol whereas the symbol – indicates the pH 
variability throughout the experiment without any significant trend. 

Experi-
ment 
ID: 

Bentonite 
type 

Contact 
water: 

pH Dura- 
tion 
[days] 

Erosion 
rate  
[mg/(cm2·s)] 

Colloid 
concentra-
tion [mg/L] 

Reference 

V7 FEBEX§ GGW 7.7−7.8 414 8.9·10-6 42 ± 21 (Seher 2011) 

V8 FEBEX§ GGW 9.5 7.9 210 1.9·10-6 17 ± 8 (Seher 2011) 

V9 FEBEX§ GGW 
+ 5 mM 
NaHCO3 

9.5 188 1.1·10-8 0.6 ± 0.1 (Seher 2011) 

V2 FEBEX§ 5 mM 
NaHCO3 

9.5−9.6 188 5.6·10-6 39 ± 10 (Seher 2011) 

V1 FEBEX§ 10 mM 
NaHCO3 

8.7−8.9 414 1.9·10-5 18 ± 5 (Seher 2011) 

V3 FEBEX§ 10 mM 
NaCl 

6.07.3 377 2.3·10-8 0.6 ± 0.1 (Seher 2011) 

V5 FEBEX§ 1 mM 
CaCl2 

6.17.7 377 1.5·10-8 47 ± 11 (Seher 2011) 

V6 FEBEX§ 5 mM 
CaCl2 

5.77.5 377 4.4·10-9 0.1 ± 0.1 (Seher 2011) 

V4 FEBEX§ 5 mM 
CaCl2 
+ 5mM 
NaHCO3 

8.6 - 8.9 188 2.4·10-7 2.7 ± 0.5 (Seher 2011) 

- Na-MX-
80$ 

1 mM 
NaCl 

n.d. 292 - 5.2 ± 0.5 (García-García 
et al. 2009) 

- Na-MX-
80$ 

10 mM 
NaCl 

n.d. 292 - 0.5 ± 0.1  (García-García 
et al. 2009) 

- Na-MX-
80$ 

100 mM 
NaCl 

n.d. 292 - 0.2 ± 0.1  (García-García 
et al. 2009) 

- Ca-MX-
80$ 

1 mM 
NaCl 

n.d. 292 - 0.4 ± 0.2  (García-García 
et al. 2009) 

2 MX-80 De-
ionised 

n.d. 315 - 20−480* (Jansson 2009) 

4 MX-80 GGW n.d. 315 - 4−16* (Jansson 2009) 

- MX-80# Allard  7−98.4 112 - 30−120 (Lahtinen et al. 
2010) 

- MX-80# OLSO  7−87.7 112 - 1.3−4.5 (Lahtinen et al. 
2010) 

- MX-80# De-
ionised  

8.9 112 - 27 (Lahtinen et al. 
2010) 

 FEBEX§ De-
ionised 

n.d. 400 - 110 (Alonso et al. 
2008) 

 FEBEX§ GGW n.d. 400 - 40 (Alonso et al. 
2008) 

 FEBEX§ 10 mM 
NaCl 

n.d. 400 - 10 (Alonso et al. 
2008) 
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Figure K-2. Critical coagulation concentration (CCC) as a function of pH value 
determined for the calcium (Ca) and the sodium (Na) system represented as different 
data points. The red dash-dotted line indicates the onset of purely diffusion-controlled 
coagulation. The pH-cation concentration regions for the different granite 
groundwaters are inserted; data from Lahtinen et al. (2010) and Schäfer et al. (2012).  

 

 

Figure K-3. Calculations based on the model of Birgersson et al. (2009) under the 
variation of the critical Ca fraction (X=0 pure Na system) needed for the material to be 
non-sol forming, at the ionic strength of I = 25 mM. Shaded area gives the [Na]-[Ca] 
region for possible sol formation for montmorillonite with X = 0.80, KGT = 4.5 M. 

 
K.2.2  Radionuclide bentonite colloid/nanoparticle sorption reversibility 

Solid/liquid chemical equilibrium hypotheses (sorption, solubility, solid-solution 
formation) are key concepts in the safety assessment of spent nuclear fuel disposal. For 
radionuclides at trace concentrations this corresponds to constant solution 
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concentrations, or solid/liquid distribution ratios, if environmental conditions remain 
constant. Equilibrium concepts are characterised by a dynamic state of equal forward 
and backward reaction rates, under conditions where phase compositions remain 
constant. In Wold (2010), based on the rate constants for the forward reaction (sorption 
process; k2; second order kinetics) and the determined distribution coefficient Kd via the 
equation Kd = (k2/k-1), the desorption rate constant k-1 (first order kinetics) has been 
back calculated.  

Focusing in this appendix on the trivalent (Am, Cm) and tetravalent (Pu(IV), Th(IV), 
Np(IV)) actinides, as well as the long-lived fission product Tc(IV), the data are 
summarised in Table K-2 according to Wold (2010). 

For the purpose of this Appendix, it is assumed that colloids do not interact with the 
fracture filling material or with the fracture surface (Kd,coll-FFM = 0). Equation K-1 can be 
applied to the determination of the ternary Rd,tot (Lührmann 1999) based on the binary 
system data. Here, Cc is the bentonite colloid concentration in solution (g/L); Kd,FFM is 
the distribution coefficient for the interaction of radionuclides with the fracture filling 
material (FFM) (L/g) and Kd,coll is the distribution coefficient for the interaction of 
radionuclides with the bentonite colloids (L/g). 

KC

K
R

colldC

FFMd
totd

,

,
,

1 


            K-1 

 
Table K-2. Distribution coefficients (Kd) and desorption rate (k-1) constant for selected 
actinides. 

