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10.2.2 Mechanical evolution of near-field rock due to excavation 
The rock mass at repository depth is under a pre-stressed condition, namely the in situ rock stress. 
Repository excavation, i.e. removal of rock, creates a localized readjustment of the in situ stresses. 
This raises several rock mechanics concerns for the construction work, such as the risk of breakouts 
into excavated volumes, spalling and/or key block instability. These engineering-related rock 
mechanics issues are evaluated within the framework of the repository design work and reported 
in the design report / SKB 2009b/, and are to a large extent not of importance for long term safety. 
However, as further discussed in Chapter 5 and fully assessed in the Underground openings 
construction report, the design and construction of the underground openings must follow specific 
design premises provided from a long term safety perspective / SKB 2009a/.

The following mechanical processes related to the excavation and the open phase could have 
potential safety implications (the safety functions refer to Figure 10-2):

• Development of an Excavation Damaged Zone (EDZ) and other impacts on rock permeability 
(safety function R2ab, see Figure 10-2).

• Spalling, (safety function R2b and also safety functions of the buffer that either directly or 
indirectly depend on buffer density).

• Reactivation of fractures (safety function R2ab and R3b).

• Induced seismicity (safety function R3bc).

These issues are assessed in the Underground openings construction report and the resulting 
initial state is summarised in Section 5.2.3. However, for transparency the safety relevant conclu-
sions are repeated in the following subsections, together with the assessed implications for the safety 
functions.

Deposition hole EDZ and spalling
Drilling of deposition holes is not judged to result in any significant damages to the surrounding intact 
rock. As stated in Section 5.2.3 and in the Underground openings construction report, Chapter 6, 
findings from a comprehensive literature study / Bäckblom 2009/ suggest that for mechanical full face 
down-hole drilling techniques in competent rock the depth of damaged zone (EDZ) is limited to less 
than a few centimetres in the rock surrounding the deposition hole. The hydraulic conductivity in such 
a zone is in the order of 10–10 m/s or less. Hence there is high confidence that competent rock condi-
tions prevail for the reference design and consequently that the EDZ axial transmissivity in deposition 
holes would be less than 10–10 m2/s. However, the magnitude of the connected effective transmissivity 
may be altered due to occurrences of spalling.

If the initial, pre-excavation, stresses are sufficiently high, spalling may occur during the operational 
phase in response to the stress redistribution caused by excavation. The Underground openings 
construction report states, based on analyses by / Martin 2005/ and a three dimensional elastic stress 
analysis, presented in the repository design report / SKB 2009b/, that in the case of the “most likely” 
stress model, some 100–200 deposition holes (out of 6,000) would experience a spalling depth 
(overbreak) that exceeds 5 cm, provided the deposition tunnels are aligned between 0 and 30 degrees 
to the maximum horizontal stress. Due to uncertainty in stress an alternative, “unlikely maximum” 
stress model is also considered. For the “unlikely maximum” stress model, the deposition tunnel 
must be aligned parallel to the maximum horizontal stress, but the number of deposition holes that 
can sustain a spalling depth in excess of 5 cm is approximately the same.

If spalling were to occur prior to waste emplacement, the current reference method stated in the 
Underground openings construction report, would be to remove loose rock debris from localised 
spalling on the rock walls. Larger overbreak would need to be filled with, for instance, pieces of 
bentonite or with bentonite pellets before or during installation of the bentonite buffer. The ultimate 
contingency action is to reject the deposition hole. Thereby it should be ensured that deposition holes 
will always have negligible EDZ prior to waste emplacement. In conclusion, there are no safety 
related impacts of the few cases of spalling prior to canister emplacement expected provided the 
action envisaged in the Underground openings construction report is implemented.



Errata to SKB TR-11-01 2011-10

318 SKB TR-11-01

Hydraulically, the evolution is dominated by upconing and drawdown effects of the repository 
excavation. The hydrogeology studies presented in Section 10.2.3 show that salinities generally 
will decrease at repository level due to the drawdown of shallow waters, apart from a few locations 
where salinities slightly increase due to upconing. The inflow to the repository is very small, but it 
should be noted that groundwater will seep into the already plugged deposition tunnels, thus affect-
ing the potential for piping and erosion of the buffer and the backfill in these tunnels.

The drainage of water into the opened part of the repository affects the hydraulic evolution of the buffer, 
backfill and plug in already deposited tunnels. The plug needs to be able to limit the flow of water out 
from the backfilled tunnel, primarily to minimise the effect of piping in the buffer and backfill. Modelling 
has shown that it will take 5–20 years to saturate the bentonite seal within the plug. This means that either 
the plug/rock interface or the pellet filling in the seal need to limit the flow during that period. Precise 
requirements on the seal capacity are not yet defined but the plug design will under all circumstances be 
adjusted to meet the requirements when specified. Since the only function of the plug is to ensure the 
initial state before closure, failed plug performance is not assessed in SR-Site.

• Piping and subsequent water flow from a fracture into a deposition hole and further out into the 
deposition tunnel cannot be excluded if the inflow rate is higher than the rate of water absorption 
of the buffer material, since the pellet filling and the bentonite blocks cannot stop the water 
inflow until the deposition holes and the tunnel are water filled and the hydraulic gradient is 
taken by the end plug. Erosion tests have shown that the dry mass of eroded bentonite can be 
modelled as a function of the total volume of inflowing water. 

• The calculations of the swelling and homogenisation of a half torus resulting from erosion show 
that the swelling yields a strong decrease in density and swelling pressure in the eroded volume 
due to the friction in the bentonite. About 100 kg of dry bentonite may be lost due to erosion 
without jeopardizing the function of the buffer. This situation is handled by avoiding deposition 
holes with too high an inflow, see Section 5.2.1, and is not further assessed in SR-Site. However, 
the uncertainty in the assessment of the eroded volume needs to be considered when revising the 
design premises for acceptable inflow to deposition holes, see further Section 15.5.

During the excavation/operational phase, the chemical evolution mainly arises from the disturbance 
to the natural conditions caused by the presence of the repository. According to the results presented 
in Section 10.2.5, the following conclusions can be drawn.

• There is a large uncertainty in the detailed salinity distribution around the repository. However, 
the salinity will not become so high or so low as to affect the performance of the repository 
during this period or when considering its future evolution. The distributions of salinity, pH and 
other groundwater characteristics obtained from the modelling of the temperate conditions at 
2000 AD, described in Section 10.3.7, is wide enough to include the small changes caused by the 
operation of the repository.

• A short alkaline pulse in the groundwater from low-pH cement, shotcrete and concrete is likely to 
form, but its effects will be negligible.

• An increased precipitation of calcite and iron(III)-oxyhydroxides will occur at the tunnel wall 
during operations, but this process is evaluated as being of no consequence for the performance 
of the repository.

• Organic stray materials will be consumed by microbes, with the main effects being an increased 
rate of oxygen consumption and possibly also of sulphate reduction. The largest pool of organic 
carbon in the repository is the organic matter included in the bentonite. This could contribute to 
canister corrosion if it could be made available for microbial sulphate reduction. This is consid-
ered in the canister corrosion assessment during the initial temperate period, see Section 10.3.13.

• An increased formation of colloids during the excavation and operational phases will not affect 
the performance of the repository in the long-term, because the colloid concentrations will 
quickly resume their natural values.

• Oxygen left in the repository will be consumed by either chemical processes or microbes; the 
majority of the oxygen in the backfill, which has the largest pore volume in the deposition tun-
nels, will react and thus not diffuse into the buffer and reach the surface of the canister.

• Canister corrosion depths from the atmospheric and initially entrapped oxygen are expected to 
be less than 500 m at the most, and will thus have a negligible impact on the minimum copper 
coverage of the canisters.
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The following mechanical processes related to the initial temperate period after repository closure, 
could have potential safety implications.

• Reactivation of fractures in the near field due to thermal load, including fracture aperture 
reductions due to temperature increase expanding the intact rock, that could affect the mechanical 
stability (safety function R3bc, see Figure 10-2) and the fracture transmissivity and thus the 
transport resistance in the near-field rock (safety functions R2ab).

• Reactivation of fractures in the far field that could affect fracture transmissivity and thus the 
transport resistance (safety function R2a).

• Reactivation due to the crustal strain resulting from the mid Atlantic ridge push that could affect 
the mechanical stability of the deposition holes (safety function R3bc).

• Fracturing of the rock that could affect the deposition hole geometry (safety function Buff1) and 
migration between buffer and rock (related to safety function R2a).

• Potential for creep deformation that could affect deposition hole geometry (related to safety func-
tions Buff3 and Buff6). Here the term creep is also used for cases in which the mechanical load is 
not constant over time, i.e. when the shear strain successively relaxes the stresses.

These issues are assessed in the following subsections.

Modelling approach
Most of the above issues are assessed by integrated numerical modelling / Hökmark et al. 2010/ applying 
the distinct element code 3DEC (3 Dimensional Distinct Element Code) / Itasca 2007/on a large scale 
and on near-field models. This modelling produces stress changes resulting from the thermal (and later 
glacial) loads. These stress changes, in turn, are used to assess potential changes in fracture or fracture 
zone transmissivity by assuming certain relationships between stress change and transmissivity.

The large-scale model is represented by rectangular blocks with dimensions 8 km·7.4 km·~3 km, 
see Figure 10-17. Average values of the thermo-mechanical properties judged to be relevant in the 
entire modelled domain are used to represent the properties of the rock mass as further specified in 
the Data report, Section 6.4. The heat sources are positioned in the models according to Layout 
D2, where the loss of canister positions is assumed to be uniformly distributed across the repository 
region. Boundary conditions for the subsequent near-field modelling are obtained from the displace-
ments on pre-defined cut-planes representing the near-field model boundaries and are evaluated as 
the expansion/contraction relative to the centre of the near-field model as a function of time. 

Two types of and sizes of near-field models are used:

• One tunnel segment with seven heat generating canisters (for spalling analyses), but with only 
three of the deposition holes explicitly included. Model dimensions are 40 m (across tunnels) and 
50 m (vertically), see Figure 10-18.

