
Presentations at NEA IRT hearing  

12 December, 13:30 – 17:00 

Geology, rock mechanics, hydraulic processes, (bio) 

geochemistry, hydrochemistry 



Example question #1 “Geology” 

Can SKB support its statement (provided in the answers to the IRT questions) 

that a greater depth would not contribute to safety (in terms of compliance with 

the general risk criterion), by systematic argumentation and evidence?  
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Repository at planned depth complies with risk limit  
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Going deeper would not reduce risk 

• Depth at low fracture frequency and low 

permeability rock volumes at Forsmark – 

no  advantage in going deeper. 

• Increased depth would not significantly 

reduce paths with dilute water 

• Occurrence of sulphide not correlated to 

depth. 

• Migration paths length only marginally 

affect transport resistance 

• Likelihood of freezing decreases with 

increasing depth – but can already now be 

excluded 

• Surface denudation small in relation to 

repository depth within the reference 

interval 400 – 700 m 

• Inadvertent human intrusion may decrease 

with increasing depth, but would not 

change by moderate change in depth 
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Going deeper will increase construction risk 

• More problems with high stress 

(spalling) 

• Larger footprint (due to higher 

temperature) – more tunnels, more 

excavated materials, more backfill  
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Example question #2 ”Rock mechanics” 

Coupled deformations: As a result of repository excavation, a hydraulic 

sink (with flow towards the excavations), changes in hydraulic head 

fields and a reduction in pore pressure at the kilometre scale around 

the excavations will be created. This can cause significant surface 

deformations, shearing of pre-existing large scale fractures and seismic 

activity – even in case of small inflows and neglegible water table 

drawdown. The  surface deformation values described in the SKB 

answer to question 2.3.1 at the NPP Forsmark are rather low. We 

would like to discuss these mechanisms and how they have been 

treated in the reference evolution of the repository in greater detail. 
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Reduction in pore pressure? 

SKB report R-09-19:  

Svensson U and Follin S – ”Groundwater flow modelling of the excavation and operational 

phases – Forsmark” 

Repository footprint ≈  3 km2. 

 

100 m respect distance to deformation zones 

with trace length > 3 km.  

 

Only parts of the repository will be open at the 

same time. 

 

At the kilometer scale, pore pressure 

reductions will be modest: a few hundred 

meters away from open tunnels, the reduction 

is less than 0.5 MPa.  

 

The contour plot is an example: the extent of the 

pressure disturbance will depend on the 

efficiency of the grouting carried out during 

construction.  

500 m 

0.5 MPa 

Operation stage C, 30-50 years 
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Reduction in pore pressure? 
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Surface deformations? 

Surface deformations (0.2 – 0.7 mm) projected for the NPP at Forsmark are due to pore 

pressure reduction and associated closure of shallow (10 [20] - 100 m), horizontal, high 

transmissivity, low normal stiffness fractures (2 - 29 MPa/mm, depending on stress, i.e. 

depth). The pressure change is due to drainage to the open repository (Bono et al. 2010). 

SKB Report P-10-48.  

Bono N, Fredriksson A, Maersk Hansen L, 2010. Sättningsanalys 

Forsmarks kärnkraftverk – aggregat 1 
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Surface deformations? 

C. Zangerl , E.Eberhardt, K.F.Evans, S.Loew, 2008. Consolidation settlements above deep tunnels in fractured crystalline rock: Part 2—Numerical 

analysis of the Gotthard highway tunnel case study. International Journal of Rock Mechanics & Mining Sciences 45 (2008) 1211–1225  

Surface deformations (0.2 – 0.7 mm) projected for the NPP at Forsmark are due to pore 

pressure reduction and associated closure of shallow (10 [20] - 100 m), horizontal, high 

transmissivity, low normal stiffness fractures (2 - 29 MPa/mm, depending on stress, i.e. 

depth). The pressure change is due to drainage to the open repository (Bono et al. 2010).  

 

At depths below 100 m, fractures are in high compression, with fracture normal stiffnesses 

typically >  500 MPa/mm. Deformation zones stiffnesses are ≈ 80 MPa/mm, i.e., a 2MPa 

pressure drop would not give more than 25 μm of closure. This is in contrast to the 

conditions around the Gotthard highway tunnel, where normal and shear stiffnesses are two 

orders of  magnitude lower, and the observed consolidation above the tunnel is attributed to 

predominantly elastic shear and normal fault zone displacements (Zangerl et al. 2008). 

 

There are no observations of surface deformations from the Äspö HRL, from the Olkiluoto 

facility in Finland of from the Canadian URL. Insignificant and mainly elastic deformations 

caused by pore pressure variations are not a concern for the safety assessment.  

 

Surface deformations during the operational phase are not considered in SR-Site. 
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Shearing of pre-existing large scale fractures? 

