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ASSESSMENT OF POTENTIAL PERTURBATIONS TO POSIVA’S SF 
REPOSITORY AT OLKILUOTO FROM THE ONKALO FACILITY 

ABSTRACT 

Although the site of the proposed spent fuel repository at Olkiluoto in southwest 
Finland has been extensively investigated over the last fifteen years, Posiva decided to 
construct a rock characterisation facility (RCF) at the site to collect more detailed 
information on the host rock. The data provided by the ONKALO RCF will support the 
detailed repository design and safety assessment (SA) and will allow construction and 
disposal methods to be tested under relevant in situ conditions. ONKALO has been so 
designed that it can act as access routes and auxiliary rooms for the SF repository and so 
may be in use for the entire operational phase of the repository (currently up to 100 
years).

Extensive experience from deep mining suggests that such an extended period of 
operation could have a major impact on both the host rock formation and any nearby 
facilities, such as the SF  repository, and, consequently, Posiva decided to investigate 
potential perturbations to the repository caused by the existence of ONKALO. A 
preliminary assessment was carried out in 2003, before construction of the RCF began, 
and this was recently partially updated in early 2006. This current report represents the 
most recent update of these reports and has the primary aims of: 

checking if the previous reports have missed any essential issues  
evaluating whether the identified issues have been treated in an appropriate 
manner 
updating the reports in the light of new information  

This is carried out based on data from ONKALO itself and on improved understanding 
of some of the perturbation mechanisms identified in the original studies along with a 
consideration of newly identified processes. This report differs from the previous 
studies in addressing the issues in a more SA-oriented manner (for example, focussing 
the examination of potential perturbations on a re-worked FEP list), allowing the work 
reported here to be more easily dovetailed with future SA studies on the Olkiluoto 
repository. Although outwith the remit of this report, operational safety is also 
considered due to the potential of accidents and incidents to significantly disrupt the 
programme.  

Note that the impacts of constructing the SF repository on the Olkiluoto area are 
covered elsewhere and neither this nor the repository SA will be addressed here. Rather, 
the focus of this report is on ONKALO-specific issues that could impact the 
performance of the Olkiluoto SF repository. Where possible, potentially detrimental 
phenomena are identified and methods to avoid such issues proposed. Lastly, due to the 
fact that construction of the ONKALO facility is still ongoing, there remain many 
uncertainties regarding the impact on the site, so the assessment of any perturbations 
considered here are generally on the conservative side so that worse-case scenarios for 
Olkiluoto can be obtained. 

Keywords: ONKALO, perturbations, geochemical, OPC, low alkali cement, FEPs, 
foreign materials 



ONKALON Posivan käytetyn polttoaineen loppusijoitustilalle 
mahdollisesti aiheuttamien häiriöiden arviointi  

TIIVISTELMÄ

Posiva päätti rakentaa maanalaisen tutkimustilan (RCF) kerätäkseen yksityiskohtai-
sempaa tietoa kallioperästä, vaikka Lounais-Suomessa Olkiluodossa sijaitsevaa ehdo-
tettua loppusijoitustila-aluetta  on tutkittu paljon viimeisen 15 vuoden aikana.    
ONKALOsta saatavat tutkimustiedot tukevat loppusijoitustilan suunnittelua ja turval-
lisuusanalyysiä, sekä mahdollistavat rakentamisen ja loppusijoitusmenetelmien 
testaamisen in situ olosuhteissa. ONKALO on suunniteltu siten, että se toimii 
kulkureittinä ja aputilana loppusijoitustiloille ja sitä käytetään koko loppusijoitustilan 
toiminta-ajan (noin 100 vuotta). 

Kaivosteollisuudesta saatu kattava kokemus viittaa siihen, että näin pitkällä toiminta-
ajalla voi olla suuria vaikutuksia sekä kallioperään että lähialueen loppusijoituslaitoksiin, 
kuten käytetyn polttoaineen loppusijoitustiloihin, ja siksi Posiva päätti tutkia 
ONKALOn mahdollisesti aiheuttamia häiriöitä. Alustava selvitys tehtiin vuonna 2003, 
ennen kuin ONKALOn rakentaminen aloitettiin ja se päivitettiin osittain vuonna 2006. 
Tämä raportti on uusin päivitys edellä mainittuihin raportteihin ja sen päätavoitteet ovat: 

tarkistaa onko edellisissä raporteissa jäänyt huomioimatta tärkeitä 
asioita
arvioida ovatko esitetyt asiat käsitelty asianmukaisesti 
päivittää raportit käyttäen hyväksi uusinta tietoa 

Tässä työssä käytettiin hyväksi ONKALOsta saatuja tutkimustuloksia  sekä 
parantunutta tietoa joissakin alkuperäisissä raporteissa esitetyistä häiriömekanismeista. 
Lisäksi tarkasteltiin uusia tunnistettuja prosesseja. Tämä raportti eroaa edellisistä 
raporteista käsittelemällä aiheita suuntautumalla enemmän turvallisuusanalyysi-
kohtaiseen tarkasteluun (esimerkiksi uusittuun FEP-listaan keskittyneeseen tarkasteluun 
mahdollisista häiriöistä), mikä helpottaa nyt raportoidun työn yhteensovittamista 
tulevien loppusijoitustilan turvallisuusanalyysi-tutkimusten kanssa. Tässä raportissa 
tarkastellaan myös ohjelmaa merkittävästi haittaavia mahdollisia onnettomuuksia ja 
muita häiriöitä, vaikka loppusijoitustilan toiminnan aikainen turvallisuus ei sisälly tähän 
raporttin.

Tässä raportissa ei käsitellä loppusijoitustilan turvallisuusanalyysiä eikä muualla 
käsiteltyjä loppusijoitustilan rakentamisen vaikutuksia. Tässä työssä on keskitytty 
ONKALO-keskeisiin aiheisiin, jotka voivat vaikuttaa loppusijoitustilan toimintaan. 
Mahdolliset haitalliset ilmiöt on tunnistettu ja niiden välttämiseksi sopivia menetelmiä 
on ehdotettu. ONKALOn rakentaminen on vielä käynnissä ja monia epävarmuuksia 
vaikutuksista paikkaan on vielä jäljellä. Tämän vuoksi häiriöiden arviointi on yleensä 
tehty konservatiivisesti siten, että on pystytty esittämään huonoin mahdollinen tilanne.    

Avainsanat: ONKALO, häiriö, geokemiallinen, OPC, matalan pH:n sementti, FEP, 
vieraat aineet  
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1 INTRODUCTION 

Finland has been preparing for the final disposal of spent nuclear fuel (SF) for some 
twenty-five years (as detailed in McEwan and Äikäs, 2000, and McEwan, 2007, for 
example). Based on the screening of investigation areas, detailed site investigations and 
environmental impact assessments, in 1999 Posiva submitted an application to the 
Finnish government for a decision in principle to choose Olkiluoto (in the municipality 
of Eurajoki, southwest Finland) as the SF (spent fuel) repository site. It is planned to 
dispose of SF in a repository similar to the KBS-3 design (cf. KBS, 1983) at a depth of 
400-600 metres in the crystalline bedrock at Olkiluoto.

Although the site has been extensively investigated over the last fifteen years (see 
Posiva, 2005, for background details), following the ratification of the decision in 
principle by the government in 2000, Posiva decided to construct a rock characterisation 
facility (RCF) at the site (Figure 1-1) to collect more detailed information on the host 
rock. The data provided by the ONKALO RCF will support the detailed repository 
design and safety assesment (SA) and will allow construction and disposal methods to 
be tested under relevant in situ conditions. The research programme is laid out in Posiva 
(2003) and construction began in 2004 (the most recent information on the facility will 
be presented in chapter 2). ONKALO has been so designed that it can act as access 
routes and auxiluary rooms for the SF repository (Figure 1-2) and so may be in use for 
the entire operational phase of the repository (currently, up to about 100 years).

Extensive experience from millenia of quarrying and deep mining suggests that such an 
extended period of operation could have a major impact on both the host rock formation 
and any nearby facilities, such as the Olkiluoto repository, and, consequently, Posiva 
decided to investigate potential perturbations to the repository caused by the existence 
of ONKALO. A preliminary assessment was carried out by Vieno et al. (2003) before 
construction of the RCF began and this was recently partially updated in Ahokas et al. 
(2006). This current report represents the most recent update of these reports and has the 
primary aims of: 

checking if the previous reports have missed any essential issues   
evaluating whether the issues have been treated in an appropriate manner 
updating the reports in the light of new information  

This is carried out based on data from ONKALO itself and on improved understanding 
of some of the perturbation mechanisms identified in the original studies along with a 
consideration of newly identified processes. This report differs from the previous 
studies in addressing the issues in a more SA-oriented manner (for example, focussing 
the examination of potential perturbations on a re-worked FEP list), allowing the work 
reported here to be more easily dovetailed with future SA studies on Olkiluoto. 
Although outwith the remit of this report, operational safety is also considered in 
chapter 7 due to the potential of accidents and incidents to significantly disrupt the 
programme.  
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Figure 1-1. The site of the ONKALO rock characterisation facility at Olkiluoto - note 

the nuclear power plant at far left (Posiva, 2003a).

Note that the impacts of constructing the SF repository on the Olkiluoto area are 
covered elsewhere (Posiva, 2005) and neither this nor the repository SA (see Vieno and 
Ikonen, 2005) will be addressed here. Rather, the focus of this report is on ONKALO-
specific issues that could impact the post-closure performance of the Olkiluoto 
repository. Where possible, potentially detrimental phenomena are identified and 
methods to avoid such issues proposed. Lastly, due to the fact that construction of the 
ONKALO facility is still ongoing (see chapter 2), there remain many uncertainties 
regarding the site (see comments below on the hydrology data, for example), so the 
assessment of any perturbations considered here are generally on the conservative side 
so that worse-case scenarios for Olkiluoto can be obtained. For example, in chapter 5, 
based on the most recently available hydrogeological data, it is estimated that 
approximately 640 tonnes of cement will be used to grout the tunnels, a significant 
decrease over not only the original values used by Vieno et al. (2003) but also over the 
much more recent estimates in Table 5-2 of Ahokas et al. (2006). But this also assumes 
that 95% of all shotcrete used in the site will be removed, a figure which is probably 
over-optimistic considering operational safety issues. Here, it is assumed that only 50% 
is removed, leaving some 2400 Mg in ONKALO at closure. As construction of 
ONKALO progresses and more data are produced and a better understanding of the site 
evolves, these conservative estimates may well prove to be over-cautious and require 
modification in the future.  
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Figure 1-2.  Possible location and layout of a repository at Olkiluoto, Finland, at 400 

m depth as determined by the position, orientation and expected properties of local-

scale fracture zones (marked as R number)  (from Posiva, 2003a)

Construction of the ONKALO facility will disturb the geosphere, especially the 
hydrology and geochemistry, and, if no measures are taken to limit the inflow of water, 
opening of the tunnel systems will cause draw-down of oxidising, carbon dioxide-rich 
near-surface waters and, potentially, upconing of saline waters from depth (cf. Löfman 
and Mészáros, 2005). The presence of several highly permeable fractures suggests that 
significant volumes of water (up to 3500 L min-1, according to the recent update of 
Sievänen et al., 2006) could enter the ONKALO tunnel system over the construction 
and operational phase of the SF repository, implying that a large volume of the host 
rock could be affected. Note that this recent estimate of water  inflow is similar to the 
value of 3000 L min-1 of Riekkola et al. (2003) but higher than the 1100 L min-1 of
Vieno et al. (2003), reflecting different modelling approaches and data uncertainties. 
Naturally, as construction of ONKALO proceeds (see chapter 2 for details), these 
estimates will improve but, in the meantime, as a new study (Posiva, 2007) of the site 
hydrology is currently ongoing, this topic will not be discussed further in this report1.

As with other organisations worldwide (cf. JNC, 2003), Posiva decided to closely 
follow potential perturbations during construction and eventual operation, setting up a 
monitoring programme based upon a FEP list (Miller et al., 2002) of potential 

1 Where the site hydrogeology is discussed, the information presented in Sievänen et al. (2006) and 
discussed in Ahokas et al. (2006) will be employed. 



6

disturbances to the SF repository. This list was used by Vieno et al. (2003) as the basis 
for the assessment of disturbances on the SF repository by ONKALO and, in chapter 3, 
the list is critically reviewed and updated where necessary. In addition, disruptive events 
during the operational phase (for example, release of large quantities of organic matter 
to the groundwater due to accidental fuel release from construction/transport vehicles) 
are considered and the updated list is re-scored, based on recent experience in coastal 
repositories worldwide.  

Ingress of the large volumes of water noted above could have two perticularly 
significant effects on a SF repository at Okiluoto (Vieno et al., 2003; Ahokas et al., 
2006)2:

oxidising surface waters could interact with the host formation and exhaust the 
redox (Eh) buffer capacity of the rock (fracture surfaces, fracture infill, rock 
matrix), so reducing the barrier function of some radionuclides later released 
from the EBS (engineered barrier system). In addition, any pyrite in the rock 
could be oxidised, producing, as a by-product, sulphuric acid which could alter 
the pH buffer capacity of the rock, degrade tunnel linings, rocks bolts, etc and 
interact with the EBS 
saline waters (or brines) either upconing from below ONKALO or being drawn 
down with the surface waters could interact with the EBS, potentially altering 
the bentonite buffer and corroding the copper overpack. In addition, host rock 
retardation of radionuclides could change 

These issues are examined in chapter 4, which is an update of Vieno et al. (2003), based 
upon new data on fracture and rock matrix buffering capacity from R&D programmes 
around the world (e.g. Hofmann, 1999; Puigdomenech et al., 2001; Akagawa et al., 
2006) and matrix accessibility (e.g. Löfgren, 2001; Ota et al., 2003; Kelokaski et al., 
2005), and the work done by VTT on fracture mineral buffering capacity (Luukkonen et 
al., 2004; Luukkonen, 2006; Vuorinen et al., 2006). The role of microbiology in redox 
buffering will also be included, with examples from fractured hard rock elsewhere in the 
world (e.g. Yoshida et al., 2003, 2006). In addition, the potential impact on the EBS is 
examined and, while some solutions may be relatively simple (e.g. increasing the 
bentonite density in the buffer and backfill), these are not without influence in other 
parts of the facility and repository and these issues are addressed in turn. 

To minimise the above noted perturbations, Posiva has decided to grout the main water-
conducting features in ONKALO. Sealing these features effectively could decrease 
water inflow to between 19 L min-1 (Vieno et al., 2003) and 180 L min-1 (Sievänen et al., 
2006) and decrease the potential (geochemical) perturbations noted above accordingly. 
Unfortunately, grouting with OPC (ordinary Portland cement) based cements also has 
several potentially negative side effects, resulting from the hyperalkaline porewaters 
which will leach out of the cementitious grouts and these are assessed in chapter 5. Here, 
new information from natural analogues (NA) of hyperalkaline systems (e.g. Rassineux 
et al., 2001; Rose et al., 2002; Pitty, 2007), URL (underground rock laboratory) 

2 Others not considered (because of the early decision to grout) include changed water flow pattern 
(maybe not fully reversible), increased flux through the repository during the highest temperature phase 
etc.
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experiments (e.g. ECOCLAY, 2005; Mäder et al., 2006; Pfingsten et al., 2006), 
laboratory (e.g. Chermak, 1992, 1993; Adler, 2001; Karnland et al., 2005) and 
modelling (e.g. Chambers, 1994; Mäder and Traber, 2004; Soler et al., 2006) studies on 
cement/host rock and cement/bentonite interactions is examined. The highly critical 
initial NaOH/KOH phase (as well as the Ca(OH)2 phase previously covered in Vieno et 
al., 2003) of cement leachates will be examined in detail. Here, data from the fracture 
flow natural analogue site in Jordan is integrated into the existing scenario of grout 
alteration.  

Alternatives to OPC are reviewed, with Posiva’s low-alkali (i.e. lower pH porewaters) 
cement formulation (e.g. Bodén and Sievänen, 2006) examined in detail and others (e.g. 
Bäckblom, 2005; JAEA, 2007) briefly discussed. The currently available data, including 
the minimal data available from low-alkali cement analogues (e.g. Bath et al., 1987; 
McKinley et al., 1988) and laboratory data (e.g. Tajima et al., 2003), are examined and a 
comparison made with OPC and the implications for ONKALO discussed. Of particular 
focus is the relatively high organic content (from superplasticisers) in these cements, the 
likely long-term stability of low-alkali cements and implications for changes in basic 
physical properties (swelling pressure and hydraulic conductivity) of bentonite in 
contact with low-alkali cement leachates. Once again, it must be emphasised that this 
section will focus on ONKALO and, as such, the contributions from the existing 
cementitious L/ILW repository at the Olkiluoto site are not examined. 

Finally, potential perturbations from material introduced to ONKALO during the 
operational phase are examined in chapter 6. The newly updated Posiva Working 
Report on estimation of ‘foreign’ material remaining in ONKALO at facility closure 
(Hagros, 2007) is reviewed with main aim of establishing if the approach used (and the 
estimates produced) is robust and produces conservative material estimates. In chapter 7, 
the conclusions are presented, safety-critical outcomes are noted and possible solutions 
recommended, with emphasis on those which can be completed within Posiva’s 
currently very tight timeplan. In addition, new work on operational safety will be briefly 
reviewed and areas of particular relevance to future ONKALO operations discussed. It 
is emphasised, once again, that the approach taken here is conservative and may, in the 
light of data collected as construction of ONKALO proceeds, prove to be over-cautious. 
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2 CURRENT STATUS OF ONKALO 

The original design concept for the ONKALO facility was published in 2003 (Posiva, 
2003a) and a brief overview of the status at that time was given in the original 
ONKALO perturbations report (Vieno et al., 2003). This chapter updates that status 
report, presenting the situation at the beginning of 2007 and noting minor changes from 
the original of 2003. 

The subsurface portion of ONKALO consists of a system of exploratory drifts (brown 
in Figure 2-1) accessed by an inclined tunnel (red in Figure 2-1) and two shafts (for 
personnel in green and ventilation in purple). The tunnel and shafts are connected to 
each other at several levels to facilitate ventilation and provide evacuation routes. The 
main characterisation level will be located at a depth of 420 metres and the lower 
characterisation level at a depth of 520 metres. Most demonstrations and tests related to 
repository technology will be carried out in the main level.

Underground characterisation and tests will be carried out in:  
the access tunnel, in the loading niches, and in exploration niches along the 
tunnel. Note that the final layout of the first drifts at the main characterisation 
level will be decided on the basis of the results of exploratory drilling conducted 
from the access tunnel at a point below the subhorizontal fracture zone R20. As 
such, the layout in Figure 2-1 is simply for illustrative purposes. 
the main characterisation level, which will include approximately 1200 metres of 
characterisation drifts and approximately 400 metres of drifts for testing and 
demonstrating disposal concepts. In addition, various services, such as a rescue 
chamber, repair workshop and parking area, will also be sited at this level along 
with main shaft access. 
the lower characterisation level, which will consist of  auxiliary rooms for rock 
mechanics tests and assessment of constructability projects as well as for 
characterisation purposes. The main pumping station will also be located at this 
level.

The excavation of ONKALO started in the summer of 2004, has now (mid-February, 
2007) reached a depth of 175m (tunnel length of 1847m) and construction is foreseen to 
reach the main characterisation level by the end of 2009 (Posiva 2003a). On completion, 
it is currently estimated that the total underground volume of ONKALO will be 
approximately 365 000 m3 with a combined length of tunnels, drifts and shafts of 
approximately 9000 metres. Access from the surface to a depth of 520 metres will be by 
a 1:10 gradient inclined tunnel of approximately 5500 metres length. The tunnel will be 
excavated using a drill and blast method. Shafts will be excavated in several stages to 
the final depth of 520 metres. The personnel shaft 1 will be drilled first with a raise 
boring technique and will be slashed to final dimensions by the drill and blast method. 
Inlet airshaft 1 will also be drilled with a raise boring technique. The personnel shaft 1 
will be equipped with a cage for personnel transport. Besides the characterisation levels, 
the access tunnel and shafts will be connected to each other by drifts at approximately 
90, 180 and 290 metres deep. 
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Figure 2-1. Proposed layout of the ONKALO facility. Red: main access tunnel (1:10 

gradient) and connection drifts. Green: personnel shaft 1. Purple: air inlet shaft 1. 

Brown: characterisation levels.

ONKALO has been designed in such a manner that it can later function as access routes, 
transport tunnels and auxiliary rooms for the Olkiluoto SF repository. The repository is 
likely to be based on either the KBS-3V (canister emplaced in a vertical deposition 
hole) or the KBS-3H (several canisters are emplaced in a horizontal deposition drift) 
concept and disposal may take place on one or more levels. In a KBS-3V type 
repository, for 5800 tU of SF, approximately 50 km of drifts will be needed for disposal. 
In addition to access from ONKALO, four access shafts will be constructed so that, 
depending of the disposal concept and layout, the additional excavations after 
completion of ONKALO will be of the order of 1 000 000 m3. However, of the total 
volume of the repository, only a small part will be under construction or in operation at 
any given time as it is planned that deposition tunnels will be backfilled immediately 
after canister emplacement. 
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Although the construction and operation period of ONKALO as an independent 
characterisation facility will last only about ten years, the fact that the total construction 
and operation period of the repository is foreseen to be in the order of one hundred years 
means that ONKALO will also remain open for the entire period.  
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3  POTENTIAL PERTURBATION PROCESSES 

3.1  Introduction 

The influence of host rock properties on the performance and safety of a KBS-3 type  
repository has been assessed by Andersson et al. (2000), McEwen (2002) and Hagros et 
al. (2003, 2005). They focused on the undisturbed conditions in the host rock with 
respect to geological, thermal, mechanical, hydrogeological, geochemical and transport 
properties. However, construction and operation of the underground facilities at 
ONKALO will affect, at least temporarily, thermo-hydro-mechanical-chemical-
biological-gas (THMCBG) conditions and processes in the vicinity of the excavations. 
A description of the operational plan for ONKALO and a reference layout/operational 
plan for the repository would be needed in order to fully assess the magnitude and 
duration of perturbations and, indeed, if they are fully reversible or not. In any case, 
such perturbations may occur when radiogenic temperatures in the repository are 
highest, which needs to be taken into account when assessing consequences (see also 
Pastina and Hellä, 2006). 

In order to assess the influence of excavation and construction on the site conditions, 
Miller et al. (2002) carried out a FEP analysis of the disturbances caused by the 
construction of ONKALO as a basis for a planning monitoring programme and 
establishing baseline conditions. It is clear that the disturbances caused by ONKALO 
will be a precursor for potentially greater disturbances that might be caused by 
excavation, construction and operation of the repository at the same location. Thus the 
monitoring programme establishes baseline conditions for the repository, as well as 
identifying the rate and extent of perturbations due to ONKALO activities, which can be 
used to anticipate the effects on the repository. Nevertheless, it is clear that such 
monitoring must be inherently limited – to avoid perturbing the repository by an 
extensive monitoring system. 

Miller et al. (2002) identified 54 processes, which could be induced in the subsurface as 
a result of tunnel construction. These processes were then described and categorised 
according to the expected spatial and temporal scales of their impacts, as well as their 
significance (Table A-1, Appendix A). Of these processes, 24 were considered to be of 
high significance for site understanding whereas only 12 were considered to be of high 
significance for repository performance as many of the processes caused by excavation 
and construction activities will abate after the repository is closed and their local effects 
will diminish as the near field returns towards its original state.  

The aim of this chapter is therefore three-fold: 
to review the FEP list of Miller et al. (2002) for completeness and appropriateness 
to develop a more general method of assessing the FEPs so that the list is 
applicable for future Olkiluoto repository assessments as well as the more limited 
case of ONKALO 
to re-examine the ranking of significance given to the FEPs to ensure that they are 
still appropriate 
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3.2  Additional FEPs arising from operational perturbations 

Miller et al. (2002) derived their FEP list predominantly from consideration of the 
effects of excavation and construction of ONKALO and the operational period is mainly 
represented by the potential effects of maintaining the open space e.g. the effects of 
drainage, ventilation, introduction of materials and perturbed biological processes. 
However, here, the operation of ONKALO will be subject to an analysis of operational 
safety to identify potential perturbations, which could have consequences for both the 
personnel and the planned activities, in a similar way to a repository. Such operational 
safety analyses are still rare 3 , but have been carried out for existing functioning 
repositories, for example, SFR (SKB, 2005), WIPP (USDOE/WIPP, 2006) as well as 
for generic repository systems (e.g. Nirex, 2001). 

For the purposes of this report, the operational safety analysis can be broadened to 
include consideration of the effects that operational perturbations could have on the near 
field. Table 3-1 lists the categories of hazards and specific examples that could lead to 
operational incidents and perturbations. It is clear that some categories will be 
completely irrelevant to the objectives of this report whereas others are potentially more 
important. Those categories with potential implications for the ONKALO near field are 
highlighted in Table 3-1 and are discussed further, below, to identify any additional 
FEPs that need to be added to the list of Miller et al. (2002). 

Although outwith the defined project remit, it is important to recognize that, as evident 
from from experience elsewhere (e.g. Gorleben, Bure), “conventional” accidents in even 
a URL can completely derail a repository project even if they do not cause a direct 
physical disturbance. This would be even more critical when ONKALO lies beside an 
operating repository. Major loss of acceptance could be caused by: 

accidents causing serious injury or loss of life  
local pollution (e.g. due to contamination of drainage water)  
avoidable, but high profile, accidents due to human error, loss of QA, etc. 

This is discussed further in chapter 7. 

3.2.1  Natural events: storms and flooding 

While it is not proposed that storms will directly affect the ONKALO or repository near 
field, the possibility of storms or storm surges causing flooding needs to be considered. 
The ONKALO portal is located only about 9 m above sea level (Posiva 2003a), 
approximately 1 km from the southern coast of the island. A storm surge of sufficient 
power to cause flooding of the access tunnel would thus be an extremely rare event 
under present climatic conditions. However, there is some evidence to suggest that 
severe storm surges in the Baltic, like that of 7th – 9th January 2005 which caused 
flooding and damage in Pärnu, Estonia with surges of 2.75 m  above  average  sea  level 

3 The implications of this are discussed in more detail in Alexander et al. (2007a). 
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Table 3-1. Hazards identified for operational safety analysis and their potential 
relevance to the ONKALO near field conditions. NB this list excludes hazards that are 

irrelevant in the Finnish setting (e.g. vulcanism) and those resulting from the undefined 

work programme for construction, running the experimental programme and 

decommissioning the facility. 

Category of hazard Example Direct Relevance to ONKALO 

(excluding risk to staff, loss of 

acceptance, etc.) 

Surface

1. Natural event 1.1 Earthquake 
1.2 Storms 
1.3 Lightning strike 
1.4 Flooding 
1.5 Snow load 
1.6 Tsunami 

No (but see 8 & 9 below) 
Possible combined with 1.4 
See 9 
Possible
See 9 
Low probability, to be checked 

2. Man-made hazard 2.1 Gas pipeline explosion? 
2.2 Aircraft crash 
2.3 Reactor accident 
2.4 Civil unrest, strike, etc. 
2.5 Terrorist attack 

See 9 

Underground 

3. Explosion 3.1 Fuel depot 
3.2 Battery charging station 
3.3 Explosives store 

3.4 Backup power system 
3.5 Gas buildup (methane, 
hydrogen) 

No, due to changes to 
excavation techniques 
(emulsion explosives mixed as 
required) and operations (fuel 
depot at surface only) since 
Posiva (2003a) 
Possible
Possible

4. Fire 4.1 Fuel depot 
4.2 Vehicles 
4.3 Electrical equipment 

No (see above) 
Possible
Possible

5. Collision 5.1 Vehicles No – limited and remediable 

6. Dropping  6.1 Construction materials No – limited and remediable 

7. Leakage/Spillage 7.1 Damage to fuel tank 
7.2 Leak in sanitation system 
7.3 Leak in drainage system 
7.4 Lining / grout failure 

No (see above) 
Possible

Possible
Possible

8. Tunnel collapse 8.1 Tunnel / shaft collapse 
8.2 Rock fall  

Possible
Possible

9. Loss of services 9.1 Power 
9.2 Ventilation 
9.3 Drainage 
9.4 Water/sanitation 

Yes
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(Soomere et al, 2006), may become more frequent, possibly as a result of climate 
change (Woth et al., 2005; IPCC, 2001; Beckmann and Tetzlaff, 1998) or normal 
decadal variations (Langenberg et al., 1999). 

Although the gentle sustained rise of the Olkiluoto island (average of 6.8mm per year; 
Mäkiaho, 2005) will mitigate the expected sea-level rise due to climate change (e.g. 
IPCC, 2001; Ruosteenoja, 2003), there has been recently increasing uncertainty about 
the time frame for a potential 4-6 metre sea level rises, with a senior scientist suggesting 
that such changes could occur within this century (Holdren, 2006). Clearly, such a sea 
level rise is not likely in the next decade of operation of ONKALO but, over the 
currently foreseen century-long operational lifetime of the Olkiluoto repository, storm 
and flooding scenarios may become more important and require surface defences like 
those anticipated for coastal repository sites in Japan – although, in Japan, the more 
immediate concern is with tsunamis.   

“Conventional” tsunamis resulting from large offshore earthquakes may be excluded as 
being of negligibly low probability in the Baltic. Although this would need to be 
analysed in detail, a preliminary check suggests that a “mega-tsunami”4 is also unlikely: 
ice scouring of the topography means that the steep, unstable slopes, which produced 
the Alaskan mega-tsunami are not available. Much more likely are North Sea offshore 
slope failures5 causing tsunamis or mega-tsunamis. These are likely to be mitigated by 
the coast of Denmark and southern Sweden, with a related storm surge-type of event the 
likely outcome for the Baltic. 

In the case of a natural event causing flooding of the access tunnel, what are the 
potential effects on the near field (see also chapter 4)? The ingress of quantities of sea 
water with significant surface materials – plant debris, soil etc. – would cause a 
geochemical anomaly which may not be possible to completely remediate due to 
expected loss of access, drainage and power in the immediate aftermath. However, after 
remediation and over a time frame of several years, it seems unlikely that the 
geochemical anomaly would cause a significant perturbation to the host rock conditions, 
especially since the hydraulic head would still be driving groundwater towards the 
excavations, thus diluting any remaining traces of seawater and dissolved organic 
material.  

Given the relatively broad nature of some of the FEPs identified by Miller et al. (2002), 
any perturbation occurring could be considered under GS11 Degradation of 

inadvertently introduced foreign solids, and GL10 Influences of inadvertently 

introduced foreign materials. Hagros (2007) notes that, in the assessment of amounts of 

4 There is no strict definition of these, but normal tsunami have heights of up to about 10m or so, while 
mega tsunami are above 40m and may be very much larger (many hundreds of metres). These result from 
the shock waves caused by major water displacement – by impacts of extraterrestrial objects, huge 
landslides (e.g. island flank collapse) or explosive volcanism. Because the probability of occurrence of 
large-scale events is small (10-4 - 10-6 a-1 or thereabouts) and the consequences are global (or, at least, 
regional) they are not usually explicitly considered in hazard assessments A special case of relevance to 
ONKALO would be where localised mega-tsunami are possible – e.g. caused by landslides into restricted 
bodies of water (an example being the famous 1958 Lituya Bay event in Alaska which resulted in a wave 
520m high 
5 See also DEFRA (2005) for a review of North Sea tsunamis. 
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foreign materials remaining in the repository, including ONKALO, foreign materials 
arising as a result of operational perturbations such as fires are explicitly not included 
(discussed further in Chapter 6 of this report). Flooding can perhaps be treated in the 
same way here, since it is an event which can be avoided, rather than an unavoidable 
consequence of operations.

3.2.2  Underground hazards: explosion and fire 

The extent of damage caused by an explosion will clearly depend on the amount and 
type of explosive material and its state of confinement. With respect to damage to the 
host rock over and above that caused by the excavation process, it seems unlikely that 
explosion of a diesel fuel depot, in a relatively large space, would be able to cause such 
damage, whereas a store of explosives potentially could. It is expected that the damage 
would be relatively localised – to the tunnel or cavern affected – and require 
remediation with rock bolts and shotcrete. However, it is noted that since Posiva 
(2003a), changes to excavation techniques to use emulsion explosives which are mixed 
as required and thus not stored before use, and the decision to site the fuel depot at the 
surface and not underground (M. Vuorio, Posiva, pers. comm. January 2007) has almost 
completely removed the possibility of any significant fire or explosion underground.

