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KBS-3H - REACTIVE TRANSPORT MODELLING OF IRON-BENTONITE 
INTERACTIONS, AN UPDATE FOR THE OLKILUOTO CASE  
 
ABSTRACT 
 
According to the KBS-3H concept, each copper canister containing spent nuclear fuel 
will be surrounded by a bentonite buffer and a perforated cylinder. The originally 
planned material for the perforated steel cylinder shell has been carbon steel. After 
emplacement, the steel material will corrode anaerobically in contact with water and 
generate hydrogen, iron species and hydroxyl ions. Iron corrosion products will be 
formed at the steel surface, but in addition, the released species may interact with the 
clay and lead to undesirable effects, such as montmorillonite transformation and 
cementation. The impact of corrosion and iron-bentonite interactions has been assessed 
for Olkiluoto-specific conditions by reactive transport modelling using the CrunchFlow 
code. The main focus of this modelling exercise was to update the previous modelling 
study of Wersin et al. (2007) by accounting for new thermodynamic data on clays and 
uncertainties in precipitation rates of iron reaction products. 
 
The modelling strategy was first to select appropriate thermodynamic and kinetic 
mineral by review of current data, in particular of the THERMODDEM database, and 
by chemical equilibrium modelling. Second, a 1D reactive transport model which 
includes a corroding iron source from which solutes can diffuse into the buffer and 
interact with the clay and accessory minerals was set up in a similar way as that applied 
in Wersin et al. (2007). A number of test cases were defined, including a Base Case and 
various less likely as well as bounding cases. 
 
The modelling results largely confirmed previous findings in that the zone of alteration 
was predicted to remain spatially limited for very long times. However, they highlighted 
that under unfavourable conditions during the initial corrosion phase (before complete 
corrosion of the shell), pronounced increase in pH might occur, which would lead to 
enhanced dissolution of the montmorillonite clay. Factors favouring pH increase were 
found to be slow precipitation of iron oxides or hydroxides and, even more so, 
microbially-induced sulphate reduction. When this latter redox process was included, 
the largest effect with a maximum extent of the altered zone (about 7 cm) resulted. The 
main reasons for the limited impact of the steel shell on the buffer are: 
 
 Limited mass of Fe in the shell, thus limiting impact by corrosion 
 Low solubility of corrosion products limiting diffusive Fe flux to buffer 
 Stability of montmorillonite and its low dissolution rate, in particular once the 

corrosion stage is terminated.   
 
The uncertainties identified are quite numerous, but modelling suggests that only few of 
these are relevant in terms of alteration and cementation effects. The uncertainties 
related to geochemical processes which lead to high pH conditions, such as slow 
precipitation kinetics of corrosion products or sulphate reduction are of particular 
concern. A further uncertainty, which could not be substantially reduced relative to the 
previous modelling exercise, in spite of the far more extensive database used, is the 
thermodynamic data of clay phases. The most troublesome in this respect is the poor 



data of berthierine, a potential reaction product of the iron-montmorillonite interaction 
process. Mineral kinetics constitutes a general uncertainty (perhaps the largest of all), 
but this has been evaluated by exploring a wide parameter space. The conceptual 
uncertainty of the diffusion model for bentonite is also of general relevance, but 
probably affects the outcome less than the other uncertainties mentioned above. 
 
Overall, in spite of the uncertainties inherent in the modelling exercise, the applied 
model is robust with regard to estimated mass loss of montmorillonite and the spatial 
extent of affected buffer. 
 
Keywords: KBS-3H, supercontainer shell, iron, reactive transport modelling, update. 