Actinide pH 
Best estimate Kd

value (cm3/g) 
Desorption rate 
constant k-1 (h

-1) 
Data source 

Pu(IV) 9.6 105.2 ~4·10-3 Geckeis et al. 
(2004), Nagra 
(2006) 

Th(IV) 7−9 105.3 ~2·10-3 Geckeis et al. 
(2004), Nagra 
(2006) 

Np(IV) 8−9.6 104.4 ~4·10-7 Nagasaki et al. 
(1999) 

Tc(IV) 7−9 104 ~0.63-15 Grambow et al. 
(2006) 

Am(III) 7−9.6 105.1 ~2·10-3 Geckeis et al. 
(2004), Nagra 
(2006) 

Cm(III) 7−8.5 104.3 ~6·10-3 Grambow et al. 
(2006) 
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From the calculated distribution coefficient Rd,tot the solution concentration for 
individual radionuclides in the ternary system Cf is derived by (K-2):  

)1( ,

0




RV
m

C
C

totd

f

          K-2 

with C0 = initial aqueous radionuclide concentration (mol/L); m = total mass of fracture 
filling material (g); V = total solution volume (L); Rd,tot represents the distribution 
coefficient for the ternary system “radionuclide–bentonite colloids–fracture filling 
material”.  

Interestingly, the desorption rate k-1 based on this equilibrium approach is rather fast at 
0.12−0.15/h (Figure K-4, red data points), whereas the long-term desorption rate for a 
24 h bentonite–radionuclide contact time is 1.4·10-3/h, which is very comparable with 
the data shown in Bouby et al. (2011) and SKB (2010). 

 

Figure K-4. Time-dependent radionuclide concentration change in the ternary system 
RN (radionuclide)–fracture filling material (FFM)–bentonite colloids. The time-
dependent concentration margins, shown as red squares (filled or open), represent 
predictions of the ternary system based on the binary system sorption data giving the 
equilibrium concentration: (i) bentonite colloids–RN and (ii) fracture filling material–
RN as given in Nagra (2006). Initial Pu(IV) concentrations are 1.3·10-8 mol/L (filled 
circles) and 7.7·10-11 mol/L (open black squares). The dashed lines are first order rate 
law fitting curves using a desorption rate k-1 of 0.0085/h as presented in Flügge et al 
(2010) and the desorption rate k-1,average of 0.0014/h as determined for the long-term 
desorption data averaged from the Pu(IV) and Th(IV) desorption experiments. 
Additionally inserted are the back calculated Pu(IV) solution concentrations based on 
the ternary Rd values given in Nagra (2006) (blue stars) (note the break in the X axis).  
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K.2.3  The potential influence of bentonite colloids on the distribution 
coefficients Kd/Rd 

Taking Equation K-1 and the binary sorption data presented in Nagra (2006, Tables 4.7 
and 4.11) under the assumption of equilibrium conditions, the effects of bentonite 
colloid concentration on the distribution coefficient Kd can be estimated (see Figure K-
5). 

The maximum concentration used for this exercise is 500 mg/L, which is near the 
uppermost concentration range documented in Table 1 (480 mg/L in Jansson 2009). For 
the Pu(IV) distribution coefficient, a significant effect of colloid concentration can only 
be seen at 500 mg/L, whereas for Am(III) a Kd decrease is already obvious with 
100 mg/L bentonite colloids. The reason for this difference is due to the Kd,coll 
(distribution coefficient for the interaction of radionuclides with the bentonite colloids) 
used in the case of Pu(IV) of 8·104–1.2·105 mL/g compared to the higher Kd,coll for 
Am(III) of 1.6·106–2.4·106 mL/g, which has a significant effect on the radionuclide 
solution concentration. Taking the best distribution coefficient estimate for Am(III) of 
105 cm3/g as estimated in Wold (2010) would result in a comparable graph for the 
Am(III) time dependent Kd evolution as shown for Pu(IV). 

 

 

Figure K-5. Time-dependent distribution coefficients calculated from binary sorption 
data (Nagra 2006) using Equation K-1 under variation of the bentonite colloid 
concentration for (left) Pu(IV) and (right) Am(III). The two lines given for each colloid 
concentration are calculations based on the uncertainty given for the binary Kd values. 
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K.3 Recommendation to the TURVA-2012 safety case 

Concerning the distribution coefficient to be used, the Kd,coll as the distribution 
coefficient for the interaction of radionuclides with bentonite colloids and its 
relationship with the Kd, as defined as the distribution coefficient for the interaction of 
radionuclides with the compacted bentonite, SKB assumes that the same sorption value 
can be used for both, on the basis that all particle surfaces in the compacted bentonite 
are available for sorption. 

Concerning the radionuclide sorption reversibility, trivalent actinide/lanthanide 
desorption from montmorillonite shows desorption kinetics, with equilibrium reached. 
In the case of tetravalent actinides, in general, a slow desorption rate is observed 
without reaching equilibrium in the experimental observation period giving hint of a 
possibly irreversibly bound clay surface associated radionuclide fraction. This 
irreversibly bound fraction (if present) cannot be quantified under the current state of 
knowledge and current research is devoted to this issue. Therefore, in this case of an 
eroded buffer, the tetravalent actinide release can either be conservatively thought of as 
an instantaneous release to the biosphere or an effective solubility increase depending 
on the bentonite colloid concentration (buffer erosion rate) assuming irreversibility of 
the colloid associated fraction. 
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APPENDIX L. EXPERT ELICITATION: SOLUBILITY, DIFFUSION AND 
SORPTION DATA  

L.1 General 

The reports, in draft state, by Wersin et al. (2013) discussing the solubility, diffusion 
and sorption in the near field (in the canister, buffer and at the buffer/rock interface) and 
Hakanen et al. (2013) discussing sorption in the far field were subject to an expert 
elicitation. The elicitation process included a remote review phase in which the experts 
reviewed the draft reports and filled in the elicitation forms followed by a meeting held 
on 10−11 May 2011 in Helsinki. This appendix presents the main findings of the 
elicitation process based on the Summary Report of the process. 