As it appears that vehicles deployed in ONKALO will run on diesel fuel rather than 
electric (Posiva, 2003a), in which case hazards involving large batteries are probably 
irrelevant. However, it should be noted that for repository operations, to minimise 
fumes and organic deposits, electric vehicles may yet be the preferred option. The 
system, if any, used to provide backup power in case of failure of supply from the 
surface should be considered, as there are potential fire / explosion risks from the 
conventional options (generator or battery).  

Finally, the risk from explosion of gas in the case of poor ventilation (or ventilation
failure) should be mentioned. This risk is generally much lower in crystalline rocks than 
in sediments but, for the sake of completeness, should be checked. 

The potential significance of fires is with the materials used for fire suppression and 
control. Some of the chemical fire suppressants, such as fluorochemicals and 
hydrocarbon surfactants used in foams, although potentially detrimental, would be used 
in small quantities and could largely be washed away into the drainage system. 
Likewise powder extinguishers, using monoammonium phosphate, sodium or potassium 
bicarbonate, could easily be removed with reasonable efficiency. Carbon dioxide and 
inert gas extinguishers, used for electrical fires, would cause relatively little concern, 
being removed by the ventilation system. In fact, Posiva (2003a) described the planned 
use of a sprinkler system with fresh water as well as manually-deployed equipment, 
presumably for specific applications around equipment, suggesting that the possibility 
for significant contamination of the host rock is very small. It is assumed that any 
remains from combusted material or equipment would be almost completely removed 
during remediation. 

Since the amount of flammable material in ONKALO is likely to be limited as a matter 
of safety policy, the likelihood of a sufficiently large fire to cause direct damage to the 
host rock is low and, as noted for the case of an explosion, the damage would anyway 
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be strictly limited in spatial extent. However, no FEP in the list of Miller et al. (2002) is 
strictly applicable to the localised but potentially intense damage caused by fire or 
explosion.  It is proposed that a new FEP P14 be added to the list to cover Thermal or 

mechanical effects of fire or explosion.

P14 Thermal or mechanical effects of fire or explosion (inadvertent) 

Description:  
Fire or explosion in the ONKALO tunnels could result in localised damage to the rock due to 
thermal or mechanical stresses. It is not expected that there would be sufficient material 
available to create very high temperatures of sufficient duration to cause significant 
mineralogical change or melting of the rock. Nor is it expected that the effects would penetrate 
deeply into the rock Thus effects would be confined to the local area of the fire/explosion and 
probably result in enhanced flow porosity/fracturing within the EDZ (excavation disturbed zone).  
Normal stresses around the tunnel even before repository closure may result in attenuation of 
the effects in a short period.
Categorisation:

i.  The likely spatial scale is <1 m.  
ii.  The likely temporal scale is decades.  
iii.  The rate of the process is fast.  
iv.  The significance to site understanding is low.  
v.  The significance to repository performance is low.
vi.  Coupling with hydrogeological and geochemical processes is strong. 

3.2.3 Underground hazards: leakage/spillage 

The significance of a leak or spillage will depend on the material and quantities 
involved. Spills of fuel/hydraulic fluid from vehicles or leaks from the sewerage system 
are likely to be quickly detected and remedial action taken promptly because of the 
impact on working conditions. Any material remaining, being of mainly organic 
composition, is likely to be degraded by microbial activity6 over a relatively short 
period of time (months to years) although clearly this will vary according to the actual 
composition (and location) of the spill. Thus the potential for any geochemical 
perturbation is rather limited and, in fact, already identified by Miller et al. (2002) in 
GL10 – Influences of inadvertently introduced foreign materials. Also, it is noted that 
materials considered particularly detrimental are banned from use in ONKALO (Juhola, 
2005).

A special concern involves scenarios that could involve major fluxes of water – e.g due 
to undetected leakage from the drainage system or greatly increased water inflow that 
exceeds drainage capacity (see also 3.2.4 below). In the worst case, such scenarios 
could lead to flow of water into the operating repository unless failsafe sealing systems 
are in place to rigorously exclude this. 

3.2.4  Underground hazards: tunnel collapse/rock fall 

Although of particular importance to operational safety, from the point of view of 
perturbations to the near field, tunnel collapse and rock fall could be considered to 

6 In fact such degradation can be accelerated by the use of specific microbial communities to ‘clean up’ 
any spillage (along the lines of those currently in use to treat fuel spillage in groundwaters). 
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represent a greater than usual development of an excavation damaged zone since the 
effect is to extend the opening. The processes involved have already been identified by 
Miller et al. (2002), namely P1 Development of an excavation damaged zone, P2 
Evolution of the fracture network, P3 Aeration of the rock mass and P6 Microseismicity,
thus no further FEP is needed. As noted above, however, such an incident could also 
lead to greatly increased water inflow into ONKALO, leading to a risk of flooding. 

3.2.5  Loss of services 

Ensuring that all services in ONKALO will operate without failure for a century goes 
far beyond the level of reliability expected for underground equipment. Short outages of 
individual services would probably have minor effects, but a particular concern would 
be multiple failures for extended periods – for example due to the natural and 
anthropogenic events listed under 1 and 2 in Table 3-1.  As previously considered under 
3.2.2 above, possibly the greatest risk would be due to flood water from ONKALO 
penetrating into open parts of the repository.

3.3  Appropriateness of the FEPs 

The FEP analysis carried out by Miller et al. (2002) was to provide a basis for 
developing a monitoring programme at ONKALO. The aim was to identify processes 
which could perturb the site and for which monitoring could provide an assessment of 
the extent of the perturbation. As a result of this, some FEPs in the list tend to lump 
together phenomena that could result in very different processes occurring. An example 
of this is P5 Planned introduction of foreign solid materials (note that the non-italic, 
bold type is added for emphasis in the FEP description): 

P5 Planned introduction of foreign solid materials  

Description:  
The excavation of the tunnel and the drilling of associated boreholes will lead to the planned 
introduction of a number of foreign solid materials.  Most significantly, the planned introduction 
of cement materials as grouts or shotcrete will lead to changes in the hydraulic properties of 
EDZ fractures and potentially may change the geochemistry of the EDZ. Additives in the 
cement (such as plasticisers) may be leached out over time further affecting the geochemistry 
(GS5). Residues (e.g. nitrates or ammonium salts) may be left in the rock mass after the use 
of explosives. PVC and other plastic materials will be introduced (GS9), such as borehole 
liners*, and these may degrade to release tracers into groundwater. The possible use of steel
rock bolts and associated resins7 (as cements and seals) may lead to  localised changes in  
the geochemistry of the EDZ as these materials degrade (GS8). The resins may add additional 
tracer compounds to the groundwater as they degrade. The effect is likely to be attenuated by 
the time the repository is closed as the foreign materials are dispersed or degraded.
Categorisation:

i.  The likely spatial scale is <1 to 10 m.  
ii.  The likely temporal scale is weeks to decades.  
iii.  The rate of the process is fast.  
iv.  The significance to site understanding is high.  
v.  The significance to repository performance is high.  
vi.  Coupling with hydrogeological and geochemical processes is strong. 

7 There are currently no plans to use either resins or borehole liners in ONKALO. 
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While, from a monitoring point of view, keeping a tally of the foreign materials 
introduced is relatively straightforward, the potential impacts of the different materials 
arise from many different processes. Further (this is discussed in the following section), 
P5 is given a ranking of ‘high’ for significance for both site understanding and 
repository performance whereas, in fact, it is the processes arising from the different 
materials as they degrade or interact with the groundwater which will have an impact. 
The only physical process arising from this FEP which could have an impact is the 
change to the EDZ caused by shotcrete/rock bolts or grouting. However, even then, the 
main process of significance is likely to be the local change in hydrology rather than 
changes to the rock mechanical conditions. 

This lumping of disparate phenomena to create large simplified FEPs, which are 
difficult to transparently assess for impact, affects the following potentially significant 
FEPs:

P4 Planned introduction of foreign fluids

P5 Planned introduction of foreign solid materials

P12 Inadvertent introduction of foreign substances

H3 Evolution of the fracture properties

GS11 Degradation of inadvertently introduced foreign solids

GL2 Influences of water-rock interactions

GL10 Influences of inadvertently introduced foreign materials

B3 Biodegradation

It is therefore proposed that the physical processes FEPs be broken down into sub-FEPs 
which can be assessed on the basis of the data to hand, either from monitoring, from 
plans of future activities or from the estimation of foreign materials in the repository, 
discussed in Chapter 5. For example, P5 would have sub-FEPs including (but not 
exclusively): 

P5.1 Grout material OPC-based

P5.2 Grout material, low alkali 

P5.3 Grout material, colloidal silica

P5.4 Shotcrete OPC-based

P5.5 Shotcrete, low alkali

P5.6 Rock bolts, steel

P5.7 Rock bolt cement. 

In this way, the sub-FEPs incorporate the data from monitoring activities as ONKALO 
is excavated and the access tunnels and shaft constructed so that the effects of specific 
foreign solids can be assessed. The same procedure is needed for the geochemical 
processes FEPs GS11 and GL10, which also include a range of different materials. 

The true process FEPs, H3, GL2 and B3, are more complex. However, these are 
processes identified as having a high significance and included in the monitoring 
programme (Table A-2, Appendix A). Thus it should be possible to assess their overall 
impact on the host rock conditions more directly, although, in reality, these three 
processes may be coupled and such coupling needs to be carefully assessed. 
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In addition, the FEPs relating to cement are divided in a way which is not especially 
helpful, since they are vaguely specified and would be strongly coupled. Assessment of 
impact is made difficult since the key processes involved are not identified: 

GS5 Degradation of cement

GS6 Cement-rock interaction

GL4 Influences of degrading cement. 

Table A-3 (Appendix A) shows part of the FEP list developed as part of a Nagra project 
to assess the possible impacts of cementitious materials on a generic repository (FEPs 
specific to a L/ILW repository have been deleted as they are of no interest here) in a 
range of host rock types (Neall, 1998 in Nagra, 2002a). Nearfield/geosphere processes 
which are likely to be of interest to ONKALO are highlighted, others are of more 
relevance to the final repository system involving reactions with the waste and the EBS. 
Although these processes cannot be assessed in isolation, they need to be combined into 
‘Super-FEPs’ (Nagra terminology – see Nagra, 2002b) which can be assessed, it is 
essential that the individual processes are discussed in order to define how the super-
FEP can be quantified The fundamental processes and potential impacts of cement are 
discussed in more detail in Chapter 5. 

For the cement FEPs of Miller et al. (2002), it recommended that GS5 is a strict 
consideration of the result of degradation of cement (e.g. loss of efficacy as a grout, re-
establishment of flow in grouted fracture zones), while GS6 is broken down to include 
the key cement-rock interactions and GL4 incorporates the influence on groundwater 
chemistry of the cement and any additives.  

Table 3-2 gives the proposed amended FEP list for potential perturbations arising from 
the construction and operation of ONKALO on the repository environment, thus 
possibly affecting both site understanding and repository long-term performance. It 
should be noted, however, that this list still does not contain FEPs relating to the 
repository EBS materials since these are assumed not to be present in ONKALO (unless 
included in long-term validation experiments, for which such potential perturbations 
need to be explicitly examined to determine relevance of the experiment to the 
repository conditions).

3.4  Assessing the significance of processes 

As noted above, the FEP analysis carried out by Miller et al. (2002) was to provide a 
basis for developing a monitoring programme at ONKALO. Thus FEPs were ranked 
with particular emphasis on their potential to affect site understanding, especially those 
safety-critical parameters relating to hydrology and hydrogeology, and their significance 
for the eventual long-term performance of the repository seems to have been assessed 
largely depending on whether or not the perturbation would decay relatively quickly 
after repository closure. In fact some of the processes identified, e.g. GS6 Cement – 

rock interaction, will, as is discussed in chapter 5, potentially lead to altered near field 
conditions that are so long-lived as to be considered permanent (although obviously the 
new ‘state’ is subject to the wider influences of the geosphere, climate etc.).  



22

This ranking of significance was done by rather opaque ‘expert judgement’ and it is 
difficult to reconstruct some ranking decisions based on the information given. There 
was little attempt to suggest how the impact and the importance of processes could be 
assessed, either in terms of influence on site understanding or on long-term performance, 
by more rigorous means. This becomes particularly important when recommendations 
for monitoring of processes were described: some of these possibilities would be very 
onerous, especially slow geochemical processes, for example. For the processes for 
which direct or indirect monitoring would require a level of effort incompatible with 
their expected importance, there would be a tendency for these ‘poor-relation’ processes
to be simply ignored. Table A-2 (Appendix A) shows that only the processes identified 
as of high significance for site understanding and repository performance (with the 
addition of temperature) were selected from the FEP list for monitoring (Posiva, 2003b). 
The table has notable omissions including all the FEPs related to cement, despite 
cement being considered a major source of potential detrimental processes in both the 
near field and geosphere (e.g. Ahokas et al., 2006). 

In the context of the significance of perturbations due to the SF repository excavation,
construction and operation, the basis for the ranking of FEPs needs to be more 
transparent, particularly in the case of those classed as essentially unimportant and thus 
neglected from further study. While it is acknowledged that the basis of Miller at al 
(2002), and also the present report, is specifically the perturbations from the activities in 
ONKALO, the template these studies provide for the actual repository cannot be 
ignored. Thus some FEPs which may have been ranked as insignificant for ONKALO 
may be more significant when the repository itself is considered and here a more 
transparent method for judging significance is most certainly required. 

Table 3-2. Proposed FEP list for potential perturbations arising from the construction 

and operation of ONKALO on the repository environment, amended from Miller et al. 

(2002) to provide a better overlap with information from monitoring, especially with 

respect to foreign materials. 

Physical FEPs:  

P1   Development of an excavation damaged zone (EDZ)  

P2   Evolution of the fracture network  

P2.1  Reactivation of existing fractures in the rock mass  

P2.2   Generation of new fractures in the rock mass  

P3   Aeration of the rock mass  

P4   Planned introduction of foreign fluids  

P4.1 Drilling fluid – fresh water 

P4.2 Drilling fluid – mud system 

P5   Planned introduction of foreign solid materials (should reflect foreign materials 
assessed in Chapter 6) 

P5.1 Grout – OPC-type 



23

P5.2 Grout – low alkali-type 

P5.3 Grout – colloidal silica-type 

P5.4 Shotcrete – OPC-type 

P5.5 Shotcrete – low alkali-type 

P5.6 Rock bolts - steel 

P5.7 Rock bolt – OPC cement 

P5.8 Rock bolt – low alkali cement 

P5.9 Support mesh - steel 

P5.10 Explosives residues (predominantly caps and cords, see Chapter 6) 

P5.11 Floors and other misc. constructions – concrete (OPC) 

P2.12 Floors and other misc. constructions – concrete (low-alkali) 

P5.13 Drainage pipes – plastic / PVC 

P6   Microseismicity  

P7   Sinking of satellite boreholes  

P8  Temperature changes  

P8.1   Temperature changes in the rock mass  

P8.2   Temperature changes in the groundwater  

P8.3   Temperature changes in the air  

P9   Degassing of groundwater  

P10  Ground subsidence  

P11  Isostatic uplift  

P12   Inadvertent introduction of foreign substances (should reflect foreign materials 
assessed in Chapter 6) 

P12.1 Wear to tyres - rubber 

P12.2 Diesel oil 

P12.3 Battery acid 

P12.4 Hydraulic and lubricating oils 

P12.5 Degreasing agents 

P12.6 Hard metals and metal fragments 

P12.7 Paints 

P12.8 Urine 

P12.9 Miscellaneous human waste 

P12.10 Impurities in ventilation air 

P12.11 Exhaust fumes from diesel engines – soot and ash 

P13  Degassing of rock mass  

P14 Thermal and mechanical effects of fire or explosion (inadvertent) 

Hydrogeological FEPs:

H1  Evolution of hydraulic network  

H2   Evolution of hydraulic heads  
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H3  Evolution of fracture properties  

H4  Ingression of water  

H5 Egression of water  

H6  Density-driven flow  

H7   Release of rock matrix brines  

H8  Seismic pumping  

H9   Perturbation of the hydrology  

H10   Evolution of the saline water interface  

Geochemical FEPs:  

Solids:

GS1  Redistribution of rock mass  

GS2   Evolution of fracture-coating materials  

GS3   Evolution of rock matrix  

GS4   Maturation of cement  

GS5   Degradation of cement  

GS6   Cement-rock interaction  

 Alteration of fracture minerals / retardation properties 

 Alteration of flow paths (e.g. porosity / permeability / flow-wetted surface) 

 Alteration of matrix porosity / accessibility 

GS7   Ageing of minerals and mineraloids  

GS8   Degradation of metallic components (solid corrosion products) 

GS9   Degradation of resins and plastics  

GS10   Leaching of rock spoil  

GS11   Degradation of inadvertently introduced foreign solids (not covered by GS8 and GS9) 

GS11.1 Organic and hydrocarbon materials 

GS11.2 Metals 

GS11.3 Other inorganics  

Liquids:

GL1   Influences of groundwater mixing  

GL2 Influences of water-rock interactions  

GL3  Influences of introduced air  

GL3.1   Oxidation of groundwater  

GL3.2   Carbonation of groundwater  

GL4  Influences of degrading cement  

GL4.1 Changes to the groundwater chemistry  

GL4.2 Colloid concentrations 

GL4.3 Cement additives 

GL5  Influences of microbial activity on water chemistry  

GL6  Influences of temperature changes  
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GL7   Influences of planned introduced fluids  

GL7.1 Drilling fluid - water 

GL7.2 Drilling fluid - mud 

GL8  Influences of degrading metallic components on water composition 

GL9   Influences of degrading resins and plastic components  

GL10   Influences of inadvertently introduced foreign materials  

 Liquid hydrocarbons and organics (not covered by GS11) 

 Other liquids e.g. battery acid 

Gases:

GG1   Exsolution of gases  

GG2   Introduction of gases from machinery  

GG3  Hydrogen gas from corrosion of metals 

Biological FEPs:  

B1   Perturbation of microbiological populations  

B2   Perturbation of microbiological activities  

B3 Biodegradation  

B4  Biocatalysis  

B5  Biofilm growth  

B6  Biocolloid formation  

B7  Macrobiological colonisation of the tunnel  

B7.1   Floral colonisation of the tunnel  

B7.2  Faunal colonisation of the tunnel  

B8  Modification of the surface ecosystem  

There are essentially 4 major factors on which the ranking of FEPs with respect to 
significance for repository performance can be based8:

1. Location of any potential perturbation caused by a FEP – in particular, its 
proximity to the eventual emplaced waste in the repository (although, in principle, 
the proximity to any shared infrastructure of the repository should be considered, 
especially if potential impact on repository operations is examined in the future). 
This includes an appreciation of the scale of the perturbation: 

from millimetre-scale, e.g. for oxidation of rock matrix 
to metre-scale, e.g. for changes in the EDZ  
to perturbations which potentially affect significant volumes of the geosphere9

and, in particular, flow paths between the repository and the biosphere 

8 But note that these ignore the critical aspects of - risk to health of operators (or population in the 
vicinity), potential to cause a high profile problem leading to loss of acceptance, potential to directly 
disrupt repository operations, potential to interfere with the repository monitoring system, potential to 
ruin long-term experiments in ONKALO planned to support licensing for closure. 
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2. Magnitude of the perturbation: 
a. In many geochemical and biological FEPs, this is a function of ‘how much 

source material’: even very detrimental processes are of little importance if 
the total source material is negligible 

b. Alternatively, the magnitude can be considered as ‘how much difference’ a 
process induces, compared to the undisturbed system  

3. Duration of the perturbation – clearly any perturbation that is a short-term, 
temporary change from the undisturbed condition is likely to have less 
significance than a process which induces long lasting effects (although note that, 
for operational safety, the opposite concern - rapidity of development of the 
perturbation - may be critical as it determines how much time is available to 
develop counter-measures) 

4. Influence on safety-relevant characteristics of the host rock/site. At the most basic 
level, the key parameters of interest are the stability of the bentonite buffer, 
longevity of the overpack, the release rate from the waste matrix and the extent of 
retardation and dilution during radionuclide transport from the EBS to the 
biosphere. These are influenced by the redox conditions, groundwater 
composition, water flux through the repository, travel time between repository and 
biosphere, retardation properties of the host rock and presence/properties of 
organic, colloidal or other complexants which could influence radionuclide 
transport. Some FEPs listed could also have effects which are not currently 
included because of the absence of EBS materials from ONKALO. This would 
include H6 Density-driven flows and H10 Evolution of the saline water interface,

which would involve potential EBS perturbations due to changing groundwater 
salinity which influences bentonite swelling (discussed further in chapter 4)

With respect to the significance of a FEP for site understanding, the questions are 
whether:

the FEP could induce a short-lived perturbation that obscures the undisturbed 
conditions to which the site is expected to return 
the FEP induces a permanent or long-lived change to some safety-relevant host 
rock/site properties which thus vary between the near field and geosphere in a 
manner that needs to be taken into account in PA 

Thus it can be seen that of the FEPs identified of high significance for site 
understanding by Miller et al. (2002), many of them, including all but 2 of the 
geochemical FEPs, are not considered to be of high significance for repository 
performance as their influence is temporary. Also, most of the FEPs considered to be of 
high significance for repository performance act on a large scale (although P5 Planned

introduction of foreign materials is rather an oddity in this respect).  

9 Here, the near field is taken to include the EDZ, including volumes of rock affected by grouting, since 
this is relatively well constrained. Host rock that may be affected by processes which, for example, 
change groundwater composition, retardation properties etc. is considered to be part of the geosphere, 
although technically it may be disturbed by the existence of ONKALO and/or the SF repository.  
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With respect to the four factors listed above, the significance of a FEP for site 
understanding will be captured by factors 3 and 4 mainly, with some contribution from 
2b. The factors do not, however, capture an aspect which is probably of key importance 
with respect to perturbations affecting site understanding and that is the rate of the 
process. With any process for which the perturbation is manifest only some months or 
years after the excavation/construction activities, there would be sufficient opportunity 
to measure the undisturbed condition. But care must be taken here, as processes can be 
autocatalytic: initial slow kinetics or long initiation time does not ensure a small effect. 
Particularly important for reactions changing pH (pyrite oxidation) are those that are 
microbially catalysed. This is the case for many of the geochemical FEPs.  

These four factors form a ‘significance ladder’ for assessment of FEP significance for 
repository performance which works as follows10:

A. A FEP must either have a location close enough to the waste that its zone of 
perturbation will overlap with the repository, or have a scale of effects which 
extends to the repository or that part of the geosphere likely to be involved in 
radionuclide transport to the biosphere. If this is not the case, even strong 
perturbations will not affect repository performance; 

B. The extent of the perturbation must be potentially great enough to be significant 
i.e. outside the normal parameter value variation, otherwise it will be evaluated 
within the normal consideration of uncertainties; 

C. The duration of the perturbation must be long enough to have some significance 
for repository processes. This will vary according to the FEP – hydrological 
perturbations may be significant for performance from time of closure of the 
repository, whereas perturbations to the geosphere retardation characteristics will 
only be of relevance once a waste package fails, thus this perturbation would need 
to persist for tens of thousands of years; 

D. The perturbation must affect some safety-relevant characteristic of the host 
rock/site. 

In an ideal world, it would be possible to quantify the factors for each FEP so that each 
step of the ‘ladder’ would become a yes/no and the final step could include an 
assessment of the actual quantitative effect for any FEP which did result in a significant 
perturbation. However, as it is unlikely that sufficient data would be available for many 
of these FEPs, it is necessary to fall back on subjective expert judgement again. 
Nevertheless, the use of several factor scores to determine the final significance score 
does at least mean that biases from inevitably subjective judgement will be more easily 
detected and more open to discussion and revision. The main limitation of this approach 
is that it tends to focus on FEPs in isolation, risking missing important interactions (or 
synergies) between them. It is important to remember that, in modern PAs, FEPs act 
more as a check to make sure that all-important factors are included in safety 
assessments, rather than simple building blocks for assembling scenarios (see Figure 3-
1). This aspect will be taken into account in the following chapters which will examine 

10 But care must be taken here as the FEPs are being considered in isolation; combinations of FEPs - 
especially if synergies exist - can be much more significant than any one in isolation. This is especially 
complex for coupled hydrological and geochemical processes. 
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the FEPs in terms of key safety-relevant phenomena that could influence the safety 
concept.

Table A-4 (Appendix A) lists the FEPs with ‘expert’ estimates for the factors on a scale 
of 1 to 5, where 1 is an indication of insignificance and 5 likely great significance. For 
example: 

For step A: 1 would indicate spatial separation of perturbation and repository, whereas 5 
would be strong overlap; 3 would indicate possible or minor overlap.  

For step B: 1 = no significant extent (within normal variation) or negligible source 
material; 5 = marked perturbation and/or large source inventory. 

For step C: 1 = short or no duration after repository closure; 5 = perturbation is 
permanent or persists on a time-scale of relevance to repository processes. 

For step D: 1 = no effect on any safety-relevant characteristic; 3 = an effect on a single 
safety-relevant characteristic; 5 = effects several important safety-relevant 
host rock/site characteristics. 

The overall significance for repository performance is then determined by the lowest 
factor score. The scores given in Table A-4 are based on the information in the FEP 
boxes in Miller et al. (2002) and the recent estimates of the amounts of foreign materials 
from Hagros (2007). The latter gives estimates for the whole repository system, so 
values for ONKALO were based on its proportion of total excavated volume for the 
whole repository (as given in Table 6-2, based on Hagros, 2007). 

The significance of FEPs to site understanding is here given less importance since the 
monitoring programme at ONKALO is already in place for those FEPs considered to be 
of high significance in this regard. The information for rate of processes is taken from 
Miller et al. (2002) and this is combined with the estimate of extent (factor 2) and 
significance for safety-relevant characteristics (factor 4) to arrive at the overall 
significance for site understanding. 
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Figure 3-1. Constructing the safety case (from Nagra, 2002d, Figure 3.7-2). 

The results in Table A-4 are not definitive; due to insufficient knowledge, some factors 
are filled in effectively with place-holders. For example, proximity of perturbations to 
waste-containing areas of the repository was very roughly estimated since the planned 
layout of both ONKALO and the Olkiluoto SF repository have changed in the last 5 
years and may do so again (e.g. the addition of the second shaft at ONKALO or if KBS-
3V is replaced with KBS-3H or another disposal concept). However, the object of the 
exercise was to illustrate how the ranking of significance for repository performance 
could be assessed in a more transparent way using scored factors. Ideally, the scores 
would be documented by updating the FEP boxes of Miller et al. (2002), to better justify 
the individual scores with details of supporting data and assumptions.

It is interesting to note that this assessment brings up many fewer FEPs of high 
significance, both for site understanding (6) and repository performance (8). However, 
with respect to site understanding, the relative conservatism of Miller et al. (2002) in 
identifying more FEPs as potentially significant is clear in terms of the objectives of 
their study to support planning of a monitoring programme. Here, the consideration of 
proximity of ONKALO to waste-containing areas of the repository means that many 
FEPs which may be locally significant, are scored low as that influence would not 
extend to the areas of interest. Thus this assessment may be considered more realistic, 
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although admittedly weakened by lack of information, particularly with respect to the 
final design decisions for ONKALO and the SF repository.  

3.5  Summary and recommendations 

3.5.1 Summary 

The list compiled by Miller et al. (2002) of FEPs arising from the excavation and 
construction of the ONKALO facility which could cause perturbations to the repository 
near field has been reviewed for completeness. From the perspective of potential 
operational hazards that could give rise to further perturbations, only one completely 
new FEP was proposed to take account of the spatially limited, but possibly intense, 
effects of fire or explosion. 

However, it was noted that some of the the FEPs in Miller et al.’s list were rather 
confused and ambiguous, particularly, P4 Planned introduction of foreign fluids, P5 
Planned introduction of foreign solid materials, P12 Inadvertent introduction of foreign 

substances, which combine features of the system with processes. 

For the immediate purpose of assessing potential signficance of processes on the site 
understanding or long-term repository performance, it was suggested that some FEPs, 
(e.g. P5, P12, GS11 Degradation of inadvertently introduced foreign solids, GL2 
Influences of water-rock interactions, GL10 Influences of inadvertently introduced 

foreign materials) which lumped together disparate processes, should be split to include 
more precisely defined sub-FEPs. From these suggestions, a modified FEP list was 
compiled that more clearly related to information available from monitoring, such as 
inventories of foreign materials used.

Other large complex process FEPs (e.g. H3 Evolution of the fracture properties) were 
left unchanged since, having been identified as of high significance, they were included 
in the planned monitoring programme and will be assessed directly. 

A scheme for assessing the significance of FEPs was proposed based on a number of 
factors that could be scored either by expert judgement (used here) or, in future, using 
information from monitoring, particularly with respect to amounts of foreign materials 
introduced to ONKALO. The aim was to be able to clarify and justify the basis for 
considering some processes more or less important than others since such assessments 
are likely to be used for directing future studies as well as monitoring activities as the 
repository programme progresses. 

On the basis of this scoring process on the extended FEP list, fewer FEPs were 
identified as having high significance for either site understanding or repository 
performance than the study of Miller et al. (2002). This was expected since that study 
was the basis for planning the ONKALO monitoring programme and took little account 
of the actual relationship between the  location of ONKALO, and the perturbations it 
might cause, and the waste deposition areas of an eventual repository. So many 
processes that may cause a local perturbation would be very unlikely to be of 
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significance to the repository or its near field conditions.  It should also be noted that the 
absence of EBS-related FEPs from the list of Miller at al. (2002) means that they 
underscored some of the perturbations with respect to potential EBS interactions that 
could have a significant impact on long-term repository performance. 

3.5.2 Recommendations 

There would be clear benefits in revising the FEP list from scratch in order to: 

redefine ‘features’, such as amounts of specific materials, separately from 
‘processes’. This would allow information gained from the monitoring 
programme to be used directly in assessing potential effects; 
create process FEPs which unambiguously represent one process, preferably one 
which has a clear effect, rather lumping several together. This would allow the 
many different processes in, for example, cement – rock interactions, to be 
assessed using information on amounts (and locations) of cement, modelling, 
natural analogue data etc. rather than just by vague ‘expert judgement’; 
include FEPs relating to EBS materials and the waste package so that the FEP list 
is applicable to perturbations affecting the long-term performance of the 
repository explicitly, not just via the near field.  

In view of the importance for the repository performance of some perturbations arising 
from the excavation, construction and operation of the repository itself, the FEP list 
created for potential perturbations due to ONKALO is not in its present form 
sufficiently comprehensive due to the omission of EBS materials. A systematic 
approach to FEP management ensures that no important processes/interactions have 
been overlooked (see Nagra, 2002b). For example: 

• Processes

• Independent development of key safety-relevant phenomena (“KSRPs”) and 
Super-FEPs on one hand and of ONKALO-specific FEPs on the other hand 

• Systematic checks between the three types of FEPs 
• Cross-comparison between the ONKALO FEP database and two international 

FEP databases (NEA FEP DB and NEA FEPCAT Project) 
• Interactions 

• Range of influence of Super-FEPs and associated uncertainties (Nagra, 2002b, 
Table 4.2-1)

• Interaction matrix for Super-FEPs and associated uncertainties (Nagra, 2002b, 
Table A5.4.1)

Since such a comprehensive FEP list could be of use in making the safety case for the 
eventual repository, e.g. to confirm that all significant FEPs arising from the excavation 
and construction activities had been taken into account in the PA, it would be of value 
to devise a robust and transparent scoring process for judging significance of processes. 
Clearly the most important processes will be dealt with explicitly and quantitatively in 
the repository safety assessment, but more qualitative arguments are likely to be 
important for those processes which will inevitably always have a large degree of 
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uncertainty associated with them (e.g. biological processes) and thus are not very 
amenable to direct quantitative assessment. 

Finally, future assessment of perturbations should be carried out in a wider context – 
emphasising direct and indirect influences on repository operation. The benefit of this is 
that pre-emptive planning could modify the ONKALO (or repository) design to 
minimise the probability, consequences or ease of remediation of the more serious 
perturbations.
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4  GEOCHEMICAL PERTURBATIONS

4.1  Introduction 

In chapter 2, it is noted that “Although the construction and operation period of 
ONKALO as an independent characterisation facility will last only about ten years, the 
fact that the total construction and operation period of the repository is foreseen to be in 
the order of one hundred years means that ONKALO will also remain open for this 
period.” and this will be the reference period used in any scenarios discussed here. For 
more detailed assessment, a reference operational plan for ONKALO for this period 
would be essential. 