• Five tunnel segments each with 33 potential canister positions (shearing, normal stress variations 
and transmissivity changes of fractures). None of the deposition holes are explicitly included. 
Similarly to the approach taken by / Hökmark et al. 2006/ and / Fälth and Hökmark 2007/ the 
fracture system is stylised considering a model in which the fracture orientations are based on 
site-data in fracture domain FFM01 / Fox et al. 2007/ and a model with one fracture orientated 
such that the potential for shear failure is large, see Figure 10-19. Model dimensions are 200 m 
(across tunnels) and 200 m (vertically).

Based on the transmissivity data for fracture domain FFM01 at Forsmark / Follin et al. 2007b/ and 
fracture normal stiffness data given in the Data report, / Hökmark et al. 2010/ apply two different 
models for the relation between stress and transmissivity changes, see Figure 10-20. As further 
discussed in the Data report, the strength of the hydromechanical coupling is highly uncertain, 
but it is judged that the range of these models captures, or at least overestimates, this coupling. 
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analytical expression. The slip movement is accompanied by a normal stress increase, due to the heat 
load, which means that the transmissivity might decrease rather than increase. It should also be noted 
that the slip, and transmissivity impacts, will be much less for fractures with other orientations.

In conclusion, the transmissivity changes induced by the thermal load are judged too small to require 
any further consideration in the far-field hydrogeological analyses.

Reactivation of near-field fractures
Results from the intermediate scale near-field model suggest that during the thermal phase the 
normal stresses for the site specific fracture orientations generally increase, leading to small reduc-
tions of the transmissivity of the modelled fractures. Also, the transmissivity increase close to the 
tunnel resulting from the excavation, see Figure 10-6, is much reduced compared with that during 
the period of excavation. There may be regions very close to the openings where local transmissivity 
effects could be significant, for instance because of thermally induced shear displacements along 
fractures in very low compression. According to / Hökmark et al. 2010/ these effects do, however, 

Figure 10-21. Top: Effective stress along a scan-line in the direction of h. Here compression is positive. 
Bottom: Relative transmissivity of fractures perpendicular to h. From / Hökmark et al. 2010, Figure 6-21/.
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If spalling occurs and a notch forms, the stress adjustments that can occur at the notch tip may cause 
additional time-dependent/creep deformations. The monitoring of the unconfined open notch in 
the APSE Experiment showed that the majority of the new displacements occurred in the existing 
notch / Andersson 2007/. / Martin and Kaiser 1996/ reported that the displacements for an unconfined 
spalled zone/notch in the AECL Mine-by Test Tunnel Canada were monitored for a 13 day period 
and that the creep related displacements amounted to between 0.6 and 1.4% of the total displace-
ments measured over that period. They concluded from their field experiment that changes in the 
measured displacements over time generally can be attributed to changes in boundary conditions 
and that these time-dependent displacements occur in the unconfined damaged zone around the test 
tunnel. As shown by the APSE experiment a small confining stress is often sufficient to suppress 
spalling / Andersson 2007/. When the spalled notch is confined, any time-dependent deformations 
are expected to be insignificant, compared with the deformations that formed the notch.

It can also be noted that the effects of fracture creep, in terms of fracture displacement under constant 
shear load because of time-dependent material strength properties, can be estimated using the modelling 
approach for fracture reactivation described in / Hökmark et al. 2010/. This would be the same as those 
of a slow decrease in fracture shear strength, i.e. some additional stress relaxation and a corresponding 
amount of additional movement. Even if the strength is reduced to zero over the entire fracture plane, 
only very minor fracture displacements would occur.

Creep deformation and related issues like “sub-critical crack growth” is, therefore, not further consid-
ered in SR-Site.

Identified uncertainties and their handling in the subsequent analysis
The discussion above can be used to draw a set of conclusions regarding the uncertainties and their 
subsequent handling in the SR-Site analyses in relation to the mechanical evolution during the initial 
temperate period.

• Reactivation of fractures in the near field due to thermal load that could affect the mechanical 
stability and the fracture transmissivity in the near-field rock are excluded from further analysis 
since the calculated impacts on fracture transmissivity during the heating phase are small, and 
very local to the deposition tunnel.

• Reactivation of fractures in the far field that could affect fracture transmissivity is excluded from 
further analyses since the calculated transmissivity changes induced by the thermal load are 
judged too small to require any further consideration in the far-field hydrogeological analyses.

• Reactivation due to tectonic compression that could affect the mechanical stability of the deposi-
tion holes (safety function R3a) cannot be totally ruled out even during the temperate period. This 
is further assessed in Section 10.4.5.

• Fracturing of the rock, i.e. thermally induced spalling, is likely to occur but the counter pressure 
exerted by bentonite pellets in the slot between buffer and rock wall, may suppress the spalling, 
or at least keep the spalled slabs in place and minimize the hydraulic transmissivity of the spalled 
damage zone. A set of distinct calculation cases, assuming no spalling or spalling in all deposition 
holes, are propagated for further assessment. This does not mean that efforts to handle and miti-
gate thermally induced spalling should not continue since suppressing the spalling will enhance 
this safety function. The potential for spalling may also depend on the deposition sequence, but 
only for very specific ones. Nevertheless this may need consideration for the detailed design of 
deposition areas, see further Section 15.5.15.

• There is no potential for creep deformation that significantly could affect deposition hole 
geometry, allowing the exclusion of the phenomenon.

10.3.6 Hydrogeological ev olution 
In SR-Site, the hydrogeological evolution during the temperate period after repository closure involves 
two distinct time intervals. The first is that for saturation of the repository once pumping of the open 
tunnels has stopped. The subsequent time interval deals with the evolution of the saturated repository 
up till the start of the next glacial period. The actual impacts primarily depend on the permeability 
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In order to assess the effect of branching along the flow paths on the advective travel time and flow-
related transport resistance, multiple particles (ten) have been released per start point in the particle 
tracking. Only the 25 percent of start points with highest Darcy flux were used in the comparison. 
The ten particles choose different flow paths due to a stochastic choice (weighted by flow rate) 
at each fracture intersection. The results indicate that the branching has negligible effects on the 
ensemble statistics of the analysed performance measures. 

Penetration of dilute water
In principle, the future groundwater chemistry is provided by the regional scale groundwater flow 
simulation reported above. However, the regional scale simulation was terminated at 12,000 AD and, 
furthermore, has a fairly coarse discretisation which does not allow an assessment of the groundwa-
ter chemistry evolution on a deposition hole scale. Thus, an alternative assessment of the evolution 
of the groundwater chemistry, and specifically the potential for penetration of dilute water, is made 
since dilute groundwater may cause erosion of the buffer and the backfill.

In order to assess the potential for penetration of dilute water, a simplified approach is adopted. An 
injection of meteoric water along those recharge pathways that originate close to the surface within 
the regional-scale model is considered; it is assumed that the infiltrating water has zero salinity. 
Note that this is a pessimistic assumption, as discussed in Section 10.1.3. Also, in this simplified 
calculation, it is assumed that the matrix and fracture water salinity is in equilibrium at the start of 
the simulations; the relevance of this assumption is also discussed in Section 10.1.3. The flow field 
and recharge flow paths of year 2000 AD are used. Along the flow paths, the only mitigating process 
considered is the out diffusion of matrix water affecting the penetration of the meteoric water front. 
For each deposition hole, the time required for the groundwater salinity to fall below ten percent of 
the initial water concentration is calculated. Figure 10-32 shows the distribution of these times for 

Figure 10-3 1. Box and whisker plots of flow-related transport resistance (F) for the Q3 path in the hydrogeo-
logical base case realisation (r0) and the 10 stochastic realisations of the HCD and HRD (r1 to r10) for the 
particles successfully reaching the model top boundary released at 2000 AD. The statistical measures are the 
median (red), 25th and 75th percentile (blue box) and the 5th and 95th percentile (black “whiskers”). 
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This means that the distance assumed between the canister and the backfill is 1.5 m as presented in 
Figure 5-16 and not the 2.5 m illustrated in Figure 10-60. It is also assumed that the friction angle is 
the same in the buffer and the backfill and that the mass loss in the backfill occurs directly on top of 
the canister and that the backfill is lost to a vertical fracture. A mass loss further away in the tunnel 
or to a sloping fracture would mean that additional backfill could be lost. 

It is reasonable to assume that the friction angle will be about 20° for these conditions, since the swelling 
pressure is lower than 100 kPa / Börgesson et al. 1995/. This means that a total of 220 tonnes of backfill 
can be lost before the swelling pressure on top of the canister drops to 100 kPa. 

Loss of backfill from erosion is important for the properties of the buffer in the deposition hole, but 
is not expected to have any significant importance for the transport properties itself. There will be a 
local volume with low swelling pressure and high hydraulic conductivity. However, the main part of 
the tunnel volume will be unaffected. 

Potential for advective conditions
Advective conditions in the buffer can occur if the hydraulic conductivity is sufficiently high. The 
buffer function indicators prescribe a hydraulic conductivity of 10 12 m/s and a swelling pressure 
of 1 MPa to rule out advection in the buffer. These values do, however, have some safety margins 
included in them. 

/Neretnieks 2006b/ calculated the conditions under which water is drawn into a deposition hole. 
He concluded that even for a rock fracture with a very high flow rate (transmissivity 10 6 m2/s and 
hydraulic gradient 0.01), a buffer conductivity of around 3·10 6 m/s suffices to prevent advection and 
causes the water in the fracture to flow around the buffer as if it were impervious. Such conductiv-
ity corresponds to a dry density well below 500 kg/m3. However, to ensure that the self-sealing 
ability is maintained and no channels or pipes will be formed, a certain swelling pressure is also 
required. The minimum swelling pressure needed will be about 100 kPa. This is based on laboratory 
investigations in which piping has been observed at ~60 kPa / Karnland et al. 2006/. This value is 
most likely still pessimistic, since the gradients at the site are expected to be very low. However, the 
effect on the accepted mass loss will be relatively small. To ensure this for all expected groundwater 
compositions, a minimum dry density of 1,000 kg/m3 is required (Figure 5-14). This corresponds to 
a void ratio of 1.75. As seen in Figure 10-59 this requirement is still met in almost the entire buffer 
diameter when two entire bentonite rings are omitted, corresponding to a dry mass loss of 2,400 kg. 