The experts participating in the elicitation process were Martin Glaus (Laboratory for 
Waste Management, Paul Scherrer Institut, Villigen, Switzerland), Michael Ochs (BMG 
Engineering Ltd., Zurich-Schlieren, Switzerland), Ulla Vuorinen (only near field 
solubility data, VTT Technical Research Centre of Finland, Espoo, Finland) and Mikazu 
Yui (Japan Atomic Energy Agency, Geological Isolation Research and Development 
Directorate (GIRDD), Tokai Research and Development Center, Tokai-mura, Naka-
gun, Ibaraki, Japan, not present in the meeting). An observer from STUK (Ari 
Luukkonen) was also present at the meeting. Ignasi Puigdomenech (SKB, Sweden) 
acted as a facilitator for the meeting. The elicitation concentrated on Se, Mo, Nb, Pu and 
Pa solubility and speciation, and data for Pu(III), Nb, Ra and Se sorption and diffusion 
in buffer and backfill. These nuclides were selected, as the previous safety assessments 
(Nykyri et al. 2008 and Smith et al. 2007) as well as compilation of the database had 
shown that the main uncertainties are associated with these nuclides. Nb and Pu were 
selected as subject to elicitation because of the data uncertainties, both with respect to 
speciation and sorption, Mo because of lack of existing solubility and sorption data, Se 
because of its complex redox chemistry, Ra because of uncertainties related to its strong 
dependency on sulphate and carbonate content in solution and solid solution formation.   

The elicitation process resulted in a list of specific comments on the two reports that 
were taken into account in finalising of those reports. Special emphasis in the 
discussions in the meeting was paid on conceptual uncertainties. The conclusions in the 
Summary Report were drawn based on the discussions and are presented below.  

L.2 Solubility 

It appeared to be accepted that gaps in thermodynamic data will affect the calculated 
speciation of radionuclides. Redox-sensitive elements may be specially affected, but 
their speciation may also be affected by kinetic factors. For solubility limits, the 
consequence of species missing from a thermodynamic database is that the calculated 
solubilities may be smaller than in reality, that is, solubility values are not conservative. 
The work presented by Posiva is, however, state of the art and in general the effect of 
gaps in thermodynamic data was judged to be minor. The lack of thermodynamic data at 
higher temperatures was recognised. 

For the solubility limits used in the Near Field, examples of gaps in thermodynamic data 
are mixed complexes between Ca and other radionuclides, carbonated complexes of Zr, 
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mixed hydroxocarbonate complexes and Ca-niobates. Another question discussed in this 
context was that solid solutions could be used for other elements than Ra. Nevertheless, 
neglecting solid solutions will result in higher solubilities and it is therefore a 
pessimistic approach. 

An important point made concerning the use of chemical analogies is that while these 
types of analogies are considered adequate when describing the speciation in aqueous 
solution, such a strategy might not be applicable when selecting the solubility limiting 
solid phases. Ideally, the selected solubility-limiting solid should be a phase that is well 
documented and that is reported to equilibrate quickly with aqueous solutions. 

L.3 Sorption 

The rationale for selecting (or excluding) alternative experimental datasets for the 
recommended sorption data needs to be documented. This is similar to other disciplines, 
such as the selection of selected thermodynamic data. The reports presented by Posiva, 
both for the near and far field, have partly followed this practice, but need some 
improvements. 

For the Far Field sorption, the general opinion was that there are two main uncertainty 
contributions of general character: gaps in thermodynamic data and the accessibility of 
sorption sites in intact rock (and possibly also, nature of sites in crushed rock / 
artefacts). The consequences for the selection of Kd values cannot be estimated with 
certainty. 

The accessibility (and nature) of sorption sites in intact rock is a fundamental 
uncertainty when upscaling sorption data obtained in the laboratory with crushed and 
sieved samples to values for intact rock. There is the possibility that during the crushing 
process new surfaces and microcracks are formed, and this is essentially corrected by 
measuring the specific surface area. The experimental data available indicate that all 
biotite sorption sites are accessible in intact rocks. It was pointed out that the data 
however are scarce, and that other experimental results (e.g. Kaukonen et al. 1996) 
should be used in the argumentation if possible. It would be very useful to find more 
evidence from additional diffusion experiments. This is an important question that has 
received too little attention so far. The work presented by Posiva is, however, state of 
the art and the assumption of full accessibility of sorption sites in intact rock is 
reasonable. 

An alternative model for upscaling laboratory sorption data on crushed samples to intact 
rock is the “bottom-up-approach”, i.e. the component additivity approach. This method 
can only account for the contribution of the individual minerals in the total mineral 
assemblage, but not for the effect of intact rock vs. rock “powder” in a dispersed state. 
Since this method has not yet been validated for granitic rocks, it is not widely accepted 
for such materials.  

L.4 Diffusion 

The microstructure of compacted bentonite is poorly known and causes uncertainty in 
the description of diffusion behaviour of radionuclides (e.g. whether the compacted 
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material can be considered homogenous with pores of different size, connections etc.). 
A group of “bentonite models” has been discussed. Such models address aspects such as 
porosity, anion accessible porosity, surface processes, and alternative equilibrium 
models such as the Donnan model. It is at the moment not possible to identify the 
“correct” model, which is an indication of the existence of conceptual uncertainties in 
the ionic transport in bentonite. The near-field report presented by Posiva is considered 
to be state of the art, but a clearer discussion of these conceptual uncertainties would 
improve it.  