Chapter 1 indicated the likely volumes of groundwater which would enter the 
ONKALO facility if no grouting were to take place. The geochemical disturbances 
caused by such movement and mixing of groundwater masses include (Vieno et al., 
2003):

desaturation and intrusion of air in the drawdown zone
intrusion of superficial water, containing oxygen, carbon dioxide and organic 
substances, into the host rock
seawater – percolated through sediments and being rich in sulphate, bicarbonate, 
and possibly in ammonia and organic substances – may intrude into the bedrock 
of the island, if the groundwater table is drawn below sea level close to the 
shoreline. As seawater is denser than the fresh groundwater in the upper parts of 
the bedrock, it may sink deeper into the bedrock. However, it should be borne in 
mind that Olkiluoto was covered by the sea for several thousand years after the 
most recent glaciation which has left clear imprints in the present groundwaters at 
the depths between 100 and 300 metres (Posiva, 2005). A further intrusion of 
seawater during the construction and operation period of ONKALO and the 
repository should thus only make a relatively small impact on the groundwater 
mix.  
upconing of deep saline groundwater (or brines) towards the excavations. These 
waters could interact with the EBS, potentially altering the bentonite buffer and 
corroding the copper overpack. In addition, host rock retardation of radionuclides 
could change
consumption of the redox and pH buffering capacity of fracture fillings and the 
adjacent rock matrix. From the point of view of the post-closure performance of 
the repository, the most significant impacts are related to the inflow into the deep 
parts of the underground facilities and to the consumption of the (Eh and pH) 
buffering capacity of fracture coating and filling minerals and rock matrix in the 
vicinity of the disposal galleries, but this could also reduce retardation of any 
radionuclides later released from the EBS. In addition, any pyrite in the rock and 
fractures could be oxidised, producing, as a by-product, sulphuric acid which 
could then interact with the host rock and EBS 

Here, the potential impacts of significant volumes of groundwater passing through the 
ONKALO facility (i.e assuming no grouting) will be examined on the basis of the 
amended FEP list in Table 3-2. 



34

4.2  Asssessment of specific mechanisms 

4.2.1  FEP H10 Evolution of the saline water interface11

The groundwater flow analyses show that ONKALO draws groundwater from all 
directions in the host rock. Although, locally, the salinity of groundwater in the vicinity 
of the repository may rise to as high as 60-70 gL-1 (see Sievänen et al., 2006). More 
recent calculations (presented in Pastina and Hellä, 2006) suggest that it is likely that 
maximum levels of 30-45 gL-1 are to be expected at the lowest point of the tunnel 
system at a depth of -550 m whereas, at the repository level, the maxium salinity will 
rise from 10 gL-1 to 25 gL-1. It was also noted that the salinity could possibly be as low 
as 10-15 gL-1 in the immediate vicinity of the canisters. High salinity groundwater 
significantly reduces bentonite buffer swelling pressure (Karnland et al., 2003) but 
Vieno et al. (2003) noted that the disturbances could be reduced by filling the 
emplacement gaps in the EBS and by presaturating the buffer and backfill with fresh 
water, so that intrusion of saline groundwater from the host rock is minimised. Recent 
experience from large-scale URL tests such as FEBEX, GMT and ESDRED (Huertas 
and Gago, 2003; Shimura et al., 2006; Seidler, 2005) indicate that this is not really a 
practicable exercise and this is currently not under consideration by Posiva. 

However, Savage (2005) noted that while the swelling pressure will decrease on 
interaction with with saline fluids at all bentonite densities, it is possible to produce 
bentonite buffer which will retain the required swelling pressures and hydraulic 
conductivities. Highly compacted bentonite with a dry density of approx. 2 Mgm-3 is not 
significantly affected by groundwater salinities even as high as 100 gL-1 (Karnland 
1998, Dixon 2000). Indeed, according to the review of Savage (2005), if the buffer 
density exceeds 1.9 Mgm-3, a swelling pressure in excess of 1 MPa is obtainable at 
salinities of  ~175 gL-1. Likewise, a buffer hydraulic conductivity of 10-12 ms-1 is 
possible at the same salinity with a buffer density of 1.8 Mgm-3, indicating that it will be 
possible to find a design-led solution if higher than expected salinities occur at 
Olkiluoto due to ONKALO induced upconing12. Great care should, however, be taken 
when trying to engineer around problems in isolation. A density of 2 Mgm-3 may result 
in swelling pressures of 50 MPa and more in low salinity water (e.g. Figure 9-4 in 
Nagra, 1985), which could exceed the lithostatic load and lead to heave of the 
surrounding rock. For KBS-3V, such a pressure could well compromise any kind of 
envisaged borehole capping system, rendering the entire concept impractical. 

Further, the bentonite/crushed host rock backfill mixture planned for KBS-3V is even 
more susceptible to loss of swelling pressure in saline groundwater, so Posiva and SKB 
are developing alternative backfilling and sealing options for the KBS-3V concept (see 
Autio et al. 2002; SKB 2003). For example, in the Backfill and Plug test, a modified 
(i.e. 30wt% clay rather than the 15wt% clay of SKB’s reference backfill13) ‘concept A’ 
backfill attained a density of 1.7 Mgm-3, a hydraulic conductivity of 4 10-10 ms-1, a 

11 These EBS processes arguably do not belong under this FEP, but will be placed here for the time being 
(see comments in section 3.5). 
12 Note that in section 6.2, the current buffer densities range between 1.7 Mgm-3 and 1.9 Mgm-3.
13 As noted in section 6.2, Posiva’s current reference backfill is 30wt% bentonite for the deposition 
tunnels and 15wt% bentonite for all other areas of the repository. 
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compressibility of 30 MPa and a swelling pressure of 0.15 - 0.2 MPa with a 
groundwater salinity of 1.2 % NaCl. However, as noted by Savage (2005) “It seems 
certain therefore that during routine backfilling operations with the potential for non-
ideal grain size distribution, piping, and a groundwater salinity in excess of 1.2 %, the 
reference backfill composition (15wt% clay) will not perform to SKB’s functional 
requirements.”14

Savage (2005) noted that that the long-term effects of montmorillonite degradation due 
to the presence of saline groundwater will consist mainly of formation of beidellite or 
kaolinite, but based this on “long-term” experiments of 30 to 150 days. To increase 
confidence in such tests, an appropriate NA study would be useful here to assess likely 
long-term effects on bentonite. This was attempted in ENRESA’s BARRA project, but 
little solid evidence has been presented from this work to date. For example, Villar et al. 
(2006) simply note that, for two particular sites, the Cala de Tomate and Cortijo de 
Archidona deposits, post-formational reaction of the bentonite with seawater had 
changed the presumed original Ca-smectites to Na-Mg smectites following seawater 
interaction. Interestingly, where meteoritic waters had then interacted with the upper 
part of the deposits, the Na-Mg smectites became Mg-Ca-(Na) smectites. Frustratingly, 
no information is provided on if these changes had any subsequent effects on the 
bentonite other than, at Cortijo de Archidona, where they state “In any case, the 
bentonite has preserved a high concentration of solutes and its mineral stability.” but 
offer no data to support this point.

Few other NA studies have attempted to look at saline/brine water alteration of 
bentonite. One promising attempt was by Smellie (2001) where it was shown that the 
Wyoming bentonite had been isolated from interaction with marine waters by thick, 
relatively impermeable marine clays. However, it should be noted that, to date, the 
bentonite/impermeable clay boundary has not been examined in detail for any indication 
of diffusive fluxes of Na, Cl etc across the boundary. Although this boundary shows no 
visible alteration (to the naked eye), possibly indicating that the bentonite is, in fact, 
resistant to saline water interaction, this needs to be checked before the information can 
be used in a PA. Interestingly, a group from the University of Strasbourg is currently 
examining the Wyoming bentonites for evidence of alteration.  Sitz and Gruner (1998) 
and Gruner et al. (2003) have looked at what would be, for Posiva, an extreme case, 
namely bentonite in evaporites (as part of the German programme looking at disposal in 
salt). Here, the original montmorillonite has altered to illite/chlorite with concomitant 
loss of swelling pressure but it has nevertheless retained a very low conductivity (of 10-

11 to 10-12 ms-1).

King et al. (2002) concluded that, on the basis of currently available experimental and 
thermodynamic data, it is not possible to totally exclude the possibility that copper will 
corrode in saline groundwaters, even in the absence of oxygen by the electrochemical 
reduction of water. However, there are uncertainties regarding the likely corrosion rates 
- for example, Bojinov and Mäkelä (2003) noted that the corrosion of copper at room 
temperature in saline water with a TDS of 58 gL-1, virtually stopped after the initial 
transient phase. Consequently, Posiva continues research in this area with ongoing work 

14 As part of this process, SKB are looking at alternative backfill materials, such as pure Friedland clay. 
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including thermodynamic and electrochemical kinetic modelling and corrosion rate 
measurements under strictly controlled anoxic conditions. 

4.2.2  FEP GS2 Evolution of fracture-coating materials 

Both meteoric and seawater infiltration into the bedrock may increase considerably 
during the construction and operation of ONKALO and the repository, thus triggering 
weathering processes of fracture minerals and fault gouges (cf. Banwart et al., 1994). At 
ONKALO, the phases of interest are (in order of dominance, mixed silicates, calcite, 
clay, pyrite and pyrrhotite; Gehör et al., 2002; Luukkonen et al., 2004 – see Table 4-1) 
and will be important in buffering any surficial groundwaters which might enter the host 
rock.

To elucidate the role of fracture minerals in buffering the water chemistry, geochemical 
equilibrium calculations using typical anaerobic and aerobic chemical compositions for 
the recharging waters have been carried out by Luukkonen et al. (2004) and updated 
recently by Luukkonen (2006). The results of these highly conservative calculations 
suggest that, even at unrealistically high flow rates (up to 100 Lh-1), “With a significant 
probability no oxygen breakthrough can be detected at the depth of 500 metres with the 
studied flow rates.” Admittedly, the scenario calculated above would alter the host rock 
through which any radionuclides released from the repository would migrate due to 
calculated changes to the host rock pH (see Figure 4-1) from oxidation of pyrite and 
precipitation of secondary minerals in the fractures (and near-fracture matrix). 
Infiltration or upconing of seawater, either anoxic or oxic, will make little difference to 
the flow system and may even induce precipitation of more buffer minerals (Luukkonen 
et al., 2003). It would be useful to run some scoping calculations to assess the 
implications of brine upconing, something which has not yet been carried out. 

While these calculations are useful indications of what might happen in the host rock, 
they do not (as noted in the reports) take into account rock matrix buffering capacity 
(see section 4.2.3) or microbial processes (section 4.2.7). In addition, they are not using 
site-specific experimental data and it is therefore proposed that a mini-REX (see 
Puigdomenech et al., 2001, for details) experiment be carried out using ONKALO 
fracture material to obtain relevant information15. Here, due to time constraints, it is 
suggested that only the laboratory-based experiment be carried out to provide data for 
the scoping calculations and that the data be scaled-up using information from the REX 
in situ studies (and information from other sites quoted in REX). At a later date, if 
sufficient uncertainty remains, then it may be appropriate to conduct an in situ REX 
field experiment in an experimental area of ONKALO. In the REX project, it was 
possible to define an oxygen reduction rate (including both inorganic and microbial – 
see Figure 4-2) experimentally and this would be the aim here, for application to the 
ONKALO site. In addition, due to the differences between the fracture mineralogy and 
the rock matrix, it is recommended that both sets of minerals are assessed and the matrix 
data can be used to address FEP GS3, below. 

15 These data could also be used to address the post-closure scenario of oxygen-rich glacial waters 
possibly reaching the SF repository during future glaciations, although the differences in the flow 
conditions, (velocities, predominant pathways) must be taken into account. 
.
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Figure 4-1. Consumption of minerals (%), dissolved oxygen content (%) and pH 

changes as a result of soil water transport with the flow rate of 100 L/h in a 500-metre 

long "conductive channel" (Figure 5-5 of Luukkonen, 2006). 
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Figure 4-2. Redox processes at the interface between a reducing rock/groundwater 

system and an aerated tunnel. Several of these processes are microbially mediated. 

(From Kotelnikova and Pedersen, 1999). 

Table 4-1. Average mineral coverage in Olkiluoto fractures. Area in percent is an 
average fraction of mineral cover in relation to total fracture area observed (Table 2-2 

of Luukkonen, 2006). 

 Calcite Pyrite Pyrrhotite Clay Minerals Other
Silicates1

Area (%) 28.1 7.0 0.2 26.8 37.9 
Thickness
(mm) 

0.4 0.2 0.4 0.3 0.2 

1. In the calculations, the silicates are subdivided into hornblende, quartz etc based on 
the mineral proportions of the Olkiluoto host rock (using data from Vuorinen et al., 
2003).

4.2.3  FEP GS3 Evolution of the rock matrix 

The rock matrix properties may be changed by ingress of surficial waters (or 
oxygenated glacial waters post-closure) and by reaction with cement leachates (which is 
covered in section 5.2). Introduction of oxidants to the host rock matrix can oxidise 
pyrite and release other redox-sensitive species to the porewaters. The addition of 
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carbon dioxide/bicarbonate will dissolve calcite and any other carbonate-associated 
elements and the calcium released from the calcite can exchange on clays etc, so 
releasing sodium, potassium, ammonium etc to solution. All of these reactions can 
therefore change the current pristine state of the repository host rock as noted above.

Results for matrix accessibility from a range of crystalline rocks (e.g. Alexander et al., 
1990; Sardini et al., 2001; Rasilainen et al., 2001; Möri et al., 2003; Ota et al., 2005; 
Waber and Smellie, 2007) all suggest that the degree of matrix alteration will be greatly 
limited due to limited access to the low porosity, impermeable rock. On this basis, 
scoping calculations (cf. Baertschi et al., 1991) on the likely changes could be carried 
out and, obviously, the data from the proposed mini-REX experiment (section 4.2.2) 
would be invaluable here. To date, it has been possible to show that host rocks (see 
Table 4-2 for a list of those examined to date) with a low permeability tend to contain 
very old water with chemistries which varies little with time due to predominantly 
diffusively controlled transport (see example in Figure 4-3). As a bonus, such a study 
would also provide data on the likely retardation capacity of the rock matrix for non-
sorbing, safety relevant isotopes such as 129I and 14C (cf. the conclusions of Ota et al., 
2003).

In fact, Posiva have just concluded a study of rock matrix porewaters at Olkiluoto 
(Eichinger et al., 2007) where matrix samples were collected at distances away from 
water-conducting fractures and analysed for a range of natural tracers. The results 
indicate that transport in the rock matrix is diffusive (Dp for Cl of 5-6 x 10-11 m2s-1) and 
the 18O isotope ratios indicate long residence times for matrix porewaters, confirming 
the above data and suggesting that the host rock is unlikely to be altered significantly by 
the ingress of oxygenated waters. 

4.2.4  FEP GL2 Influence of water-rock interactions 

This is effectively covered in sections 4.2.2 and 4.2.3, above. 

4.2.5  FEP GL3 Influences of introduced air 

Although not considered in Vieno et al. (2003), the introduction of air into the 
ONKALO rock matrix excavation disturbed zone (EDZ) through tunnel ventilation 
could cause oxidation of pyrite with the subsequent production of sulphuric acid (and 
gypsum)16. In general, these (and other, see Figure 4-2) changes in the EDZ tend to be 
ignored in repository PA (it is simply assumed that they will be of minor significance 
and/or reversible; e.g. McKinley and Bradbury, 1989; Nagra, 1994) but, due to the 
length of time which the host rock will be open at ONKALO and the relatively high 
abundance of pyrite in the fracture-filling phases and host rock matrix, it is worth 
briefly assessing this FEP here. The scenario is similar to that addressed in section 4.2.3, 
but there are differences in detail. 

16 Note that desaturation of the shallow portion of the rock is unlikely to happen due to the close 
proximity to the Baltic Sea.  
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Figure 4-3. Natural tracers in porewaters in the Opalinus Clay (grey) and surrounding 

formations. Dotted lines are the best fit simulations of data for pure diffusion across the 

five formations with assumed constant concentrations in the Keuper (lowermost 

formation) and Malm (topmost formation) aquifers. In the key, “groundwater” means 

groundwater compositions in under- and over-lying formations (from Nagra 2002c).
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Table 4-2. Selection of sites where data on natural tracers are available (after Mazurek 
et al., 2004).

Formation Site Country Reference 

Callovo-
Oxfordian clay 

Bure (Meuse, Haute Marne) France Andra (1999a) 

Toarcian-
Domerian clay 

Tournemire France Boisson et al. (1998), Cabrera et

al. (2001) 

Couche
silteuse clay 

Marcoule, Gard France Andra (1999b) 

Boom Clay Mol Belgium Ondraf/Niras (2002) 

Opalinus Clay Benken Switzerland Nagra 2002c, Gautschi et al. 
(2004)

Opalinus Clay Mont Terri Switzerland Pearson et al. (2003) 

Grimsel 
Granodiorite

Grimsel Switzerland http://www.grimsel.com/ltd/ltd_
workplanning.htm

Aspö Granite Aspö Sweden Smellie et al. (2003) 

Granodiorite Laxemar Sweden Waber and Smellie (2004)

Crystalline Forsmark Sweden Waber and Smellie (2007)

Crystalline Olkiluoto Finland Eichinger et al. (2007) 

In porous or permeable rocks where the pyrite is easily accessed, introduction of air can 
damage the tunnel walls, liners and roadways (e.g. Orndorff, 2001) and even lead to 
tunnel collapse (e.g. Morris et al., 2003). In rock types of more relevance to ONKALO, 
although ingress of oxygen (and carbon dioxide) will occur, the impact is usually minor 
and of only local concern. For example, in the GTS which has an in situ  matrix porosity 
of less than 1% (Ota et al., 2003), there are clear indications (e.g. Kull et al., 1991; Kull 
and Miehe, 1994) of a restricted zone of disturbance behind the tunnel walls. Indeed, 
samples taken from the tunnel walls some six years after construction indicated a zone 
of aeration of less than 5 cm into the relatively permeable EDZ (conductivities estimates 
at 10-10 to 10-11 ms-1; Baertschi et al., 1991), this is despite evidence of the presence of 
connected porosity in this rock matrix over a distance of several metres (Möri et al., 
2003) 17 . A similar study at JAEA’s Tono URL, indicated air penetration into the 
sandstone host rock of some 170 cm (MacKenzie et al., 2007) since construction three 
decades ago, but with no appreciable perturbations in the tunnels. 

17 One interesting side effect of the air penetration at Grimsel is the release of natural radionuclides from 
the rock matrix (see Baertschi et al, 1991, for details). This could have implications for repository 
monitoring as it could interfere with observations of the background radiation at a site with a potential  
increase of measured radioactivity with time. 
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Naturally, air can also penetrate into the rock along fractures and joints, but if they are 
hydraulically active, this will be minimised by inflow towards the tunnel. Although 
such redox fronts must be common, they have been little studied (Hofmann, 1999). In 
one example (Gaupp et al., 1993), reducing fluids penetrated an oxidised sandstone 
through a water conducting fracture, producing extensive clay mineral neoformation (cf. 
modelling results of Luukkonen, 2006), but no evidence is provided of redox-related 
reactions.

To assess the likely impact on the ONKALO host rock, it is suggested that the 
information from laboratory experiments proposed in sections 4.2.2 and 4.2.3 (above) 
are combined with scoping calculations on matrix diffusion of gases/pyrite oxidation (cf. 
McKinley and Bradbury, 1989; Baertschi et al., 1991) with a data mining exercise on 
fracture-hosted redox fronts (for example, the Poços de Caldas NA study reports – see 
Chapman et al., 1993) to provide supporting evidence. 

4.2.6  FEP GL5 Influence of microbial activity (including FEPs B1-5) 

McKinley et al. (1997) indicated the significance of microbiology in repository near-
field processes and numerous studies have unambiguously demonstrated microbial 
activity in most deep geological formations investigated, down to depths of several 
kilometres (e.g. see review in Pedersen, 2000). For example, in the Palmottu project, it 
was noted that it was possible that micro-organisms contribute to keeping the Palmottu 
groundwater system reduced and also that they may be directly involved in reducing 
U(VI) to U(IV) (for a Palmottu overview, see the collection of papers in NAWG, 2002).  

Numerous examples of microbiological control of redox systems exist in the literature, 
but of most relevance to ONKALO are those which show redox fronts in fractured, 
near-surface rocks. Hofmann (1999) reviewed hundreds of studies and identified many 
examples of shallow, near-surface microbially mediated redox fronts (e.g. West et al., 
1991; Milodowski et al., 1990). Since then, numerous studies have shown the 
importance of this mechanism for controlling the redox state of shallow groundwaters in 
fractured rocks (e.g. Akagawa et al., 2006; Naganuma et al., 2006; Yoshida et al., 2003, 
2006), even in hyperalkaline groundwaters (e.g. West et al., 1995; Pederesen et al., 2004, 
Pedersen, 2007). 

In the REX project (Puidomenech et al., 2001), it was clearly shown that oxygen in 
groundwaters was taken up in fractures at Äspö in days and that the microbes naturally 
present reduced at least as much oxygen as did the fracture minerals and at least as 
rapidly. In addition, when sulphate-containing waters were present, H2, HS- and Fe2+ all 
contributed to oxygen reduction.  

All of this implies that microbially-mediated reduction of oxygen should reduce the 
ONKALO groundwaters at shallow depth. Despite the large body of evidence on the 
positive role of microbially-mediated oxygen reduction, the modelling studies of 
Luukkonen et al. (2003) and Luukkonen (2006) ignore this mechanism in the ONKALO 
groundwaters, producing over-conservative estimates of the host rock perturbations by 
drawndown shallow groundwaters. Indeed, Pedersen (2006) has recently shown that 
“....a deep biosphere signature is found at relatively shallow depths (15-25m deep) in 
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Olkiluoto compared to other sites investigated with the same methods (i.e. the SKB sites 
Forsmark, Oskarshamn and Äspö).”, indicating the capacity for significant oxygen 
buffering at shallow depths in the host rock. To obtain more realistic estimates of the 
likely impact, it is recommended that the inorganic oxygen reduction capacity 
calculations of Luukkonen (2006) are repeated with organic reduction capacity data 
(perhaps along the lines of the calculations detailed in Puigdomenech et al., 2001). The 
likely organic capacity at ONKALO can be estimated from a comparison of the 
microbial biomass reported in REX with that reported in Pedersen (2006) for the site. 
Finally, to make this exercise really worthwhile, it is further recommended that the data 
from the proposed micro-REX experiment (section 4.2.2) are included at the same time. 

4.3 Conclusions and recommendations 

4.3.1 Conclusions  

More recent assessments of the likely groundwater salinity in the vicinity of the 
repository suggest lower values (10-15 gL-1 around the depostion holes) than was 
previously the case. Nevertheless, due to uncertainty over likely copper corrosion rates 
in saline waters, Posiva are continuing with research into canister corrosion with 
modelling and laboratory studies currently ongoing. It seems likely that even very high 
salinities are unlikely to be problematic for the bentonite buffer if design options with 
high density (>1.8 Mgm-3) are practicable, but bentonite backfill options still require 
further study and work is also ongoing here. 

In the case of no grouting, it appears likely that the predicted associated drawdown of 
shallow groundwater will have a negative impact on the repository host rock, even if 
oxidising fluids will not affect the EBS directly (but this will depend on the 
ONKALO/repository layout). Fracture-filling and coating minerals will react, 
potentially reducing the systems pH and Eh buffer capacity. Based on evidence from 
other crystalline host rocks and the first rock matrix porewaters studies from Olkiluoto 
(Eichinger et al., 2007), it is probable that the rock matrix will not be significantly 
perturbed. Upconing of saline waters could be beneficial to the host rock, increasing pH 
buffer capacity due to higher dissolved carbon loads than in fresh water. 

Oxygen and carbon dioxide penetration of the rock matrix, due to ventilation of the 
tunnels, shafts and drifts, are unlikely to have a significant impact on the repository 
performance, but the long operational phase suggests that scoping the impacts would be 
useful. Potentially, acid mine drainage could cause extensive local disruption (especially 
if coupled with other perturbations) and has a high potential for environmental pollution 
and, as such, should be investigated further. 

The microbial populations at the ONKALO site are such that the groundwater rapidly 
becomes anoxic and at shallower depths (15-25m) than at other Fennoscandanavian 
Shield sites studied to date. This information, allied to the numerous studies of redox 
fronts in shallow, fractured rocks, strongly suggests that the calculations showing deep 
penetration of oxygen (and carbon dioxide) into the host rock are over-conservative, 
primarily because they do not include microbial effects. 
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4.3.2 Recommendations 

The implications of saline groundwater alteration of the bentonite buffer properties is 
already being addressed by both Posiva and SKB (e.g. higher density bentonite) and, if 
it is not possible to avoid this problem by optimising the design, it is recommended that 
an appropriate NA study be initiated to provide integrated supporting information in this 
area. A potential site is the Wyoming source of MX-80 and, in the first instance,  it is 
proposed that contact be made with University of Strasbourg (who are currently 
examining the site) for further information on their work. 

Enough uncertainty exists over potential increased corrosion of the canister under saline 
conditions that the experimental approach of Bojinov and Mäkelä (2003) should be 
repeated and expanded in duration. Posiva are currently conducting modelling and 
laboratory studies on this process. 

To better assess the impact of drawndown of shallow groundwaters, a mini-REX 
laboratory experiment, examining both fracture and rock matrix minerals is proposed. 
This would have the advantage of providing site-relevant data for the geochemical code 
calculations and would allow direct comparison with the data from Aspö. This will be 
augmented by new data on the rock matrix porewater which are currently being 
produced. The data provided from these two studies could be fed into scoping 
calculations on matrix penetration of atmospheric gases during the long operational 
phase.

To obtain realistic estimates of the likely impact of microbes on the redox buffer 
capacity of the site, it is recommended that the inorganic oxygen reduction capacity 
calculations of Luukkonen (2006) are repeated but include organic reduction capacity 
data. The likely organic capacity at ONKALO can be estimated from a comparison of 
the microbial biomass reported in REX with that reported in Pedersen (2006) for the site. 
Finally, to make this exercise really worthwhile, the data from the proposed micro-REX 
experiment (section 4.2.2) should be included at the same time (but the estimates of site 
redox buffer capacity will improve immensely even without these data). 

Finally, as acid mine drainage could cause extensive local disruption (especially if 
coupled with other perturbations) and has a high potential for environmental pollution, 
it should be investigated further. 
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5  POTENTIAL PERTURBATIONS FROM THE USE OF   
  CEMENTITIOUS MATERIALS AT ONKALO 

5.1  Introduction 

Cement and concrete are extensively used in the construction of repositories for low- 
and intermediate-level radioactive wastes (L/ILW) in, for example, underground silos 
such as in Finland and Sweden and much of the waste is conditioned with cement-based 
grouts (e.g. spent ion-exchange resins) and is packed in concrete containers (see Table 
5-1). Even in many SF and high-level radioactive waste (HLW) repositories, cement 
and concrete will be extensively used in paving tunnels and drifts, shotcreting tunnel 
and drift walls, injection and grouting of fractures etc. and this will be the case in 
ONKALO. While it is foreseen (e.g. Hagros, 2007 and chapter 6) that all non-essential 
cementitious material will be removed before closure of ONKALO, so minimising any 
potential impact on the Olkiluoto SF repository, a significant volume of cementitious 
grout and shotcrete will remain in place (see comments in section 5.4).  

Löfman and Mészáros (2005) pointed out that, without grouting of the main water-
conducting features (sub-horizontal fractures) in ONKALO, there would be significant 
draw-down (calculated as up to 200m) of the water table during the operational phase, 
introducing oxygenated and carbon dioxide-rich water deep into the host rock (see 
chapter 4), whereas a recent update by Ahokas et al. (2006) suggests drawdown of up to 
330 m without grouting. In addition, they pointed out that upconing of deeper water 
would increase the groundwater salinity in the vicinity of the repository tunnels from 
around 22 gL-1  to 60-70 gL-1 (although a recent update suggests that 30-45 is more 
likely; Pastina and Hellä, 2006) A more recent hydrological update (Sievänen et al., 
2006) suggests that inflow would be even greater than that calculated in 2005 and notes 
that, in the worse case scenario, up to 40% of the tunnel-length in ONKALO might need 
to be grouted to minimise host rock perturbations. 

Until recently, the grouting materials of choice would have been high alkali, high pH 
cementitious materials typified by OPC (ordinary Portland cement) but, as noted in 
section 5.3, the hyperalkaline leachates from such material could significantly degrade 
the bentonite buffer in Olkiluoto and will change the host rock transport and 
radionuclide retardation properties. As an alternative to OPC-based cements, there has 
been a recent re-awakening of interest in low-alkali cements as they produce leachates 
with a lower pH (in the range of 9 to 11.5, depending on the formulation and leach 
conditions1) and Posiva and several other implementing and research organisations have 
been heavily involved in development work (see, for example, ECOCLAY, 2005; 
Bäckblom, 2005). Currently, the pH range of the leachates is perceived to be the main 
area of concern (see Figure 5-1) even if, arguably, the full impact of such material on 
repository performance currently remains unknown (see discussion in section 5.5, 
below).

1 Initial leachates with a pH of 12.5 and higher are also possible -  see, for example, the initial pH values 
for grouted borehole ONK-KR3 in Ahokas et al. (2006) and the tests of Kronlöf (2003). 
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Figure 5-1. A view of safety assessors on the pH of cement leachates (Figure 2-1 from 

Bodén and Sievänen, 2006).

Table 5-1. Potential uses of cement in repositories for radioactive waste (after Vieno et 

al.,2003). 

Waste type Use Examples 

Waste form Immobilisation of liquid and solid 
waste 

Container Packages for solidified waste, 
metals and other solid waste 

Backfill Backfill in containers and 
repository caverns 

Structural barrier Vaults and silos 

L/ILW

Plugs and seals Tunnel and shaft seals 

Rock stabilisation Shotcrete, lining of shafts and 
drifts, casting for rock bolts 

Limiting of groundwater inflow Grouting, hydrostatic liners 

Plugs and seals Bulkheads and plugs in tunnels 
and shafts, seals in boreholes 

All waste types

Engineering structures Floors, dividing walls 

In the recent overview of Ahokas et al. (2006) it was clearly stated that the possibility 
that cement leachates from grouts in ONKALO could be transported to the SF 
repository and interact with the EBS cannot be discounted based on current knowledge 
of the site hydrogeology. Consequently, the potential implications of grouting water-
conducting features in ONKALO on the Olkiluoto repository are considered, with the 
current knowledge on both OPC and low alkali cements reviewed and placed in context. 
In particular, the analysis of cement leaching, mass balance and transport by Vieno et al. 
(2003) will be re-examined and re-assessed in the light of new data of relevance to the 
host rock conditions at ONKALO. For example, grouts are relatively stable if protected 
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from freeze/thaw and wet/dry cycles (e.g. Nonveiller, 1989) and mechanical damage 
(e.g. Swedenborg and Dahlström, 2003). Although it will be partly dependent on the 
ventilation scheme, wet/dry cycles are an unlikely scenario at this site, but both 
freeze/thaw cycles (due to freezing of the rock at shallow depths) and mechanical 
crushing (due to active faulting) are of direct relevance to ONKALO and will therefore 
be examined in detail and the consequences to the Olkiluoto repository assessed. 

5.2  Cement degradation – an overview 

The production of modern industrial concretes from cement, aggregate and water has 
been throughly documented in the almost two centuries since the first use of the 
material in the construction of a brick-lined tunnel under London in 1825 (Young, 1995) 
and excellent overviews are available in Taylor (1990) and, more recently, in Bhatty et 
al. (2004). From the moment a cement/aggregate mixture hydrates to form concrete, it is 
subject to attack (i.e. leaching), no more so than when the concrete is in contact with 
water. In simple terms, leaching may be viewed as equilibration between the cement 
minerals/gels/porewater and any percolating groundwaters. This is important to 
understand as it provides an estimate for the lifetime of the high pH conditions and an 
idea of the composition of the cement leachates which may disturb the repository host 
rock. Generally, in SAs, cement leaching is treated by means of a simplistic ‘mixing 
tank’ model (e.g. Berner, 1990; Neall, 1994, 1996) which, because it is usually accepted 
to be highly conservative, is still commonly applied today (e.g. Baker et al., 2002; 
Mäder and Traber, 2005). 