For the case when the buffer erodes by colloid formation, the mass loss may be more local compared 
with the case in which entire blocks are omitted and it is more appropriate to consider the correspond-
ing limit for losses over typically half the circumference, i.e. 1,200 kg, which would also cover the 
situation when the loss occurs closer to the centre of the canister. This value includes some pessimism 
since homogenisation in the horizontal direction is neglected. However, at higher mass losses, the 
swelling pressure cannot be guaranteed and advection in the buffer has to be considered. This is 
further elaborated for the case of buffer erosion in Section 10.3.11.

For the case when mass loss occurs mainly in the tunnel and only backfill material is lost, a maxi-
mum loss of 220 tonnes of backfill can be allowed before advective conditions have to be considered 
in the buffer in the deposition hole. However, loss of backfill by erosion does not mean that the 
hydraulic conductivity of the entire tunnel will be affected. 

Table 10-5. Total allowed loss for the case illustrated in Figure 10-60.

(°)
Total loss
(t)

10 430
20 220
30 150
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Canister sinking 
Apart from the few deposition holes losing buffer through colloid release, as assessed in Section 10.3.11, 
the buffer in other deposition holes will not be affected by any processes that may alter its swelling 
properties in a way that the swelling pressure would sink below the value needed to retain the canister 
in position (P > 0.2 MPa, see Section 8.3.2). Furthermore, in deposition holes loosing buffer due to 
colloid sol formation, creation of advective conditions would occur long before the canister sinking 
could happen, making this issue irrelevant also for these cases.

Osmotic effects on the buffer and backfill
According to Table 10-6, the maximum chloride concentration of any time frame is < 0.4 M at reposi-
tory level in the Forsmark groundwater. As seen in Figure 5-14 this is not expected to have any impact 
on the properties of the buffer material. This conclusion is valid for the entire repository evolution period.

Identified uncertainties and their handling in the subsequent analysis
The various cases described in this section show that the chemical conditions in the buffer and the 
backfill are rather stable and no dramatic changes of the geochemical conditions can be expected. 
The expected conditions in the Forsmark groundwater (Table 10-6) are well within the range of 
of the parameters used in the sensitivity study for all future evolutions. As seen in the right side of 
Figure 10-65 the buffer (MX-80) is expected to have about equal populations of sodium and calcium 
in the exchanger for a typical Forsmark groundwater. The sensitivity study presented in Table 10-8 
shows a range of 7–84% for the calcium population, but the minimum and maximum values in the 
range are both for Ca/Na ratios that are far away from what is expected in the Forsmark water for any 
condition (Table 10-6). 

The effect of a degraded bottom plate on the mass transfer resistance in the near field is considered in 
SR-Site. However, the impact is less than the impact from assuming spalling in the deposition hole and 
this effect is thus covered by the assumption of spalling in all deposition holes. However, if spalling 
can be avoided and if the bottom plate is intersected by a fracture it will be the main transport path. In 
such a case the mass transfer resistance will be much lower than in an “ideal” case where the buffer is 
in contact with the rock in the bottom of the deposition hole. A thick, compressible bottom plate may 
lead to loss of density to a level below the design target of 1,950 kg/m3 in the bottom of the buffer. This 
shows that the current design of the bottom plate requires further consideration, see Section 15.5.10.

The model predictions indicate that the durability of backfill materials is not expected to be affected 
by the potential alkaline plumes developed from concrete alteration of the plug. Hence, the effect 
on the backfill properties will be small and can be neglected in the subsequent analysis. Also 
calculations show that the disintegration of the plug, which means that the backfill could then swell 
into the voids created, has no detrimental effect on the backfill above the first deposition hole and no 
restrictions on the location of the first deposition hole are needed.

Table  10-10. Compilation of results from the cases presented in / Åkesson et al. 2010a/. The calcula-
tions with names beginning with Plug1 have bentonite backfill on both sides of the plug while 
calculations with names beginning with Plug2 have crushed rock outside the plug. Suffix -2 refers to 
calculations with the high dry density d = 1,600 kg/m3 and high swelling pressure of the bentonite 
backfill, while the names without suffix refer to calculations with the low dry density d = 1,450 kg/m3 
and low swelling pressure.

Calculation Displacements (m) Maximum void 
ratio

Minimum swelling 
pressure (MPa)

Remarks

Backfill1/
Plug

Backfill2/
Plug

Plug1 0.03–0.07 –(0.03–0.07) 1.0 2.0 Locally at corner
Plug1b 0.15–0.27 –(0.15–0.27) 1.1 1.3
Plug1-2 0.08–0.17 –(0.08–0.17) 0.86 5.7
Plug1b-2 0.30–0.58 –(0.30–0.58) 0.99 3.0
Plug2 0.10–0.15 0.05–0.07 1.1 1.7
Plug2b 0.35–0.50 0.20–0.28 1.2 0.8
Plug2-2 0.24–0.32 0.13–0.17 0.98 3.0 Locally at corner
Plug2b-2 0.70–1.05 0.40–0.58 1.2 1.0
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Advective conditions in the deposition hole
Corrosion under advective conditions in the deposition holes is assessed in Section 10.4.9. According 
to Section 10.3.11 no deposition holes will lose so much buffer mass by colloid release due to dilute 
groundwaters such that advective conditions must be assumed during the initial temperate period. 
(Even if such conditions were to occur, it is shown in Section 10.4.9, that the corrosion is not fast 
enough to create any failures of the copper shell during the first 100,000 years.) 

Summary of copper corrosion analysis
For the corrosion processes analysed for the initial temperate period, the corrosion depth is much 
smaller than the copper shell thickness. This is the case also for an assessment time of 106 years, as 
illustrated in Figure 10-88. Several processes give corrosion depths less than 100 m, and no pro-
cesses give corrosion depths larger than a few mm. The corrosion depths from the different processes 
should not simply be summed up as their combination requires a far more detailed chemical analysis 
(as well as statistical analysis regarding the flow and sulphide distributions), but, even if they are 
cautiously added, the sum is still less than 5 mm.

Identified uncertainties and their handling in the subsequent analysis
The following conclusions are reached regarding copper corrosion during the temperate period.

• The total amount of copper corrosion during the excavation and operational phases and the first 
1,000 year period can be estimated to be less than 1 mm. The largest contribution to this estimate 
comes from the initially entrapped oxygen.

• Copper corrosion by contaminants in the buffer, backfill or groundwater does not pose a threat to 
canister integrity for the initial temperate period. Even during the one million year overall assess-
ment period, expected corrosion of the canister for an assumed temperate climate would cause 
corrosion depths of the order of a few millimetres, even for the most unfavourable deposition 
positions at Forsmark.

• No deposition holes will lose so much buffer mass by colloid release due to dilute groundwaters 
such that advective conditions must be assumed, meaning that corrosion under advective condi-
tions can be ruled out during the initial temperate period. 

Corrosion failure will thus not occur during the initial thermal period.

Figure 10-88. Es timates of corrosion depth from different corrosion processes conceivable in the reposi-
tory, here shown for an assessment time of 106 years. None of these processes causes penetration of the 
copper shell. Red crosses represent pessimistic assumptions, whereas blue crosses represent more realistic 
assumptions (where calculations are available). The yellow line indicates the copper thickness of 5 cm.
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10.3.15 Summary of th  e first 1,000 years after closure 
The heat from the spent fuel results in a fast temperature increase in the buffer, with peak tempera-
ture occurring some 5–15 years after deposition, followed by a slow reduction of the temperature 
due to the decay of the heat source. The analyses presented in Section 10.3.4 show that there is an 
adequate margin to the peak temperature criterion for the buffer, even when the spatial variability 
of the rock thermal properties is taken into account and with other data essential for computing the 
result chosen pessimistically. This conclusion is valid provided there is thermal management of the 
disposal sequence, such that the influence of already deposited canisters would not unduly affect 
the thermal evolution of canisters deposited later, see also Section 15.5.15. Such management is 
judged fully feasible and there is no need to consider a situation with a buffer above the peak thermal 
criterion in SR-Site.

The mechanical evolution of the host rock is dominated by effects of the thermal load from the can-
isters and, to a minor extent, the developing swelling pressure from the buffer and the backfill. The 
long-term impact of the rock stress field need also to be taken into account. According to Section 
10.3.5, the following conclusions concerning the mechanical evolution can be drawn.

• Reactivation of fractures in the near field as well in the far field due to thermal load that could 
affect the mechanical stability and the fracture transmissivity in the rock are excluded from 
further analysis since the calculated impacts on fracture transmissivity during the heating phase 
are small, and very local to the deposition tunnel.

• Reactivation due to ongoing Mid-Atlantic Ridge push that could affect the mechanical stability of 
the deposition holes (safety function R3a) cannot be totally ruled out even during the temperate 
period. According to the earthquake analysis presented in Section 10.4.5, on average between 
9.3·10 6 and 2.2·10 5 canisters may be sheared 50 mm or more due to earthquakes within the 
1,000-year time frame.

• Fracturing of the rock, i.e. thermally induced spalling, is likely to occur but the counter pressure 
exerted by bentonite pellets in the slot between buffer and rock wall, may suppress the spalling, 
or at least keep the spalled slabs in place and minimize the hydraulic transmissivity of the spalled 
damage zone. A set of distinct calculation cases, assuming no spalling or spalling in all deposition 
holes, are propagated for further assessment. The potential for spalling might to some extent 
depend on the deposition sequence and other aspects of the design, see further Section 15.5.15.

• Literature evidence suggests that there is no potential for creep deformation that could signifi-
cantly affect deposition hole geometry, allowing the exclusion of the phenomenon from the safety 
assessment.

Analyses of the hydraulic evolution of the system indicate that after repository closure a rapid initial 
inflow is followed by an asymptotic regime where the inflow gradually decreases. It will take several 
hundred of years for the repository to reach full saturation. 