For diffusion of alkali and alkali-earth cations in compacted bentonite, a conceptual 
uncertainty is the effect called “surface diffusion” or “sorption-enhanced diffusion”. 
Some scientific views would require higher effective diffusivities for these cations 
under low-salinity conditions. The alternative approaches are under development and 
the data presented by Posiva represent the state of the art. 

There are no experimental data on effective diffusivities for strongly sorbing 
radionuclides. This lack of data is, however, not problematic for the evaluation of 
radionuclide migration in compacted bentonite.  This is because strongly sorbing 
radionuclides will only migrate very slowly through the bentonite buffer, as their 
advance is regulated by sorption and not by diffusion. 
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APPENDIX M. NEW CALCULATION CASES DEALING WITH ERRORS AND 
INCONSISTENCIES 

M.1 Introduction 

Following the completion of Assessment of Radionuclide Release Scenarios for the 
Repository System, a number of errors and inconsistencies came to light. The new 
calculations reported in the following sections of this appendix have been carried out to 
assess whether these errors and inconsistencies have any significance for the main 
findings of TURVA-2012. The sections are organised as follows: 

 Section 2 describes errors and inconsistencies noted in the near-field release, 
retention and transport modelling; 

 Section 3 describes inconsistencies in the treatment of model interfaces (the near-
field/geosphere interface and the geosphere/surface environment interface); 

 Section 4 describes errors and inconsistencies noted in geosphere retention and 
transport modelling; 

 Section 5 provides a summary of the new calculation cases addressing these errors 
and inconsistencies; 

 Section 6 presents the results of the new calculations; 

 Section 7 presents the conclusions from the new calculations.  

M.2 Errors and inconsistencies in near-field release, retention and 
transport 

M.2.1 Treatment of decay chains 

The radionuclide chains considered in the near field and geosphere are shown in Figure 
M-1.  

 

 

Figure M-1. Modelling of radionuclide decay chains in the near field and geosphere 
(Section 7.1.4). 
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In the original near-field release and transport modelling, however, ingrowth of Nb-93m 
from Mo-93 was overlooked; Mo-93 decayed directly to niobium. Note that the 
influence of this error on the geosphere results is negligible, because Nb 93m has a short 
half-life and is in equilibrium with its parent. The influence on near-field release is, 
however, investigated in the new calculations reported in the following sections. 

M.2.2 Setting of distribution and diffusion coefficients 

The following errors and inconsistencies were noted when reviewing the distribution 
and diffusion coefficients and have been corrected in the new calculations: 

 the buffer distribution coefficient for U in glacial water was set to 5.6 × 10-3 m3/kg  
instead of to 5.6 × 10-2 m3/kg; 

 the effective diffusion coefficient for neutral/cationic species in the buffer for all 
reference waters was set to 1.3 × 10-10 m2/s (upper limit) instead of 9.5 × 10-11 m2/s 
(best estimate value); and 

 the effective diffusion coefficient for Ra and Sr in brackish water was set for the 
buffer to 1.3 × 10-10 m2/s instead of 9.5 × 10-11 m2/s. 

In addition, a few minor rounding errors have been observed (see Tables E-6 and F-5), 
but these errors have no implications for the radionuclide releases, retention and 
transport calculations and are thus not included in the new calculation cases discussed in 
this Appendix.  

M.2.3 Setting of solubility limits 

Separate solubility limits have been derived for model porewaters in the internal void 
space of the canister, the buffer and the backfill on the basis of brackish groundwater, as 
well as for other reference and bounding groundwater types (see Section 7.5 and Tables 
D-5, E-4 and F-3 ) based on Wersin et al. (2012a, b). However, to simplify the 
radionuclide release, retention and transport analysis, the same solubility limits have 
been applied in all three parts of the near-field model domain. In cases where the 
canister fails due to the presence of an initial penetrating defect, these are chosen on the 
basis of principles described in Section 6.4.3 of Assessment of Radionuclide Release 
Scenarios for the Repository System.  

1. Elements not having isotopes produced by radioactive ingrowth 

The highest concentrations of these elements will be present in the internal void space 
of the canister. Thus, if the solubility limits in the buffer or backfill are not significantly 
lower than those in the internal void space of the canister, concentrations in the buffer or 
backfill will never reach the solubility limits. Solubility limitation of concentration will 
thus only occur in the internal void space of the canister, and solubility limits in the 
buffer and backfill can be set to the same values as in the internal void space of the 
canister without affecting the results. On the other hand, if the canister interior solubility 
limit is the highest, it is cautious to use this value for the buffer and backfill as well, 
assuming any precipitates formed in the buffer and backfill remain immobile. 

2. Elements having isotopes produced by radioactive ingrowth 
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For these elements, it is cautious to use the highest value among those for the canister 
interior, buffer and backfill in all three parts of the near-field domain, again assuming 
any precipitates formed in the buffer and backfill remain immobile. 

Thus, for each element, the solubility limits is set according to either the value for the 
canister interior, the value for the buffer or the value for the backfill, with the values for 
the other two domains not entering directly into the calculations (any errors in the 
values set for these other two domains are thus not relevant to the calculations, provided 
they do not affect the application of the principles). In a few cases, however, these 
principles were not correctly followed (see Tables E-4 and F-3). In addition, the 
solubility limit for Np in the buffer in glacial conditions was erroneously set to 10-8 M 
instead of 10-9 M (see Table E-4). This error has also been corrected in the new 
calculations. Corrected solubility limits have been applied in the new calculation cases 
(see Table M-1).  

In addition, a few minor rounding errors on solubility data have been observed (see 
Appendix I), but these errors have no implications for the radionuclide release, retention 
and transport calculations and are thus not included in the new calculation cases 
discussed in this Appendix.  

M.2.4 Diffusion area 

Figure M-2 presents the GoldSim grid used when buffer erosion is assumed to result in 
advective conditions in the eroded buffer volume. 