Fractures dipping along major horizontal stress may be at stability limit under present 

day undisturbed stress conditions. 

 

Stability Instability 

Dip 44º 

Dip 11º 

Forsmark σ3  

(vertical)  

Forsmark σ1  

(horizontal  
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Shearing of pre-existing large scale fractures? 

Fractures dipping along major horizontal stress may be at stability limit under present 

day undisturbed stress conditions. 

 

Increased pore pressures will reduce stability margins and, possibly, cause shear 

displacements. This is expected to occur for some fractures during certain periods of 

glacially induced pore overpressures.   

Stability Instability 

+2 MPa PP 
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Shearing of pre-existing large scale fractures? 

Fractures dipping along major horizontal stress may be at stability limit under present 

day undisturbed stress conditions. 
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Shearing of pre-existing large scale fractures? 

Fractures dipping along major horizontal stress may be at stability limit under present 

day undisturbed stress conditions. 

 

Reduced pore pressures will increase stability margins, i.e., stabilize pre-existing 

fractures. 
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Shearing of pre-existing large scale fractures? 

Fractures dipping along major horizontal stress may be at stability limit under present 

day undisturbed stress conditions. 

 

Reduced pore pressures will increase stability margins, i.e., stabilize pre-existing 

fractures. 

Stability Instability 
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Shearing of pre-existing large scale fractures? 

Are these fracture stability estimates valid?  

 

Yes. The normal stiffness of the deformation zones is about 80 MPa/mm. (Rock 

Mechanics Site Description, Glamheden et al. 2007). A 2 MPa drop in pore pressure 

would not generate more than 25 μm of closure. This will not produce sufficient strain to 

relax the normal  stress acting on the deformation zones in the stress-controlled 

Forsmark host rock.  

 

Could elastic shear deformations be an issue? (As for the subsidence analysis 

performed by  Zangerl et al. (2008) for the Gotthard highway tunnel case study)  

 

No. Shear stiffnesses are about two orders of magnitude higher in Forsmark than 

assumed in the Swiss highway tunnel study. (And elastic deformations during the 

operational phase are not important to long term safety) .  

 

Shearing of pre-existing large-scale fractures because of pore pressure 

reductions during the operational phase is not considered in SR-Site. 

 
Glamheden R, Fredriksson A, Rösshoff K, Hakami H, Christiansson R, 2007. Rock Mechanics Forsmark. Site descriptive modelling Forsmark 

Stage 2.2 SKB R 07-31. 
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Seismic activity during repository excavation? 

Not because of pore pressure reductions. 

 

However, stress redistribution effects around tunnels may cause shear deformation 

along some fractures. If that slip occurs in one or several pulses of movement, it would 

be a seismic event. To impact on the safety, the slipping fracture must, regardless of 

whether the slip occurs seismically or aseismically, intersect a canister position and slip 

by at least 50 mm at the point of intersection. Deposition positions intersected by 

fractures large enough to slip by 50 mm because of stress redistribution will be rejected. 

 

There are records of excavation-induced seismic activity in mines. That activity is, 

however,  low compared to the post-glacial activity accounted for in the safety analysis. 

The largest seismic events recorded in very deep mines in South Africa, for instance, 

where stresses are high and where the areal extraction ratio (the  fraction of horizontal 

cross section taken up by openings) is much higher than it will be in the deep repository, 

are less than magnitude 5 /Bäckblom and Munier, 2002/. 

 

Excavation-induced seismicity is not considered in SR-Site  

 
Bäckblom G, Munier R, 2002. Effects of earthquakes on the deep repository for spent fuel in Sweden based on case studies and preliminary 

model results. SKB TR-02- 24  
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SKB notes that the particle tracking model finds 23% of the particles exiting 

through the boreholes.  Given that the borehole sealing design has yet to be 

completed, it may be useful to have a better design to lower the fraction of 

release through the boreholes.  While SKB points out that even if everything 

came out the boreholes, it would only increase doses by a factor of four, the 

partial short-circuiting of some of the radionuclide release may be an issue for 

some.  One would expect a much lower proportion of the flow to exit out 

through the boreholes if the borehole seals were well designed. 
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Example question #3 ”Hydraulic processes” 

18 



Answer 

• Compliance case of SR-Site does not include boreholes. SR-Site assumption 

is that borehole sealing works as intended. 

• Variant ’Effect of boreholes’ (i.e., abandoned boreholes) in SR-Site includes 

completely open boreholes; thus borehole sealing not addressed in SR-Site.  

• Efficiency of borehole sealing investigated in other projects, but these results 

not part of SR-Site.   
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Hydrogeological analyses 
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SR-Site: Variant Abandoned boreholes 

In 16 out of the modelled 

33 cases more than 5% of 

the released particles at 

some point enter the open 

borehole.  