Detailed regional and repository scale groundwater flow analyses for the saturated host rock indicate that 
the Forsmark site has favourable properties in terms of performance measures related to groundwater 
flow and transport, using either of the models. Specifically, the transport resistance of the host rock, 
the so called F-factor, ranges between 104 and 109 y/m depending on the spatial location, and about 
90% of all potential deposition holes have F values above 106 y/m. Distributions of Darcy fluxes and 
equivalent flow rates for use in subsequent analyses have also been obtained and show favourable 
properties. It can be noted that at least 70% of all potential deposition holes are not connected to any 
water bearing fractures, which implies that the hydraulic contact with these holes primarily is by dif-
fusion to the EDZ (if it exist) and to the deposition tunnel. The models also yield salinity distributions 
and handle mixing of different water types yielding concentrations of other relevant non-reacting 
components of the groundwater. All these results are propagated to subsequent analyses of engineered 
barrier performance and radionuclide transport. 

The analysis of the evolution of the geochemical conditions at the site has resulted in the following 
conclusions. 

• Anoxic conditions are expected to be re-established shortly after closure and will continue for the 
whole temperate period following the closure of the repository, in spite of the increasing propor-
tion of meteoric waters with time.
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Can3. Withstand shear loads 
The canister is designed to withstand a fracture shearing of 50 mm, see Section 5.4.3 and the Canister 
production report for further details. As further discussed in Section 10.4.5, on average between 
9.3·10 6 and 2.2·10 5 canisters may be sheared 50 mm or more due to earthquakes within the 1,000-year 
time frame. 

Status of buffer/backfill after the thermal and saturation phase
The buffer and, to a lesser extent, the backfill goes through a unique transient thermal and saturation 
phase in the first few hundred years after deposition. The status of these components after this tran-
sient phase is not expected to change much thereafter, meaning that the initial state, in combination 
with the alterations occurring during the transient phase, to a large degree determine the long-term 
properties of the buffer and the backfill. Therefore, a specific account of the expected status of the 
buffer and the backfill after the thermal and saturation phase is given here.

The buffer and the backfill will be deposited as blocks and the gaps between the blocks and the rock 
are assumed to be filled with bentonite pellets. Water from the rock will enter into the pellets and come 
into contact with the blocks. The bentonite will take up water and swell. From the time of deposition, 
the residual heat from the waste will increase the temperature in the near field of the repository. 
Temperature differences of up to 20 degrees will occur across the buffer for typically 100 years. 
Elevated temperatures in the near field are expected for about 1,000 years. During this period, the 
buffer and backfill are expected to evolve as described earlier in this section. The expected final state 
after the thermal and saturation phase is as set out below.

• After a period of < 100 years to ~6,000 years the buffer is expected to be fully saturated. During 
the period over which saturation is achieved, the buffer will swell and exert a swelling pressure 
on the canister, the rock and the backfill. The pressure is too low to have any effect on the 
canister and rock, but the backfill will deform to a certain extent. This will lead to a small loss of 
swelling pressure in the top of the deposition holes, but the pressure exerted by the buffer around 
the canister is expected to remain at its initial value.

• The hydraulic gradients in the unsaturated repository may cause piping and erosion of the buffer 
and backfill. This may lead to a loss or redistribution of material, but the losses will not jeopard-
ize the function of the buffer nor the backfill.

• The increased temperature in, and the thermal gradient over, the buffer may lead to redistribution 
of minerals. CaCO3 could be enriched close to the canister. The movement of compounds of 
silica is expected to be negligible.

• The maximum temperature increase and the maximum duration of increased temperature are well 
below the limits that might cause any significant transformation of the montmorillonite. 

• Groundwater from the site will enter into the buffer and mix with the original porewater. This will 
yield a new composition for the buffer water. Both the composition of the original bentonite and 
the water from the site are sufficiently well known that the new composition can be estimated.

• At the later part of the initial temperate period, i.e. after 10,000 years, a fraction of a percent of 
the deposition hole positions may have dilute conditions such that buffer colloids are formed 
and released. However, given the time it takes for such erosion, no deposition holes will reach 
advective conditions during the initial temperate period.

• Even if dilute conditions may occur in some of the more transmissive single fractures intersecting 
a deposition tunnel, at the later part of the initial temperate period, none of them will cause erosion 
to the extent that this will cause such loss of swelling pressure above deposition holes that these 
in turn would enter an advective condition. For a few positions where the fracture is connected to 
a deformation zone, potentially more than 220 tonnes could be lost in a million year perspective, 
but this is not relevant from the point of view of canister integrity.

In summary, for all identified processes occurring in the buffer and backfill during the saturation 
and thermal phase the consequences have been estimated. The conclusion is that none of these 
phenomena will jeopardize the long term performance of the buffer and backfill. 
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Identified uncertainties and their handling in the subsequent analysis
The main uncertainties in the landscape development during the remaining part of the reference 
glacial cycle are essentially the same as those dominating during the initial temperate period, i.e. 
1) the configuration of the landscape, 2) the timing of different events, and 3) the composition and 
properties of species and communities inhabiting the future landscape (cf. Section 10.3.3). Even 
though it is impossible to describe in detail the landscape development during a complete glacial 
cycle, the systematic landscape analysis and the approach for estimating doses encompasses most of 
the potential future landscape configurations for the reference glacial cycle.

10.4.3 Thermal evolution 
The decreasing temperature and in particular the presence of permafrost and perennially frozen ground 
may impact the buffer clay, backfill material and copper canister. Primarily it is safety function R4, see 
Figure 10-2, that may be affected, since it a) states that the temperature in the buffer should > 4°C in 
order to avoid buffer freezing and b) that the buffer temperature should be > 0°C to ensure the validity of 
the canister shear analysis. Furthermore, there is also a temperature related safety function for retention 
(BF2c) stating that the backfill temperature > –2°C, since this is the temperature at which it will freeze. 
In addition, if the buffer freezes, the pressure exerted on the canister and the rock may increase, an issue 
requiring separate analyses. Presence of permafrost also affects the hydromechanical conditions (poten-
tial for hydraulic jacking) as is further discussed in Section 10.4.4. It is therefore important to analyse 
i) the depths of permafrost, or more specifically, the depth of perennially frozen ground, ii) the depth of 
the isotherm corresponding to the temperature criterion used for buffer clay freezing, iii) the depth of the 
isotherm corresponding to the temperature criterion used for freezing of the backfill material, and iv) the 
freeze-out of salt that may result in a zone with higher salinity beneath the perennially frozen ground. 

Permafrost development 
The depth of permafrost is defined by the depth of the 0°C isotherm, see the Climate report, Section 
3.4. However, the depth of the perennially frozen ground is often shallower, depending on the pre-
vailing hydrostatic pressure, chemical composition of groundwater and on adsorptive and capillary 
properties of ground matter. These factors result in the possibility that groundwater water may freeze 
at temperatures below 0°C, see e.g. the Climate report, Section 3.4. The temperature criterion used 
in SR-Site for buffer freezing is 4°C, see Section 8.3.2. However, in reality it is likely that buffer 
clay freezes at even lower temperatures, Section 3.2.2 in the Buffer, backfill and closure process 
report. The criterion used for freezing of the backfill material is 2°C, see Section 8.4.4. 

The prevailing surface conditions, such as air temperature and surface cover, are the main factors 
governing the spatial and temporal development of permafrost and perennially frozen ground at 
Forsmark, see the Climate report, Section 3.4.4. Subsurface conditions, such as bedrock thermal 
properties, geothermal heat flow, groundwater salinity and heat produced by the repository, modify 
the spatial and temporal development, but are of secondary importance compared to surface condi-
tions. For a description of the development of permafrost during the reference glacial cycle, see 
Section 10.4.1 and the Climate report, Section 4.4.3.

Permafrost modelling 
The evolution of permafrost and perennially frozen ground has been investigated by means of numeri-
cal modelling in 1D and 2D / SKB 2006c, Hartikainen et al. 2010/. The related mathematical models 
are based on the theory of mixtures and basic principles of continuum mechanics and thermodynamics 
considering the freezing ground as an elastic porous medium of soil or rock skeleton saturated by saline 
groundwater and ice. The models are capable of describing the heat- and mass transfer in a porous 
medium, freezing of groundwater being affected by groundwater pressure and salt concentration, and 
freezing-induced groundwater flow (cryogenic-suction). The numerical 2D model also describes the 
exclusion of salt during freezing and the density dependent groundwater flow in unfrozen and partially 
frozen ground. The continuum approach is adequate for modelling of permafrost and perennially 
frozen ground development, since these processes are primarily governed by heat conduction and only 
secondarily by groundwater flow / Hartikainen et al. 2010/.
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stresses in the rock mass. However, as opposed to the temperate phase the temperature reduction during 
permafrost conditions affects much larger volumes of the rock mass meaning that thermo-mechanical 
properties on a larger scale have to be considered, i.e. accounting for surrounding rock with lower 
stiffness and the presence of deformation zones, which will effectively reduce the deformation 
modulus of the rock mass. Based on estimates of the rock mass deformation modulus, in the range 
40–45 GPa, suggested to be valid for large scale models of the bedrock surrounding the Forsmark site, 
the results from the present modelling work are scaled to an effective deformation modulus of 40 GPa. 
Figure 10-111 shows the resulting reduction in horizontal stress as a function of depth. Furthermore, 
/ Hökmark et al. 2010/ make two alternative assumptions regarding the glacially induced pore pressure 
at different depths.

1. It is assumed to follow the hydrostatic pressure at the ice bed interface, i.e. 98% of the increase 
in vertical stress due to the glacier, at all times and at all depths. However, as the ice margin is 
passing over the site or in combination with proglacial permafrost as the ice is advancing, this 
approach may underestimate the excess pore pressure at large depths. 

2. Estimates of the residual pore overpressure as a function of depth as the ice margin is passing 
over the site are established in 2D using a simplified ice sheet profile / Paterson 1994/ with the 
suggested ice frontal retreat rate at Forsmark / SKB 2006a/ and with depth-dependent hydraulic 
properties of the rock mass / Follin et al. 2007b, Vidstrand et al. 2010/. The estimate of the over-
pressure that could exist under an impermeable proglacial permafrost layer is based on worst case 
assumptions of the permafrost melting rate, i.e. on a case that maximizes the potential jacking 
depth under the advancing margin / Lönnqvist and Hökmark 2010/. For the latter pore pressure 
estimate, the seasonal pressure variations are taken into account. 