In fact, detailed information on cement leaching does exist (e.g. Sugiyama et al., 2001; 
Bros et al., 2005) and the review of leaching models by Lagerblad (2001) provides the 
basis for a more mechanistic approach. Here, it is noted that certain parameters define 
the leaching properties of cements, namely 

amount and type of binder (OPC, pozzolan etc.) – this defines the buffering 
capacity of the system in response to changed groundwater chemistry 
cement/water (c/w) ratio of the cement paste – related to the porosity of the 
cement paste which, in turn, controls diffusivity in the system (in effect, lower 
porosity, lower leach rate) 
degree of hydration of the binder – as more cement is hydrated, the porosity 
decreases and so leach rate decreases 
homogeneity of the material 

Lagerblad (2001) noted that, after initial dissolution of primary phases (such as CH and 
CSH) 2  and concomitant precipitation of secondary phases (such as calcite), 
concrete/cement degradation is diffusion controlled (e.g. case 2 in Figure 5-2). 
Variations of note to the discussion here include: 

2 From CCN (cement chemists’ notation) shorthand for C=CaO, A=Al2O3, S=SiO2, H=H2O  etc 
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pozzolan cements or those made with with blast furnace slag (such as low alkali 
cements) will have a higher initial leach rate (due to greater porosity) but a lower 
long-term leach rate 
cements with higher porosity (as in the case of grouts) leach at a much faster rate 
(e.g. case 1 in Figure 5-2) 
cements with a c/w ratio of 0.4 and less are leach resistant - cf. c/w for low alkali 
cement grouts of 0.25-0.8 with the most promising recipe, P308B, with a ratio of 
about 0.5  (Bodén and Sievänen, 2006; Sievänen et al., 2007) 
the leach rate basically depends on the Ca gradient in the cement 
the presence of HCO3

-, Cl- etc in the groundwater significantly increases leach 
rates, but high Ca content groundwaters (e.g. saline waters) will decrease the 
rates
groundwaters containing moderate levels of SO4

2- (e.g. seawater) will probably 
induce blocking of cement porosity by the formation of ettringite and/or 
thaumasite 
a carbonated ‘shell’ will develop on the cement surface which will reduce 
diffusion into the fresh cement beneath 
this shell can be encouraged by ensuring that the cement paste is as homogenous 
and dense as possible (as is not the case in grouts) 
pozzolan and blast furnace slag cements will produce a more resistant shell 
erosion can physically remove previously leached layers, so opening up a fresh 
surface of cement to further leaching.  

It is clear, therefore, that any cement (including the grouts) remaining in ONKALO 
following closure will degrade to some degree or another and may affect the Olkiluoto 
repository. Although the long-term stability of most grouts (e.g. comments in Smith, 
2004) and especially low alkali grouts (e.g. comments in Ahokas et al., 2006) remains 
unclear, the following sections examine the potential impact of grouting in ONKALO 
based on currently available information. 

5.3  Hyperalkaline leachates (from OPC) 

5.3.1  Introduction 

As noted in section 5.1, the initial assumptions when planning ONKALO included 
grouting significant water-conducting features with OPC-type grouts. As noted above, 
these grouts will degrade with time, producing hyperalkaline leachates with an initial 
pH of 13.4 (KOH/NaOH buffered), later decreasing to pH 12.5 (CaOH2 buffered) 
Worldwide, a significant database on hyperalkaline leachate/host rock and hyperalkaline 
leachate/bentonite interaction now exists, comprising (generally) short-term batch and 
column experiments, modelling studies and some natural analogue data. There are 
difficulties in comparing the results from the studies due to the wide range of methods 
utilised (cf. comments in Alexander and Möri, 2003, on cement colloid studies), but the 
salient points are nevertheless summarised here. 
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Figure 5-2. Examples of concrete  leaching mechanisms (from Lagerblad, 1996)

Table 5-2. Summary of some host rock leaching studies in the literature. 

reference rock type experimental set-

up

leachate Phase 

alteration 

comments

Wang et al 
(2005) 

Boom Clay, 
Belgium 

Leachates
injected through 
columns of Boom 
Clay

1. ‘young’ 
(pH 13.5, 
high K, Na) 

2. ‘evolved’ 

1. ‘young’ 
dissolved 
smectite,  

2. ‘evolved’ 

1. ‘young’ 
increased 
hydraulic 
conductivity 
of the 
columns,  
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(pH 12.5, 
portlandite 
buffered) 

released Si 
and Al to 
solution 

2. ‘evolved’ 
decreased it 

Milodowski 
et al. (1998a) 

Basalt (incl. 
glass), Maqarin, 
Jordan 

NA (porous 
media flow) 

pH 12.9 
groundwater 
(i.e. higher 
KOH/NaOH 
composition) 

Ca-K-Na 
zeolite and 
amorphous 
zeolitic gel 
precursor 
with 
compositions 
intermediate 
to mordenite 
and
dachiardite 

No 
CSH/CASH
minerals 
observed – 
may be due to 
significant 
buffering 
capacity of the 
mixed-
lithology 
matrix around 
the basalt 

Milodowski 
et al. 
(1998a,b, 
2001) 

Marl (clayey 
limestone), 
Maqarin, Jordan 

NA (fracture 
flow) 

pH 12.5 
groundwater 

brucite, 
hydrotalcite, 
CSH
hydrogels, 
ettringite-
thaumasite 
and poorly 
crystalline 
Mg-rich 
silicate
(possibly akin 
to sepiolite or 
talc-like 
alteration 
products).   

‘early’,
weakly
buffered 
groundwaters 

Milodowski 
et al. 
(1998a,b, 
2001), 
Cassagnabère, 
Parneix et al. 
(2001) 

Marl (clayey 
limestone), 
Maqarin, Jordan 

NA (fracture 
flow) 

pH 12.5 
groundwater 

‘early’
precipitate of 
high-Si 
zeolites such 
as mordenite 
or 
dachiardite, 
‘later’
considerably 
more calcic 
and similar in 
composition 
to wairakite, 
laumontite 
and
leonhardite  

Only appear 
following 
buffering of 
the 
hyperalkaline 
groundwaters 

Milodowski 
et al. 
(1998a,b) 

Marl (clayey 
limestone), 
Daba, Jordan 

NA (fracture 
flow) 

Unknown 
(fossil site) 
but, by 
analogy with 
other sites, 
near-neutral 

smectitic clay 
followed by 
amorphous or 
opaline silica  

Rassineux et 
al. (2001), 
Trotignon et 
al. (2007) 

Marl (clayey 
limestone), 
Kyushaym 
Matruk, Jordan 

NA (diffusion 
front) 

Unknown 
(fossil site) 
but, by 
analogy with 
other sites, 
portlandite 

Unaltered 
rock contains 
mixed layer 
illite/smectite 
(20:80). 
Increased 

More clay-
rich  marl than 
at Maqarin 
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buffered (ca. 
pH12.5) 

reaction
decreases 
smectite 
content to 
60% near the 
cement. 
Locally, 
zeolites 
present. 

Bateman et al. 
(2001a,b) 

Borrowdale 
Volcanic Group, 
Cumbria, UK 

Leachates
injected through 
columns of 
crushed rock 

1. ‘young’ 
(pH 13.5, 
high K, Na) 
2. ‘evolved’ 
(pH 12.5, 
portlandite 
buffered) 

one or more 
of CSH, 
CASH,
CKSH and 
CK(A)SH
secondary 
phases 

No evidence 
of zeolites 

Bateman et al. 
(2001a,b) 

Aspö 
Granodiorite, 
Aspö URL, 
Sweden 

Leachates
injected through 
columns of 
crushed rock 

1. ‘young’ 
(pH 13.5, 
high K, Na) 
2. ‘evolved’ 
(pH 12.5, 
portlandite 
buffered) 

1. one or 
more of CSH, 
CASH,
CKSH and 
CK(A)SH
secondary 
phases 

No evidence 
of zeolites 

Bateman et al. 
(2001a,b) 

Palfris Marl, 
Oberbauenstock, 
Switzerland  

Leachates
injected through 
columns of 
crushed rock 

1. ‘young’ 
(pH 13.5, 
high K, Na) 
2. ‘evolved’ 
(pH 12.5, 
portlandite 
buffered) 

one or more 
of CSH, 
CASH,
CKSH and 
CK(A)SH
secondary 
phases. Clays 
dissolve 
precipitating 
CK(A)SH.

No evidence 
of zeolites 

Bateman et al. 
(2001a,b) 

Opalinus Clay, 
Mont Terri 
URL,
Switzerland 

Leachates
injected through 
columns of 
crushed rock 

1. ‘young’ 
(pH 13.5, 
high K, Na) 
2. ‘evolved’ 
(pH 12.5, 
portlandite 
buffered) 

one or more 
of CSH, 
CASH,
CKSH and 
CK(A)SH
secondary 
phases. Clays 
dissolve 
precipitating 
CK(A)SH.

No evidence 
of zeolites 

Bateman et al. 
(2001a,b) 

Bituminous 
Marl, Maqarin, 
Jordan 

Leachates
injected through 
columns of 
crushed rock 

1. ‘young’ 
(pH 13.5, 
high K, Na) 
2. ‘evolved’ 
(pH 12.5, 
portlandite 
buffered) 

one or more 
of CSH, 
CASH,
CKSH and 
CK(A)SH
secondary 
phases 

Bateman et al. 
(2001a,b) 

Quartz Leachates 
injected through 
columns of 
crushed mineral 

1. ‘young’ 
(pH 13.5, 
high K, Na) 
2. ‘evolved’ 

Non-
crystalline 
CSH gel 

No evidence 
of zeolites 
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(pH 12.5, 
portlandite 
buffered) 

Mäder et al. 
(2006) 

Grimsel 
Granodiorite, 
Grimsel URL, 
Switzerland 

Leachates
injected through 
fracture in intact 
rock 

 ‘young’ (pH 
13.5, high K, 
Na)

CSH phases Transmissivity 
of fracture 
decreased 
over the 9 
month 
experiment 

Vuorinen et 
al. (2006) 

MX-80 Batch (continous 
agitation) up to 
540 days and 
flow-through 
experiments up to 
560 days 

Fresh and 
saline 
hyperalkaline 
waters (12.5 
– 13.5) 

Microcline,
plagioclase, 
cordierite (+/- 
hornblende) 
leached,
sericite/illite, 
epidote
(saussurite) 
minor CSH 
precipitated 

Crushed rock 
is not 
representative 
of the fracture 
minerals (i.e. 
calcite, pyrite, 
pyrrhotite, 
graphite and 
clays) likely to 
be
encountered 
by the 
hyperalkaline 
leachates in 
the host rock 

With respect to ONKALO, it should be noted that data for crystalline host rocks are 
more sparse than for (various) sediments (see Table 5-2) and, for the scenarios where 
saline water or brine are also considered (see chapter 3), the data are even more limited 
(e.g. Vuorinen et al., 2003, 2006; JAEA, 2007). 

5.3.2 Conceptual model of hyperalkaline plume development 

On the basis of geochemical first principles, Savage (1998) presented a simple generic 
conceptual model of the evolution of the host rock  as a hypothetical ‘plume’ of 
hyperalkaline leachates migrates away from the cementitious material (i.e. a L/ILW 
repository or, in the case of ONKALO, grout; see Figure 5-3). Briefly summarised, the 
model assumes that the leachates are pushed from the cement (following mixing of 
groundwaters with the cement pore waters) due to the flow of groundwater into the 
cement further upstream . At the cement/host rock interface (the proximal part of the 
plume), the hyperalkaline leachates have not yet reacted with the host rock and so have 
a high pH and high concentrations of Na, K and Ca, reflecting the cement porewater 
chemistry. As the plume reacts with the host rock (in this conceptualisation, it is 
assumed to be aluminosilicate-bearing – see also Table 5-2), the pH falls, as do the Na, 
K and Ca concentrations in the groundwater, while the concentrations of Al and Si rise 
fractionally. Beyond the distal edge of the plume, in the, as yet, undisturbed host rock, 
the groundwater pH is near neutral, the Na, K and Ca concentrations are lower and the 
concentrations of both Al and Si are higher than in the plume waters.  

3 Note this model is equally applicable to interaction with bentonite. 
4 See Neall (1994) and Lagerblad (2001) for a discussion of the initial expulsion of cement pore waters 
from a cement mass, followed by leaching of the cement phases by the incoming groundwaters. 
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Figure 5-3. Conceptual model of the hyperalkaline plume evolution (from Savage, 

1998). 
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This pattern has consequences for the secondary mineralogy: CSH phases will be found 
in the fractured rock/porous media (through which the plume has migrated) in the 
proximal part of the plume, reflecting the fact that the leachate has not yet reacted with 
the host rock and is equilibrated with the CSH phases which make up the cement. As 
the leachate moves downstream and interacts with the aluminosilicates in the host rock 
(and the host rock groundwater and porewater), the Al concentration increases, 
precipitating CASH phases. At the distal edge of the plume, the leachate has reacted 
with an even larger volume of host rock (and the host rock groundwater and porewater) 
and eventually precipitates minerals such as zeolites as the Al concentration in the 
groundwater becomes high enough and the pH low enough (Savage, 1997) .

If this evolutionary pattern could be observed from an imaginary fixed point in a 
fracture (X in Figure 5-4), the theoretical sequence (assuming an infinite source of 
cement leachate) of events in a fracture at ONKALO will be: 

Figure 5-4a: Immediately following grout injection, the groundwater slowly saturates 
the grout cement. 

Figure 5-4b:  With saturation complete, hyperalkaline plume evolution begins. The 
plume chemistry, not yet altered by host rock/groundwater/porewater 
interaction, reflects the cement porewater composition 

Figure 5-4c: Following some reaction with the host rock, the distal edge of the plume 
reaches the observation point, X. The leachate, having already reacted 
somewhat with the host rock, has a lowered pH and Ca, Na and K 
concentrations.  

 The Al and Si concentrations are still high (reflecting the host rock 
conditions) and so the leachate chemistry will lie in the zeolite stability 
field (cf. Fig. 5-3). Initially, zeolites stable at low pH (high silica zeolites 
such as clinoptilolite, mordenite and dachiardite) will form, followed by 
zeolites stable at higher pH (low silica zeolites such as scolecite and 
phillipsite )

Figure 5-4d: Middle of the plume reaches the observation point. By this point, the 
rock upstream of the observation point has already been significantly 
reacted by the cement leachates and the leachate is thus less evolved than 
in Figure 5-4c. Consequently, the pH is higher and the Ca, Na and K 
concentrations higher than before. Additionally, a combination of the 
higher pH and some depletion in the host rock Al and Si reservoir due to 
previous reaction (Figure 5-4c), means lower Al and Si concentrations in 
the leachate. By this point, the leachate chemistry is lying in the CASH 
stability field (cf. Figure 5-3). 

Figure 5-4e: The proximal part of the plume reaches the observation point. The host 
   rock upstream of the observation point has been extensively reacted by 
   the passing plume and no longer has any significant buffer capacity 
   remaining. Consequently, the cement leachate reaches the observation 

5 See Savage (1997) for a discussion of zeolite and CSH stability fields. Briefly, in the presence of 
elevated Al levels in solution, zeolites will form preferentially due to the limited ability of CASH/CSH to 
incorporate Al in the mineralogical structure. 
6 Laboratory data (e.g. Chermak, 1992, 1993)  indicate  that phillipsite is metastable. 
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a) immediately following grout injection (in the case of ONKALO, x represents an observation point in a 
fracture downstream of the grouted section) 

b) saturation of the grout by groundwater followed by expulsion of grout pore water, plume evolution 
begins 

c) distal edge of plume reaches the observation point, initiation of zeolite formation 

d) middle of plume reaches observation point (as the rock buffer capacity is being consumed) CASH 
formation initiated 

e) proximal part of the plume reaches the observation point (as the rock buffer capacity is exhausted) C-S-
H
   formation initiated 

Figure 5-4.  Evolutionary pattern of the hyperalkaline plume (from Alexander and 

Smellie, 1998). 
 . 
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 point having undergone little reaction and so the leachate chemistry 
effectively reflects that of the source cement porewater (high pH, high 
concentrations of Ca, Na and K, low concentrations of Al and Si; cf.
Figure 5-3). By this point, the leachate chemistry is lying in the CSH 
stability field. Initially, low Ca/Si ratio phases (e.g. tobermorite) will 
form followed by high Ca/Si ratio phases (e.g. jennite, ettringite-
thaumasite). 

Clearly the precise position of the observation point, the site hydrogeology and 
geochemistry and the host rock mineralogy will play a role in the precise phases 
observed (cf. Table 5-2) as will the volume of host rock matrix accessed by the leachate 
in the fracture (and rock matrix immediately behind the fracture), but, in gross terms, 
the sequence at a given point will be as stated above. 

If it is assumed that the plume continues to migrate (discussed further in section 5.5), 
then, by analogy with the above argument, the zeolite zone produced by the distal part 
of the plume will later be over-run by the middle of the plume, inducing some re-
dissolution of the zeolite phases and replacement by CASH phases. This mixed 
zeolite/CASH zone will be then over-run by the proximal part of the plume, inducing 
further re-dissolution of the zeolite/CASH phases and replacement by CSH phases. 
These complex mixtures have been observed in places at the advective-flow dominated 
fractured host rock site at Maqarin, Jordan (see Alexander, 1992; Linklater, 1998; 
Smellie, 1998; Pitty, 2007 for details). 

Finally, it should be noted that ‘reaction’ in the fractures in any given host rock will 
include both the fracture surface minerals and any fault infill or gouge plus the 
accessible porosity in the rock matrix behind the fractures (as long as this is not sealed 
by reaction). This includes any porewaters held in the matrix which can have a 
significant effect on preliminary mineral reactions (e.g. at Maqarin, the matrix 
porewater is HCO3

- -rich and so induces precipitation of calcite in/around the fracture 
face – see Figures 5-5 and 5-6). 
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Figure 5-5. Small aperture fractures in the natural cements at the Maqarin site, Jordan 

(Adit A-6, 256m; for scale, see hammer in bottom right corner). Image courtesy of 

A.E.Milodowski (BGS). 

Figure 5-6. Example of sub-bedding parallel fractures and joints (sealed by secondary 
tobermorite) in the clay biomicrite host rock at Maqarin (in Adit A-6, 100 m). 
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5.3.3  Summary of generic consequences for the host rock/EBS 

The results of the wide range of information on hyperalkaline leachate host rock/EBS 
interaction (i.e. from laboratory and URL experiments, modelling and NA studies) may 
be summarised as: 

the conceptual model for the evolution of a hyperalkaline plume in a generic host 
rock is largely consistent with experimental observations (laboratory, URL and NA) 
hyperakaline pore fluid conditions generated by minerals analogous to those in 
cements can be long-lived (in excess of tens of thousands of years), depending on the 
site flow conditions and the nature of the cement (e.g. dense, high performance 
cements or porous grouts) 
reactions between hyperalkaline waters and the host rock mostly have positive 
reaction volumes (some initial porosity increase is possible during the early 
KOH/NaOH phase) and thus fractures are sealed by the precipitation of secondary 
phases
fracture sealing generally occurs within short timescales (years to hundreds of years) 
however, as the apertures of the fractures examined to date are generally small (mm 
to cm – i.e. similar to ONKALO7), it is currently possible to state only that thin 
fractures will be probably self-sealing 
once a fracture is sealed, no further alteration can take place unless new pore-space is 
created by fracture reactivation. In this case, the fracture may then ”see” a pulse of 
hyperalkaline leachate with a composition no longer in equilibrium with the existing 
fracture infill (ie secondary minerals) and this will initiate further interaction with 
both the host rock and the fracture infill, possibly releasing any radionuclides 
associated with the original secondary mineralogy 
in a highly porous rock (or flow system), it is possible that reaction will not rapidly 
seal the flow porosity. In this case, the distal part of the plume may be over-run by 
the middle part which may, in turn, be over-run by the proximal part of the plume. 
Partial to complete replacement of previous secondary phases is to be expected, with 
the potential implications this has for radionuclide retardation. Such flow systems are 
probably of little relevance to most parts of deep repository host rocks 
where very wide fractures are present, the same processes described immediately 
above may also occur and this could be of more significance to a deep geological 
repository
in those parts of the flow system which may be defined as 'open' (in the geochemical 
sense), or groundwater dominated, CSH phases are seen to dominate the secondary 
mineral assemblage whereas 'closed' , or rock dominated, parts are zeolite dominated. 
By comparison with Maqarin, deep repository host rocks with low groundwater 
fluxes might be expected to be zeolite dominated 
sequences of minerals predicted by current coupled codes are generally very close to 
those observed in the hyperalkaline alteration zones in the Jordan NA and in the 
laboratory, even if the specific phases (and their rate of formation) cannot always be 
simulated due to a paucity of relevant thermodynamic and kinetic data8

7 The physical apertures of ONKALO fractures which currently require grouting are < mm and the 
hydraulic aperture is 10´s of m. 
8 This is a recurrent comment in all modelling studies conducted to date. 
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the effects of the site hydrology (and tectonic/erosional processes) upon fracture 
sealing need to be considered on a repository site-specific basis (see section 5.4, 
below)
the amounts of colloidal material generated  at the cement zone/host rock interface 
appears to be low, although any future analogue and laboratory work would benefit 
from a common approach to minimise differences that may be due to the 
methodology utilised 
no information is currently available on colloid generation at the hyperalkaline 
plume/host rock groundwater/bentonite porewater interfaces where high pH 
gradients would imply extensive colloid generation 
the altered rock matrix will block in the immediate vicinity of the fractures, but 
appears to remain at least partially accessible to diffusion of aqueous species 
microbes are present in the hyperalkaline groundwaters, although their precise 
activity is currently difficult to define. 

5.4 Likely implications of grouting with OPC-based materials at 
 ONKALO (FEPs P5.1, P5.4, P5.11)9

In section 5.1, it was noted that all non-essential cementitious material will be removed 
before closure of ONKALO, so minimising any potential impact on the Olkiluoto SF 
repository (although see section 5.4.1.2 below). Nevertheless, a significant volume of 
cementitious grout, shotcrete, tunnel floor etc will remain in place. Uncertainty remains 
over precisely how much for several reasons: 

improvements in the site conceptual model brought about by new borehole 
information and the construction of ONKALO mean that earlier estimates of the 
volume of grout needed has decreased. For example, according to Hagros (2007), 
by 1st September 2006, the total amount of cement used in the grouting of the 
access tunnel was 6.2 kg per excavated m3, which is 60 % of what was assumed 
by Hjerpe (2004). Further, Sievänen et al. (2006) assumed a worse case scenario 
where 40% of the total planned tunnel length (currently estimated at 9000 m or a 
volume of 365 000 m3; chapter 2) is grouted, this produces a maximum mass of 
grout of about 900 Mg whereas, based on the hydrogeological information 
available at the time of reporting, Ahokas et al. (2006) estimated a maximum of 
1500 Mg of grout would be required. Indeed, new information on the fracture 
frequency and transmissivities at repository depth mean that it is now assumed 
that, in this area of the host rock, a maximum of 10% of the tunnel will require 
grouting (Table 1 in Hagros, 2007), leading to even lower estimates of grout 
quantities (see Table 5-3) 
more realism in the calculations means that, for example, 20% of the total grout 
used is assumed to be removed by tunnelling through the previously emplaced 
grout curtain (previously assumed to be 0%), also lowering the estimate of the 
amount of grout remaining at the closure of ONKALO 

9 FEP P5.7 is not included here as the quantities are so low. 
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less realism means that, for example, it is now assumed that 95% of all shotcrete 
can be removed from the tunnel walls before closure. Here, based on operational 
safety
considerations (see comments in section 5.4.1.2 and chapter 7), this is assumed 
to be unrealistic and a removal efficiency of 50% is assumed 
There has been no consideration of possible regrouting which may be required to 
reduce inflows as grout degrades over the reference 100 year operational period 

It is thus assumed here that only grout, shotcrete and concrete floors which will remain 
in ONKALO after repository closure are significant potential sources of hyperalkaline 
leachates for post-closure safety assessment. Note that other sources of cementitious 
material have been ignored either because the quantities involved are very low (e.g. 
cement with anchor and support bolts) or the material can be removed safely (e.g. 
miscellaneous construction materials) or the material is not in close proximity to the SF 
(e.g. plugs – see also comments in chapter 6). Although Hagros (2007) noted that the 
shotcrete alternative A cited in Table 5-3 assumes that OPC-shotcrete will be used in 
other parts of ONKALO and Olkiluoto than the deposition tunnels (i.e. in the deposition 
tunnels, no shotcrete will be used but steel mesh may be used), it is nevertheless 
assumed here that shotcrete will be used in the deposition tunnels, to provide a worse-
case analysis (see also comments in sections 5.5 and 5.6). Based on these assumptions 
and using the data from Table 5-3, it is therefore assumed that a maximum of 3170 Mg 
of cementitious material will remain in ONKALO following closure of the site. 

5.4.1  Host rock 

5.4.1.1 Cement leaching model (FEP GS5) 

In their base case, Vieno et al. (2003) proposed a scenario10 whereby only limited 
reaction of the grout was foreseen, so producing a limited volume of hyperalkaline 
leachate (note that the ‘young’ pH >13 leachate was omitted from the discussion 
altogether). This scenario is considered to be non-conservative for a variety of reasons 
outlined below. However, it is useful, to set the discussion in context by looking at the 
parameters considered by Vieno et al. (2003) which included: 

1. Shotcrete as a source material and transport along tunnels and the EDZ around them 
are not considered to cause any perturbations for the following reasons: 

Shotcrete can be removed from the ceilings and walls of the ONKALO 
excavations before the backfilling of the repository, if at that time considered 
necessary.
More significant dilution can be expected along routes following tunnels. 

10 Note that, in the recent report by Ahokas et al. (2006), although the question of buffer alteration was re-
visited, no comments were made regarding the analysis of host rock reaction as presented by Vieno et al. 
(2003). 
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Table 5-3. Evolution of estimates of the quantity of grout, shotcrete and concrete floors 
which will remain in ONKALO after repository closure (see also appendix B for full 

details). Note that other sources of cementitious material have been ignored either 

because the quantities involved are very low (e.g. cement with anchor and support 

bolts) or the material can be removed safely (e.g. miscellaneous construction materials) 

or the material is not in close proximity to the SF (e.g. plugs). 

Chemical

content

Removal

efficiency (%)

Remaining

quantity (Mg)

Reference Comments 

Grout Cement 
organics 

0
0

5 000  
150 

Hjerpe (2003) Accept more 
recent values 

Grout Cement 
organics 

0
0

5 000  
150  

Hjerpe (2004) Accept more 
recent values 

Grout
(alternative 1) 

Cement 
Organic 
materials 
Silica (SiO2)
Chloride 
Nitrate

20 % 
20 % 
20 % 
20 % 
20 % 

630 
6.3
63
0.6
0.8

Hagros (2007) Agree with 
removal 
efficiency, but 
note the assumed 
initial quantities 
may be an 
underestimate. 
Assume 630 Mg 

of cement 

Shotcrete Cement 
Aluminium 
Steel
Zinc

0
0
0
0

2 232  
89
26
3.5

Hjerpe (2003) Accept more 
recent values 

Shotcrete 
(tunnel 
support type 
A)

Cement 
Aluminium 
Steel
Zinc

0
0
0
0

10 990  
440  
43
5.8

Hjerpe (2004) Accept more 
recent values 

Shotcrete 
alternative A 

Cement 
Aluminium 
Organic 
materials 
Silica (SiO2)
Iron (Fe(III)) 
Chloride 

95 % 
95 % 
95 % 
95 % 
95 % 
95 % 

240  
0.7
1.7
10
0.17 
0.01 

Hagros (2007) Based on 
operational 
safety issues, the 
removal 
efficiencies are 
overestimated. 
Assume 50% 
efficiency, so 
assume 2400 Mg

of cement 

Floors Cement 
Steel

98%
99%

35
2.1

Hjerpe (2003) Accept more 
recent values 

Floors Cement 
Steel

98%
99%

138  
5.4

Hjerpe (2004) Accept more 
recent values 

Floors Cement 
Steel

98%
99%

140 
5.4

Hagros (2007) Agree, assume 
140 Mg of 
cement 
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Transport pathways along tunnels and EDZ between ONKALO and the deposition 
galleries will be blocked by means of sealing structures. These may include 
components of concrete, but its effects will be neutralised by emplacing enough 
(i.e.

 several metres) of compacted bentonite between the concrete plugs and SF 
deposition holes. In any case, where mass transport from concrete into the 
compacted bentonite in contact with the concrete is governed by diffusion, the 
effects are limited to a zone of a few decimetres to one metre adjacent to the 
concrete, even in the long term. Scenarios giving rise to cracking of 
concrete/advective flow need more careful consideration   
The tunnel backfill will likely have a significant buffering capacity for pH too 

2. Their transport analyses considered two different types of source areas of grouts: the 
major sub-horizontal fracture zones R19 and R20 intersected by the ONKALO access 
tunnel and shaft at the depths between 70 and 330 m and a leaking structure in the 
deeper parts of ONKALO. In both cases, transport during the operational phase of the 
repository, when the hydraulic gradients are high, and in the post-closure phase were 
discussed. The key points of the analyses were: 

source term: concentration and mass transport of cementitious leachate releasing 
from the grouted rock volume 
transport, dilution and buffering along the migration path from the grouting point 
into the surroundings of a deposition hole 
transfer of OH- ions from the groundwater flowing in rock fractures intersecting 
a deposition hole or drift into the buffer. 

3. It was assumed that only fractures R19 or R20, containing a total of 500 tonnes of 
grout, would have a role in supplying cement leachate to a hyperalkaline plume which 
might intercept the SF repository. Of this, based on hydrogeological arguments, it was 
assumed that only a fraction (10-5) of any cement leachate released by the grouts 
“...could be transported in the vicinity of the deposition hole.” of the SF repository at 
Olkiluoto. Based on these arguments, Vieno et al. (2003) calculated that only 30 moles 
of OH- would be available for reaction with bentonite, exhausting the buffer capacity of 
a maximum of 60 kg of material11. Further, based on assumptions that the grout would 
be of low permeability, on low flow rates (due to a post-closure gradient of 1%) in the 
grouted fractures and solubility control of OH- release, on dilution of the OH-, it was 
calculated that the pH of leachate leaving the grouted sites would be a maximum of 11.  

These arguments were supported by evidence from a grout observation holes at the 
Whiteshell URL and at Olkiluoto which produced maximum pH values of 10.5. It was 
also argued that the hyperalkaline groundwaters (maximum of pH 12.9; Pitty, 2007) at 
the Maqarin site were not relevant because “....groundwater percolates through a thick, 
more or less homogenous zone of cement minerals in a pistonlike flow pattern and, 
therefore, the groundwater discharging from the zone has the properties of the 
porewater within the cementitious zone. The situation is different at grouted spots 
around excavations, where large amounts of groundwater bypass or flow through 

11 Based on the assumption of Vieno et al. (2003) that 1 kg of pure bentonite can buffer 0.5 moles of  OH-.
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relatively small volumes of grouted rock.” These assumptions are now examined and 
the degree of conservatism assessed. 

5.4.1.2 Removal of non-grout cement (in this case, shotcrete and tunnel floors) 

It is accepted that the concrete floors can be removed and the figures of Hagros (2007) 
are reasonable (see Table 5-3). However, it is suggested that a removal efficency of 
95% for the shotcrete is wildly optimistic and this should be reduced to 50% in the 
meantime. While removal is certainly technically feasible, it should not be overlooked 
that shotcrete is a safety measure and is used in places deemed to be unsafe (due to 
potential roof falls etc) and, as such, is likely to be dangerous to the staff involved in 
any removal procedure. As such, it is strongly recommended that a full operational 
safety analysis of this process (i.e. removing shotcrete from 100a old tunnels) is 
conducted as soon as possible. As noted by Alexander et al. (2007a), operational safety 
must be a paramount consideration during repository operation because of public 
sensitivities to anything associated with radiation (see further discussion in chapter 7). 
In this regard, it may be sensible to look at alternative approaches to reduce this 
problem – e.g. backfilling tunnels with material that will act as a pH buffer (silica fume, 
fly ash, Friedland clay etc). 

5.4.1.3 Low permeability of grout leading to very low leach rates and low pH of 
 leachate 

Vieno et al. (2003) quote examples of low pH values observed in the vicinity of existing 
grouts in Olkiluoto and the Whiteshell URL as indications that grouts will not produce 
hyperalkaline leachates. As these grouts had been in place for a relatively short time, it 
is to be expected that they will not be actively leaching to any significant degree, 
especially if they have done the job required of them (i.e. to block groundwater flow). In 
comparison, initial in situ pH values of >12 have been reported by Ahokas et al. (2006) 
for fresh low-alkali cement grout in borehole ONK-KR3 (in agreement with the results 
of the leaching experiments of Bodén and Sievänen, 2006, where even some low-alkali 
grouts have initial high pH leachates). More recently, monitoring of the groundwater 
around recently grouted zones in ONKALO have shown groundwater pH levels of 8 for 
low-alkali grouts and 10-11 for OPC grouts but, until these sites can be further 
examined and a mechanistic understanding of the process obtained, it is recommended 
that a conservative approach be maintained and it is assumed that OPC grouts will 
produce hyperalkaline leachates (see also discussion below). 