 

Eight cases have more 

than 10% of the particles 

entering the open 

borehole. 

 

 For worst case, 23% of 

the released particles enter 

the open borehole. 

 

 Change in PMs generally 

stays within 20% 

comparing the open 

borehole case to the 

hydrogeological base case. 
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SR-Site: Variant Abandoned boreholes 

• Described in R-09-20 

• Objective: 

– Future human intrusion may lead to the creation of abandoned boreholes that could 

intersect the repository volume. Also boreholes drilled during characterization and 

construction of the repository could be forgotten or the sealing fail.  

– These boreholes could provide additional flow pathways for particles. The purpose of 

this variant is to assess the effect on groundwater flow and performance measures of 

the presence of one or more hypothetical boreholes. 

• Specification: 

– The boreholes were added to the repository-scale model as narrow fractures with a 

width and thickness of 0.08 m (equivalent to the diameter of a standard Forsmark 

borehole).  

– Each borehole extended from an elevation of –10 m to down to –600 m (about 130 m 

below repository depth). 

– The hydraulic conductivity was set to 1.0·10–1 m/s and the porosity was 1.0. 

– Steady-state conditions (boundary conditions and density at 2000 AD). 

– A freshwater density was assigned to the entire borehole. 
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Borehole sealing project at Äspö 

• Modelling of partially sealed boreholes (degraded plugs) using 

DarcyTools. 

• Reported in SKB report ”Hydraulic effects of unsealed boreholes - 

Numerical groundwater flow modelling of the Forsmark and Laxemar 

sites” (SKB R-11-17, in press). 

• The modelling study provides the following results: 

– The simulations indicate that open boreholes have a considerable 

hydraulic influence.  

– The simulations with partially sealed boreholes (reference and 

simplified plugs) indicate that the larger-scale hydraulic influences of 

the boreholes are insignificant. 
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Borehole sealing project at Äspö 
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There appears to be little information on the discussion of the appropriateness 

and conceptual understanding of the groundwater flow system in the region and 

of the hydrogeological model itself.   

 

It is common practice to compare calculated results with pore 

pressures/hydraulic heads measured in the field to check the model.  What is 

SKB’s strategy to understand and support their hydrogeological model? 
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Example question #4 ”Hydrogeological model” 
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Relation between SDM-Site and SR-Site 
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  SDM-Site Forsmark      Bedrock hydrogeology 
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        Work flow                  Confirmatory testing 
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Single-hole hydraulic tests 
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Interference tests 
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Natural groundwater levels 
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  Hydrogeochemistry 
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Conclusions 

• Discussion on conceptual understanding of the groundwater flow 

system in the region and of the appropriateness of the 

hydrogeological model is provided in SDM-Site. 

• SDM-Site is a description of the site from past to present. 

• The SDM-Site hydrogeological model is thoroughly evaluated against 

measured field data (confirmatory testing). 

• SR-Site inherits the SDM-Site model. Up-dates in SR-Site model 

mainly in relation to initial and boundary conditions for different 

phases modelled. However, also some changes in properties due to 

inclusion of repository structures. 
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Example questions #5 and #6 “Hydrogeology”  

Can SKB present further a practical way to map fractures with several meters 
to several tens of meters scale, which will be important for hydrogeological 
DFN, in detail, and show how these data are used to reduce the uncertainties in 
hydrogeological DFN model ? 

It is necessary to develop models which relate the transmissivity and fracture 
size, and to conduct calibration to find appropriate model.  At present, three-
correlation models, i.e., correlated, semi-correlaterd, and uncorrelated, are 
considered and these three models are used as variants for safety evaluation.  
Thus, the uncertainties of these correlation models penetrate into the 
uncertainties of the analyzed results of the whole system.  Once the 
construction of the underground facilities starts and data gathering, especially 
on the hydraulic properties and geological mapping, is conducted, more 
detailed evaluation on the appropriateness of the correlation models and more 
proper set up of the fracture properties can be done.   

Again, it is desirable if SKB can present details how to achieve these objectives 
during the construction phase. 
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Uncertainties in hydrogeological DFN-model 

• Actual location of highly transmissive 

fractures – handled by 

– ability in future detailed investigation 

programme to find highly transmissive 

fractures close to deposition tunnels and 

holes 

– Requiring  that holes intersected by large 

and transmissive fractures will not be 

allowed for deposition – apply EFPC for 

transmissive fractures 

– Success of EFPC partially depends on 

assumed T vs Size correlation 

• Size transmissivity correlation – handled by 

– calibrating size data to a three different 

conceptual models (no correlation, semi-

correlation and full correlation) 

– propagating conceptual uncertainty into 

SR-Site and by selecting the variant 

resulting in the highest risk 
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Plans for detailed hydrogeological characterisation 

• Investigations of deposition tunnels 

– Based on site scale SDM 

– Pilot holes with hydraulic testing 

– Experiences (grouting needs etc) during 

excavation 

– Mapping of excavated tunnels 

– Geophysics (GPR, seismics) 

– Updated detailed scale hydraulic model 

• Investigations of deposition holes 

– Selection of potential locations for deposition 

holes (not intersected by transmissive fractures) 

– Pilot holes and hydraulic test 

– Drilling of deposition holes 

– Mapping of the hole and measuring inflow 

• Only select holes with inflow <0.1 l/min and no 

evidence of intersection with large transmissive 

fracture 
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How will uncertainties be reduced? 