Reactivation of fractures during glacial cycle – hydraulic impacts in the far field
Using the modelling approach outlined in Section 10.3.5, / Hökmark et al. 2010/ assess the transmissivity 
effects for five instances in time, the first glacial maximum (12,000 years after the first mechanical impact 
due to the ice), ice margin passing over the site in connection with the first episode of ice frontal retreat 
(after 15,000 years), stress reductions due to forebulge (after 39,000 years), second glacial maximum 
(after 54,500 years) and ice margin passing over the site in connection with the second episode of ice 
frontal retreat (58,000 years after the first mechanical impact).

Figure 10-111. Horizontal  stress reduction (i.e. reduction of compression) during permafrost conditions. 
The red line is the calculation result based on a local scale rock mass stiffness of 70 GPa. For use in subse-
quent analyses this stress reduction is revised, shown in the blue line, such that it represent the rock mass 
stiffness for relevant large-scale elastic properties, i.e. a rock mass stiffness of 40 GPa. From / Hökmark 
et al. 2010, Figure 7-6/.
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The present understanding is that the horizontal stress components due to the ice are of the same mag-
nitude or greater than the corresponding vertical stress component and that they exist outside the ice 
/ Lund et al. 2009/. In a reverse stress field ( H > h > v), which is the case at Forsmark / Glamheden 
et al. 2007/, this implies that hydraulic jacking is mainly of concern for sub-horizontal fractures. 

Possible indications of hydraulic jacking events, in the form of sediment-filled fractures, have been 
found at Forsmark, to depths of a few tens of metres. However, hydraulic jacking may, in theory, 
also be initiated at substantially larger depths / Talbot 1999, Hökmark et al. 2006/. Therefore, a 
special study on the potential for hydraulic jacking during a glacial cycle / Lönnqvist and Hökmark 
2010/ has been conducted. It shows that:

• In the absence of proglacial permafrost, hydraulic jacking in front of an advancing ice sheet is 
unlikely to be initiated at depths greater than about 30 m if the rock can be treated as a continuous 
and relatively homogeneous porous medium. The possibility that a few highly transmissive 
fractures in otherwise low permeable rock may transfer high pressures from large distances under 
the ice to the ice front and thereby cause hydraulic jacking can also be discarded. Analytical 
estimates indicate that in order to initiate hydraulic jacking at 400 m depth a fracture at least 
7.6 km long in otherwise impermeable rock is needed. There are no indications of the existence 
of such fractures at Forsmark.

• For the case of proglacial permafrost in front of an advancing ice, hydraulic jacking below the 
permafrost could only be seen for permafrost melting rates much higher than those established 
for the reference glaciation cycle. Note that the pore pressure beneath the permafrost is 
completely determined by the pressure at the melting zone, the diffusivity of the rock and the 
time-frame of the frontal advance, which implies that the initial permafrost thickness will not 
influence the maximum jacking depth. The worst cases studied had an initial permafrost depth 
of 200 m with melting rates between 0.5 and 1 m/year and this condition gave maximum jacking 
depths of around 330–350 m. However, this depth was reduced to about 175–210 m, considering 
the seasonal variations in the boundary hydrostatic pressure. The reference melting rate resulted 
in increased pore pressure levels corresponding to jacking depths of less than 10 m. A potential 
occurrence of open taliks near the repository would further decrease the maximum jacking depth.

• For a retreating ice sheet, the key factors are the frontal retreat rate of the ice and the hydraulic 
diffusivity of the rock. The maximum jacking depth was established for two assumptions regard-
ing the frontal retreat rate: A much faster frontal retreat rate (500 m/year) suggested by / Talbot 
1999/ and the retreat rate of 300 m/year considered to be more relevant for Forsmark / SKB 
2006a/. A maximum jacking depth less than 100 m results even for the fastest retreat speed. For 
the retreat speed relevant for Forsmark (300 m/year) the maximum jacking depth is around 50 m. 

Figure 10-114. Relative transmissivity change for at the first glacial maximum (after 12 ka) in a fracture 
(left) parallel to the tunnel floor and (right) a vertical fracture intersecting the tunnel with a small angle 
projected onto the vertical plane perpendicular to the deposition tunnel. Modified after Figures 8-16 and 
8-12 in / Hökmark et al. 2010/.
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bedrock at Lupin consists of an ancient metamorphosed sedimentary rock sequence dominated by quartz 
feldspar gneiss/phyllite; these were formed some 2.5 Ga, somewhat older than 1.89–1.85 Ga which 
was the peak of metamorphism at the Forsmark site, characterised by different types of granitoids with 
subordinate felsic to intermediate volcanic rocks, diorite or gabbro, pegmatite and amphibolite. Whilst 
the rock types are certainly not identical, they share enough properties to compare qualitatively the 
general hydrochemical properties at each site. The pH values for sampled groundwaters at Lupin vary 
between 6 and 9 and bicarbonate concentrations are found to be below 5·10–3 mol/L. For potassium, the 
concentrations are higher than for the groundwaters sampled at Forsmark or Laxemar: sub-permafrost 
groundwaters at Lupin have < 2.6·10–3 mol/L. For iron, most of the groundwaters sampled at Lupin had 
< 5.4·10–5 mol/L. Thus, the concentrations and pH values found are not far from those for groundwaters 
sampled elsewhere, for example at Forsmark, see / Laaksoharju et al. 2008/.

Evolution of salinity and relevant natural groundwater components 
It is estimated that at Forsmark the ground will be frozen to a depth of 50 m or more for around 30 
percent of the time in the glacial cycle of the reference evolution, see Figure 10-106. According to 
these results, the permafrost will not occur over a continuous period of time, but rather thawing will 
occur between more or less short periods of permafrost, see also the discussion in Section 10.4.1. 
Some of these permafrost periods will furthermore coincide with the time when the site is covered 
by an ice sheet.

When water freezes slowly, the solutes present in the water will not be incorporated in the crystal lat-
tice of the ice. During this process, salts that have been present in the surface waters and groundwaters 
will tend to accumulate at the propagating freeze-out front. This front is, however, not necessarily 
sharp, because e.g. freezing will take place over a range of temperatures, depending on the salinity, 
etc. The freezing process can give rise to an accumulation of saline water at the depth to which the 
perennially frozen front has reached. The saline waters formed in this manner within fractures and 
fracture zones will sink rapidly due to density gradients.

The calculations made using a two-dimensional model set-up / Hartikainen et al. 2010/ show that when 
the freezing is extensive (down to several hundred metres depth) a salt front is developed in the 
calculations. The model also shows that pockets of unfrozen groundwater with high salinity may 
develop in the perennially frozen rock when the freezing front advances faster than the transport of 
salt. These results agree qualitatively with the previous generic calculations reported in / Vidstrand 
et al. 2006/. It should be noted that the model used in / Hartikainen et al. 2010/ does not account for 
matrix diffusion, and the amounts of salts frozen out in the mobile groundwater are only a fraction 
of the salt contents in whole rock volume.

The concentration of the frozen out salt has been estimated in these calculations assuming that before 
the onset of the permafrost the salinity distribution is that found at present in Forsmark. Judging from 
the results in Figure 10-39, Section 10.3.7, it may be that these initial salinities are overestimated, as 
the groundwaters will become gradually more dilute before the start of the permafrost.

Nevertheless the results of the 2D modelling / Hartikainen et al. 2010/ indicate only a very moderate 
increase in salinities around the repository volume, not exceeding 1%, for the most extreme permafrost 
simulation, that is, for the dry variant of the repetition of the last glacial cycle with an air temperature 
decreased by 8 degrees. That is, even for the most extreme permafrost extent simulated, the calculated 
groundwater salinities in the repository volume do not exceed those found at present.

The possibility of upconing of deep saline groundwater to repository depths during permafrost condi-
tions was addressed in / King-Clayton et al. 1997/. This may possibly occur in the vicinity of permanent 
discharge features such as some taliks. Such discharge features mainly occur along more extensive 
conductive deformation zones. In Forsmark, where the topography is quite flat, the probable location of 
taliks is at some distance from the candidate repository area, as estimated from the landscape develop-
ment following the reference evolution shore-level displacement at Forsmark, see the Climate report, 
Section 4.5.2.

When the permafrost melts and decays there will be a release of dilute melt water from the upper 
highly permeable network of fractures. At this stage the low permeability matrix which has pre-
served (or accumulated) its salinity, especially at greater depths, will probably be more saline than 
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Based on observations and results from pessimistic modelling, oxygen intrusion to repository depth 
in highly transmissive deformation zones during the advance or retreat of an ice sheet cannot be 
discarded. However, model results indicate that hundreds of years of the worst glacial situation, a 
situation which does not occur in the reference evolution, would be needed for oxygen to reach only 
a few of the canister positions in the repository. Therefore it is concluded that reducing conditions 
will prevail in the deposition holes of the repository, satisfying the safety function indicator criterion 
R1a in Figure 10-2. 

10.4.8 Effects on buffer and backfill 
Freezing
As concluded in Section 10.4.3, temperatures leading to buffer and backfill freezing do not occur in 
the reference evolution. Freezing of the upper parts of access tunnels or sealed boreholes could, how-
ever, not be excluded. Nevertheless, this section addresses the conditions when freezing may occur 
and how this affects the clay barriers. This information is then used in Section 12.3 when assessing 
consequences of more extreme future climates.