In general, however, with a c/w of around 0.25 to 0.8 Ahokas et al., 2006; Sievänen, et 
al., 2007), it is to be expected that some of the grouts used in ONKALO will be 
leachable12, at least over the longer term, and this will be discussed further, below.   

Another example quoted by Vieno et al. (2003) to support their low leach rate thesis 
was that of the Maqarin NA. They claimed that the “...groundwater percolates through a 

12 Lagerblad (2001, 2005) points out that c/w ratios of <0.4 are generally required to guarantee leach-
resistance. The most promising low alkali recipe, P308B, which is currently being tested at ONKALO, 
has a c/w of around 0.5. 



64

thick, more or less homogenous zone of cement minerals in a pistonlike flow pattern...”, 
so explaining the observed high pH values. In fact, the analogue cement (the 
pyrometamorphosed Bituminous Marl Formation) is actually an aquiclude 
(conductivities of ~10-8 to 10-10 ms-1; Milodowski et al., 1998a) and flow through the 
cement is in discrete fractures with transmissivities of 10-11 to 10-12 m2s-1 (Degnan et al., 
2007). Reaction in the cement is confined to a relatively thin zone immediately adjacent 
to the water-conducting fractures (see Figure 5-5) and, despite this, produces a leachate 
saturated in portlandite (with a maximum measured in situ pH of 12.9 where ‘young’ 
leachates were accessed, the highest ever reported for a natural groundwater).  

Although dilution has not been directly assessed at the site, data mining the existing 
extensive database could provide an indication of the applicability of this mechanism at 
Maqarin and so, by analogy, at ONKALO. It is of note, however, that  “The results of 
the (HPF) field experiment point to a channelling effect which severely limits mixing of 
the injected high-pH solution with background Grimsel groundwater at late stages of the 
experiment.” (Soler et al. (2006). In other words, it seems likely that dilution may also 
not be as robust a mechanism for minimising the effects of the hyperalkaline plume, 
probably in part due to the changes to the flow system which occur during 
leachate/fracture interaction. 

Many national programmes have considered the impact of site tectonics on the 
repository EBS (e.g. La Pointe and Hermanson, 2002; Bäckblom and Munier, 2002; 
Nishimura et al., 2006) and far-field (e.g JNC, 2000, Nagra, 2002c) and generally reach 
the conclusion that any potentially detrimental effects can be avoided by engineering 
solutions (e.g careful EBS emplacement – see Pastina and Hellä, 2006, for example) or 
adequate respect distances from existing fractures. Although a seismic monitoring 
programme is currently ongoing at Olkiluoto (e.g. Riikonen, 2005), it is too early to 
make any hard conclusions. Nevertheless, there are several aspects of the site tectonics 
which could have a direct bearing on the analysis of Vieno et al. (2003). Although the 
Fennoscandinavian Shield is “...seismically rather silent...” (Bäckblom and Munier, 
2002), future tectonic activity in the Olkiluoto area can be expected due to: 

climate change, which is likely to increase sea-level by 10m over the next 1000a 
(Ruosteenoja, 2003), so inducing marine transgression-related tectonics 
concomitantly, post-glacial rebound is currently lifting the land mass by 6.8 
mma-1 (Mäkiaho, 2005), inducing ‘relaxation’ tectonics, even if this is unlikely 
to actually re-activate currently quiescent faults (Lambeck and Purcell, 2003) 
postglacial earthquakes, in the immediate aftermath of the next glaciation(s) (La 
Pointe and Hermanson, 2002) 

All these movements will impact the integrity of the grouts used to seal fractures in 
ONKALO, with the most likely outcome being failure of the grouts (see also FEP GS5, 
Table 3-5). For example, Swedenborg and Dahlström (2003) noted “...that cement grout 
acts basically as a ‘lubricant’ in a joint subjected to shear stress.” and that grouted hard 
rock joints have a lower shear resistance than do ungrouted joints. This implies that, in 
the long-term, the grouts are likely to be heavily damaged by mechanical crushing, so 
opening up the already high porosity to further leaching. 
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A similar result will occur with freeze/thaw cycles, with the near-surface freezing each 
winter and thawing in the spring. In addition, it is likely that the site will experience 
permafrost conditions within the next 50 ka, with a freezing front reaching between 
180m (Hartikainen, 2006) and 300m (Cedercreutz, 2004), intensifying the tectonically-
induced mechanical degradation and opening up the grout porosity. 

5.4.1.4 Saline leaching solutions

In the case that the saline groundwaters at Olkiluoto react with the grouts, other 
reactions must also be considered including thaumasite degradation of the cement. Here, 
sulphate from seawater is taken up by CSH-gels to produce thaumasite which, due to its 
low density, swells, causing spallation (Sibbick et al., 2003a). This can be avoided by 
the use of sulphate-resistant cements as has been the case to date at ONKALO. Other 
reaction products include brucite and hydrated magnesium silicate (from the seawater 
Mg; e.g. Sibbick et al., 2003b) and calcite from carbonation reactions (e.g. Tingzong et 
al., 1999)

5.4.1.5 Site hydrogeological model (FEPs GL4.1, GS6, H1, H2, H3 and H9)

As noted in chapter 1, the site model has already changed significantly since Vieno et al. 
(2003) assumed that only fractures R19 and R20 would dominate flow and is most 
recently reported in Sievänen et al. (2006) and discussed in Ahokas et al. (2006). As the 
current models will most certainly be modified further as more information is collected 
during ONKALO construction, it is considered that it is non-conservative to base any 
potential perturbation calculations on a current theoretical hydrogeology model as 
closely as was done in Vieno et al. (2003). As such, this tack will not be taken here and 
it is recommended that an alternative, more conservative, approach be examined 
beginning with the assumption (from above) that the grout is fully available for reaction. 

Information from the advective-transport NA system at Maqarin in Jordan (e.g. 
Milodowski et al., 1998a,b, Mäder et al., 2001; Alexander et al., 2007b) allied with data 
from the HPF experiment (e.g. Mäder et al., 2006, 2007) in the Grimsel Test Site, 
laboratory column experiments (e.g. Adler et al., 2001; Bateman et al., 2001a,b; Hoch et 
al., 2005) and modelling work (e.g. Steefel and Lichtner, 1994; Chambers and Haworth, 
1998; Soler and Mäder, 2006; Soler et al., 2006) clearly indicate that clogging of 
fractures (and porous media) will occur when hyperalkaline leachates migrate through a 
water-conducting feature and react with the fracture wall-rock, fracture infill material 
and accessible rock matrix.  

In both the HPF experiments and column experiments, significant permeability 
reduction has been observed, despite only minor changes in mineralogy, suggesting that 
permeability may also be controlled by changes in the structure of the rock (pore 
geometries) rather than by only the bulk volumetric (porosity). As noted above, at 
Maqarin, the faults and joints seal completely and can remain sealed for geological 
timescales unless tectonically re-activated. This obviously has implications for any 
repository PA as it appears likely that the original repository hydrogeological 
environment can be significantly changed, both relatively quickly (cf. HPF where 
measurable differences were observed within a few years) and over large scales (cf. 
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Maqarin where the hyperalkaline plume extends for at least 500m from the cement 
source13). Clearly, the implications for ONKALO are the same – i.e. it cannot be 
assumed that the current flow regime is representative of future conditions. 

Despite the availability of this evidence, the only formal PA to directly address this 
issue of hydrogeological change due to hyperalkaline leachates to date was Nagra’s 
Project Opalinus Clay (Nagra, 2002d) and, here, as the host rock is assumed to behave 
as a diffusive medium, simple diffusion calculations (supported by mass balance 
calculations – cf. Vieno et al., 2003) were sufficient to scope the likely impact on the 
repository behaviour. However, Alexander and Mazurek (1996) carried out a 
comparison of the hydrological information from the Maqarin site with that from the 
former potential repository site at Wellenberg, in central Switzerland and the approach 
(with the additional data from laboratory and URL studies produced since then) is worth 
considering here.

The fracture transmissivities (T) at Maqarin (10-11 to 10-12 m2s-1; Degnan et al., 2007) 
are several orders of magnitudes lower than in the fractures to be grouted at ONKALO 
(e.g. T of 10-5 m2s-1 in structure RH11-ALT, see table 4.4 in Ahokas et al., 2006). Thus 
any hyperalkaline leachates will move much faster through these systems than would be 
the case at Maqarin and advection will strongly dominate over diffusion. In Maqarin, 
advective transport of hyperalkaline waters can be traced over several hundreds of 
metres, while wallrock alteration by diffusion of the water into the microporous rock 
matrix is limited to only a few millimetres (see Figure 5-6). Given the higher 
transmissivities in the fractures of concern in ONKALO, it may be expected that the 
relative role of diffusion (and therefore the extent of wallrock alteration) will be less 
than at Maqarin, possibly implying less reaction and therefore production a lower mass 
of secondary minerals in the ONKALO fractures. In turn, this implies lower buffering 
of the hyperalkaline plume and therefore relatively long propogation distances from the 
cement sources – i.e. at the minimum, a significant volume of fractures will be 
influenced by the leachates and, in the worse case, the (only weakly buffered) leachates 
will reach the Olkiluoto SF repository.  

In fact, this is precisely what was observed in the HPF experiment, with little buffering 
of the hyperalkaline leachates (Soler and Mäder, 2006; Soler et al., 2006; Mäder et al., 
2006, 2007), despite the existence of significant quantities of fault gouge in the 
experimental shear zone. The existing leachate/rock data for ONKALO (Vuorinen et al., 
2006) indicate only weak buffering of the hyperalkaline solutions, but these data should 
be treated with caution: they were intended to assess the reaction of the EBS to 
leachates and so the crushed rock examined (75% mica gneiss, 20% pegmatitic granite 
and 5% tonalite) is of little relevance to the host rock fracture mineral assemblage of 
calcite, pyrite, pyrrhotite, graphite and clays. To be certain, it is recommended that 
scoping laboratory experiments be carried out to better assess the true pH buffer 
capacity of the Olkiluoto flow systems, preferably with an associated BPM (blind 
predictive modelling) exercise to increase confidence in the results of future coupled 
code modelling of the site (see discussion in Pate et al., 1994, on the BPM approach). 

13 Admittedly, this is a highly permeable, near-surface environment. 
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5.4.1.6 Flow system re-activation (FEPs P2.1, P6, P8.1, P8.2 and GS6) 

If the assumption that there will be an impact on a significant proportion of the 
ONKALO flow system is accepted, it leads to the likelihood that some degree of 
clogging will occur in the ONKALO host rock and this has clear implications for 
hydrogeological modelling of the site – especially when assessing future states, as was 
done in Vieno et al. (2003) and has recently been re-done by Ahokas et al. (2006). In 
both cases, the effect of grouting on operational phase and post-closure flow has been 
modelled and likely flow-paths defined. Both reports mention uncertainties but neither 
have taken into account the uncertainty associated with the long-term evolution of the 
grouts (other than to scope effects of efficency of sealing).  

While still useful, this is probably too simplistic an approach due to the fact that, as long 
as there is some degree of faulting present at the site (see comments above), the 
evidence from the Maqarin site indicates it is likely that the ‘sealed’ fractures will be re-
activated again. Even minor movements could reactivate some of the fractures such that 
porosity would be created and circulation of hyperalkaline water through the rock would 
be (perhaps repeatedly) re-initiated. 

One important feature of reactivation of an existing fault network is that each seismic 
event only reactivates a part of all faults. This general statement is also true for 
Maqarin: the full alteration/precipitation sequences described above have never been 
seen in one single fracture. Some samples show multiple reactivations within one phase, 
while other samples record different stages of evolution of the hyperalkaline plume. In 
this sense, the sequence of secondary phases observed at Maqarin, as given above, 
already is a simplification and interpretation of existing observations. 

It might be expected that, because Maqarin is a surficial flow system, while the 
ONKALO facility will be situated several hundred metres below surface, there could be 
some implications for the likely boundary conditions of the respective hydrogeological 
regimes. In simple terms, however, both could be described by constant pressure 
conditions, set by the hydraulic gradient. As such, similar behaviour could be expected 
in both formations and, while the system behaviour cannot be assessed in full at present, 
a number of bounding alternative scenarios can be given for ONKALO: 

1. The rate of fracture sealing is high and of wide extent and the flow system 

within the plume breaks down. When tectonic reactivation occurs, the 
generated flow porosity is sealed within short timescales by infiltrating 
hyperalkaline water. The rock body within the hyperalkaline plume is a hydraulic 
barrier and regional flow will ‘bend around’ the plume, as observed locally at 
Maqarin. The growth of the plume will be very slow due to the effective self-
sealing mechanism. 

 Comment: Likely scenario. 
2. Similar to 1, but reactivation is limited to a small number of shear-zones. If 

the boundary conditions of the ONKALO hydrogeological system are assumed 
to be constant flux, all flow through the plume will be focused into those few 
zones that remain open, resulting in high fluxes through single structures (as seen 
in the HPF experiment). If advection is faster than the rate of sealing, such 
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structures may channel flow and lead to a relatively fast and very localised 
propagation of the plume where, as at Maqarin, advection will dominate over 
diffusion and the hyperalkaline front will migrate a significant distance from 
ONKALO.  

  In the case that the site hydrogeological boundary conditions are constant 
gradient (because elevations of recharge and discharge areas are constant and 
remain unaffected by the hyperalkaline plume), flux through individual fractures 
would be independent of the number of currently open (reactivated) fractures in 
which advection may take place; i.e. the fractures would not be fast channels as 
in the case of constant-flux conditions. 

 Comment: Possible scenario. 

3. Tectonic reactivation is very extensive, such that the rate and extent of fracture 
sealing are insufficient to keep up with the rate of seismic porosity generation. 
Under such conditions, the flow path geometry will not differ significantly from 
that outside the hyperalkaline plume. One major difference is the presence of 
secondary alteration products, such as CSH gels, in the flow system. Due to the 
continued deformation and generation of new flow porosity within the faults, 
direct contact between hyperalkaline water and unaltered wallrock as well as 
with the secondary phases precipitated during previous reactivation events will 
be present at all times. Further, the plume will physically migrate past any given 
point in the flow path with the proximal part eventually over-running what was 
originally the distal edge (see Figure 5-4)14.

 Comment: Presently highly unlikely due to high tectonic activity required. 

4. Advection of hyperalkaline water is fast and self-sealing due to interaction with 
the rock is relatively insignificant at these timescales (i.e. faster even than 
Maqarin today). The hyperalkaline plume grows at the rate of regional advection, 
i.e. it is not significantly influenced by reaction products sealing fractures. 

 Comment: Unlikely scenario. Advection rates predicted on the basis of 

hydrodynamic modelling result in travel times of at least thousands of years 

between repository and biosphere, while, based on evidence from Maqarin and 

HPF, hyperalkaline water/rock interactions are likely to proceed much faster. 

Which scenario will occur in reality depends on the relative significance of sealing (or, 
more generally, water/rock interaction), tectonic reactivation and advective transport. 
The likely development of a highly impermeable zone due to fracture sealing leads to a 
deformation of the flow field around the hyperalkaline plume which results in local 
changes in flow direction. Relatively high hydraulic gradients may develop across the 
sealed zone. If tectonic reactivation is efficient, flow paths across the sealed zone may 
develop, leading to episodic, fast and channelled advection following tectonic activity. 

14
In the unlikely event of radionuclides released from the Olkiluoto repository migrating through the 

plume influenced host rock, radionuclide retardation estimated on the basis of sorption on specific 
secondary minerals (e.g. only zeolites) may overestimate true retardation due to potential associated 
release of radionuclides that were previously immobilised by co-precipitation during replacement (as 
seems to be the case with ettringite-thaumasite at Maqarin). Note that the normally conservative process 
of ignoring of co-precipitation could be highly non-conservative here. 
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Note that these factors may vary with time – according to some models, for example, 
deglaciation could be accompanied by seismic activity levels that might make scenario 
3 feasible. 

It would be useful to extend the modelling approach of Ahokas et al. (2006), where the 
presence of grouts is specifically included in the hydrogeological model, to assess some 
of the above noted scenarios. In addition, potential scenarios where radionuclides 
released from the Olkiluoto SF repository migrate through the hyperalkaline plume-
influenced host rock should be considered, even if it is assumed that the leachates do not 
impact directly on the EBS. 

5.4.1.7 Mineral alteration (FEP GS6) 

There are now data available on the reaction of a wide range of host rocks (some 
examples are presented in Table 5-2) with hyperalkaline leachates, with the most 
common observation being the production of a range of secondary CSH/CASH/zeolite 
phases. In comparison, Vuorinen et al. (2003, 2006) observed minor primary mineral 
loss from Olkiluoto mica gneiss when reacted with cement leachates (at pH 12.5) with 
associated increase in sericite/illite and saussurite. However, as noted elsewhere, this 
experimental design reflects the focus of EBS/cement leachate interaction and needs to 
be repeated on material representative of the fracture minerals (i.e. calcite, pyrite, 
pyrrhotite, graphite and clays) likely to be encountered by the hyperalkaline leachates in 
the host rock. Geochemical first principles suggest that, due to the dominance of clays 
in the flow systems at ONKALO, the likely secondary phases will also be CSH etc. 

5.4.1.8 Carbonation (FEP GS5)

In general then, it is to be expected that any cementitious material remaining in 
ONKALO will be degraded by the interaction with groundwaters (or air). One particular 
reaction may, however, significantly reduce cement leaching, namely carbonation. This 
occurs when HCO3

- and CO2 in groundwater react with Ca2+ in the cement, producing 
calcium carbonate15 in the cement porosity. In extreme cases, this can effectively seal 
the cement from further groundwater reaction, so reducing ‘normal’ leaching processes.  

Normally, the reaction proceeds as HCO3
- and CO2 diffuse into the cement from the 

surface, so producing a reaction front characterised by a lower pH. At the front, HCO3
-,

CO2 and Ca2+ will be at a minimum due to the low solubility of calcite and so free ions 
in the cement porewater will diffuse down the concentration gradient to the front. In 
saturated cements (e.g. in a water-conducting fracture), Ca2+ will diffuse much faster 
than HCO3

-, so the front tends to be very near to the cement surface. In cements reacted 
in groundwaters with “High contents of Mg and/or HCO3

- in the (ground)water leads to 
a more dense outer shell....” (Lagerblad, 2005) of secondary precipitates on the cement 
which leads to more rapid sealing of the cement and reduced leaching. 

15 Where CSH phases are present, vaterite is the usual form of calcium carbonate while calcite forms with 
CH. In extreme cases, two separate fronts can form depending on the physical distribution of CSH and 
CH phases in the cement. 
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Interestingly, Lagerblad (2005) also noted that, where granulated blast furnace slag or 
pozzolan are used (i.e. as in low alkali cements), cement porosity is larger, allowing 
rapid access to easily soluble Ca2+ in CH, so producing calcite in the connected porosity. 
It is not clear, however, if this means that low alkali cements will tend to seal more 
effectively than CSH-containing OPC, but this would appear to be worth further study.  

To investigate carbonation processes more quantitatively in a (OPC) cementitious 
repository in a sedimentary host rock, Pfingsten (2001) modelled data from small 
cement discs using a 2-D coupled hydraulic and reactive transport code (2D-MCOTAC). 
Although the physical parameters modelled are of no relevance to a scenario which 
includes low alkali grouts at ONKALO, the approach is of interest and could be applied 
to scope potential changes to the grouts from carbonation reactions. Indeed, Neall and 
Johnson (2006) noted that, although the carbonation mechanism can be viewed as 
mainly a favourable phenomenon in PA which could “....to a large degree mitigate the 
potential for high pH alteration of the buffer.”, it has generally been neglected to date. 

5.4.1.9 Radionuclide retardation (FEP GS6)

Based on the currently available data from the Olkiluoto site (e.g. Ahokas et al., 2006), 
it is not possible to say that there will be no interaction from cement leachates released 
from grouts in ONKALO with the SF repository, so radionuclides released from the SF 
repository could subsequently migrate through a hyperalkaline plume. It is useful to 
compare the distribution coefficients (Kd values) for the pristine rock matrix presented 
in Vieno and Nordman (1999) with those for Ca and Na on ‘altered’ rock (ie interacted 
with hyperalkaline leachates) in Vuorinen et al. (2006) as they indicate slightly greater 
retardation in the altered rock. Although only few data are available for the altered 
rock16 (and the caveat on mineralogy noted above), it is of note that this conclusion is 
broadly in agreement with the work of Bradbury and Baeyens (2004) on the Opalinus 
Clay of Switzerland and the overall conclusions of the ECOCLAY (2005) that 
radionuclide retardation in the altered host rock will generally be greater than in the 
undisturbed system. Similarly, in cement leachate (pH 12.5, evolved cement water) 
percolation experiments in columns of Boom Clay, Wang et al., (2005) reported 
significant retardation of H14CO3

- , possibly due to the formation of secondary calcite on 
interaction of the leachate and host rock porewaters. It is of note, however, that the 
results of the HPF experiment indicate that “Adequate matching of major cation 
retardation (and, by implication, the retardation of radionuclides like Cs that sorbs 
according to an ion exchange mechanism) may require a more sophisticated and 
comprehensive ion exchange and/or surface complexation model.” than is currently 
available (Soler et al., 2006). 

Potentially, cement-derived colloids could increase radionuclide migration through the 
far-field but several studies (e.g. Pearce, 1991; Wetton et al., 1998; Fujita et al., 2000; 
Wieland, 2001; Wieland and Spieler, 2001) to date suggest that cement-derived colloid 
populations are liable to be very low (ca. 0.1 mgL-1)17 and play little role in radionuclide 

16 Note that the preliminary data of Ervanne and Hakanen (2005) show no measurable uptake of Na on 
crushed host rock reacted with pH 12.5 hyperalkaline leachates. 
17 But note the caveats of Alexander and Möri (2003) on these data. 
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migration. However, with respect to colloids produced at the margins of the 
hyperalkaline plume where geochemical gradients are high and alumino-silicate colloids 
could form (see Figures 5-3 and 5-4b), no laboratory experiment has been able to 
reproduce this region nor has this zone, as yet, been accessed in the Maqarin NA study  
Arguably, the most appropriate approach to study such a zone would be in a large-scale, 
in situ experiment in an URL (such as the international HPF experiment in Nagra’s 
Grimsel Test Site – see Mäder et al., 2006, for details). Unfortunately, this was not 
included in HPF but may be part of the ongoing LCS experiment at the same site (see 
http://www.grimsel.com/lcs/lcs_intro.htm for details), so providing input in the 
foreseeable future. 

Obviously, for any significance to be given to these results, more work would be 
required on the retardation of safety-relevant radionuclides in the hyperalkaline plume 
(although note that some information on radionuclide uptake on/in secondary phases 
within the plume-disturbed host rock is available in Alexander, 1992, Linklater, 1998 
and Smellie, 1998). It is interesting to note that, previously, Sellin et al. (2003) 
commented that such calculations will be difficult for the KBS-3 design due to a lack of 
appropriate data. With respect to the brief analysis presented here, this has not yet 
changed.

5.4.2  Implications for the Olkiluoto repository EBS  

5.4.2.1 Bentonite 

In Posiva’s current design for the SF repository at Olkiluoto, bentonite is to be utilised 
in two forms, namely pure bentonite as the buffer around the SF canisters and mixed 
(30:70) with crushed host rock as a backfill. In the former, depending on local 
hydrogeological conditions, complete saturation of the bentonite will take decades to 
centuries (Andrews et al. 1986; Pastina and Hellä, 2006) and, because the saturated 
bentonite has an extremely low hydraulic conductivity (10-16 ms-1 to 10-13 ms-1), solute 
transport will occur predominantly by diffusion (Conca et al. 1993). The large mass of 
bentonite will also act as a chemical buffer for the canister and has a critical role as a 
colloid filter. 

Posiva currently plan to use MX-80 bentonite in their Olkiluoto SF repository and this 
has been shown to have a porewater pH of 8 (Bradbury and Baeyens, 2002), 
significantly less than that of low-alkali cement (pH 11 or less). Clearly, hyperalkaline 
leachates with a pH of >13 (‘young’ leachates) and, later, pH 12.5 (‘evolved’ leachates) 
which come into contact with the bentonite will induce reaction which may alter the 
buffers properties. Dissolution of montmorillonite increases Si porewater activity, 
leading to a decrease in swelling pressure, increased hydraulic conductivity and, 
eventually, fracturing of the bentonite due to cementation with secondary phases. Vieno 
et al. (2003) noted that the outstanding questions regarding this were: 

pH buffering capacity, alteration products, and the properties of the altered clay 
in highly compacted bentonite 
The relative propagation rates of diffusing OH- ions and the reaction front of the 
buffering and alteration processes in the highly compacted bentonite. Is it 
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possible that, due to the kinetics of reactions, the plume of high pH could reach 
the canister surface and penetrate into a defective canister before the buffering 
reaction neutralise the high pH? 
The fate and effects of dissolving siliceous and aluminous reaction products in 
the long term. The potential of these species to re-precipitate and to cause 
cementation  of the highly compacted bentonite in the phase when the pH 
eventually decreases  again, should be investigated. 

Batch and flow-through cell experiments (see Table 5-4 for an overview) to examine the 
effects of hyperalkaline leachates on bentonite generally indicate the presence of 
secondary zeolites (e.g. ECOCLAY, 2005) and CSH gels (e.g. Vuorinen et al., 2006), 
concomitant with reduced surface area and pore size increase. Presence of abundant Ca 
means that the bentonite is exchanged to Ca-bentonite, even if it begins as a Na-
bentonite (such as MX-80), and, in saline conditions, smectite has been seen to alter to 
Ca-montmorillonite. NaOH solutions (pH>13) induce production of beidellite which 
significantly increases the CEC (ECOCLAY, 2005; Vuorinen et al., 2006) and 
permanently decreases the swelling pressure by up to 60-70%, presumably due to the 
loss of Si (Karnland et al., 2005). Both NaCl and NaOH solutions at concentrations of 
0.3M and greater significantly decrease the swelling pressure (section 4.2.1 and 
Karnland, 2004; SKI, 2005) while Ca(OH)2 buffered leachates make no significant 
difference to the swelling pressure (ECOCLAY, 2005). There also appears to be an 
unknown sink for Mg. Vuorinen et al. (2006) proposed uptake on CSH-gels, but 
comparison with experimental work on the Swiss Opalinus Clay (which is not unlike 
bentonite) by Adler (2001) and Adler et al. (2001) and on observations from the 
Maqarin site in Jordan (Milodowski et al., 1992a, 1998a) suggests a Mg-hydroxide 
phase such as hydrotalcite or sepiolite.

Ahokas et al. (2006) rightly noted that, of the many studies of bentonite/hyperalkaline 
leachate now available in the literature, few have looked at compacted bentonite (see, 
for example, Karnland, 2004)18. This is important as the initial low permeability of the 
compacted bentonite should minimise interaction with the hyperalkaline leachates and 
subsequent chemical reaction (i.e. production of secondary phases similar to those 
described in section 5.4.1) appears to reduce this even more (Lehikoinen, 2004; 
ECOCLAY, 2005). Karnland et al. (2005) suggest that some of the discrepancies 
between batch experiments and experiments with compacted bentonite may be 
explained by ion-equilibrium established between the hydroxide ions and the 
montmorillonite counter-ions in the pore fluid of compacted bentonite. Karnland et al. 
(2003) previously demonstrated this mechanism for NaCl and suggest that the 
similarities in the osmotic response of OH- and Cl- solutions could explain the 
behaviour.

18 As noted in Neall and Johnson (2006), this is mainly due to practicalities – the slow penetration of 
hyperalkaline leachate into compacted bentonite is, by definition, a very slow process. 
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Table 5-4. Summary of some bentonite leaching studies in the literature 

reference bentonite 

type 

experimental

set-up 

leachate Phase 

alteration 

comments

Savage et al. 
(2001a,b) 

Analcime 
(minor 
component of 
bentonite) 

Batch and 
fluidised bed 
experiments 
at 25, 50, 70 
and 90°C 

KOH solutions 
(i.e. ‘young’) 
buffered between 
pH 10 and 13 

Analcime 
transformed to 
leucite by uptake 
of K at all pH 
values, but to a 
greater degree 
with higher pH. 
Leucite may 
then transform 
to K-feldspar 

Modelling 
work in 2001b 
suggests 60% 
of a 1m thick 
bentonite 
layer could be 
converted to 
zeolites/sheet 
silicates in 
1000a 

Tajima et al. 
(2003) 

Kunigel V1 Batch 
experiments 
at 50, 80 and 
100°C 

1.
K/NaOH+CaOH2

(pH 13) 
2. CaOH2 (pH 
10.5 - 12.5)
3. ‘low alkaline 
cement’ (pH 11) 

1. and 2. 
montmorillonite 
dissolved, CSH, 
CASH formed 
3. Na-
montmorillonite 
to Ca-
montmorillonite 

Increased pH 
and temp 
induced
greater
alteration to 
CSH, CASH. 
None 
observed with 
low-alkali 
cement 
leachate

Tajima et al. 
(2006) 

Kunigel 
V1/sand 
(70/30) 

Batch 
experiments 
(leachate
changed 3 
times) 

1.
K/NaOH+CaOH2

(pH 13.2) 
2. CaOH2 (pH 
13)
3.
K/NaOH+CaOH2

plus NaNO3 (pH 
13.1)  

Smectite (50% 
of Kunigel) 
underwent 
cation exchange. 
In leachate 2., 
smectite 
dissolution 

Permeability 
of 
bentonite/sand 
increased with 
leachate
cation 
concentration 
(increased to 
10-9 ms-1 at 5 
eqL-1)

Vuorinen et 
al. (2006) 

MX-80 Batch 
(continous 
agitation) up 
to 540 days 
and flow-
through 
experiments 
up to 560 
days 

Fresh and saline 
hyperalkaline 
waters (12.5 – 
13.5) 

Montmorillonite, 
gypsum, albite 
and quartz lost, 
Na-beidillite 
(batch), calcite 
and tobermorite 
precipitated 

Fast reaction 
observed and 
significant 
buffering of 
solutions in 
flow through 
experiment 

Chermak 
(1992, 1993) 

Opalinus Clay Batch 
experiments, 
100°C 

NaOH and KOH Montmorillonite 
to phillipsite and 
zeolites 

Fast reaction, 
closed system 
may
encourage 
zeolite 
formation 
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Karnland et al. (2005) also note that, at a sufficiently high pH gradient, hydroxide 
solutions migration through highly compacted bentonite cannot be described by 
diffusion parameters alone (due to the reactions between OH- and bentonite). However, 
this is at odds with the data of Nakayama et al. (2004) which showed that the effective 
diffusivity of OH- in a compacted bentonite/sand buffer was 10-10 to 10-11 m2s-1, roughly 
the same as Cl-, I- and tritiated water. Generally, however, the influence of compaction 
and high swelling pressure on smectite dissolution rates is currently not well understood 
(the above noted experiments are some of the very few conducted on compacted 
material to date) and should be the target of further experimental work (Neall and 
Johnson, 2006).

For studies on mixed bentonite/quartz sand (buffer in Japan; JAEA, 2007) and 
bentonite/crushed host rock (backfill in Finland; Vuorinen, 2006), alteration of the 
bentonite can be modified by the preliminary dissolution of more reactive phases first 
(i.e. cristobalite and microcline, respectively). This will obviously vary depending on 
the bentonite/rock ratio and the precise mineralogy of the crushed rock. 

As was made clear in the minutes of the recent NUMO-Posiva workshop on bentonite-
cement interaction (Metcalfe and Walker, 2004) and a NUMO workshop on near-field 
processes (Neall and Johnson, 2006), little NA data are available on this topic. As noted 
in Alexander et al. (2007b), while there is a strong likelihood that an appropriate site to 
study this interaction has recently been identified in Jordan, there is currently no 
unambiguous evidence. Consequently, this would appear to be an area for a focussed 
NA study. 

Although the codes for modelling leachate/bentonite interaction have improved 
markedly over the last couple of decades, the basic mineralogical thermodynamic 
databases are still very weak and are probably the limiting factor to any detailed 
modelling of leachate/bentonite interaction. Indeed, when recently discussing the status 
of modelling studies, Savage (2006) noted that: 

the (modeller’s) choice of secondary minerals influences the chemical 
environment by consuming or generating hydroxyl ions, even before their effects 
on the physical environment, such as porosity or permeability, are considered 
it is essential to consider kinetics due to the presence of metastable secondary 
phases19

there remains a basic lack of thermodynamic and kinetic data for the phases of 
interest 

In closing comments, Savage (2006) made the point that hyperalkaline 
leachate/bentonite interaction is a young science and “cutting edge” geochemistry so 
models and certainty in assessments could not be expected until the work became more 
mature.  