 

Figure M-2. GoldSim grid when advective conditions are assumed to arise from buffer 
erosion. This grid is used for VS2-cases, and for RS1-DIL and RS2-DIL cases. 
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However, where this grid was used, the downward diffusion area was erroneously set to 
0.11 m2, instead of 1.54 m2, which is the value corresponding to the area through which 
radionuclides diffuse vertically downwards from the advective bentonite cell depicted in 
Figure M-2. This error has also been corrected in the new calculations. 

M.3 Inconsistencies in the treatment of model interfaces 

Figure M-3 shows the three transport pathways via which radionuclides released from a 
failed canister can migrate to the geosphere. These pathways, which are referred to 
respectively as F, DZ and TDZ: 

 the F-path leads from the canister, through the buffer and the deposition hole 
damaged zone to a host-rock fracture intersecting a deposition hole; 

 the DZ-path leads from the canister to the deposition tunnel EDZ, either directly 
through the buffer or via the deposition hole damaged zone, and thence to a host-
rock fracture intersecting the EDZ; and 

 the TDZ-path leads from the canister, through the buffer to the deposition tunnel 
backfill, and thence to a host-rock fracture intersecting the deposition tunnel.  

 

Figure M-3. Illustration of the three pathways via which radionuclides released from a 
failed canister can migrate to the geosphere. 
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In the case of the TDZ-path, radionuclides diffuse upwards through the 2.5 m of buffer 
above the canisters and enter the deposition tunnel, where they are transported by 
advection and diffusion through the backfill as far as a downstream location along the 
tunnel where the tunnel is intersected by a water-conducting fracture. An inconsistency 
in the treatment of this path arises because the section in the deposition tunnel is double 
counted, i.e. it is included in both the near-field and geosphere models. This causes 
additional advective delay along the TDZ-path, which has been removed in the new 
calculations. 

A further issue is that the last part of some release paths travel horizontally along the 
soil layers on the top of the bedrock. Again there is double counting, in that this 
horizontal travel is included in both the geosphere and in the retention and transport 
models for the surface environment, and this has been corrected in the new calculations.    

M.4 Errors and inconsistencies in geosphere retention and transport 

An error was identified in the geosphere transport calculations for calculation cases 
CS4-H2, CS4-H3 and CS4-H4 (complementary analyses for the VS2 scenario, in which 
canister failure occurs following chemical erosion of the buffer). In the original 
calculations, the same concentrations of bentonite colloids in the geosphere were used 
as in case VS2-H1. The correct colloid concentrations should have been those given in 
Table 10-2 of Assessment of Radionuclide Release Scenarios for the Repository System. 
It should also be noted that the error in the near-field distribution coefficient for U in 
glacial water in the buffer also affects the sorption of U on bentonite colloids in this 
scenario and in the RS-DIL scenario (rock shear followed by buffer erosion), where 
erosion of the buffer provides a source of colloids in the geosphere. Both these errors 
are corrected in the new calculation cases. 

M.5 Overview of new calculation cases 

The new calculation cases defined to assess errors and inconsistencies noted in the 
previous sections are summarised in Table M-1, and the differences compared with the 
definitions of the corresponding original calculation cases are noted. 

 
Table M-1. Summary of new calculation cases dealing with errors and inconsistencies. 

New case GoldSim (near field) Geosphere Notes 

BS-RCa Differences compared with BS-RC  

Mo-93  Nb93m  Nb 
instead of 
 Mo-93  Nb 

First part of TDZ path 
that represents 
transport through the 
backfill removed; parts 
of the release path 
representing transport 
through soil layers 
removed. 

Calculation mainly to allow 
comparison with BS-
ANNFFa 

Effective diffusion coefficient for 
neutral/cationic species and for Ra and Sr 
9.5E-11 instead of 1.3E-10 

BS-
ANNFFa 

Differences compared with BS-ANNFF  

 Mo-93  Nb93m  Nb 
instead of 
 Mo-93  Nb 

No calculation Near-field calculation is of 
interest since Mo and Nb 
treated as non-sorbing 
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New case GoldSim (near field) Geosphere Notes 

anions in this calculation. 

CS1-
BRINEa 

Differences compared with CS1-BRINE  

 Mo-93  Nb93m  Nb 
instead of 
 Mo-93  Nb 

No calculation  

Sol. limit for Pa 1.E-8 M instead of 8.55E-10 
M 

Highest value from among 
those for the canister 
interior, buffer and backfill. 

Sol. limit for Th 9.3E-10 M instead of 1.1E-9 
M 

Highest value from among 
those for the canister 
interior, buffer and backfill. 

Sol. limit for Ni 4.4E-4 M instead of 6.2E-5 M Highest value from among 
those for the canister 
interior, buffer and backfill. 

Sol. limit for Pd 1.5E-4 M instead of 6.3E-6 M Highest value from among 
those for the canister 
interior, buffer and backfill. 

Effective diffusion coefficient for 
neutral/cationic species 9.5E-11 instead of 
1.3E-10 

CS1-HIPHa Differences compared with CS1-HIPH 

 Mo-93  Nb93m  Nb 
instead of 
 Mo-93  Nb 

No calculation  

Sol. limit for Pa 1.E-8 M instead of 6.2E-9 M Highest value from among 
those for the canister 
interior, buffer and backfill. 

 

Effective diffusion coefficient for 
neutral/cationic species 9.5E-11 instead of 
1.3E-10. 

RS2-DILa Differences compared with RS2-DIL  

 Mo-93  Nb93m  Nb 
instead of 
 Mo-93  Nb 

  

Sol. limit for Np in glacial conditions 1E-9 
instead of 1E-8 M. 

Downward diffusion area from advective 
volume 1.54 m2 instead of 0.11 m2. 