General
At temperatures below 0°C it can be anticipated that the water in the buffer and the backfill would turn 
into ice. This is not an issue for the materials themselves since the process is reversible and they will 
regain their properties after thawing / Birgersson et al. 2010/. However, the formation of ice could lead to 

1. An increased pressure on the canister and rock.

2. Redistribution of material due to ice lens formation.

/Birgersson et al. 2010/ have investigated the behaviour of compacted bentonite below 0°C. It was 
investigated how swelling pressure (i.e. sealing properties) change with temperature and under 
what conditions bentonite freezes. The freezing point of a soil sample is defined as the temperature 
at which ice starts to form in the material. When ice formation occurs in confined bentonite a 
substantial pressure increase is expected due to volume expansion of water. Bentonite is a swelling 
material, which makes it rather unique as a soil in the sense that some of its properties are dependent 
on external conditions. The process of swelling, specifically, only occurs when bentonite is in 
contact with an external aqueous reservoir, and the concept of swelling pressure can consequently 
only be defined under such conditions. This means, in particular, that a bentonite component within 
the KBS-3 repository will be affected by freezing as soon as the groundwater in the surrounding rock 
freezes even though the component itself may remain unfrozen. The process of freezing bentonite 
in the following context therefore also includes the temperature range between the freezing point 
of the aqueous reservoir and the actual freezing point of the bentonite soil, in order to provide a full 
description of bentonite characteristics as the temperature is lowered.

There is a critical temperature below 0°C, here denoted Tc and measured in °C, at which swelling 
pressure is completely lost. Tc depends only on swelling pressure measured at 0°C, and not explicitly 
on clay specific quantities like montmorillonite content, montmorillonite layer charge or density.

/Birgersson et al. 2010/ have provided a theoretical description of the pressure response due to tem-
perature in bentonite above Tc. From these results it can be concluded that any bentonite component 
of the KBS-3 repository – buffer, backfill or borehole seals – will strive to lower its pressure as the 
temperature drops below 0°C. The size of the equilibrium pressure drop depends, for all relevant 
bentonite densities, basically only on the difference in molar entropy between bulk water and ice, 
which at 0°C corresponds to 1.2 MPa/°C. Because the pressure drop is determined by properties not 
related to the clay, the same behaviour is expected independent of what specific bentonite is used. 
The dominating parameter that determines Tc is thus the equilibrium swelling pressure at 0°C (which 
of course in turn is determined by e.g. density, montmorillonite content, montmorillonite layer 
charge etc).

Figure 10-155 shows pressures evaluated for samples of the Ibeco RWC (Dep Can) bentonite for 
temperatures both below and above 0°C.
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Confined bentonite in contact with saline ground water results in a lower swelling pressure above 0°C 
as compared to non-saline conditions. This effect, however, does not result in an increased freezing 
temperature as the freezing point of the external aqueous reservoir lowers. Actually, saline conditions 
lead to a lower freezing point of bentonite because salt enters the clay and contributes to lowering the 
chemical potential of the water. Therefore, only non-saline conditions need to be considered.

Buffer
The buffer materials in SR-Site are MX-80 and Ibeco RWC bentonites that have a mean bulk density 
of 2,000 kg/m3, see Section 5.5. The corresponding swelling pressure of these materials under non-
saline conditions is 7–8 MPa, which, in turn, corresponds to a Tc of approximately 6°C. Considering 
also the accepted density range of 1,950–2,050 kg/m3, which gives a swelling pressure interval of 
5–13 MPa / Karnland 2010/, the range for Tc is between 4°C and 11°C.

Backfill
The swelling pressure of the backfill can be significantly lower than that in the buffer. The swelling 
pressure of the “initial state” backfill defined in Chapter 5 is ~3 MPa, which would give a critical 
temperature of 2.5°C. However, this represents the average swelling pressure and as described in 
Section 10.3.9 there will be remaining density gradients within the backfill. The minimum density in 
the backfill will be 1,370 kg/m3, which corresponds to a swelling pressure of ~1 MPa according to 
Figure 5-19. This would give a Tc of 0.8°C for the loosest sections of the backfill in the deposition 
tunnel. Furthermore, the repository closure, which, in accordance with the reference design, is similar 
to the backfill in deposition tunnels, is extended vertically in ramp and shafts and therefore parts of 
it will experience temperatures lower than those at repository level. Freezing of the backfill is not a 
problem per se, as the process has been demonstrated to be reversible. However, it can be imagined 
that freezing could occur in the backfill in a position closer to the surface when the rock surrounding 
the repository is frozen. This could lead to increased pressures in the repository as liquid water is 
“trapped” in a frozen rock matrix. Such a scenario can only occur, however, when the temperature 
at repository level is below 0°C.
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Figure 10-155.  Equilibrium pressure vs. temperature for Dep-Can (Ibeco RWC) bentonite at a swelling 
pressure above 0°C of ~7 MPa / Birgersson et al. 2010/. The freezing point (Tc) of the sample is below –8°C. 
The line labelled “Theory” shows the expected pressure response if the water saturated bentonite is treated 
thermodynamically equivalent to a salt solution. / Birgersson et al. 2010/.
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Darcy flux. Positions with the highest fluxes are also with high likelihood among the two percent of 
positions exposed to dilute groundwaters. Since the 23 positions are much less than the two percent 
of the 6,000 positions assumed to be exposed to dilute water, further efforts to reduce the estimate of 
two percent being exposed to dilute groundwater would not readily yield any further reduction in the 
number of advective positions. 

Also, assuming dilute conditions in all deposition holes throughout the glacial cycle, then 7 deposi-
tion holes are calculated to reach advective conditions in 120,000 years assuming temperate flow 
conditions and 4 deposition holes if the appropriate time averaged flow conditions (the mean value 
of q0.41, Figure 10-147), is assumed. Therefore, it is concluded that less than one in a thousand of the 
6,000 deposition holes are expected to exhibit advective conditions during the first glacial cycle.

As also found in Section 10.3.11 none of the tunnel intersecting single fractures will cause erosion 
of the backfill to the extent that it loses so much swelling pressure that advective conditions must 
be assumed in underlying deposition holes. For a few positions where the tunnel is intersected by a 
deformation zone, potentially more than 220 tonnes could be lost, but this is not relevant from the 
point of view of canister integrity since no deposition holes will be located there.

In conclusion, the quantitative evaluations of the erosion process indicate that substantial losses, 
affecting several of the buffer safety functions negatively, are expected to occur in less than one in 
a thousand of the deposition holes during the first 120,000-year glacial cycle, whereas, in a million 
year perspective, 23 deposition positions, i.e. less than one percent, are calculated to reach advective 
conditions assuming exposure to dilute groundwater 25 percent of the time. The buffer erosion 
calculations are integrated with the calculations of canister corrosion in a million year perspective, 
see Section 10.4.9, and, in the case of resulting canister failures, to calculations of radionuclide 
transport in Chapter 13.

Liquefaction
Liquefaction, as observed in loose clay and sand, cannot take place in a bentonite with high density, 
since the effective stress that holds the clay together is high due to the swelling pressure. Furthermore, 
the Buffer, backfill and closure process report, Section 3.4.2, conclusively rules out that a very 
high hydrostatic pressure during a reference glacial event could reduce the effective stress (swelling 
pressure) of the buffer to zero. Pressure increases resulting from earthquakes have been demonstrated 
as not being able to cause liquefaction in the buffer, see the Buffer, backfill and closure process 
report, Section 3.4.2. 

 Effects of saline water on buffer and backfill
Hydraulic conductivity and swelling pressure of the buffer and backfill, as affected by different 
groundwater salinities are presented in Section 10.3.9. The conclusion is that the hydraulic properties 
of the buffer will not be significantly affected by the intrusion of saline water. The conclusions in that 
section are valid at chloride concentrations of up to 3 M (17.5% NaCl). The highest expected value at 
Forsmark is a salinity of TDS = 20 g/L, i.e. about 2 percent, as a consequence of the upconing of deep 
saline waters when the ice front margin is located on top or the repository, see Section 10.4.7.

Mechanical effects of increased flow
For the case where there are strong hydraulic gradients in a fracture intersecting a deposition hole, 
it could be imagined that buffer could be lost by shearing of particles from the bentonite gel by 
seeping water. For physical shearing the cohesiveness of the gel has to be overcome by the friction 
force on the gel. The yield stress of the gel and the shear stress of the water will determine when this 
mechanism is active. The non-Newtonian properties, especially the Bingham yield stress must be 
quantified. / Neretnieks et al. 2009/ presents a model for the shear stress as a function of the hydraulic 
gradient and fracture aperture. Figure 10-157 shows the shear stress as a function of the hydraulic 
gradient based on the output from hydrogeological modelling of the glacial Base case in SR-Site, see 
Table 10-25 in Section 10.4.6, and aperture. 
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Buffer safety functions 
For the initial temperate period, it was concluded that the saturated buffer density in deposition holes 
where piping does not occur will be in the interval allowed for the initial state, ie. 1,950–2,050 kg/m3 
around the canister. 

Up to 2 percent of deposition hole positions may experience dilute conditions during a glacial cycle, 
although only for a limited part of the time. Assuming that these positions coincide with the positions 
of the highest flow, only one out of 6,000 deposition holes is calculated to also lose buffer mass to the 
extent that advective conditions must be assumed during the 120,000 year reference glacial cycle. 

Buff1. Limit advective transport
a) Hydraulic conductivity < 10 12 m/s
For deposition holes within the initially allowed buffer density range, the hydraulic conductivity 
criterion is fulfilled with ample margin, also for groundwater salinities that can be expected during 
the reference glacial cycle, see Section 10.4.8. For a deposition hole that has experienced loss of 
buffer mass due to erosion/colloid release and to the extent that advective conditions prevail, this 
safety function can, however, not be guaranteed.

b) Swelling pressure > 1 MPa.
For deposition holes within the initially allowed buffer density range, the swelling pressure criterion 
is fulfilled with ample margin, also for groundwater salinities that can be expected during the refer-
ence glacial cycle, see Section 10.4.8. For a deposition hole that has experienced loss of buffer mass 
due to erosion/colloid release and to the extent that advective conditions prevail, this safety function 
can, however, not be guaranteed.

Buff2. Reduce microbial activity
For this safety function to be fulfilled it is required that the buffer density is high. 

For deposition holes within the initially allowed buffer density range, this safety function is fulfilled.

For a deposition hole that has experienced substantial loss of buffer mass due to erosion/colloid 
release, this safety function can, however, not be guaranteed.