19 Some so-called metastable secondary phases observed at the Maqarin site in Jordan have been noted to 
be very long-lasting (e.g. Milodowski et al., 1998a,b). It is believed that, as long as the phases are 
protected against solution and further reaction (e.g. by fracture sealing), they can survive for geological 
timescales. 
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It can therefore be seen that, while more information has become available since Vieno 
et al. (2003) identified the three outstanding questions, little progress has been made in 
producing a better understanding of the likely long-term evolution of the bentonite 
buffer if reacted with hyperalkaline leachates.  

5.4.2.2 Canister

There are few data available on the corrosion of metals under hyperalkaline conditions. 
For example, although a large body of data exist for concrete-steel interaction in the 
civil engineering literature, little is of relevance. Even those studies of interaction in 
underground structures (e.g. Carino and Clifton, 1995, Bernard, 2004) are not looking at 
appropriate environments (i.e. deep underground in low-flux, anaerobic environments) 
and the time-scales are of no relevance. Indeed, when assessing this very problem 
recently, the USDOE complained about the lack of NAs in this area (see 
http://www.ocrwm.doe.gov /documents/rpa451m3_q/main.htm).

The same situation applies for the corrosion of copper under hyperalkaline conditions 
and this is reflected by the fact that Vieno et al. (2003) quote verbatim the conclusions 
of King (2002) which can be summarised as: 

“.....an increase in porewater pH due to an alkaline plume from cementitious material 
will induce passivation of the canister surface. The stability of the passive film, and its 
ability to prevent localised corrosion, are enhanced by increasing pH. In this regard, 
there appears to be little negative impact on the integrity of the canister from the use in 
the repository of cementitious materials with porefluids in the pH range 12 – 13.” 

Intriguingly, however, in King et al. (2002), published several months before King 
(2002), it was noted that a canister passivated under high pH conditions could become 
more susceptible to localised corrosion following introduction of groundwaters, 
especially if the water is saline. The final comment is that “An experimental and/or 
theoretical assessment (of the effects) of the alkaline plume (on canister longevity) is
required” and this would certainly appear to be the case even today - in fact, Posiva are 
currently conducting modelling and experimental work in this area to address these 
points. In addition to these requirements for short-term laboratory data, this would also 
appear to be an area for a focussed NA study (for example, along the lines of that of 
Milodowski et al., 2001b, but including hyperalkaline effects too), with perhaps an 
appropriate archaeological excavation the most likely route to success – but the 
difficulties here should not be underestimated.  

First, an appropriate example has to be found, second, contact with an understanding 
archaeological group (i.e. one prepared to work alongside the NA researchers) must be 
made and, third, most importantly, the media must not be given the chance to present 
the work as ‘vandals damage invaluable archaeological artifact in search for nuclear 
dump’. Precisely this reason led Nagra to reject the chance of examining ancient 
reinforced concrete bridge supports from a famous structure in Luzern, removed by 
engineers during repairs, some fifteen years ago. 
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5.4.2.3 Cladding and spent fuel dissolution

Sellin et al. (2003) noted that dissolution of spent fuel cladding may increase under 
hyperalkaline conditions and this could impact radionuclide release as the redox 
stability of spent fuel is questionable above pH 11 (the uranium dioxide matrix may 
destabilise and “dissolve fast”). However, in experimental studies on dissolution of the 
zircaloy cladding of fuel pins under alkaline to hyperalkaline conditions (pH 10 to 13.5), 
very low corrosion rates (around 1 nma-1) have been recorded (Johnson and McGinnes 
2002). This is in agreement with previous experimental (e.g. Hansson 1984; Kulmala 
and Hakanen 1993) and modelling studies (Heath et al. 1993) which indicate low 
solubility of zirconium at high pH. 

Certainly, until recently, a lack of information regarding SF stability under hyper-
alkaline conditions, coupled with the knowledge that, at pH >12.5, a very low redox 
potential (< -300 to -400 mV) is necessary in order to maintain UO2(s) stability 
(Langmuir, 1977), meant that it was necessary to make conservative assumptions 
regarding SF behaviour. But the recent work of Loida et al. (2006) suggests that, as long 
as reducing conditions can be maintained, high pH solutions do not increase SF 
dissolution. However, this is only one data set collected under non-relevant conditions 
and so additional study is still required here. 

5.4.3 Conclusions and comments 

The main body of evidence available today indicates that use of OPC grouts could 
significantly perturb the SF repository, by degrading the EBS and reducing the 
retardation barrier provided by the geosphere. Changing the site hydrogeology in a 
complex manner is possibly an even greater problem which, to date, has only been 
modelled with partial success and only over short temporal and spatial scales. Indeed, it 
is notable that this has only been tackled in SA so far in the diffusive-dominated 
Opalinus Clay (as discussed in section 5.4.1.3). Vieno et al. (2003) took another 
approach to the problem, namely to assess the likely impact on the SF repository based 
on the then current view of the site hydrogeology. They considered the likely 
leachability of the grouts etc and on the exclusion criterion that a deposition hole can 
intersect a fracture with a transmissivity of no more than 10-8 m2s-1. In their final 
analysis, 30 moles of OH- ions would be able to enter the buffer and would totally 
“deplete” (their term) 0.06Mg of bentonite from the total of around 24.5 Mg20 present in 
each hole, an obviously insignificant amount. In their worse case analysis, a grouted 
fracture with a large amount of grout present was assumed to intersect a deposition hole 
downstream of the grout and this could affect 0.6 Mg of bentonite.

As noted elsewhere in this report, the current uncertainties on the site hydrogeology and 
potential alternative EBS designs lead to the recommendation that a more conservative 
approach than that of Vieno et al. (2003) be taken for the moment (obviously, this 
should be updated as new information is collected on the site and a final design is 

20 Based on Tables 3-1 and 3-2 and section 11.3 of  Pastina and Hellä (2006). 
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chosen). From Table 5-3, it is assumed that 630 Mg21 of grout are available for reaction 
which, using the same parameters as Vieno et al. (2003), means that about 3.8 x 106

moles of OH- will be available, potentially exhausting the buffer capacity of around 
7560 tonnes of pure bentonite, or around 10% of the total bentonite buffer (in the whole 
repository?, no consideration of the mass of the backfill?). Obviously, this is very 
simplistic, ignoring as it does any interaction with the host rock surrounding the 
fractures through which it is transported, never mind any dilution effects in the flow 
system etc but does support the recommendations made above that further work be 
carried out on the interaction of hyperalkaline leachates with compacted bentonite. One 
critical area of focus would be to assess the mechanisms involved to determine what 
degree of degradation is necessary before particular barrier roles of the bentonite are 
compromised, something which will occur before full ‘depletion’ of the clay (cf. Mäder, 
2002, in Nagra, 2002d; Metcalfe and Walker, 2004; Karnland et al., 2005). 

With respect to shotcrete, it is foreseen that this will not be used in the repository 
tunnels (e.g. steel mesh will be used in shotcrete alternative A; Hagros, 2007) but, if a 
short-cut from the access tunnels to the repository tunnels existed, this could 
conceivably exhaust the buffer capacity of around 28 800 Mg of the total 450 000 Mg of 
bentonite in the repository backfill (see Table 3-2 of Pastina and Hellä, 2006)22. Once 
again, an assessment of the degree of degradation of the bentonite before its role is 
compromised is necessary. 

Thus there are still some significant uncertainties about the precise degree of 
perturbation and recommendations on how to reduce the uncertainty are summarised in 
section 7.2.3. However, Posiva’s timeplan for the Olkiluoto SF repository is very tight 
and so they sensibly initiated a wide-ranging assessment of alternatives to OPC-based 
cements as a fall-back position should future and ongoing studies on OPC cements 
produce negative results. This work, along with the international status, is discussed 
below and further implications for ONKALO identified. 

5.5  Alkaline leachates (from low alkali cements)  

5.5.1  Introduction 

There are many alternative cement types to OPC (see Taylor, 1990, for an overview) but 
here, the focus will be on the so-called low pH cements (more appropriately called low 
alkali cements or, in the cement industry, high-performance concretes). According to 
the ASTM (the American Society for Testing Materials), the definition of a low alkali 
cement is one with less than 0.60 wt% of alkalis (Na2O and K2O) although Bodén and 
Sievänen (2006) noted "The definition of low-pH grout is pH  11 in the leachate. A 
short-term pH in the pore water exceeding 11 due to initial leaching can be accepted, 
but the long-term equilibrium pH should be  11.". Although both definitions are correct, 
neither are fully helpful when discussing the formulation of the grouts which will be 

21 This assumes that all of the grout is OPC grout and ignores Posiva’s current move to use low alkali 
cements.  
22 Again, this assumes that all of the shotcrete is OPC grout and ignores Posiva’s current move to use low 
alkali cements. 
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injected into fractures as their properties depend on a wide range of factors outwith that 
of the initial or later pH (e.g. uniaxial compressive strength, long-term durability, setting 
times, pumpability etc etc). Certainly, it is simplistic to assume that a cement with low 
alkali content will automatically have a low(er) pH as this also depends on other factors 
such as the SiO2 content of the binder (should be greater than 50wt% or Ca/Si should be 
less than 0.8) and CaO and MgO content play a role too. In any case, the term ‘low 
alkali’ is used here are being slightly more precise than ‘low pH’. 

Low pH porewater cement can be produced in a range of ways such as using a low-
alkali source rock (e.g. Schäfer and Meng, 2001) or reducing the amount of cement 
clinker used (e.g. Grey and Shenton, 1998) or using >50% blast-furnace slag in the 
cement (e.g. Smolczyk, 1974) and it is even possible to produce cements with acidic pH 
levels (e.g. Bohner et al., 1997). Although much of the cement grout used by the 
Romans over two millennia ago was effectively low alkali cement (see, for example, the 
discussions in McKinley and Alexander, 1992; Miller et al., 2000), little interest was 
shown in the development of modern low alkali cements in the radwaste industry until 
about two decades ago when AECL began further developing existing cements for use 
as high performance plugs, seals and grouts.  

In fact, the use of low alkali cement grouts was initially contemplated due to better 
handling and fracture penetration properties (e.g. Mukherjee, 1982) and lower heat 
generation (e.g. Gray and Shenton, 1998). While these properties remain of interest, 
much work is currently focused on the greater chemical compatibility (or, more 
precisely, less serious incompatibility) with bentonite (e.g. JAEA, 2007) 23  and the 
repository host rocks (e.g. Nakayama et al., 2006). However, areas where some doubt 
remains as to the relevance of low alkali cement are long-term durability (e.g. Philipose 
et al., 1991) and organic content (e.g. Kronlöf, 2004) and these are discussed below. 

5.5.2  Available information 

Despite the above noted long interest of AECL (and JAEA) in low-alkali cements, there 
are few published data available to allow direct comparison with the large body of 
information available on OPC-type cements (above). Currently, preliminary results (e.g. 
Seidler and Faucher, 2004) from the ongoing EU-funded ESDRED (Engineering 
Studies and Demonstration of Repository Designs) programme are promising (see also 
www.esdred.info for further details), but are being made available only slowly – for 
example, the last detailed publication (Bäckblom, 2005) refers to the workshop of June, 
2005. Most recent information is from Posiva’s own programme (some of which is 
carried out in association with SKB and NUMO), including Kronlöf (2004, 2005), 
Sievänen (2005, 2006, 2007), Vuorinen et al. (2005) and Bodén and Sievänen (2006) 
and a good overview of this work (and the LPHTEK programme on field testing of 
grouts) was recently published in Ahokas et al. (2006). Otherwise, internationally, little 
is ongoing outwith some commercial work (e.g. Pusch et al., 2003) and JAEA’s 

23 In addition to the more recent JAEA work referenced here, JAEA (and JNC and PNC beforehand) has a 
significant database of unpublished work or work published only in Japanese relating to the development 
of their own low alkali cement – see, for example, www.jolisfukyu.tokai-
sc.jaea.go.jp/fukyu/gihou/pdf/9886.PDF.  
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programme (e.g. JAEA, 2007) which has been more-or-less independent of NUMO up 
to now. 

5.5.2.1 Potential perturbations (FEPs GS5, GS6, GS11.1, GS11.3, P5.2, P5.3, P5.5 and 
 P5.11)

Low alkali leachates 

It is important to understand that Posiva (nor any other implementer worldwide) does 
not already have a designated low alkali cement and has been heavily involved 
(unilaterally, in collaboration with SKB and NUMO and, more recently, the EU) in 
testing a wide variety of ‘recipes’ to find the most appropriate range of characteristics 
which will include a leachate with pH less than 11. It has already been noted that the 
full reasoning for this value has not been clearly stated and this is discussed further 
below with specific examples. Regardless, it is preferred here that low alkali leachates 
be seen as another potential perturbation – at least until they can be shown to be 
otherwise (not to do so would be non-conservative). 

Vuorinen et al. (2005), Bodén and Sievänen (2006) and Sievänen et al. (2005, 2007) all 
show that, despite initial leachates of up to pH 13, the leachates of most formulations 
tested to date in Posiva’s programme, rapidly drop to around pH 11 or less. Those 
which do not do so, have been dropped from the development programme. To date, 
there are little data available on the likely behaviour of the low-alkali cements in saline 
waters, but Vuorinen et al. (2005) noted that leaching of low-alkali grouts with saline 
water generated leachates with lower pH (by 0.5 to 1 units) than when the same grout 
was leached by fresh water. They stated that this was probably due to the higher ionic 
strength of the saline solutions, but it may also be due to increased carbonation reactions 
in saline solutions mopping up free Ca in the cement (cf. Tingzong et al., 1999). 

Posiva currently plan to use MX-80 bentonite in their Olkiluoto SF repository and this 
has been shown to have a porewater pH of 8 in ambient groundwaters (Bradbury and 
Baeyens, 2002), significantly less than that of low alkali cement pH of 11 or less. The 
three pH units difference is the equivalent of three orders of magnitude in the OH-

activity (Davis et al., 2002), which means, despite the implications in Figure 5-1, low-
alkali cement is no cornucopian solution. Based on geochemical first principles, there 
will be reaction with bentonite, it will simply be less than at pH 13. Karnland et al. 
(2005) and Ahokas et al. (2006) both noted that  “According to Sellin et al. (2003) the 
dissolution rate for a number of silicates and aluminium silicates, e.g. quartz, kaolinite, 
increases by a factor of 10 if pH is increased from 11 to 13 and laboratory experiments 
referred to implied that bentonite is much more stable at pH 11 as compared to pH 13.” 
The non-linearity of such pH dependency for silicate-containing minerals is very clear 
from the variation in silica solubility (see Figure 5-7) which increases dramatically 
above pH 9.5 – 10.

But this is certainly not the case for all aluminosilicates (e.g. Zevenbergen et al., 1999) 
and montmorillonite dissolution rates are at a minimum at pH 8-8.5 (Huertas et al., 
2001). Although Huertas et al (2005) claim that, above pH 11, the smectite dissolution 
rate increased significantly, the data available in the report do not support this claim. 
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The ‘break-of-slope’ in Figure 7.6.3 (page 135) of Huertas et al. (2005) would appear to 
be based on two experimental values (for Si and Al dissolution rates at 25°C) and is 
most certainly not based on experimental data for 50°C and 70°C. Huertas et al. (2005) 
also claim that the smectite apparent activation energy of dissolution varies with pH 
(41.57 kJmol-1 at pH 11.5, 47.92 kJmol-1 at pH 12.5 and 54.27 kJmol-1 at pH 13.5), in 
contrast with the work of Bauer and Berger (1998) who found that, in 0.1-3M KOH at 
pH 11.5  pH  13.9, the smectite apparent activation energy of dissolution to be 
constant, at 52+/-4 kJmol-1. In contrast, Ramirez and Parnieix (2005), working with 
Callo-Oxfordian clay in NaOH (0.0001-1M) report a smectite apparent activation 
energy of dissolution of around 21 kJmol-1. This strongly implies that the question of 
the pH dependency of bentonite dissolution is still open. Unfortunately, as Amran and 
Ganor (2005) noted, when reviewing studies of smectite dissolution kinetics, few such 
studies have been carried out and those which do exist have looked mainly at acidic 
systems. In conclusion, it appears that further laboratory work on the pH dependency of 
bentonite alteration in the pH range of 8 to 11 is still required24.

With respect to host rock interaction, the work of Vuorinen et al. (2006) is very useful 
for plume/EBS reactions but, as the ‘crushed rock’ is not representative of the fracture 
minerals likely to be encountered by the hyperalkaline leachates in the ONKALO host 
rock, it would be useful to carry out experiments on the fracture minerals (i.e. calcite, 
pyrite, pyrrhotite, graphite and clays). Otherwise, there is little on low alkali 
cement/host rock interaction in the open literature, but some unpublished reports exist 
for tuffs which is unfortunately of little relevance to the ONKALO site. Although the 
Oman NA study (e.g. Bath et al., 1987, 1988; McKinley et al., 1987, 1988) looked at a 
low alkali cement analogue, the focus was on microbiology and thermodynamic 
database testing and nothing was done on flow systems or clay alteration. More recently, 
proposals have been made to look at the low alkali systems in Cyprus and the 
Philippines where focus would be on just those areas but no work has been initiated as 
yet in Cyprus and the Philippines project is in its very early stages (see Arcilla et al., 
2007, for details). 

Organic cement additives 

In ONKALO, it is likely that any low alkali cements used for fracture grouting will 
include several weight percent of organic additives (also termed ‘concrete admixtures’) 
to improve handling characteristics (fluidity, compressive strength etc) of the cement 
(Kronlöf, 2004). To date, four main types of commonly commercially available 
additives have been examined in detail, namely melamine sulphonates, naphthalene 
sulphonates, modified lignosulphonates and polycarboxylates  - or, more likely, a mix 
of several of them. Of the four, Hakanen and Ervanne (2006) noted that only the 
naphthalene sulphonates could currently be assumed to be non-problematic. Ahokas et 
al. (2006) also pointed out that small amounts (0.005-0.01%) of organics in the grinding 
aid will also be present in some cements. 

24 Note that at a recent workshop (SKI, 2005), noted that  “ (SKB) suggested that an upper limit of pH 11 
would provide a margin, below which unfavourable interactions between bentonite and cement would be 
avoided. SKB did not provide any conclusive justification for this statement,... ” 
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Figure 5-7: pH dependence of silica solubility. Note dramatic increase above pH 9.5-

10.

Bodén and Sievänen (2006) noted that “The additives are commercial products of fairly 
ill-defined composition and may contain also components other than those indicated in 
the product safety sheets....Also the knowledge on how the additives are incorporated 
into the grout, and release rate from the cement is not well known, as well as whether 
the products are degraded e.g. due to microbial activity.” Numerous studies (e.g. Baston 
et al., 1991, 1992; Serne et al., 2002; Hakanen and Ervanne, 2006) have shown that 
organic complexation could considerably increase both the solubility and the mobility 
of a range of radionuclides, for example the normally immobile trivalent lanthanide and 
actinide radionuclides, in the near- and far-field of a repository. Generally speaking, this 
is only of concern in a repository containing large amounts of organic wastes, such as is 
the case in several L/ILW designs, or in groundwaters enriched in natural organic matter 
(NOM). In the crystalline host rock of concern at ONKALO, NOM is relatively low (e.g. 
Luukonen et al., 2004, used an average value for DIC of 8.2 mgL-1 , although large 
fluctuations are reported by Hirvonen and Mäntynen, 2005) and is consequently 
unlikely to complex significant amounts of radionuclides released from the Olkiluoto 
SF repository.

Unfortunately, a similar statement cannot yet be made regarding the cement additives 
and it is recommended that the following studies be carried out: 

define the likely source term by assessing how all the organics (i.e. additives and 
grinding aid) are incorporated in the low-alkali cement (e.g. is it only by 
adsorption to C3A?) and how they are subsequently released to solution (e.g. by 
leaching of the cement phases) and in what original form (e.g. colloidal or in an 
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already degraded form) and how his form might be later modified (in particular 
due to microbial activity) 
once the likely form of the released organics is known, this can be the focus for 
radionuclide complexation studies 
retardation studies should focus on the likely behaviour of the complexed 
radionuclides in both the ‘pristine’ far-field at Olkiluoto and in a hyperalkaline-
plume influenced far-field. The latter studies may be able to use the information 
currently available on organic complexed radionuclide sorption on cements (e.g. 
Glaus et al., 2004) 

Finally, it was noted by Hakanen and Ervanne (2006) that the additives could 
potentially affect the copper overpack, increasing degradation by influencing copper 
solubility. Little information is available in the literature for organic-copper complexes 
of relevance, but the scoping calculations they carried out suggest that further 
investigation would be worthwhile.

5.5.3 Summary 

Low-alkali cements will produce leachates with a lower pH (9-11.5) than OPC but, as 
noted by Oscarson et al. (1997), “....the pH is still somewhat higher than that of 
clay/groundwater systems of about pH 8. Hence, even if high-performance concrete25 is 
used in a disposal vault, the potential still exists for clay minerals to alter over long 
periods of time if in contact with this concrete.” Equally importantly, Bodén and 
Sievänen (2006) noted that while it has proven possible to meet most of the technical 
criteria set out for development of low alkali grouts, “The long-term behaviour of the 
product, phase changes and crystallization of CSH phases which might have an effect 
on the long-term degradation and leaching of the product, remains to be evaluated.” 

Currently, most effort is being put into studying low-alkali cement but, as a small part 
of the ESDRED programme (Bäckblom, 2005) and as a joint Posiva/SKB/NUMO 
project (Bodén & Sievänen, 2006; Ahokas et al. 2006) silica sol (i.e. colloidal silica) is 
also being investigated, in particular for injection into very small aperture (i.e. less than 
100 m) fractures. These grouts contain 20 – 50%  silica, 1.5 - 10% salt (NaCl or CaCl2)
and the rest water and a leachate pH of around 10. Although in situ tests are at an early 
stage, Emmelin and Funehag (2005) noted that “...silica sol seems to be a promising 
material, both allowing an effective design and grouting procedure and having good 
sealing properties.” for small aperture fractures and it is much more stable than other 
alternatives such a water glass. They also noted that “A better knowledge on the 
material’s behaviour related to climate and to durability is also due, before it can be 
recommended for use in deep repositories.” Further, as most field tests to date have 
been carried out in shallow systems, the grout behaviour in deep bedrock (with respect 
to temperature variations, groundwater salinity, groundwater pressures etc) is unknown. 

Obviously, laboratory tests are currently ongoing (e.g. Bodén and Puigdomenech, 2005), 
but these are short-term and need support from natural analogue studies. Here, the 

25 Low alkali cement 
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significant literature on cherts which can be deposited from colloidal silica suspensions 
(e.g. Folk, 2002; Rogers and Longman, 2002; Cecil, 2004) not unlike silica sols, could 
be profitably data mined to assess long-term stability and potential degradation 
mechanisms and interactions with clays. Indeed this concern is probably sufficiently 
great to merit wider consideration of alternative grouts (e.g. the bentonite/ethanol option 
developed by NUMO). 

5.6 Conclusions  

The above discussion indicates that the long-term behaviour of grouts is uncertain but, 
based on geochemical first principles and data from laboratory and NA studies, it is 
likely that use of OPC-based grouts could induce a hyperalkaline plume (from leaching 
of the cement) which may interact with the Olkiluoto repository. Potentially, this could 
be minimised by the use of low alkali grouts, but the long-term behaviour of this 
material is not well known (despite the survival of many similar materials in ancient 
buildings and at archaeological sites; e.g. Majumdar et al., 1989) and requires further 
study.

The ONKALO timeplan is very tight, but many of the proposed solutions to the open 
questions raised in this chapter could be answered by short, focussed studies backed up 
by data mining existing NA studies to provide supporting information to the laboratory 
and modelling effort.  
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6  ENGINEERING AND STRAY MATERIALS 

Hjerpe (2003) estimated the quantities of engineering and stray materials remaining in 
the different parts of ONKALO at the time of the final closure of the repository based 
on the assumption that the ONKALO FACILITY will be in operation for a century as 
the tunnels become access and working areas of the Olkiluoto SF repository. 

A second study by Hjerpe (2004) estimated the engineering and stray materials 
remaining in the whole repository after backfilling. This study has been recently 
updated (Hagros, 2007) to take into account: 

the changes made to the design of the repository layout, mainly due to a new site 
geological model 
the most recent data from the excavation and construction activities on the 
ONKALO access tunnel up to September 2006 
several alternative scenarios for shotcrete, grouting and backfill material 
compositions 
the new canister type and deposition hole dimensions for OL31 waste 

6.1  Definitions and limitations on the estimates 

Materials not part of the EBS backfill, rock material or groundwater are here denoted 
engineering and stray materials (these categories were not distinguished in the term 
‘foreign materials’ previously used in Chapter 3). There are a number of exceptions that 
are excluded from the definition of engineering and stray materials and also from the 
estimations described here: 

Materials which will be removed completely from the repository, e.g.: 
installed electrical systems, as well as systems related to ventilation, water 
supply, drainage (except for the drainage pipes in the shotcrete), heating, 
monitoring and transport (except for the floors) 
equipment used in investigation and measurement activities (such as flow 
measuring weirs) 

Materials that will not be totally removed from the repository but are not 
considered due to lack of suitable information or because it is assumed that the 
quantities of these would be negligible when compared with the other material 
sources, e.g.: 

secondary materials created in processes acting on the introduced material, 
such as corrosion products and decomposition of additives of cement, e.g. 
superplasticisers2

events leading to release of materials, such as major accidents, fires, traffic 
accidents, natural disasters, sabotage or terrorism 
additional materials used during future reconstruction, repair or remediation 
work that replaces existing material 
microbes, and decomposition products of microbes (e.g., decomposition of 
organic compounds) 

1 Olkiluoto 3 reactor. 
2 Some, but not all, of this category are addressed in chapter 5 as a source of potential perturbation. 
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materials used in the plugging of investigation boreholes 
chemicals used in different investigations and tests 

By the definition above, the backfilling materials are not regarded as stray materials. 
However, they will contain stray materials, such as impurities in bentonite and crushed 
rock. The results of Jones et al. (1999) show that the quantities of inorganic substances 
introduced with buffer and backfill can be significant compared to the amount 
introduced by construction and operation. However, the type and amounts of such 
impurities are dependent on the backfill used and so, in Hjerpe (2004), due to a lack of 
information, only estimates of quantities of crushed rock and bentonite were included, 
with no attempt made to quantify impurities. These results were updated and used by 
Hagros (2007) to make estimates for impurities for two alternative backfilling schemes.  

6.2  Summary of estimated quantities 

As noted above, Hjerpe (2003) estimated the quantities of engineering and stray 
materials remaining in the different parts of ONKALO at the time of the final 
backfilling of the repository. These results are given in Table B-1 (Appendix B). The 
quantities of materials in groups 1 to 9 and 19 were based on ONKALO’s design 
documents (Posiva 2003a,b,c), whereas the estimated quantities of materials in groups 
10 to 18 were based on SKB’s estimates for a spent fuel repository (Jones et al., 1999, 
referenced in Hjerpe, 2003), scaled to the ONKALO dimensions.  

Before backfilling the repository, as much stray and engineering materials that are not 
needed for stability and safety purposes during the backfilling and sealing operations 
will be removed as is possible. The efficiency of removal is estimated by Hjerpe (2003) 
based on the plans for removal (Posiva, 2003a), experience of similar tasks in other 
underground facilities and the estimates presented in Jones et al. (1999) for the SKB 
case. These removal efficiencies were largely taken over unchanged into Hjerpe (2004) 
and also by Hagros (2007).

The total mass of engineering and stray materials remaining in ONKALO was estimated 
to be approx. 6300 tonnes, which constitutes about 0.7% of the total mass of rock 
excavated from ONKALO (338 375 m3 in Hjerpe, 2003). However, as noted above, the 
mass of impurities in the backfill material used was not taken into account and these 
could be a very substantial quantity (see below). 

Table B-2 (Appendix B) shows the equivalent data to that in Table B-1, but for the 
whole repository (total volume of 943 596 m3 for the single level repository layout; 
Hjerpe, 2004).

The backfill concept used in Hjerpe (2004) was based on the following: 
The buffer in the deposition holes consists of 100% bentonite 
Deposition tunnels are backfilled with a mixture consisting of 30wt% bentonite 
and 70wt% crushed rock 
The rest of the repository is backfilled with a mixture consisting of 15wt% 
bentonite and 85wt% crushed rock 
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The dry densities for bentonite and crushed rock are assumed to be 1.7 Mg m-3 and 1.9 
Mg m-3, respectively3.

Hjerpe (2004) also included two types of tunnel support: normal shotcrete being used in 
all except deposition tunnels, which would have steel mesh instead. The steel mesh was 
assumed to be almost completely removed before backfilling of the deposition tunnels. 
These two types are not alternatives in the sense that both are expected to be used, but in 
different parts of the repository. 

The result for the whole repository from Hagros (2007) are shown in Table B-3 
(Appendix B. Significant changes from Hjerpe (2004) are highlighted). Hagros (2007) 
notes that, by 1st September, 2006, the total quantity of cement in the shotcrete used in 
the ONKALO was 386 430 kg or 6.17 kg per excavated m3, very close to the average 
value (6.23 kgm-3) estimated by Hjerpe (2004). On this basis, the extent of future 
shotcreting in the ONKALO facility was assumed to be the same as used by Hjerpe 
(2004)4. The cement used in ONKALO is assumed to be all OPC. However, in the 
repository, two different alternatives were considered: 

A. Shotcrete with OPC is used in parts other than the deposition tunnels (in the 
deposition tunnels, no shotcrete will be used although steel mesh may be used). 

B. Shotcrete with low-pH cement is used in parts other than the deposition tunnels 
(deposition tunnels, as above). 

In alternative B, a low-pH shotcrete “recipe” was used whereby normal shotcrete 
(similar to that in alternative A) was modified by replacing 40 % of the dry materials 
(cement and additives) with silica (SiO2). This is only an approximation of the main 
components of a low-pH shotcrete 5 , but was useful to estimate the quantities of 
materials related to low-pH shotcreting.  

A major difference between Hjerpe (2004) and Hagros (2007) is the assumption in the 
new report that the shotcrete will be removed before backfilling the repository. A 
removal efficiency of 95 % was used for both the ONKALO facility and the SF 
repository (in both alternatives A and B)6.

Hagros (2007) noted that, so far in the excavations of ONKALO, only about 60% of the 
estimated quantities of grouting materials (from Hjerpe, 2003) have been used and it is 
expected that even less will be needed as the excavations proceed deeper (Vuorio, 2006). 
Thus the estimates of the future total use of grouts have been updated to take account of 
this information7. Hagros (2007) also considers three different grouting alternatives as 
final decisions have not been made about future use of low pH-cement grouts and 
colloidal silica grouts (cf. chapter 5). 

3 In chapter 4, alternative densities of 1.8 to 2.0 Mg m-3, designed to minimise loss of bentonite swelling 
when saturated with saline water, are noted. 
4 Compare with comments in chapters 1 and 5 on cement grout quantities. 
5 Significant omission is the organics in the cement. 
6 As the removal efficiency will be defined primarily by safety factors, this figure may prove to be too 
high and so be non-conservative (from the PA viewpoint). See comments in chapters 5 and 7. 
7 Once again, this may prove to be a non-conservative assumption, see also Sievänen et al. (2006) and 
Ahokas et al. (2006). 
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The three alternative schemes for grout deployment8 are: 

1) OPC, both in the remaining parts of the ONKALO (after chainage 1500m) and 
the actual repository; 

2) 50 % low-pH cement and 50 % OPC in the remaining parts of the ONKALO 
(after chainage 1500m); 100 % low-pH cement in the actual repository; 

3) 50 % colloidal silica and 50 % low-pH cement in the remaining parts of the 
ONKALO (after chainage 1500m); 100 % colloidal silica in the actual 
repository.

The last set of alternatives included in Hagros’ study was for tunnel backfill concepts. 
In both cases, the access tunnel is backfilled with a mixture of 15% bentonite (MX-80) 
and 85% crushed rock. For the other tunnels, the alternatives are: 

a) 30 % bentonite (MX-80) and 70 % crushed rock; 
b) 100 % Friedland clay. 

The source of the crushed rock is unspecified9  but is assumed not to contain any 
significant impurities compared to amounts of other foreign materials in the repository. 
The quantities of the impurities in the tunnel backfill materials will be studied using two 
alternative backfill concepts: 

a) 30 wt-% bentonite (MX-80) and 70 wt-% crushed rock 
b) 100 % Friedland clay. 