Effective diffusion coefficient for 
neutral/cationic species 9.5E-11 instead of 
1.3E-10 (also for Ra/Sr in case of brackish 
water). 

Buffer Kd for U in glacial conditions 5.6E-2 
instead of 5.6E-3 

GoldSim colloid 
transport parameters 
for U in the geosphere 
recalculated according 
to the revised buffer Kd 
for U 

VS2-H1a 
and 
CS4-H2a to 
H4a 

Differences compared with VS2-H1 and CS4-H2 to - H4 (CS4-H2 to - H4 are equivalent to 
VS2-H2 to - H4 for the near field) 

 Mo-93  Nb93m  Nb 
instead of 
 Mo-93  Nb 

Corrected colloid 
concentrations used for 
H2, H3 and H4 

 

Sol. limit for Np in glacial conditions 1E-8 
instead of 1E-9 M. 
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New case GoldSim (near field) Geosphere Notes 

Downward diffusion area from advective 
volume 1.54 m2 instead of 0.11 m2. 

Effective diffusion coefficient for 
neutral/cationic species 9.5E-11 instead of 
1.3E-10 (also for Ra/Sr in case of brackish 
water). 

Buffer Kd for U in glacial conditions 5.6E-2 
instead of 5.6E-3 

MARFA colloid 
transport parameters 
for U in the geosphere 
recalculated 
accordingly 

 

 

 

M.6 Results and observations 

M.6.1 Comparison of BS-RC and RC-RCa 

BS-RC is the TURVA-2012 Reference Case. The near-field release rates for BS-RC are 
compared with those of the new calculation case BS-RCa in Figure M-4. In BS-RCa, 
the treatment of Mo-93 decay and the effective diffusion coefficient for neutral/cationic 
species (and for Ra and Sr) are corrected, as indicated in Table M-1. 

 

 

Figure M-4. Evolution of the total radionuclide release rates from the repository near 
field to the geosphere, summed over the F-, DZ- and TDZ-paths. BS-RCa (solid lines), 
BS-RC (dashed lines). 
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The total near field release rate, summed over all nuclides is virtually indistinguishable 
in the two cases. Differences in the diffusion coefficients for neutral/anionic species 
have minor impact on nuclide-specific release rates. The production of Nb-93m from 
decay of Mo-93 gives an early peak of Nb-93m release in BS-RCa that is not present in 
BS-RC. However, this peak is orders of magnitude below the peak summed over all 
nuclides. 

The geosphere release rates for the two cases are compared in Figure M-5.  In BS-RCa, 
the first part of TDZ path that represents transport through the backfill has been 
removed, as have the parts of the release path representing transport through soil layers, 
to avoid the issue of double counting that was noted for BS-RC. Release rates via the F- 
and DZ-paths are virtually identical in BS-RC and in BS-RCa. This implies that 
removing the parts of these transport paths that pass through soil layers does not have 
no significant effect in the release rates. However, removing the first part of TDZ path 
that represents transport through the backfill from the geosphere calculation in BS-RCa 
significantly increases the geosphere release rate via this path. Nevertheless, the F-path 
remains the dominant transport path and overall release rates, summed over all three 
paths, are not significantly different in the two calculation cases.  

 

 

 

 

 

 

Figure M-5. Evolution of the radionuclide release rates from the repository geosphere, 
summed over all nuclides, via the F-, DZ- and TDZ-paths.  
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M.6.2 Comparison of BS-ANNFF and BS-ANNFFa 

In radionuclide release, retention and transport modelling, anions are assumed to diffuse 
without retardation by sorption through accessible pore space in the buffer and backfill, 
although the rate of diffusion is reduced compared with other migrating species due to 
anion exclusion. In the Reference Case, the only radionuclides considered to migrate in 
anionic form are I-129, Cl-36 and Se-79. There are, however, uncertainties in the 
speciation of these and other radionuclides. In Assessment of Radionuclide Release 
Scenarios for the Repository System, case BS-ANNFF has been analysed to illustrate 
the impact of these uncertainties and, in particular, the possibility that other 
radionuclides, namely the radioisotopes of silver, molybdenum and niobium, may be 
present in anionic form in the repository system, along with anionic I-129, Cl-36 and 
Se-79. The additional radionuclides considered to migrate as anions in BS-ANNFF are 
Ag-108m, Mo-93, Nb-91, Nb-92, Nb-93m and Nb-94. The new case BS-ANNFFa is 
identical to BS-ANNFF, except that the treatment of Mo-93 decay is corrected, as 
indicated in Table M-1. 

The near-field release rates for the two cases are compared in Figure M-5. Total near 
field release rate, summed over all nuclides is virtually indistinguishable in the two 
cases. Considering nuclides that are treated as anions in this case, but not in RC, the 
only difference between BS-ANNFF and BS-ANNFFa concerns Nb-93m. Production of 
Nb-93m from decay of Mo-93 gives an early peak of Nb-93m release in BS-RCa that is 
not present in BS-RC. However, this peak is orders of magnitude below the peak 
summed over all nuclides, so the effect on overall release of activity is negligible. 

 

 

 

 

Figure M-6. Evolution of the total radionuclide release rates from the repository near 
field to the geosphere, summed over the F-, DZ- and TDZ-paths. BS-ANNFFa (solid 
lines), BS-ANNFF (dashed lines). 