• Selection of suitable deposition holes 

– To be based on mapping, verifiable 

hydraulic tests and detailed scale 

modelling  

– Will not be dependent on model for T vs 

Size correlation 

• Uncertainty in T vs size correlation 

– Underground data on T vs minimum 

fractures size (impossible to know 

maximum size of feature mapped) 

– Will be used to update hydrogeological 

DFN model 

– Uncertainty will always remain – but will 

have little impact on risk; the hydraulic 

characterisation of the near-field of the 

deposition tunnels will be almost 

deterministic 
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Example question #7 “(Bio)Geochemistry” 

The uncertainty in sulphide content was emphasized as a major issue for 

hydrochemistry, and is controlled for a large part by microbiology. 

In P-10-18 SKB states that: “The main task will be to clarify which of the 

possible [electron] donors: hydrogen, methane, acetate, photosynthetic organic 

carbon or leached carbon from installations supports the microbial sulphide 

production process”. 

Can SKB discuss the most recent efforts and latest findings (over and above 

the findings reported in P-10-18)? 
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Present situation 

• HS− concentrations cannot be considered alone, in addition: 

– Hydrogeology 

– Experimental equipment  

• Risks of contamination with carbon based products such as ethanol, 

oils, lubricants etc.  

• Possible leakages 

– Other chemical parameters 

– Microbial populations and their activities 

also need to be evaluated. 

 

• SR-Site’s data selection is still the state of the art. 
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Background and ongoing activities 

 

• 2009: Sulphide project, part I: Study of sampling alternatives from surface 

boreholes (P-10-18) 

• 2010: Review and selection of reliable HS- data for SR-Site  (TR-10-39) 

• 2010-2011: Sulphide project, part II: Processes studied in Äspö tunnel 

boreholes 

  

  Preliminary results are presented here today 

 Some analyses are pending 

 Conclusions cannot be drawn at this stage 
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2009 investigation from surface boreholes 

• Three boreholes from Laxemar – Äspö investigated: KAS03, KAS09 and KLX06 

• Focus on KLX06 

• Results reported in P-10-18 

 

• Conclusions 

– High HS− concentrations in stagnant water (standpipes, borehole section, 

tubing) 

– HS− concentration depends on: 

• amount of discharged water 

• location and transmissivities of water-bearing fractures 

– Borehole equipment may influence sulphide concentrations: leakage in KLX06 
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2010-2011 investigation at Äspö boreholes 

Water 

conducting 

fracture 

• Focus on processes – circulation experiments 

• Other advantages: no standpipe, short tubes, easier gas sampling 

 

Sampling section 
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2010-2011 investigation at Äspö boreholes 

KA3385A 

−448 m 

KA3110A 

−415 m 

NEA IRT hearing 12 December 43 



SRB in KA3385A and KA3110A 
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HS− and SRB in KA3385A 
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HS− and SRB in KA3110A 
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Other data available: 

Fe(II), gases, (acetate and DOC are affected by ethanol), SO4
2− and main 

components, 32S, other microbes than SRB 

• Stable isotopes can reveal the reaction mechanisms and 

the origin of sulphide, methane, etc 

• Analysis of 13C, 2H,18O   for  CH4, CO2, HCO3
−, H2, 

34S 

 

 

   

Ongoing – Isotope analysis 

Study of corrosion, aging of equipment: Planned for February 2012 

 

Continuation of project not possible until 2013 due to construction 

work at Äspö HRL 
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Summary of Preliminary Results 

• Several practical problems encountered with these old boreholes: 

– Leaking packers discovered for KA3110A. Must be taken into consideration. 

– Wrong labelling of tubing KA3385A. Corrected. 

• Artefact discovered due to ethanol washing to sterilise equipment: 

– Acetate and DOC analyses affected.  Effect being evaluated. 

– Sulphide production maybe affected.  Effect being evaluated. 

– Experimental procedure changed during the 2nd series of analyses. 

 

• Nevertheless: 

– HS− and SRB increase when not sampling. Pumping of a few section volumes decreases 

both. 

– Low HS− concentration found when sampling if there is a water conductive fracture near 

the sampling tube 

• Conclusions will be drawn when all data are available. 
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