These alternatives are assumed to be used in all repository openings (except for the 
deposition holes), which may be a conservative assumption. The backfilling is assumed 
to be done with pre-compacted blocks. The assumed average dry density for the 

backfill with 30/70 mixture is 1,900 kg/m
3
 and the corresponding value for the 

Friedland clay alternative is 1,950 kg/m
3
. In both alternatives it is, however, assumed 

that 7 % of the volume is backfilled with a mixture of 15 wt-% bentonite (MX-80) and 
85 wt-% crushed rock, which will be used in the backfilling of the floors. The assumed 
dry density of the 15/85 mixture is 1,950 kg/m3. The volumes of all openings to be 
backfilled are assumed to be 1.1 times the theoretical volumes that are based on the new 
layout.

8 The alternatives here, from Hagros (2007), are not the same as the three grouting alternatives described 
in Ahokas et al. (2006): Hagros (2007) differentiates the repository from ONKALO in the alternatives 
whereas Ahokas et al. (2006) refers only to ONKALO construction for use of the alternatives: 
(1) ordinary cementitious grout similar to those currently in use in ONKALO for all remaining 
excavations (equivalent to Hagros (2007) alternative 1), 
(2) ordinary cementitious grout to -100 m (tunnel chainage 1000m) but only low-pH cementitious grout 
below -100m  
(3) ordinary cementitious grout to -100m, both low-pH cementitious grout (50-volume %) and colloidal 
silica (50-volume %) at greater depths.  
It can be seen that the alternatives are consistent between the 2 reports, however, apart from the tunnel 
chainage at which changes are made. This 500m difference will introduce a small inconsistency in the 
amounts of cement but, in comparison with overall amounts, even in ONKALO alone, it is not significant. 
9 But is assumed to be host rock, as in Vuorinen et al. (2003, 2006). 
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Table 6-1. Comparison of the engineering and stray materials arising from ONKALO 
and the rest of the repository after repository closure (data from Hagros, 2007). 
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Highlights: Categories where there is a significant difference from the expected content 
from comparison of relative excavated volumes of ONKALO and the rest of the 
repository.

Since the main aim of the present report is to examine the potential effects arising from 
operations in ONKALO on the Olkiluoto SF repository, ONKALO-specific materials 
are shown in Table 6-1 alongside the values for the remainder of the repository (Hagros, 
2007). Table 6-2 shows the estimated amounts of foreign materials in ONKALO and the 
rest of the repository in terms of chemical components (for design alternative A1a = 
support alternative A, grouting alternative 1 and backfill alternative a) based on the 
information in Table 6-1. 

Tables 6-1 and 6-2 clearly indicate that the amounts of foreign material remaining in 
ONKALO after repository backfilling will be substantial compared to the rest of the 
repository. In particular, materials arising from operational safety requirements, on-
going operations and presence/movement of personnel, for example, grouting, 
miscellaneous constructions, drainage pipes, human wastes and ventilation impurities, 
are over-represented in ONKALO – as would be expected since efforts will be made to 
reduce personnel and vehicle movements within the repository areas. Also, care with 
use of cement-based materials in the repository has produced a substantial reduction 
relative to ONKALO. For example, with shotcrete Alternative B, over 60% of the 
cement is in ONKALO even though it makes up less than 30% of the repository system 
by volume. The case with grout is even more marked, with ONKALO having between 
65% (Alternative 1) and 100% (Alternative 3) of the cement – although this is 
reasonable in view of the differing hydrogeological regimes in both facilities (see 
Sievänen et al., 2006).  
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Table 6-2. The estimated total quantities of the chemical components included in the 
foreign materials in the repository (including ONKALO), design alternative A1a 

(= support alternative A, grouting alternative 1, backfill alternative a), sorted by the 

remaining quantity in the repository. 

  ONKALO Repository 
Chemical components Origin (refer to Table 

6.1)
Remaining

quantity [kg] 
Remaining

quantity [kg]
Cement 3, 4, 5A, 7.1, 8, 9, 22 650 000 5 232 0001

Gypsum 23, 24a 1 400 000 4 400 000 
Carbonates (calcite + siderite) 23, 24a 1 000 000 3 150 000 
Steel 3, 4, 6, 8, 9, 10, 17, 22 82 000 1 439 000 
Organic materials (incl. organic 
C and hydrocarbons) 

5A, 7.1, 13, 15, 16, 18, 
20, 21, 22, 23, 24a 

483 000 1 325 000 

Pyrite 23, 24a 140 000 440 000 
Zinc 3, 9, 22 1 230 137 500 
Carbamide 19 23 000 33 000 
Silica (SiO2) 5A, 7.1 46 000 28 000 
Copper 22 - 12 000 
Rubber 11 6 600 8 400 
Nitrogen oxides (NOx) 1, 12 5 900 8 100 
Soot and ash 12 2 400 3 100 
Aluminium 2, 5A, 9 1 970 930 
Chloride 5A, 7.1 400 200 
Sulphuric acid 14 130 170 
Plastic 2 70 130 
Iron (Fe(III)) 5A 80 90 
Polyethylene (PE) 10 70 70 
Polystyrene (EPS) 10 30 30 
Tungsten and cobalt 17 10 30 
Nitrate 7.1 800 -
Notes: 1: This figure is dominated by the cement used in concrete plugs for the deposition tunnels. 
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Table 6-3. Summary of the estimated total quantities of foreign materials introduced 
into one 300 m-long deposition tunnel, design alternative B2a (= support alternative B, 

grouting alternative 2, backfill alternative a).  (From Hagros, 2007).  

Chemical components Origin
(refer to Table 6-1) 

Remaining
quantity 

[kg] 1

Cement 3, 4, 7.2, 8, 22 36 000 
Gypsum  
(with backfill alternative b) 

23, 24a 20 000 
(60 000) 

Carbonates (calcite + siderite) 23, 24a 14 000 
Steel 3, 4, 6, 8, 17, 22 9 400 
Organic materials (incl. organic 
carbon and hydrocarbons) 

7.2, 13, 15, 16, 18, 20, 
21, 22, 23, 24a 

5 900 

Pyrite 23, 24a 2 000 
Zinc 3, 22 1 000 
Silica (SiO2) 7.2 300 
Carbamide 19 30 
Rubber 11 4 
Nitrogen oxides (NOx) 1, 12 2 
Copper 22 90  

Notes: 1: Components with quantity <1kg not listed. 

Table 6-4. The estimated total quantities of the foreign materials introduced into one 

deposition location (deposition hole + 11 m of tunnel), design alternative B2a 

(= support alternative B, grouting alternative 2, backfill alternative a). (From Hagros, 

2007) 

Chemical components Origin 
(refer to Table 6.1) 

Remaining
quantity 

[kg] 1

Cement 3, 4, 7.2, 8 40  
Gypsum 23, 24a 700  
Carbonates (calcite + siderite) 23, 24a 500  
Steel 3, 4, 6, 8, 17 90  
Organic materials (incl. organic 
carbon and hydrocarbons) 

7.2, 13, 15, 16, 18, 20, 
21, 23, 24a 

200

Pyrite 23, 24a 70 
Zinc 3 2  
Silica (SiO2) 7.2 13  
Carbamide 19 1  

Notes: 1:  Components with quantity <1kg not listed. 
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The other materials which show a proportional imbalance between the SF repository 
and ONKALO are the backfill impurities, although here the relative paucity of bentonite 
or Friedland clay in ONKALO compared to the repository acts in its ‘favour’. The 
amounts of these impurities dominate the other foreign materials, especially with 
Friedland clay used in backfill Alternative b. However, it is important to put these 
otherwise striking figures in context: the 20,000 tonnes of gypsum, along with 15,000 
tonnes of pyrite and 15,000 tonnes of organic material in the Friedland 
clay/bentonite+crushed rock backfill of Alternative b make up only about 2% of the 
total backfill of roughly 2.5 million tonnes.

Tables 6-3 and 6-4 show the amounts of the different chemical components associated 
with a full 300 m deposition tunnel and a single emplacement position, respectively. It 
is clear that, for a single deposition location, the amount of cement (40 kg) is quite small 
even compared to the buffer and backfill impurities and completely dominated by the 
100 tonnes of bentonite. These tables help to put the amounts of foreign materials into 
context since these are the quantities in close proximity to the waste. Thus they might be 
expected to be responsible for the major proportion of any perturbations arising from 
the presence of such materials which affect the EBS (cf. comments in chapter 5, 
however).

6.3  Discussion 

6.3.1 Exclusions and omissions 

In Chapter 3, the FEP list of possible perturbations to the SF repository caused by the 
presence of ONKALO and activities carried out there was discussed. Very few 
materials were included in those discussions which are not represented in the estimates 
of engineering and stray materials summarised in the chapter. Moreover, all omissions 
can be accounted for by the small number of excluded materials discussed in section 6.1. 
The materials excluded from the estimations of engineering and stray materials in the 
repository are basically: 

1. Materials which are only temporarily in the repository and expected to be 
completely removed 

2. Materials for which there is a lack of information on which to make justifiable 
estimates at this time (e.g. degradation products of superplasticisers)

3. Materials which may be present but in such small quantities as to be 
insignificant in terms of other sources of those chemical components 

4. Materials introduced in perturbation scenarios 

Category 1 is clear – it is the purpose of the various estimations to consider material 
remaining after backfilling of the repository, so materials which are planned to be 
removed are necessarily excluded. If, at a later date, there are changes to the current 
plans for such materials, for example, leaving some monitoring equipment in place, then 
the repercussions of these changes may need to be assessed.  
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For materials in category 2, it is possible that, in future, there will be a requirement to at 
least roughly estimate possible quantities to assess whether there could conceivably be 
any significant detrimental effects. This could be the case, for example, for products of 
microbial activity.  However, at the present time, the resources required are probably 
better employed addressing the influence of materials which are known to have 
potential detrimental effects (e.g. superplasticisers in low-alkali grout). 

Again, for category 3, the sensible employment of finite resources rules out further 
efforts. 

In Chapter 3, the possible FEPs arising from operational safety hazards (see Table 3-1) 
were discussed. The same hazards could potentially give rise to foreign materials – 
these were specifically excluded from consideration by Hjerpe (2003, 2004) and Hagros 
(2007). Based on the discussions in section 3-1, this is entirely justifiable given that: 

a) the hazards are not certain to arise, therefore these materials would not definitely 
 be present in ONKALO. Estimation of quantities of materials with probabilities 
 of occurrence attached seems an unnecessary complication at this time; 
b)  materials that did arise, such as from perturbation scenarios (category 4) such as 
 fires or floods, would most probably be rather limited (although this is worth 
 checking with scoping calculations), thus falling in category 3 exceptions, above. 

6.3.2 Uncertainties and future decisions 

It is clear from the assessment of Hagros (2007) and the discussion in Ahokas et al. 
(2006) that future decisions regarding use of different grout, shotcrete and backfill 
materials will have a significant influence on the final quantities of foreign materials in 
the repository. However, with respect to ONKALO, apart from the large uncertainties 
regarding the quantity of cement grouts, these particular future decisions have relatively 
little effect on its total foreign materials inventory when compared to the much larger 
effect they have on the rest of the repository; this is particularly true of the backfilling 
alternatives because the access tunnel, which constitutes around two thirds of the 
excavated volume of ONKALO, will be backfilled with crushed rock + bentonite 
(15wt%) in both alternatives. There is scope here for examining alternatives which 
could also act as pH buffers, so potentially removing the necessity to remove, for 
example, tunnel shotcrete before closure. In this context, it would certainly be worth 
looking more closely at SKB’s work on Friedland clay as a backfill. 

However, these future decisions, as well as further changes to the repository layout, 
disposal concept (e.g. use of KBS-3H) and possibly also operational methods, all 
constitute a major source of uncertainty for all the present estimations of foreign 
materials. It is noted, however, that having laid the foundations, the quantities are 
relatively easily updated as further information comes from on-going activities. The 
updating of the estimates of Hjerpe (2004) by Hagros (2007) to take into account the 
actual usage of rock bolts, grouts and shotcrete in the first 1.3 km of the ONKALO 
access tunnel was a very good example of this approach. It is expected that such updates 
will need to be made, at least for impacted components, at several key stages in the 
future to ensure that the assumptions used in the estimations are checked against the 
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actual in situ experience. Otherwise, there is the ever-present danger of non-
conservatism in the estimates. 

6.4 Conclusions and recommendations 

The recent estimation (Hagros, 2007) of engineering and stray materials for the 
repository at the time of closure represents a clear and precise statement of the 
expectations for these materials based on current planning, likely future decisions and 
best understanding. It is certain that further updates of the estimates will be needed in 
future and, with later phases of the repository project, actual measurements (cf. Vuorio, 
2006) and monitoring activities will decrease the uncertainty currently attached to 
estimates of many materials and components.  

It would be very beneficial to bring together the information on quantities of foreign 
materials with the consideration of the possible perturbations caused by ONKALO, as 
discussed in chapters 3 and 5. Currently, the assessment of the significance of many of 
the processes identified is somewhat dissociated from the information summarised in 
this chapter. It is expected that the assessment of significance of processes could be 
made much more robust by taking into account: 

a)  quantities of material involved in the process (especially of those materials not 
 currently considered due to lack of suitable information – e.g. grinding aids and 
 superplasticisers) 
b)  proximity to future waste emplacement locations  

For ONKALO, significant quantities of some materials are remote from the waste 
locations. For example, the most highly grouted areas, and the largest amounts of 
cement, are at the start of the access tunnel (Vuorio, 2006, quoted in Hagros, 2007) and 
are thus very remote from the waste and the EBS, and possibly even the geosphere most 
likely to be encountered by migrating radionuclides. While it is accepted that 
uncertainties over the site hydrogeology remain significant enough that it is not yet 
possible to discount such material (see comments in chapter 5), this spatial separation 
needs to be included in the assessment of significance of related processes. However, 
because of the problem is decoupling of this analysis from other perturbation scenarios 
(e.g. groundwater flow effects of drainage), an integrated assessment of representative 
scenarios is needed to put this analysis in context. 
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7  CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

This report differs from the previous reports of Vieno et al. (2003) and Ahokas et al. 
(2006) on the potential for the ONKALO facility to perturb the nearby SF repository 
insofar that an attempt has been made to address worse case conditions and not to 
‘second guess’ likely impacts based on (constantly updated) preliminary 
hydrogeological models. Admittedly, some of the scenarios addressed here may 
consequently be shown to be over-conservative as more data are collected at ONKALO 
over the next decade or so but, as the perturbations addressed refer to the SF repository 
(and not ONKALo per se), this is a wholly appropriate methodology and will allow 
better future integration of the ONKALO assessment with the full repository PA. 

While the ONKALO facility is currently foreseen to be operational for only a decade, as 
it will be used as access to the SF repository which will be operational for around a 
century, it is necessary to assess potential perturbations which may be caused by such 
an extended operational phase. Long experience of deep mines suggest that it is likely 
that large volumes of groundwater would enter the ONKALO facility if no grouting 
were to take place, causing perturbations due to two main mechanisms: 

drawdown of oxidising (and carbon dioxide-rich) surface waters interacting with 
the host formation and exhausting the redox buffer capacity of the rock (fracture 
surfaces, fracture infill, rock matrix), so reducing retardation of any 
radionuclides later released from the EBS. In addition, any pyrite in the rock 
could be oxidised, producing, as a by-product, sulphuric acid which could then 
interact with the host rock and EBS 
saline waters (or brines) either upconing from below ONKALO or being drawn 
down with the surface waters could interact with the EBS, potentially altering 
the bentonite buffer and corroding the copper overpack. In addition, host rock 
retardation of radionuclides could change 

As noted by Vieno et al. (2003), geochemical disturbances caused by such movement 
and mixing of groundwater masses include: 

desaturation and intrusion of air in the drawdown zone
intrusion of shallow groundwater, containing oxygen, carbon dioxide and organic 
substances, into the host rock
seawater – percolated through sediments and being rich in sulphate, bicarbonate, 
and possibly in ammonia and organic substances – may intrude into the bedrock 
of the island, if the groundwater table is drawn below sea level close to the 
shoreline. As seawater is denser than the fresh groundwater in the upper parts of 
the bedrock, it may sink deeper into the bedrock. However, it should be borne in 
mind that Olkiluoto was covered by the sea for several thousand years after the 
most recent glaciation which has left clear imprints in the present groundwaters at 
the depths between 100 and 300 metres (Posiva, 2005). A further intrusion of 
seawater during the construction and operation period of ONKALO and the 
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repository should thus only make a relatively small impact on the groundwater 
mix.  
upconing of deep saline groundwater towards the excavations, causing loss of 
swelling capacity in the bentonite buffer and, potentially, increased corrosion of 
the copper overpack
consumption of the redox and pH buffering capacity of fracture fillings and the 
adjacent rock matrix. From the point of view of the post-closure performance of 
the repository, the most significant impacts are related to the inflow into the deep 
parts of the underground facilities and to the consumption of the buffering 
capacity of fracture fillings and rock matrix in the vicinity of the disposal 
galleries. 

Current estimates of groundwater inflow in ONKALO make it clear that, where possible, 
the high-flow fractures must be grouted to minimise groundwater-induced perturbations. 
Unfortunately, this could also perturb the SF repository with the hyperalkaline leachates 
from the cementitious grout reacting with fracture minerals, probably producing 
complex changes to the site hydrogeology. In addition, it cannot be ruled out that the 
leachates will perturb the repository EBS by reacting with the bentonite buffer and 
bentonite/rock backfill, reducing swelling pressure and degrading the diffusive transport 
barrier and colloid-filtration functions. Increased corrosion of the canister also cannot 
yet be discounted as an issue. 

Here, all potential perturbations have been addressed in a stepwise process where: 

the FEP list upon which the original perturbation assessment of Vieno et al. 
(2003) was based has been re-evaluated and updated 
based on the updated list and assuming no grouting were to occur at ONKALO, 
an updated assessment has been made of likely geochemical perturbations of the 
SF repository due to drawdown of shallow groundwaters and the upconing of 
deeper saline groundwaters 
this assessment confirms the conclusions of Vieno et al. (2003) that it would be 
prudent to grout the main water-bearing structures in the host rock to greatly 
reduce groundwater ingress during the operational phase (and also reduces risks 
of perturbations such as flooding of ONKALO due to loss of drainage) 
this being the case, potential perturbations to the SF repository from the use of 
‘standard’ OPC-based grouts have been addressed, based upon a wider view of 
hyperalkaline leachate interaction than was presented previously. The evidence 
is that use of OPC grouts could significantly perturb the SF repository, 
degrading the EBS and also changing the site hydrogeology in a complex 
manner which, to date, has only been modelled with partial success and only 
over short temporal and spatial scales
consequently, Posiva’s decision to grout as much as possible with low-alkali 
cements (plus silica sol for very small-aperture fractures) is to be applauded, but 
any potential perturbations due to their use are currently difficult to ascertain due 
to a paucity of data. It is essential that low-alkali cement is not assumed to be an 
instant panacea as some not insignificant uncertainties remain to be addressed 
nevertheless, where at all possible, this has been done and a few likely areas 
have been identified upon which to focus future effort 
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as a final check, the approach used to estimate ‘foreign’ (i.e. that which has no 
function in the performance of the repository and could have a deleterious 
effect) material which will be left in the repository on closure has been reviewed 
and significant uncertainties (and potential non-conservatism) identified 

In conclusion, while it is easy to identify ways in which ONKALO could perturb the SF 
repository, it should not be overlooked that the approach taken here is robust and most 
certainly conservative– for the specific project boundary conditions specified. It must be 
emphasised, however, that the analysis does not consider the influences of perturbation 
on operational safety or other aspects that could disrupt repository operation. It is also 
constrained by the limited information available on layouts and operational procedures 
(both in ONKALO and in the repository) and some difficulties with assessing the 
reliability / credibility / completeness of source data (e.g. on material inventories). 
Nevertheless, it is also possible to identify precautionary approaches (such as the 
already instigated programme on low-alkali cements) which will minimise both likely 
perturbations and future uncertainties and these are now presented here. 

7.2 Recommendations 

The recommendations are listed here more-or-less in the order presented in the report 
and are summarised with a priority ranking in Table 7-1. 

7.2.1 Potential perturbation processes 

The Miller et al. (2002) list of FEPs arising from the excavation and construction of the 
ONKALO facility which could cause perturbations to the repository near field has been 
reviewed for completeness. From the perspective of potential operational hazards that 
could give rise to further perturbations, only one completely new FEP was proposed - to 
take account of the spatially limited, but possibly intense, effects of fire or explosion. 
Flooding was examined in more detail but was rejected as having no long-term affect, 
but this could be different if the facility drainage system was incapacitated for a 
significant length of time1.

However, it was noted that some of the the FEPs in Miller et al.’s list were rather 
confused and ambiguous, particularly those which combine features of the system with 
processes. For the immediate purpose of assessing potential signficance of processes on 
the site understanding or long-term repository performance, it was suggested that some 
FEPs which lumped together disparate processes, should be split to include more 
precisely defined sub-FEPs. From these suggestions, a modified FEP list was compiled 
that more clearly related to information available from monitoring. 

A scheme for assessing the significance of FEPs was proposed based on a number of 
factors that could be scored either by expert judgement (used here) or, in future, using 

1 This may be worth addressing from the viewpoint of alternative repository designs, with less sensitivity 
to disruption (e.g. bulkheads to avoid flooding, large sumps, etc) 



100

information from monitoring, particularly with respect to amounts of foreign materials 
introduced to ONKALO. 

It is recommended that there would be clear benefits in revising the FEP list from 
scratch in order to: 

redefine ‘features’, such as amounts of specific materials, separately from 
‘processes’. This would allow information gained from the monitoring 
programme to be used directly in assessing potential effects; 
create process FEPs which unambiguously represent one process, preferably one 
which has a clear effect, rather lumping several together. This would allow the 
many different processes in, for example, cement – rock interactions, to be 
assessed using information on amounts (and locations) of cement, modelling, 
natural analogue data etc. rather than just by vague ‘expert judgement’; 
include FEPs relating to EBS materials and the waste package so that the FEP list 
is applicable to perturbations affecting the long-term performance of the 
repository explicitly, not just the far-field.  

Finally, since such a comprehensive FEP list could be of use in making the safety case 
for the eventual repository, e.g. to confirm that all significant FEPs arising from the 
excavation and construction activities had been taken into account in the safety 
assessment, it would be of value to devise a robust and transparent scoring process for 
judging significance of processes. In addition, future assessment of perturbations should 
be carried out in a wider context – emphasising direct and indirect influences on 
repository operation. The benefit of this is that pre-emptive planning could modify the 
ONKALO (or repository) design to minimise the probability, consequences or ease of 
remediation of the more serious perturbations. 

7.2.2 Geochemical perturbations 

To support ongoing work on saline groundwater interaction with the bentonite buffer, it 
is recommended that the Wyoming, USA, source of the MX-80 bentonite be examined 
for indications of bentonite alteration. In the first instance, it is suggested that contact be 
made with the group from the University of Strasbourg which is already working at the 
site to explore areas of potential co-operation. 

Enough uncertainty exists over potential increased corrosion of the canister under saline 
conditions that the experimental approach of Bojinov and Mäkelä (2003) should be 
repeated and expanded in duration (NB Posiva already has work ongoing here).

A mini-REX (i.e. short-term, laboratory experiment without an in situ phase),
examining both fracture and rock matrix minerals is proposed to provide site-relevant 
data for the geochemical code calculations. Focus should be on the inclusion of 
microbial processes to provide more realistic assessment of likely in situ conditions. 
Data should be integrated with the new study on matrix porewaters. 

While it is unlikely that matrix penetration of atmospheric gases from the tunnels will 
be an issue, data supplied by the above two experiments could be fed into scoping 
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calculations if necessary. In addition, potential release of natural radionuclides due to 
rock alteration (cf. Baertschi et al., 1991) could cause problems with future repository 
monitoring programmes and may be worth some further detailed examination 

Finally, as acid mine drainage could cause extensive local disruption (especially if 
coupled with other perturbations) and has a high potential for environmental pollution, 
it should be investigated further. 

7.2.3 Cementitious materials 

7.2.3.1 Implications of grouting with OPC-based cement 

Durability of grout 
Durability of OPC grouts in active faults needs to be addressed to obtain a better idea of 
the likely degree of leachability of the cementitious material (and hence the likely 
source term)

Alteration of host rock mineralogy 
A large body of data now exists in the literature and this should be data-mined for use in 
any ONKALO assessment. In support of this, some limited experimental examination of 
hyperalkaline leachate/flow system mineralogy interaction, along the lines of the work 
by Vuorinen et al. (2003, 2006), is necessary to fully assess the likely impact on the 
ONKALO host rock. It would also be useful to examine reaction in saline solutions but, 
if time is limited, examine only low salinity waters as these appear to provide more 
conservative information (cf. Vuorinen et al., 2006). 

Host rock hydrogeology 
Accepting the above noted lack of site-specific data for ONKALO, due to the likelihood 
of fracture blocking following reaction with the hyperalkaline leachates from the 
cement grout, it cannot be assumed that the current flow regime is representative of 
future conditions. The recent modelling report from the HPF in situ experiment (Soler et 
al., 2006) makes it clear that current coupled codes cannot model the detailed changes 
with any great precision, not even at the small spatial and temporal scales of the 
experiment. Nevertheless, the modelling approach of Ahokas et al. (2006), where the 
effects of grouting are assessed, could possibly be extended to scope the most likely 
scenarios identified in section 5.4.1.6. 

Carbonation
Lagerblad (2001) noted that, where granulated blast furnace slag or pozzolan are used, 
cement porosity is larger, allowing easy access to easily soluble Ca2+ in CH and 
producing calcite in the connected porosity. It is not clear, however, if this means that 
low alkali cements will tend to seal more effectively than CSH-containg OPC, but this 
would appear to be worth further study. Neall and Johnson (2006) noted that, although 
the carbonation mechanism can be viewed as mainly a favourable phenomenon in PA 
which could “....to a large degree mitigate the potential for high pH alteration of the 
buffer.”, it is generally neglected in PA. It would be worth conducting scoping 
calculations (cf. Pfingsten, 2001) to assess if carbonation could play a significant role in 
minimising hyperalkaline leachate production in ONKALO. 
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Bentonite buffer 
Savage (2006) made the point that hyperalkaline leachate/bentonite interaction is a 
young science and “cutting edge” geochemistry so models and certainty in assessments 
could not be expected until the work became more mature. To help move towards more 
mature science, it is recommended that: 

although the codes themselves have improved markedly over the last couple of 
decades, the basic mineralogical thermodynamic databases are still very weak 
and are probably the limiting factor to any detailed modelling of leachate host 
rock/bentonite interaction. The basic lack of thermodynamic and kinetic data for 
the phases of interest could be tackled by a programme of fundamental 
laboratory research 
to provide long-term supporting information, the site in Jordan where 
clay/leachate interaction has recently been reported be considered for a focussed 
NA study 
further laboratory work on leachate interaction with compacted bentonite buffer 
be carried out (this could include a parallel study with saline hyperalkaline 
leachates). Study must be integrated with ongoing Posiva/SKB project on design 
requirements for the EBS (NB too dense bentonite could place too great 
pressures on plugs etc following swelling)  
further laboratory work on leachate interaction with the bentonite/crushed rock 
backfill be carried out. This should also include a parallel study with saline 
hyperalkaline leachates 

Canister corrosion 
Current understanding suggests that hyperalkaline conditions are unlikely to negatively 
impact the expected behaviour of a copper overpack, but some doubt remains. Posiva 
are currently conducting an experimental and theoretical assessment of the effects of a 
hyperalkaline plume on canister longevity. Where possible, this should be supported by 
long-term evidence from an appropriate NA study.  

Spent fuel dissolution 
Current understanding suggests that hyperalkaline conditions are unlikely to negatively 
impact the expected behaviour of spent fuel, but data gathered under relevant conditions 
are very sparse and should be extended to repository-relevant conditions. 

Radionuclide retardation (far-field)  
The few new data available suggest that any radionuclides released from the SF 
repository which migrate through the altered host rock (i.e. hyperalkaline plume) will 
experience slightly greater retardation than those migrating through pristine host rock2.
The role of colloids in this zone remains, however, open. 

2 The likely behaviour of radionuclides at the altered host rock/pristine host rock front has not yet been 
considered. T his process may be lost by “conservative” far-field retardation models that do not include 
incorporation of radionuclides into newly formed minerals (cf. the siruation at redox fronts; Chapman et 
al., 1993; Hofmann, 1999) 
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7.2.3.2 Implications for grouting with low-alkali cements/ colloidal silica 

Claims that pH 11 is an ‘acceptable value’ (e.g. Figure 5-1) in bentonite and host rock 
dissolution cannot be justified based on present understanding. It is strongly 
recommended that any such statements be avoided and that careful, focussed work on 
smectite dissolution under repository relevant conditions be carried out. It is of note that 
at a recent workshop (SKI, 2005), it was remarked that  “ (SKB) suggested that an upper 
limit of pH 11 would provide a margin, below which unfavourable interactions between 
bentonite and cement would be avoided. SKB did not provide any conclusive 
justification for this statement,... ”. Further, detailed investigation of the (few) data upon 
which such statements have been made (e.g Huertas et al., 2005) indicate that this is an 
area which still requires the investment of additional effort. 

The cement based grouts are not new materials, but their use in ONKALO is novel and, 
as such, they need to be further tested (in the laboratory and in URLs), especially 
regarding long-term behaviour (NA studies). Posiva’s extensive programme of 
laboratory tests is beginning to bear fruit, but further longer-term experiments on    

interaction of low alkali cement leachates with bentonite under repository-
relevant conditions - i.e. with compacted pure bentonite buffer (cf. Karnland et 
al., 2005) and bentonite/crushed rock backfill 
the work of Vuorinen et al. (2006) is very useful for plume/EBS reactions but, as 
the ‘crushed rock’ is not representative of the fracture minerals likely to be 
encountered by the hyperalkaline leachates in the host rock, it would be useful to 
carry out experiments on the fracture minerals (i.e. calcite, pyrite, pyrrhotite, 
graphite and clays) 
durability of low alkali grouts in active faults needs to be addressed to obtain a 
better idea of the likely degree of leachability of the cementitious material (and 
so the likely source term). Best would be to examine older material which has 
had time to react 

Lack of information on the long-term behaviour (e.g durability, leaching etc) of low 
alkali cements could be addressed by: 

examining existing studies of archaeological low alkali cements to ascertain 
long-term behaviour (e.g. Jull and Lees, 1990) or initiate a new study (although 
obtaining permission may be difficult) 
reviewing low alkaline cement NAs (e.g. Philippines, Cyprus etc) for 
information on long-term leachate-host rock and leachate-clay interactions 
looking at the relevant phase of the plume at Maqarin in Jordan for information 
on leachate-host rock and leachate-clay interactions (might be difficult to define) 

Additional points to be considered include 

monitoring existing OPC and low alkali grouts in ONKALO to examine pH 
evolution with time (and compare with any new information from the LCS 
project on low alkali grouts). Currently, the data are ambiguous and the 
mechanism is not well understood (or defined) 
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although dilution of the hyperalkline leachate has not been directly assessed at 
Maqarin, data mining the existing extensive database could provide an 
indication of the applicability of this mechanism at Maqarin and so, by analogy, 
at ONKALO 

Finally, it seems likely that silica sols will also be developed further for use in small 
aperture fractures and it was noted in ECOCLAY (2005) that there is uncertainty about 
potential interaction between the sols and bentonite and sol durability. Once again, this 
could be addressed experimentally and, for supporting information on long-term 
behaviour, natural cherts (which can be produced from colloidal silica solutions; e.g. 
Folk, 2002; Rogers and Longman, 2002; Cecil, 2004) in clay-rich sediments could be 
examined for indications of silica-clay interactions and sol durability. Indeed this 
concern is probably sufficiently great to merit wider consideration of alternative grouts 
(e.g. the bentonite/ethanol option developed by NUMO). 

7.2.4 Engineering and stray materials 

It would be very beneficial to bring together the information on quantities of foreign 
materials with the consideration of the possible perturbations caused by ONKALO, as 
discussed in chapters 3 and 5. Currently, the assessment of the significance of many of 
the processes identified is somewhat dissociated from the information summarised in 
this chapter. It is expected that the assessment of significance of processes could be 
made much more robust by taking into account  

a)   quantities of material involved in the process (especially of those materials not 
 currently considered due to lack of suitable information – e.g. superplasticisers) 

b)  proximity to the waste locations  

While it is accepted that uncertainties over the site hydrogeology remain significant 
enough that it is not yet possible to discount such material (see, for example, the 
comments on shotcrete in chapter 5), this spatial separation needs to be included in the 
assessment of significance of processes.  