 



808 

 

 
 

M.6.3 Comparison of CS1-BRINE and CS1-BRINEa 

Radionuclide retention parameters for the repository system, such as solubilities and 
distribution coefficients, are affected by radionuclide speciation and hence by 
groundwater composition, and the composition of the buffer and backfill porewaters in 
equilibrium with the groundwaters. The Reference Case parameters are based on the 
assumption that the groundwater is of the brackish reference type. To illustrate the 
impact of groundwater type, complementary case CS1-BRINE, which is identical to the 
Reference Case, except that the above-mentioned parameters are based on brine 
bounding water, has also been analysed in Assessment of Radionuclide Release 
Scenarios for the Repository System. Brine water is considered highly unlikely to occur 
at repository depth, i.e. based on present knowledge, the salinity of this water type is 
outside the expected range of salinities that could arise in the future. Nevertheless, it 
was considered to be of interest to examine its potential effects on radionuclide 
retention and transport in the near field in the unlikely event that such water does reach 
the repository. In the new case CS1-BRINEa, the treatment of Mo-93 decay, various 
solubility limits and the effective diffusion coefficient for neutral/cationic species in 
brine water are corrected, as indicated in Table M-1. 

The near-field release rates for the two cases are compared in Figure M-7. Total near 
field release rate, summed over all nuclides is virtually indistinguishable in the two 
cases. The change in the effective diffusion coefficient in the buffer and solubility limits 
has negligible impact on the nuclide-specific release rates, except in the case of Ni, 
where the peak release rate of Ni-59 increases by about an order of magnitude. 

 

 

Figure M-7. Evolution of the total radionuclide release rates from the repository near 
field to the geosphere, summed over the F-, DZ- and TDZ-paths. CS1-BRINEa (solid 
lines), CS1-BRINE (dashed lines). 
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M.6.4 Comparison of CS1-HIPH and CS1-HIPHa 

To further illustrate the impact of groundwater type, complementary case CS1-HIPH 
has also been analysed in Assessment of Radionuclide Release Scenarios for the 
Repository System, with radionuclide retention parameters based on highly alkaline 
bounding water. Highly alkaline water may arise locally in the repository system due to 
the presence of cementitious materials. In the new case CS1-HIPHa, the treatment of 
Mo-93 decay, the solubility limits for Pa and the effective diffusion coefficient for 
neutral/cationic species in brine water are corrected, as indicated in Table M-1. 

The near-field release rates for the two cases are compared in Figure M-8. Total near 
field release rate, summed over all nuclides is virtually indistinguishable in the two 
cases. The change in the effective diffusion coefficient in the buffer for these species 
has negligible impact. The lower solubility of Pa has some impact on the nuclide-
specific release rates, but these rates are orders of magnitude lower than the total, 
summed over all nuclides. 

M.6.5 Comparison of RS2-DIL and RS2-DILa 

The possibility of canister failure due to shear movements on fractures intersecting the 
deposition holes in the event of a large earthquake is considered in the earthquake and 
rock shear (RS) scenario, and also in the RS-DIL scenario, where, in addition to canister 
failure, rock shear leads to the buffer undergoing either immediate damage or longer-
term erosion following canister failure. In all the calculation cases analysed for these 
scenarios, groundwater composition in the geosphere is assumed to alternate between 

 

 

 

 

Figure M-8. Evolution of the total radionuclide release rates from the repository near 
field to the geosphere, summed over the F-, DZ- and TDZ-paths. CS1-HIPHa (solid 
lines), CS1-HIPH (dashed lines). 
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brackish and glacial, with glacial water present for short intervals during glacial retreat. 
Groundwater flow is also increased during glacial retreat. The most penalising 
calculation case for these scenarios considered in Assessment of Radionuclide Release 
Scenarios for the Repository System is case RS2-DIL, in which an earthquake is 
postulated to occur, and a single canister to fail, at 155,000 years, during a period of 
glacial retreat. The earthquake leads to rapid or immediate buffer damage and to the 
immediate establishment of advective conditions between the internal void space of the 
canister and the geosphere. The degraded buffer has a reduced capacity to retain 
radionuclides released subsequent to canister failure and also acts as a source of 
bentonite colloids. These can sorb radionuclides and transport them relatively rapidly 
into the geosphere. The new case RS2-DILa is identical to RS2-DIL, except that the 
treatment of Mo-93 decay, the solubility limit for Np, the effective diffusion coefficient 
for neutral/cationic species in glacial meltwater (and also for Ra/Sr in case of brackish 
water), the distribution coefficient for U in glacial conditions and, once advective 
conditions in the buffer are established, the downward diffusion area from the eroded 
volume are corrected, as indicated in Table M-1. 

The geosphere release rates for the two cases, summed over all radionuclides, are 
compared in Figure M-9.  

 

 

 

 

Figure M-9. Evolution of the total geosphere release rate in the cases RS2-DILa (solid 
curve) and RS2-DIL (red dots), with the release rates for each radionuclide normalised 
with respect to the regulatory nuclide-specific constraints for radioactive releases to the 
environment. 1000-year centred moving averaging has been applied. 
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Figure M-10. Evolution of the Np-237 geosphere release rate in the cases RS2-DILa 
(solid curve) and RS2-DIL (dashes), with the release rates for each radionuclide 
normalised with respect to the regulatory nuclide-specific constraints for radioactive 
releases to the environment. 1000-year centred moving averaging has been applied. 

 
Total near field release rate, summed over all nuclides is virtually indistinguishable in 
the two cases. The evolution of the release rate of Np-237 is shown in Figure M-10, 
where it can be seen that the higher Np-237 solubility in RS2-DIL compared with RS2-
DILa has some impact on the results during the first glacial cycle following canister 
failure, leading to higher release rates at times between the first two peaks in RS2-DIL, 
though little effect on the peaks themselves is small. 
 