Buff3. Damp rock shear
For this safety function to be fulfilled, it is required that the saturated buffer density is less than 
2,050 kg/m3. 2,050 kg/m3 is the upper allowed bound of the initial density and as no relevant 
processes that would increase the buffer density have been identified, it is concluded that this safety 
function is fulfilled for all deposition holes.

Buff4. Resist transformation
For this safety function to be fulfilled, it is required that the buffer temperature is less than 100°C. 
The peak buffer temperature will occur a few tens of years after deposition. At the start of the refer-
ence glacial cycle (10,000 years after deposition), the buffer temperature will be similar to that of the 
ambient, natural rock temperature. There is thus no conceivable way in which the buffer temperature 
could exceed 100°C during the reference glacial cycle.

Buff5. Prevent canister sinking
For this safety function to be fulfilled, it is required that the buffer swelling pressure exceeds 
0.2 MPa. For deposition holes within the initially allowed buffer density range, the swelling pressure 
criterion is fulfilled with ample margin, see above. For a deposition hole that has experienced loss 
of buffer mass due to erosion/colloid release and to the extent that advective conditions prevail, this 
safety function cannot be guaranteed. However, if advective conditions prevail, the fact that the 
canister sinks is of secondary importance.
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Buff6. Limit pressure on canister and rock
a) Swelling pressure < 15 MPa
Since no process is identified where the buffer material will be added during the next glacial cycle, 
this maximum swelling pressure criterion will be upheld.

b) Temperature > 4°C.
As mentioned regarding the rock safety function R4 above, the criterion is expected to be fulfilled 
with ample margin for the reference glacial cycle.

Backfill safety functions
BF1. Counteract buffer expansion
For this safety function to be fulfilled it is required that the density of the backfill material is suffi-
ciently high. As shown in Section 10.2.4, the largest possible erosion due to piping will be 1,640 kg. 
Erosion in the backfill will basically mean that material is redistributed within the tunnel itself. 
Considering the large mass of backfill in the tunnel a redistribution of 1,640 kg can be assumed to 
have no impact at all on the backfill performance.

Even if dilute conditions occur in some of the more transmissive single fractures intersecting deposi-
tion tunnel, during the next glacial cycle, none of them will cause erosion to the extent that this will 
result in such loss of swelling pressure above deposition holes that these in turn would enter an advec-
tive condition. For a few positions where the fracture is connected to a deformation zone, potentially 
more than 220 tonnes could be lost, but this is not relevant from the point of view of canister integrity.

Canister safety functions 
Can1. Provide corrosion barrier
The only reason for canister failure due to corrosion during the remaining part of the glacial cycle 
is by corrosion for advective conditions in the deposition holes, caused by erosion of the buffer 
when exposed to dilute groundwaters. Up to around one canister may fail over the entire 106 year 
assessment period for this reason. The results from the erosion/corrosion calculations are further 
transferred to the radionuclide transport calculations, giving the time needed for erosion and corro-
sion specifically for each deposition hole and for each sulphide concentration. 

Can2. Withstand isostatic load
For this safety function to be fulfilled, it is required that the canister withstands isostatic loads above 
45 MPa. The fulfilment of this safety function is assured by the design of the canister, see Section 5.4.3 
and the Canister production report. It may also be noted that the maximum expected isostatic load 
on the canister at the Forsmark site is 4.5 MPa hydrostatic pressure, up to 13 MPa isostatic swelling 
pressure from the bentonite and a maximum additional 26 MPa hydrostatic pressure from a future ice 
sheet in the Weichselianreference evolution. The maximum total isostatic pressure to which the canister 
will be subjected can thus be estimated to be 43.5 MPa. 

The probability for local canister insert damage at 44 MPa over-pressure is vanishingly small, as dem-
onstrated by probabilistic calculations, see Section 5.4.3. Furthermore, the criterion for failure is that a 
global collapse occurs, which is not expected for pressures below 100 MPa, see further Section 5.4.3. 
As a consequence, no canister failures are expected at the maximum over-pressure that could be 
experienced at the Forsmark site in the reference evolution. 

Can3. Withstand shear loads 
Canister failures due to future earthquakes are avoided through the use of respect distances and 
acceptance criteria for deposition holes, adapted to the ability of the canister to resist loads from 
fracture shear movements. However, it cannot be fully ruled out that such failures will occur, see 
discussion of rock safety function R3b for estimates of the likelihood of such failures.
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10.5.1 Safety f unctions at the end of the assessment period 
The following is an account of all safety functions in Figure 10-2 at the end of the one million year 
assessment time, often as a comparison to the situation after the initial glacial cycle reported in 
Section 10.4.11.

Rock safety functions 
R1. Provide chemically favourable conditions
a) Reducing conditions; Eh limited 
No challenges to the conclusion for the initial glacial cycle, that reducing conditions will prevail, 
have been identified. It is, therefore, concluded that reducing conditions will prevail throughout the 
assessment period. 

b) Salinity; TDS limited.
Repetitions of the same pattern of variations as for the initial glacial cycle are expected, meaning 
that salinity levels will remain limited.

c) Ionic strength; q[Mq+] > 4 mM charge equivalent.
Repetitions of the same pattern of variations as for the initial glacial cycle are expected, meaning 
that additional periods of temperate and glacial conditions where this safety function indicator is not 
fulfilled must be assumed.

d) Concentrations of HS , H2, CH4 organic C, K+ and Fe; limited.
Repetition s of the same pattern of variations as for the initial glacial cycle are expected, meaning 
that concentrations of K and Fe will remain limited and that sulphide concentrations are expected to 
be  10–5 mol/L for most deposition positions averaged over the time period.

e) pH; pH < 11.
Repetitions of the same pattern of natural variations as for the initial glacial cycle are expected, 
meaning that pH is not expected to exceed 10. Possibly, continued releases of leach water from 
grout, shotcrete and cement may exhibit pH-values of around 9 even after the initial glacial cycle.

f) Avoid chloride assisted corrosion; pH > 4 and [Cl ] < 2 M.
Repetitions of the same pattern of natural variations as for the initial glacial cycle are expected, 
which means that these safety function indicator criteria are fulfilled throughout the period.

R2. Provide favourable hydrologic and transport conditions
a) Transport resistance in fractures, F; high
Repetitions of the same pattern of variations of gradients and small alterations of fracture transmis-
sivity for different glacial loads as for the initial glacial cycle are expected. This means that the 
variation in groundwater flow and thus in transport resistance of the initial glacial cycle will also be 
applicable for the subsequent glacial cycles.

b) Equivalent flow rate in buffer/rock interface, Qeq; low.
Repetitions of the same pattern of variations of gradients and small alterations of fracture transmis-
sivity for different glacial loads as for the initial glacial cycle are expected. This means that the 
variation in groundwater flow and thus in equivalent flow rate of the initial glacial cycle will also be 
applicable for the subsequent glacial cycles However, in deposition holes where advective conditions 
need to be assumed, Qeq should be replaced by the flow in the fracture intersecting the deposition 
hole, as further discussed in Section 10.4.9.

R3. Provide mechanically stable conditions
a) GW pressure; limited.
Repetitions of the same pattern of variations as for the initial glacial cycle are expected, meaning 
that increased pressures will occur for glacial conditions. As for the initial glacial cycle, this yields 
maximum total groundwater pressures of around 30 MPa.
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b) Shear movements at deposition holes < 0.05 m.
For the 1,000,000-year time frame, using the most pessimistic way of accounting for the combined 
effects of multiple earthquakes, between 8.1·10–3 and 6.9·10–2 canisters may be sheared 50 mm or more.

c) Shear velocity at deposition holes < 1 m/s.
As for the initial glacial cycle it is shown that shear velocities will stay below the 1 m/s limit.

R4. Provide thermally favourable conditions
Repetitions of the same pattern of variations as for the initial glacial cycle are envisaged. For the first 
glacial cycle it was shown that the 4°C isotherm reaches a maximum depth of ~150 m and if also 
considering a quite unrealistic and most extreme combination of uncertainties, the uncertainty range 
for the perennially frozen ground reach a maximum depth of ~420 m and at the same time, the uncer-
tainty range for the 4°C isotherm reach a maximum depth of ~320 m. These results conclusively 
show that the 4°C isotherm does not reach repository depth in the reference glacial cycle and since 
the uncertainty interval for the perennially frozen ground does not reach 450 m depth, even in this 
most extreme combination of all uncertainties, freezing of groundwater at repository depth is excluded 
in the reference glacial cycle. In this most extreme situation, the lowest temperatures at the 450 and 
470 m depths are approximately 0.5°C and 0°C, respectively. For periods with glacial conditions, the 
ice sheet acts to insulate the bedrock from the low air temperatures, meaning that permafrost depths 
are smaller than for periglacial conditions.

a) Temperature > 4°C (avoid buffer freezing).
This safety function is fulfilled, even considering that the maximum permafrost depths for the reference 
glacial cycle may increase by up to 37 m, see the Climate report, Section 4.5.3, when the residual 
power from the fuel does not counteract the development of permafrost after the initial glacial cycle.

b) Temperature > 0°C (validity of can shear analysis).
When not considering the uncertainties related to permafrost growth, the bedrock temperature is well 
above 0°C during the first and all following safety assessment period glacial cycles. In the case of 
the most extreme, and quite unrealistic, combination of uncertainties related to permafrost growth, 
the bedrock temperature at repository level may have a temperature marginally below 0°C. However, 
since this case is considered unrealistic it is anyway judged that the safety function is upheld for the 
entire assessment period of 1 million years.

Buffer safety functions 
As for the initial glacial cycle, quantitative evaluations of the buffer erosion process indicate that 
substantial losses, affecting several of the buffer safety functions negatively, cannot be ruled out, 
potentially for a fraction of the deposition holes during the one million year assessment period. 
These potential losses would be higher than for the initial glacial cycle.

This influences the evaluation of several of the buffer safety function indicators, as discussed below.