7.2.5 Safety during the operational phase

The current position regarding foreign materials is that as much as possible will be 
removed before final closure of the site and an integral part of this argument is that 95% 
of the shotcrete and other cements will be removed. It is strongly recommended that a 
full operational safety analysis of this process is conducted as soon as possible as it may 
quickly become obvious that a 95% removal efficency is wildly optimistic (which is 
why a figure of 50% is used in chapter 5). As noted by Alexander et al. (2007a), 
operational safety must be a paramount consideration during the operation of both 
ONKALO and the SF repository because of public sensitivities to anything associated 
with radiation:  

“Two recent, quite different, incidents clearly indicate the importance of operational 
safety. In the first, an accident at the Gorleben waste facility in Germany in May 1987, 
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where a shaft liner failed, falling to the bottom of the shaft and fatally injuring a 
construction worker, stopped all further work until January 1989 – a full 20 months 
delay (see Jessberger, 1995, for details). In the second, during the preliminary phase of 
shaft construction at Andra’s Bure URL, a fatal accident in May, 2002 when a 
construction worker fell from scaffolding in the shaft caused such public uproar in 
France that the entire project was delayed by a year and was almost derailed completely. 
The important point here is that both incidents were ‘normal’ construction industry 
accidents and had no radiation safety implications – but the public felt very insecure, 
nevertheless. How then would they react to an accident in a repository full of actual 
radwaste?”

Despite this, the number of published operational safety studies for a functional 
repository is very small and mainly, of course, these relate to existing surface or shallow 
facilities for low-level waste, which are not of great relevance to the Olkiluoto 
repository. More interesting would be the operational safety analysis for the JNFL ILW 
facility at a coastal site at Rokkasho, Japan (the L1 repository), however, such studies 
are at currently a very preliminary stage and very little information is openly available. 
Although there are still many important decisions to be made about the disposal concept 
employed at Olkiluoto, there could be advantages in looking at operations in a general 
way (at both ONKALO and the SF repository together) to see what possibilities there 
are for optimisation (e.g. relating to transport, construction and infrastructure)3. The 
discussion of operational hazards in Chapter 3, which was based on limited information 
(Posiva 2003a), should be revisited in future to ensure that the conclusions reached are 
consistent with current plans for ONKALO at least. Additionally, the assumption that 
certain tasks (e.g. removal of shotcrete) can be carried out safely needs to be rigorously 
investigated as the implications of an accident, especially a fatality, are significant as 
could be the potential affects of leaving so much concrete in the repository on closure if 
the task turns out to be untenable. 

3 Note that NUMO’s work in this area is already rather advanced and collaboration could be initiated in 
this area. 
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Table 7-1. Recommendations for future focussed studies at ONKALO. The weighting is 
a combination of degree of relevance to the assessment of perturbations, availability of 

data from other sources and what can realistically be achieved within Posiva’s very 

tight schedule for the development  of ONKALO. 

Topic Comment Priority 

Fully update the FEP list:   

development of a full, 
representative set of scenarios 

This would be the most efficient 
approach, rather than just 
‘tinkering’ with the current list 

1

separate features and processes would allow information gained 
from the monitoring programme 
to be used directly in assessing 
potential effects 

1

split some process FEPs into 
sub-FEPs

would allow information on the 
many different processes in, e.g. 
cement – rock interaction, to be 
assessed based on amounts (e.g. 
of cement) and locations (e.g. 
where is the cement in 
comparison with the EBS?) 

1

include EBS FEPs makes FEP list applicable to 
perturbations affecting the long-
term performance of the 
repository explicitly, not just the 
far-field 

1

assess FEPs in a more 
integrated manner 

more along the lines of chapter 5 
than chapter 4 

1

devise a robust and transparent 
scoring process for judging 

significance of processes. 

would allow such a 
comprehensive FEP list to be of 
use in making the safety case for 
the SF repository 

2

future assessment of 
perturbations should be carried 

out in a wider context – 

emphasising direct and indirect 

influences on repository 

operation.

benefit is that pre emptive 
planning could modify the 
ONKALO (or repository) design 
to minimise the probability, 
consequences or ease of 
remediation of the more serious 
perturbations

2

Saline water-bentonite interaction NA 
study

would provide supporting 
information on the long-term 
interactions. Best impact would 
be to study the MX-80 source in 
Wyoming, USA (cf. University 
of Strasbourg)

3

REX (redox experiment)   
Mini-REX laboratory 
experiment to assess Eh (and

would provide direct input to the 
scoping calculations on the host 

2
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pH) buffering capacity of the 
fracture minerals 

rock buffer capacity to 
perturbations from drawndown 
oxygenated waters. Lab data 
could also be directly compared 
with the REX lab data (and, 
although less directly, the field 
data – see below). Focus should 
be on including microbial 
processes to allow more relevant 
(to in situ conditions)
calculations 

Full-scale REX field experiment 
in ONKALO 

would provide direct input to the 
scoping calculations on the host 
rock buffer capacity to 
perturbations from drawndown 
oxygenated waters and allow 
direct comparison with the REX 
project field data.

4

Scoping calculations on aeration of the 
near-fracture host rock 

although this process is unlikely 
to significantly affect the host 
rock, potential release of natural 
radionuclides in the matrix 
could cause problems with 
repository monitoring 
programmes 

3

Acid mine drainage  could cause extensive local 
disruption and has a high 
potential for environmental 
pollution, it should be 
investigated further. 

3

OPC cementitious materials   
durability of grout needs to be addressed to obtain a 

better idea of the likely degree 
of leachability of the 
cementitious material (and so 
the likely source term) 

1

alteration of host rock 
mineralogy: data-mine the 

existing literature 

would allow a more detailed 
assessment of the likely impact 
of using OPC-grouts and 
shotcrete

1

alteration of host rock 

mineralogy: limited 

experimental examination of 

hyperalkaline leachate/flow 

system mineralogy interaction 

(fresh water)

would allow a site-specific 
assessment of the likely impact 
of using OPC-grouts and 
shotcrete. Would also allow 
direct comparison with data-
mining effort above 

2
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alteration of host rock 
mineralogy: limited 

experimental examination of 

hyperalkaline leachate/flow 

system mineralogy interaction 

(saline water)

as above, but lower priority as 
previous studies suggest 
alteration in saline waters is less 
than in fresh 

3

alteration of host rock 
mineralogy: mineralogical 

thermodynamic databases 

probably the limiting factor to 
any detailed modelling of 
leachate/host rock  interaction. 
Posiva should consider 
participation in an international 
joint programme of fundamental 
laboratory research to produce 
the necessary data 

3

host rock hydrogeology current coupled codes cannot 
model the detailed changes in 
flow systems (following reaction 
of the rock with cement 
leachates) with any great 
precision. Posiva should 
maintain a watching brief and 
perform a more detailed analysis 
of likely changes in the 
ONKALO flow systems when 
more capable codes become 
available and when improved 
data on the site hydrogeology 
are available 

3

dilution of the hyperalkline 

leachate

data mining the existing 
extensive database could 
provide an indication of the 
applicability of this mechanism 
at Maqarin and so, by analogy 

3

carbonation (groundwater 
HCO3

2-
 and atmospheric CO2

during ventilation) 

would be worth conducting 
scoping calculations to assess if 
carbonation could play a 
significant role in minimising 
hyperalkaline leachate 
production in ONKALO. 

1

bentonite buffer: mineralogical 
thermodynamic databases 

probably the limiting factor to 
any detailed modelling of 
leachate/bentonite interaction. 
Posiva should consider 
participation in an international 
joint programme of fundamental 
laboratory research to produce 
the necessary data 

3
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bentonite buffer: focussed NA 
study

further work at the Khushaym 
Matruk site in Jordan, focussed 
on clay/hyperalkaline fluid 
interaction would provide 
significant supporting data 

2

bentonite buffer: leachate
interaction with compacted 

bentonite

further laboratory work on 
leachate interaction with 
compacted bentonite buffer as 
too few studies have been 
carried out to date to be 
stasistically meaningful (must be 
integrated with ongoing 
Posiva/SKB project on design 
requirements)  

2

bentonite/crushed rock backfill:
leachate interaction with 

bentonite/crushed rock backfill

further laboratory work on 
leachate interaction with 
bentonite/crushed rock backfill 
as too few studies have been 
carried out to date to be 
stasistically meaningful (must be 
integrated with ongoing 
Posiva/SKB project on design 
requirements)  

2

canister corrosion Posiva are currently conducting 
an experimental and theoretical 
assessment of the effects of a 
hyperalkaline plume on canister 
longevity. Where possible, this 
should be supported by long-
term evidence from an 
appropriate NA study.  

2

spent fuel dissolution data gathered under relevant 
conditions are very sparse and 
should be extended to 
repository-relevant conditions 

3

radionuclide retardation (far-

field) and colloids  

new data suggests increased 
radionuclide retardation in the 
disturbed far-field, but role of 
colloids in this zone unclear 

4

Low alkali cementitious materials   
cement leachability observe existing OPC and low 

alkali grouts in ONKALO to 
examine pH evolution with time 
and compare with any other 
published data and new 
information from the LCS 
project on low alkali grouts. 
Currently, the data are 

1
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ambiguous and the mechanism 
is not well understood (or 
defined)

leachate interaction with 
compacted bentonite and 

bentonite/crushed rock backfill

currently only a very small 
database which has been 
improperly interpreted. 
Experiments should be under 
repository-relevant conditions 

1

leachate interaction with 
ONKALO fracture minerals

can be supplemented by existing 
Posiva data on interaction with 
ONKALO rock matrix minerals 

1

durability of low alkali grouts needs to be addressed to obtain a 
better idea of the likely degree 
of leachability of the 
cementitious material (and so 
the likely source term). Should 
include data-mining of existing 
studies of archaeological low 
alkali cements to ascertain long-
term behaviour 

1

alteration of host rock 

mineralogy: low alkaline 

cement NA (e.g. Cyprus, 

Philippines)

will provide information on 
long-term leachate-host rock 
and leachate-clay interactions. 
Could also look at relevant 
phase of the hyperalkaline 
plume at Maqarin in Jordan 
(might be difficult to define) 

2

Silica Sol   
sol/bentonite interaction focussed experimental 

programme on potential 
interaction backed by NA study 
of chert/clay interaction 

3

sol durability focussed experimental 
programme on potential 
interaction backed by NA study 
of chert/clay interaction 

3

Alternative grouting materials Ongoing work elsewhere (e.g. 
NUMO’s work on 
bentonite/ethanol grouts) should 
be monitored and assessed 

3

Construction and operational materials assessment of the significance of 
many of the processes identified 
is somewhat dissociated from 
the information on foreign 
materials. Could be made much 
more robust by taking into 
account both quantities of 
material involved in the process

2
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and proximity to the EBS. 

Operational safety 
ONKALO operational safety 
procedures

need to be set in place 
immediately before an accident 
or incident occur as the 
implications (public outcry) of 
an accident, especially a fatality, 
are significant. Would already 
be worth initiating a general 
review, covering both 
ONKALO and the SF 
repository, to assess what 
possibilities there are for 
optimisation (and international 
collaboration) 

1

closure operational safety 

procedures

the assumption that certain tasks 
(e.g. removal of shotcrete) can 
be carried out safely needs to be 
rigorously investigated as the 
implications of an accident, 
especially a fatality, are 
significant

1
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Appendix A (for chapter 3) 

Table A-1. List of processes with high significance for either site understanding (Site) 

or repository performance (Perform). H = high (shaded), M = medium, L = low (from 

Miller et al., 2002). 
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Table A-1 continued 
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Table A-2.  List of the high significance processes to be monitored during the 
excavation of the ONKALO access ramp (from Posiva, 2003b). Temperature is also 

monitored in some boreholes. 
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Table A-3. Partial FEP list for consideration of cement interactions with a repository 
and host rock. (From Neall, 1998 in Nagra, 2002a). Note that FEPs which are mainly 

of relevance to a L/ILW cementitious repository have been omitted here. 

FEP Nr.  

Near-field (engineered barriers + EDZ) Features, processes & events 

15 Saturation state of the EDZ at time of repository closure 
16 Resaturation of the system after repository closure: hydraulics 
17 Early failure of access tunnel seals 
18 Later failure of access tunnel seals 
19 Pyrite oxidation in EDZ 
20 Interaction of infiltrating water with oxidation products in EDZ (if any) 
21 Bentonite-groundwater interaction 
22 Interaction of infiltrating water and cement 
23 Co-precipitation of radionuclides in calcite and other secondary minerals 
24 Changes in physical (inc. hydraulic) properties of cement due to water / cement interaction 
27 Retardation in cement 
28 Colloid formation and transport 
29 Bentonite-cement interaction 
32 Interactions of hyper-alkaline fluids and rock 
33 Degree of CH4, H2 CO2 gas saturation in natural groundwater 
34 Rate of degradation of organics 
35 Effect of organic degradation products 
38 Temperature evolution 
39 Effects of small scale tectonic activity, uplift etc.  
40 Effects of microbes 

Geosphere (host formation beyond EDZ) Features, events and processes 

41 Occurrence of calcite in fractures 
42 Initial mixing of cement pore water with groundwater 
43 Initial interaction of hyperalkaline fluid and rock (mixed Na-K-(Ca) pore fluid, poss. with 

diss. O2 initially) 
44 Interaction of hyperalkaline fluid and rock (Ca-OH dominated pore fluid, pH 12.5) 
45 Accessible matrix volume within plume  
46 Sorption characteristics of the fracture fill 
47 Retardation characteristics of the altered matrix 
48 Co-precipitation of radionuclides in fracture filling minerals 
51 Temperature evolution 
52 Seismic activity 
53 Effects of small-scale tectonic activity, uplift etc.  
54 Competition between rates of fracture sealing and of tectonic reactivation 
55 Competition between rates of fracture sealing and reactivation by hydraulic fracturing 
56 Competition between wallrock dissolution / sealing and fracture sealing 
57 Consequences of fracture reactivation 
58 Changes to hydraulics 
59 Rate of propagation of the pH plume 
60 Time of onset of radionuclide release into geosphere 
61 Changes to sorption/ion exchange due to changing water chemistry 
62 Colloids at pH plume front 
63 Release of organics from hostrock 
64 Concentration of radionuclides at the pH front (cf redox front) 
65 Microbes in the geosphere 

Additional FEPs 

66 Carbonation of nearfield cement and concrete 
67 Sealing of the cement /  bentonite interface 
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Table A-4. Assessment of significance of FEPs for repository long-term performance (Perform) and site understanding (Site), based on 
factors – Location, Extent, Duration, Influence on safety-relevant characteristics of the host rock/site and rate, as explained in the text, 

above.

 Location 

(1) 

Extent  

(2) 

Duration 

(3) 

Influence 

(4) 

Perform Site
1

Physical FEPs: (ONKALO
only) 

   Rate + (2) 

+( 4) 

P1   Development of an excavation damaged zone (EDZ)  2 4 5 5 2 4

P2   Evolution of the fracture network      

P2.1  Reactivation of existing fractures in the rock mass  2 3 5 5 2 3

P2.2   Generation of new fractures in the rock mass  2 2 5 5 2 2 

P3   Aeration of the rock mass  1 2 2 3 1 2 

P4   Planned introduction of foreign fluids      

P4.1 Drilling fluid – fresh water 3 2 2 2 2 2 

P4.2 Drilling fluid – mud system 3 3 2 2 2 2 

P5   Planned introduction of foreign solid materials2      

P5.1 Grout – OPC-type 2 33 4 5 2 2 

P5.2 Grout – low alkali-type 2 1 4 4 1 2 

P5.3 Grout – colloidal silica-type 2 1 2? 3 1 1 

P5.4 Shotcrete – OPC-type 1 34 5 5 1 2 

P5.5 Shotcrete – low alkali-type 1 1 5 4 1 2 

P5.6 Rock bolts - steel 1 1 5 3 1 1 

P5.7 Rock bolt – OPC cement 1 1 3 5 1 1 

P5.8 Rock bolt – low alkali cement 1 1 3 4 1 1 

P5.9 Support mesh (steel) 1 1 4 2 1 1 

P5.10 Explosives residues 1 1 1 1 1 1 

P5.11 Floors and other misc. constructions – concrete (OPC) 1 2 5 5 1 1 

P5.12 Floors and other misc. constructions – concrete (low alkali) 1 1 5 4 1 1 
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P5.13 Drainage pipes 1 1 4 3 1 1 

P6   Microseismicity  2 1 2 1 1 1 

P7   Sinking of satellite boreholes  3 3 1 3 1 3

P8  Temperature changes      

P8.1   Temperature changes in the rock mass  1 1 1 2 1 1 

P8.2   Temperature changes in the groundwater  1 1 1 2 1 1 

P8.3   Temperature changes in the air  1 1 1 1 1 1 

P9   Degassing of groundwater  1 1 1 2 1 1 

P10  Ground subsidence  1 1 1 1 1 1 

P11  Isostatic uplift  5 5 5 5 5 1

P12   Inadvertent introduction of foreign substances2      

P12.1 Wear to tyres - rubber 1 1 1 3 1 1 

P12.2 Diesel oil 1 1 1 3 1 1 

P12.3 Battery acid 1 1 1 2 1 1 

P12.4 Hydraulic and lubricating oils 1 1 1 3 1 1 

P12.5 Degreasing agents 1 1 1 3 1 1 

P12.6 Hard metals and metal fragments 1 1 2 2 1 1 

P12.7 Paints 1 1 2 3 1 1 

P12.8 Urine 1 1 1 3 1 1 

P12.9 Miscellaneous human waste 1 1 1 3 1 1 

P12.10 Impurities in ventilation air 1 1 1 2 1 1 

P12.11 Exhaust fumes from diesel engines – soot and ash 1 1 1 2 1 1 

P13  Degassing of rock mass  1 1 1 1 1 1 

P14 Thermal and mechanical effects of fire or explosion  1 2 2 2 1 2 

Hydrogeological FEPs:      

H1  Evolution of hydraulic network  5 5 5 5 5 5

H2   Evolution of hydraulic heads  5 5 2 5 2 5

H3  Evolution of fracture properties  3 5 3 5 3 4
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H4  Ingression of water  3 5 2 2 2 2 

H5 Egression of water  2 2 1 2 1 1 

H6  Density-driven flow  5 5 3 4 3 4

H7   Release of rock matrix brines  1 3 1 2 1 2 

H8  Seismic pumping  2 2 2 3 2 2 

H9   Perturbation of the hydrology  5 5 5 5 5 5

H10   Evolution of the saline water interface5  5 5 25 5 2 4

Geochemical FEPs:      

Solids:      

GS1  Redistribution of rock mass  2 5 1 1 1 1 

GS2   Evolution of fracture-coating materials  2 5 3 5 2 2 

GS3   Evolution of rock matrix  1 4 2 3 1 1 

GS4   Maturation of cement  1 1 5 3 1 1 

GS5   Degradation of cement  2 3 5 4 2 1 

GS6   Cement-rock interaction      

 Alteration of fracture minerals / retardation properties 4 5 5 5 4 1

 Alteration of flow paths  4 5 5 5 4 1

 Alteration of matrix porosity / accessibility 4 5 5 4 4 1

GS7   Ageing of minerals and mineraloids  1 1 5 2 1 1 

GS8   Degradation of metallic components  2 5 3 3 2 1 

GS9   Degradation of resins and plastics  3 3 2 3 2 1 

GS10   Leaching of rock spoil  2 5 1 1 1 ? 

GS11   Degradation of inadvertently introduced foreign solids      

GS11.1 Organic and hydrocarbon materials 2 3 1 3 1 1 

GS11.2 Metals 1 5 2 3 1 1 

GS11.3 Other inorganics  1 3 1 2 1 1 

Liquids:        

GL1   Influences of groundwater mixing  5 5 2 4 2 4 
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GL2 Influences of water-rock interactions  5 5 2 4 2 3

GL3  Influences of introduced air      

GL3.1   Oxidation of groundwater  2 5 1 3 1 3

GL3.2   Carbonation of groundwater  2 4 1 3 1 3

GL4  Influences of degrading cement      

GL4.1 Changes to the groundwater chemistry  4 5 5 4 4 2

GL4.2 Colloid concentrations 3 5 5 3 3 2

GL4.3 Cement additives 2 3 4 3 2 1 

GL5  Influences of microbial activity  2 3 2 3 2 3

GL6  Influences of temperature changes  1 1 1 2 1 1 

GL7   Influences of planned introduced fluids      

GL7.1 Drilling fluid - water 3 2 1 3 1 2 

GL7.2 Drilling fluid - mud 3 3 1 3 1 3

GL8  Influences of degrading metallic components  1 3 3 3 1 1 

GL9   Influences of degrading resins and plastic components  2 3 2 3 2 1 

GL10   Influences of inadvertently introduced foreign materials      

GL10.1 Liquid hydrocarbons and organics  2 2 1 3 1 1 

GL10.2 Other liquids e.g. battery acid 1 1 1 1 1 1 

Gases:      

GG1   Exsolution of gases  1 2 1 1 1 1 

GG2   Introduction of gases from machinery  1 1 1 1 1 1 

GG3 Hydrogen gas from metal corrosion 3 2 3 3 2 2 

Biological FEPs:      

B1   Perturbation of microbiological populations  2 5 1 4 1 3

B2   Perturbation of microbiological activities  2 5 1 4 1 3

B3 Biodegradation  2 5 1 4 1 3

B4  Biocatalysis  2 5 1 3 1 3

B5  Biofilm growth  1 3 1 3 1 3
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B6  Biocolloid formation  4 3 1 3 1 3

B7  Macrobiological colonisation of the tunnel      

B7.1   Floral colonisation of the tunnel  1 1 1 2 1 1 

B7.2  Faunal colonisation of the tunnel  1 1 1 2 1 1 

B8  Modification of the surface ecosystem  1 1 1 3 1 1 

Notes:
1: The significance for site understanding is assessed using the estimate of the rate of a process (from information in Miller et al., 2002), 
where 5 = very fast, 3 = easily observable and 1 = very slow. Then the extent (factor 2) and significance for safety-relevant parameters 
(factor 4) are also considered. The overall significance is based on the smallest of the 3 numerical values. 
2: The following sub-FEPs are mainly a record of the amount of each material and its location. The actual perturbations are considered 
under the appropriate geochemical FEPs. 
3: Assuming grouting alternative 1 (all OPC-type grout) See Chapter 6. 
5: Assuming shotcrete alternative 1 (all OPC-type ) See Chapter 6. 
5: Not taking natural variations into account. 

Highlighting:
Pale blue – high significance (score 4 or 5) 
Pale yellow – moderate significance (score 3) 

149



150

Appendix B for Chapter 6 

Table B-1. Estimated quantities of engineering and stray materials (listed by origin) 

remaining in ONKALO at the time of repository closure after one hundred years of 

operation (NB data taken unchanged from the initial report of Hjerpe, 2003). 

Origin of material Chemical content Removal  

efficiency

(%)

Remaining

quantity (kg) 

1 Gas from explosives Nitrogen oxide  99  25 

2 Blasting caps and cords Polyethylene (PE) 
Aluminium 

 90 
 90 

 150 
 66 

3 Support bolts Steel 
Cement
Zinc

 0 
 0 
 0 

 350 000 
 58 000 
 7 000 

4 Anchor bolts Steel 
Cement

 40 
 0 

 12 000 
 2 600 

5 Shotcrete with admixtures Cement
Aluminium 
Steel
Zinc

 0 
 0 
 0 
 0 

 2 232 000 
 89 000 
 26 000 
 3 500 

6 Grouting material Cement 
Organic materials 

 0 
 0 

 3 000 000 
 90 000 

7 Floors Cement 
Steel

 98 
 99 

 35 000 
 2 100 

8 Miscellaneous constructions Cement 
Aluminium  
Steel
Zinc

 98 
 98 
 98 
 98 

 38 000 
 1 500 
 570 
 22 

9 Drainage pipes Steel  
Polyethylene (PE) 
Polystyrene (EPS) 

 0 
 0 
 0 

 2 400 
 1 400 
 550 

 Wear to tyres Rubber  90  6 000 

11 Exhaust fumes from diesel 
engines

Nitrogen oxide 
Soot and ash 

 99 
 93 

 5 400 
 2 200 

12 Diesel oil  Hydrocarbons  95  4 300 

13 Battery acid Sulphuric acid  90  120 

14 Hydraulic and lubricating oils Hydrocarbons  90  1 800 

15 Degreasing agents and 
detergents

Hydrocarbons and 
organic materials 

 95  1 400 

16 Hard metal and metal fragments Steel 
Tungsten and Cobalt 

 98 
 98 

 2 500 
 19 

17 Urine (including water) Carbamide  95  23 000 

18 Miscellaneous human waste Organic materials  98  5 800 

19 Ventilation air Organic materials  95  303 000 

Total    6 300 000 



151

Table B-2. Estimated quantities of engineering and stray materials (listed by origin) 
remaining in the single-level repository (including ONKALO) at repository closure 

after one hundred years of operation (Hjerpe 2004). 

Origin of material Chemical content Removal  

efficiency (%)

Remaining

quantity (kg)

1 Gas from explosives Nitrogen oxide  99  92 

2 Blasting caps and cords Polyethylene (PE) 
Aluminium 

 90 
 90 

 1,000 
 450 

3 Support bolts Steel 
Cement
Zinc

 0 
 0 
 0 

 1,690,000 
 276,000 
 32,100 

4 Anchor bolts Steel 
Cement

 40 
 0 

 85,400 
 18,100 

5A Tunnel support:  
Type A: Shotcrete with 
admixtures 

Cement
Aluminium 
Steel
Zinc

 0 
 0 
 0 
 0 

 10,990,000 
 440,000 
 43,500 
 5,800 

5B Tunnel support:  
Type B: Steel wire mesh 

Steel  99.9  1000 

6 Grouting material Cement 
Organic materials 

 0 
 0 

 5,000,000 
 150,000 

7 Floors Cement 
Steel

 98 
 99 

 138,000 
 5,400 

8 Miscellaneous constructions Cement 
Steel
Aluminium  
Zinc

 98 
 98 
 98 
 98 

 88,200 
 14,200 
 2,000 
 88 

9 Drainage pipes Steel  
Polyethylene (PE) 
Polystyrene (EPS) 

 0 
 0 
 0 

 11,800 
 7,100 
 2,700 

10 Wear to tyres Rubber  90  16,800 

11 Exhaust fumes from diesel 
engines

Nitrogen oxide 
Soot and ash 

 99 
 93 

 14,600 
 5,800 

12 Diesel oil  Hydrocarbons  95  10,500 

13 Battery acid Sulphuric acid  90  330 

14 Hydraulic and lubricating oils Hydrocarbons  90  7,700 

15 Degreasing agents and 
detergents

Hydrocarbons and 
organic materials 

 95  4,900 

16 Hard metal and metal fragments Steel 
Tungsten and Cobalt

 98 
 98 

 6,100 
 36 

17 Urine (including water) Carbamide  95  56,400 

18 Miscellaneous human waste Organic materials  98  14,100 

19 Ventilation air Organic materials    99*  104,000 

20 Concrete plugs Cement 
Steel
Zinc
Organic materials 

 0 
 0 
 0 
 0 

  692,000 
 938,000 
 131,000 
 15,600 
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Copper  0  12,200 

Total    21,033,000 

* Note that the efficiency changed from 95% in Hjerpe (2003) to 99% here. 
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Table B-3. Estimated quantities of engineering and stray materials remaining in the 
repository (including ONKALO) at the time of repository closure (Hagros, 2007). 

Highlights:  Yellow: Change in removal efficiency 
 Blue: Change in amount due to difference layout/usage 
 Pink: New material included in Hagros (2007) 

Origin of the foreign 

materials

Chemical 

components

considered

Total

introduced

quantity [kg] 

Removal

efficiency

[%]

Remaining

quantity [kg] 

1  Explosives Nitrogen oxides (NOx) 2 300 99 % 20

2  Blasting caps and    
cords

Aluminium 
Plastic

2 400 
2 500 

90 % 
90 % 

200
200

3  Support bolts Steel 
Zinc
Cement

460 000 
8 700 

61 000 

0 % 
0 % 
0 % 

460 000 
8 700 

61 000 

4  Anchor bolts Steel 
Cement

140 000 
18 000 

40 % 
0 % 

85 000 
18 000 

5 Shotcrete    

5A Shotcrete alternative 
A

Cement
Aluminium 
Organic materials 
Silica (SiO2)
Iron (Fe(III)) 
Chloride

4 800 000 
14 000 
34 000 

190 000 
3 400 

200

95 % 
95 % 
95 % 
95 % 
95 % 
95 % 

240 000 
700

1 700 
10 000 

170
10

5B Shotcrete alternative 
B

Cement
Aluminium 
Organic materials 
Silica (SiO2)
Iron (Fe(III)) 
Chloride

3 900 000 
12 000 
27 000 

1 200 000 
2 700 

190

95 % 
95 % 
95 % 
95 % 
95 % 
95 % 

190 000 
600

1 400 
61 000 

140
10

6   Steel mesh Steel 200 000 99.8 % 400

7  Grouting materials    

7.1 Grouting alternative 
1

Cement
Organic materials 
Silica (SiO2)
Chloride
Nitrate

790 000 
7 900 

79 000 
800

1 000 

20 % 
20 % 
20 % 
20 % 
20 % 

630 000 
6 300 

63  000 
600
800

7.2 Grouting alternative 
2

Cement
Organic materials  
Silica (SiO2)
Chloride
Nitrate

600 000 
11 000 

140 000 
600
900

20 % 
20 % 
20 % 
20 % 
20 % 

480 000 
8 400 

110 000 
500
700

7.3 Grouting alternative 
3

Cement
Organic materials  
Silica (SiO2)

420 000 
5 000 

240 000 

20 % 
20 % 
20 % 

330 000 
4 000 

190 000 
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Chloride
Nitrate

6 000 
800

20 % 
20 % 

4 800 
600

8  Floors Cement 
Steel

6 900 000 
540 000 

98 % 
99 % 

140 000 
5 400 

9  Miscellaneous 
constructions

Cement
Steel
Aluminium 
Zinc

4 400 000 
710 000 
100 000 

4 400 

98 % 
98 % 
98 % 
98 % 

88 000 
14 000 

2 000 
100

10 Drainage pipes Steel 
Polyethylene (PE) 
Polystyrene (EPS) 

4 700 
2 800 
1 100 

95 % 
95 % 
95 % 

200
140

60

11 Wear to tyres Rubber 150 000 90 % 15 000 

12  Exhaust fumes from 
diesel engines 

Nitrogen oxide 
Soot and ash 

1 400 000 
74 000 

99 % 
93 % 

14 000 
5 200 

13  Diesel oil Hydrocarbons 210 000 95 % 10 000 

14 Battery acid Sulphuric acid 3 100 90 % 300 

15 Hydraulic and 
lubricating oils 

Hydrocarbons 77 000 90 % 7 700 

16 Degreasing agents 
and detergents 

Hydrocarbons + other 
organic materials 

100 000 95 % 5 000 

17 Hard metals and 
metal fragments 

Steel
Tungsten and cobalt 

310 000 
 3 700 

98 % 
99 % 

6 300 
40

18 Paints Hydrocarbons 6 800 0 % 6 800 

19 Urine Carbamide 1 100 000 95 % 56 000 

20 Miscellaneous 
human waste 

Organic materials 700 000  98 % 14 000 

21 Impurities in 
ventilation air 

Organic materials 10 000 000 99 % 100 000 

22 Concrete plugs Cement 
Steel
Zinc
Organic materials 
Copper

4 700 000 
950 000 
130 000 

16 000 
12 000 

0 % 
0 % 
0 % 
0 % 
0 % 

4 700 000 
950 000 
130 000 

16 000 
12 000 

23  Impurities in buffer 
material 

Organic carbon 
Pyrite 
Gypsum 
Carbonate
(calcite+siderite)

140 000 
50 000 

500 000 
350 000 

0 % 
0 % 
0 % 
0 % 

140 000 
50 000 

500 000 
350 000 

24 Impurities in backfill material    

24a Backfill alternative 
a

(bentonite/crushed rock) 

Organic carbon 
Pyrite 
Gypsum 
Carbonate

1 400 000 
530 000 

5 300 000 
3 800 000 

0 % 
0 % 
0 % 
0 % 

1 400 000 
530 000 

5 300 000 
3 800 000 
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(calcite+siderite)

24b Backfill alternative 
b

(Friedland clay) 

Organic carbon 
Pyrite 
Gypsum 
Carbonate
(calcite+siderite)

15 000 000 
15 000 000 
20 000 000 

140 000 

0 % 
0 % 
0 % 
0 % 

15 000 000 
15 000 000 
20 000 000 

140 000 