M.6.6 Comparison of VS2-H1 and VS2H1a and of CS4-H2 to H4 and CS4-H2a to 

H4a 

In Variant Scenario 2 (VS2), chemical erosion of the buffer and backfill is assumed to 
take place due to low ionic strength water penetrating to repository depth, e.g. in 
association with glacial retreat (chemical erosion). Eventually, in this scenario, 
advective conditions are established in at least a part of the buffer in these deposition 
holes, leading to accelerated canister corrosion by chemical species present in the 
groundwater, principally sulphide, and eventually to canister failure by corrosion (it is 
assumed that there are no initial penetrating defects in the canisters). In all the 
calculation cases analysed for these scenarios, groundwater composition is assumed to 
alternate between brackish and glacial, with glacial water present for short intervals 
during glacial retreat. Groundwater flow is also increased during glacial retreat. The 
degraded buffer has a reduced capacity to retain radionuclides released subsequent to 
canister failure and also acts as a source of bentonite colloids. These can sorb 
radionuclides and transport them relatively rapidly into the geosphere. 

Four calculation cases were considered for this scenario in Assessment of Radionuclide 
Release Scenarios for the Repository System, VS2-H1, VS2-H2, VS2-H3 and VS2-H4, 
one for each of the four canisters that are calculated to fail within the million year 
assessment time frame in the erosion/corrosion reference case described in Section 7.5 
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of Performance Assessment, assuming a cautious sulphide concentration of 3 mg/L and 
a cautious copper overpack thickness prior to corrosion of 35 mm, which is the 
minimum required copper thickness for the canisters. However, radionuclide release to 
the surface environment was only found to occur for one of these canisters, i.e. the 
canister analysed in case VS2-H1. For the remaining three failed canisters, transport 
paths that leave the deposition hole were found to subsequently re-enter the engineered 
barrier system, where transport is so slow that there is no radionuclide release from the 
geosphere in these calculation cases within the assessment time frame. While this is true 
of the DFN realisation of fracturing and groundwater flow used to model this scenario, 
it cannot be excluded that, in other DFN realisations, transport paths from the failed 
canisters would remain entirely within the geosphere until they reach the surface, and 
may indeed have transport properties less favourable than those in VS2-H1. Thus, a set 
of complementary calculation cases CS4-H2, -H3 and -H4 was also analysed that 
considered the same three failed canisters that give no releases to the surface 
environment in the main analysis of this scenario, but slow advective transport in those 
parts of the transport paths that re-enter the engineered barrier system was cautiously 
disregarded. 

The new cases VS2-H1a is identical to VS2-H1, except that: the treatment of Mo-93 
decay, the solubility limit for Np, the effective diffusion coefficient for neutral/cationic 
species in glacial meltwater (and also for Ra/Sr in case of brackish water), the 
distribution coefficient for U in glacial conditions and, once advective conditions in the 
buffer are established, the downward diffusion area from the eroded volume are 
corrected, as indicated in Table M-1. The new cases CS4-H2a, Cs4-H3a and CS4-H4a 
are similarly corrected and, in addition, corrected colloid concentrations in the 
geosphere are used (i.e. values are taken from Table 10-2 of Assessment of Radionuclide 
Release Scenarios for the Repository System). 

The near-field release rates for all these cases, summed over all radionuclides, are 
compared in Figure M-11. The results for the new cases are seen to be similar to those 
of the corresponding original cases.  A closer examination of the individual peaks for 
each radionuclide, however, reveals some differences.  
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 Figure M-11. Evolution of the near field release rate in the cases VS2-H1a to H4a 
(solid curves) and VS2-H1 to H4 (dots). 

 
Figure M-12 shows the evolution of the near field release rates of I-129, Cl-36 and Se-
79 in the cases VS2-H1a and VS2-H1 during the first peak. VS2-H1a gives shorter peak 
of higher magnitude. The cumulative release (the area under the curves) is higher in 
VS2-H1 than in VS2-H1a. This is attributable to the finer time discretisation used in 
GoldSim to simulate VS2-H1a; the time step used to simulate VS2-H1 appears to have 
been too coarse.   

The higher amounts of radionuclide mass released with each near-field peak in VS2-H1 
compared with VS2-H2a, results in consistently higher geosphere release rates (both the 
peaks and the intervening periods) in VS2-H1 compared with VS2-H2a (the top-right 
graph in Figure M-13). The same is observed when comparing the other new cases with 
the corresponding original cases (other graphs in Figure M-13). Thus, the coarse time 
discretisation used for the original cases gave results that err on the side of 
conservatism.  
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Figure M-12. Evolution of the near field release rates of I-129, Cl-36 and Se-79 in the 
cases VS2-H1a and VS2-H1. 

 

 
 

Figure M-13. Evolution of the normalised geosphere release rate in the cases VS2-H1a 
and CS4-H2a to H4a (red dotted curves) and VS2-H1 and CS4-H2 to H4 (blue curves). 
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M.7 Conclusions from the new calculation cases 

Some errors and inconsistencies have been noted in the near-field release, retention and 
transport modelling and the geosphere retention and transport modelling reported in 
Assessment of Radionuclide Release Scenarios for the Repository System, as well as in 
the treatment of model interfaces (the near-field/geosphere interface and the 
geosphere/surface environment interface). The impact of these errors and 
inconsistencies has been analysed with a set of new calculation cases. 

In no case do the new calculations give peak release rates from the near field or 
geosphere that significantly exceed those of the corresponding original cases. In most 
instances, peak release rates are virtually identical. In the Reference Case, the 
contribution of the TDZ-path to the overall release from the geosphere, compared with 
those of the F- and DZ-paths, was under-estimated, due to the double counting of that 
part of the TDZ path that passes through the tunnel backfill before entering the host 
rock for the first time. Nevertheless, the F-path remains dominant, and is virtually 
identical in the original Reference Case and in the new, corrected version.  

Too coarse a time discretisation in the original analysis of cases VS2-H1 and CS4-H2 to 
H4 gave significant differences compared with the new results, but the original results 
err on the side of conservatism. 

Overall, it is concluded that the errors and inconsistencies identified have no 
significance for the main findings of TURVA-2012. 
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