Buff1. Limit advective transport
a) Hydraulic conductivity < 10 12 m/s.
For deposition holes within the accepted range of buffer density, the hydraulic conductivity criterion 
is fulfilled with ample margin, also for groundwater salinities that can be expected during the refer-
ence glacial cycle, see Section 10.4.8. For a deposition hole that has experienced loss of buffer mass 
due to erosion/colloid release and to the extent that advective conditions prevail, this safety function 
can, however, not be guaranteed.

b) Swelling pressure > 1 MPa.
For deposition holes within the accepted range of buffer density, the swelling pressure criterion is 
fulfilled with ample margin, also for groundwater salinities that can be expected during the reference 
glacial cycle, see Section 10.4.8. For a deposition hole that has experienced loss of buffer mass due 
to erosion/colloid release and to the extent that advective conditions prevail, this safety function can, 
however, not be guaranteed.
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Buff2. Reduce microbial activity
For this safety function to be fulfilled it is required that the buffer density is high. 

For deposition holes within the accepted range of buffer density, this safety function is fulfilled.

For a deposition hole that has experienced substantial loss of buffer mass due to erosion/colloid 
release, this safety function can, however, not be guaranteed.

Buff3. Damp rock shear
For this safety function to be fulfilled, it is required that the saturated buffer density is less than 
2,050 kg/m3. Since 2,050 kg/m3 is the upper bound of the accepted initial state and as no relevant 
processes that would increase the buffer density have been identified, it is concluded that this safety 
function is fulfilled for all deposition holes. 

Buff4. Resist transformation
For this safety function to be fulfilled, it is required that the buffer temperature is less than 100°C. As 
for the initial glacial cycle, there is no conceivable way in which the buffer temperature could exceed 
100°C during the assessment period.

Buff5. Prevent canister sinking
For this safety function to be fulfilled, it is required that the buffer swelling pressure exceeds 0.2 MPa. 

For deposition holes within the acceptable buffer density range, the swelling pressure criterion is 
fulfilled with ample margin, see above.

For a deposition hole that has experienced loss of buffer mass due to erosion/colloid release and to 
the extent that advective conditions prevail, this safety function cannot be guaranteed. However, if 
advective conditions prevail, the fact that the canister sinks is of secondary importance.

Buff6. Limit pressure on canister and rock
a) Swelling pressure < 15 MPa.
Since no process is identified where buffer material will be added during the future glacial cycles, 
this maximum swelling pressure criterion will be fulfilled.

b) Temperature > 4°.
As mentioned regarding the rock safety function R4, the criterion is expected to be fulfilled with 
ample margin. 

Backfill safety functions
BF1. Counteract buffer expansion
Even though dilute conditions may occur in some of the more transmissive single fractures intersect-
ing deposition tunnels, during the 106 years assessment period, none of them will cause erosion to 
the extent that this will result in such loss of swelling pressure above deposition holes that these in 
turn would enter an advective condition. For a few positions where the fracture is connected to a 
deformation zone, potentially more than 220 tonnes could be lost, but this is not relevant from the 
point of view of canister integrity.

Canister safety functions 
Can1. Provide corrosion barrier
The only reason for canister failure due to corrosion during future glacial cycles is by corrosion for 
advective conditions in the deposition holes, caused by to erosion of the buffer when exposed to 
dilute groundwaters. On average less than one canister may fail over the entire 106 year assessment 
period for this reason. The results from the erosion/corrosion calculations are further transferred to 
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the radionuclide transport calculations, giving the time needed for erosion and corrosion specifically 
for each deposition hole and for each sulphide concentration.

Can2. Withstand isostatic load
Since repetitions of the maximum loads experienced during the initial glacial cycle are expected for 
the remainder of the assessment period, it is concluded that this safety function will be upheld also 
for the one million year assessment time.

Can3. Withstand shear loads 
Canister failures due to future earthquakes are avoided through the use of respect distances and 
acceptance criteria for deposition holes, adapted to the ability of the canister to resist loads due to 
fracture shear movements. However, it cannot be fully ruled out that such failures will occur, see 
discussion of geosphere safety function R3b for estimates of likelihoods of such failures.

Conclusions for consequence calculations
The following conclusions for radionuclide transport can be drawn. 

• One cause for canister failure that has not been ruled out for the one million year assessment period 
is an earthquake caused by changes in the glacial load. The likelihood of this type of failure is low, 
even when the entire assessment period is considered.

• Failure due to corrosion for advective conditions in a partially eroded buffer must be also con-
sidered for the one million year assessment time. On average less than one canister may fail due 
to this cause. 

• All other conclusions regarding consequence calculations drawn for the initial glacial cycle, see 
Section 10.4.11, are also considered to be valid for repeated cycles.

10.6 Global warming variant 
10.6.1 External conditions 
There is a lar    ge range of potential future climate developments when the combined effect of natural 
and anthropogenic climate change is considered. One such case is described in the present Global 
warming variant. This variant describes a future climate development influenced by both natural cli-
mate variability and climate change induced by anthropogenic emissions of greenhouse gases, with 
the latter resulting in weak to moderate global warming. In order to cover a reasonably broad array 
of future climate developments based on present knowledge, a case of Extended global warming is 
also included in the SR-Site safety assessment, describing a situation with stronger and longer-lasting 
global warming.

In SR-Site, there are two main reasons for analysing cases of climates warmer than the reference 
glacial cycle; i) modelling studies of the climate response to increased greenhouse gas emissions, 
mainly CO2, indicate that global temperatures will increase in the future under such conditions, 
e.g. / IPCC 2007, Kjellström et al. 2009a/, and ii) natural long-term climate cycles are believed be 
driven mainly by changes in solar insolation, see the Climate report, Section 2.2, and the coming 
100,000 year period is initially characterised by exceptionally small amplitudes of insolation varia-
tions / Berger 1978/, suggesting that the present interglacial may be exceptionally long. By consider-
ing the known future changes in insolation, / Loutre and Berger 2000/ and / Berger and Loutre 2002/ 
suggest that the interglacial may end ~50,000 years after present. Given this insolation forcing, the 
results suggest that a growth of the Greenland-, Eurasian- and North American ice sheets would not 
start until after 50,000 years after present even without increased CO2 levels. The global warming 
variant handles these future variations in insolation, as well as the effect of low to moderate global 
warming from an anthropogenic increase of atmospheric CO2 levels.
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the infiltration of these waters were relatively large. In fact the influence of the last Littorina Sea is 
evident at Forsmark at shallower depths, above ~300 m, and south-east of the candidate repository 
area where the higher overall rock hydraulic conductivity has allowed the infiltration of these marine 
waters driven by density gradients. Nevertheless, as mentioned in Section 10.3.7, when considering 
the impact of the most extreme pathways from the surface to the repository in the hydrogeological 
simulations depicted in Figure 10-32, it cannot be excluded that a fraction of the deposition holes may 
experience dilute conditions during this long temperate period. As shown in the figure, approximately 
2 percent of deposition hole locations experiences dilute conditions after the 60,000 years of temper-
ate conditions assumed within the Global warming variant. Considering temperate conditions over the 
entire 1,000,000 years this fraction would still lie well below 10 percent.

The conclusions are, therefore, similar to those presented in Sections 10.3.7 and 10.4.7. For the whole 
first temperate period following repository closure, anoxic groundwater conditions will prevail at 
repository depth, in spite of the increasing proportion of meteoric waters with time, thus satisfying 
the criterion for the safety function indicator R1a in Figure 10-2. Salinities during this period will be 
limited, ensuring that the swelling properties of the buffer and backfill are not negatively affected, cf. 
the safety function indicator R1b in Figure 10-2. Cation concentrations, expressed as charge, q[Mq+], 
will be in general well above 0.004 mol/L in the candidate repository volume, although it cannot be 
excluded that for a fraction of deposition holes the cation concentrations will be below the limit where 
montmorillonite colloids start to become stable. 

The concentration of sulphide, which is another important parameter, is expected to remain at the 
levels found in the Forsmark groundwaters at present. For colloids, concentrations are also expected 
to remain at the levels that have been measured during the site investigations, i.e. less than 200 g/L 
/ Hallbeck and Pedersen 2008/. 

Buffer and deposition tunnel backfill 
The buffer and deposition tunnel backfill will not be significantly affected by the different evolution 
in the global warming variant. The main difference is that the temperate period will be longer and 
glacial conditions will occur later, which will have an effect on the groundwater chemistry, etc. 
However, as shown in Section 10.3.11, even if “dilute” conditions persist all the time, still less than 
7 percent of the deposition holes will reach advective conditions in a million year perspective.

Canister 
An initial 100,000 year long warm period will have negligible impact on canister performance. The 
prolonged period before the first occurrence of permafrost is expected to lead to a longer period of 
exposure to groundwaters of meteoric origin, with some influence at repository depth, but the ground-
water conditions will be similar to those of the reference evolution. The concentration of sulphide is 
expected to remain at the levels found in the Forsmark groundwaters at present.

The canister corrosion analyses presented in Section 10.4.9, for canister failure due to a partially 
eroded buffer also covers these cases. A somewhat longer period of dilute conditions in the first gla-
cial cycle, than the 25% of the time in the reference evolution, has a very minor effect on the average 
number of failed canisters. This is further elaborated in the sensitivity analyses in Section 12.6.2.

The reduced ice-sheet thickness will lead to a lower mechanical load on the canister during the first 
glacial cycle. This may also lead to a lowering of the risk for the occurrence of larger earthquakes, 
but as discussed in Section 10.4.5 it is not trivial to adapt the earthquake frequency estimates to the 
occurrence of glaciations. This means that the earthquake probability, and the potential shearing of 
canisters, is cautiously assumed to be the same for the global warming variant, as for the reference 
glacial cycle.

10.6.4  Safety function indicators for the global warming variant 
Based on the contents of Section 10.6.3, the status of the safety function indicators at the end of a 
prolonged period of temperate climate can be expected to be very similar to those reported for the 
initial temperate period in Section 10.3.16. Therefore, no detailed account of the safety function 
indicators is given here.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 ECI \050CM_L\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket true
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 100
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 250
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.28400
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 100
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 250
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.28400
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 150
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.14286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Europe ISO Coated FOGRA27)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
    /SVE ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (Europe ISO Coated FOGRA27)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