KBS-3H - RAUDAN JA BENTONIITIN VÄLISEN VUOROVAIKUTUKSEN 
REAKTIIVINEN KULKEUTUMISMALLINNUS, OLKILUODON 
MALLINNUKSEN PÄIVITYS 
 
TIIVISTELMÄ 
 
KBS-3H-loppusijoituskonseptissa jokainen käytettyä ydinpolttoainetta sisältävä kupari-
kapseli ja sitä ympäröivä bentoniitti ovat rei´itetyn sylinterin sisällä. Alun perin 
suunniteltu terässylinterin materiaali on hiiliteräs. Loppusijoitusolosuhteissa teräs-
sylinteri korrodoituu hapettomissa olosuhteissa jolloin syntyy vetykaasua, raudan eri 
spesieksiä ja hydroksyyli ioneja. Raudan korroosiotuotteita syntyy teräksen pinnalla 
mutta vapautuvat korroosiotuotteet voivat myös vuorovaikuttaa ympäröivän saven 
kanssa ja johtaa epätoivottuihin reaktioihin kuten montmorilloniitin muuntumiseen ja 
sementaatioon. Korroosiotuotteiden ja rauta-bentoniitti vuorovaikutuksen vaikutusta 
Olkiluodon olosuhteissa on tarkasteltu reaktiivisen kulkeutumismallinnuksen avulla 
CrunchFlow mallilla. Tämän mallinnuksen päätarkoitus oli edellisen mallinnuksen 
(Wersin et al. 2007) päivittäminen ottamalla huomioon uusinta termodynaamista dataa 
saville sekä raudan reaktiotuotteiden saostumiseen liittyvät epävarmuudet. 
 
Mallinnusstrategian ensi vaiheessa keskityttiin sopivan termodynaamisen ja kineettisen 
mineraalitietokannan löytämiseen arvioimalla saatavilla olevaa dataa, erityisesti 
THERMODDEM tietokantaa, sekä kemiallisen tasapainomallinnuksen avulla. Toisessa 
osiossa, laadittiin 1D reaktiivinen kulkeutumismalli vastaavasti kuin aiemmassa työssä 
(Wersin et al. 2007). Malli sisältää korrodoivan rautalähteen josta liuenneet aineet 
voivat diffundoitua puskuriin ja vuorovaikuttaa saven ja aksessoristen mineraalien 
kanssa. Seuraavaksi määriteltiin joukko laskentatapauksia mukaan lukien perus-
tapauksen (Base Case) sekä joukko vähemmän todennäköisiä sekä rajaavia laskenta-
tapauksia. 
 
Mallinnustulokset vahvistavat suurelta osin aiempia tuloksia muuntumisvyöhykkeen 
pysymisestä rajoittuneena pitkiä aikoja. Kuitenkin tulokset korostivat sitä että epä-
suotuisissa olosuhteissa alkuvaiheen korroosiovaiheen aikana (ennen kuoren täydellistä 
korrodoitumista), pH:n kasvua saattaa esiintyä, mikä voisi johtaa montmorilloniittisaven 
liukenemiseen. Havaittuja pH.n kasvuun vaikuttavia tekijöitä ovat rautaoksidien ja 
hydroksidein hidas saostuminen, sekä mikrobien aiheuttama sulfaatin pelkistyminen. 
Viimeksi mainittu reaktio synnytti laajimman muuntuneen vyöhykkeen, n. 7 cm. 
Keskeiset syyt siihen että teräksen korroosioreaktiot eivät näytä vaikuttavan niin 
merkittävästi puskuriin ovat: 
 
 Rajallinen määrä rautaa teräskuoressa, mikä näin ollen rajoittaa korroosion vaiku-

tusta 
 Korroosiotuotteiden niukkaliukoisuus joka rajoittaa raudan diffusiivista kulkeutu-

mista puskuriin 
 Montmorilloniitin stabiilisuus ja sen alhainen liukenemisnopeus, erityisesti korroo-

siovaiheen päätyttyä  
 

Identifioidut epävarmuudet ovat lukuisat, mutta mallinnus antaa ymmärtää että ainoas-
taan muutama näistä ovat merkittävät muuntumisen ja sementaation kannalta. Kor-



keisiin pH arvoihin johtavat geokemiallisten prosessien epävarmuudet kuten korroo-
siotuotteiden saostumisen ja sulfaatin pelkistymisen hidas kinetiikka ovat erityisesti 
huolen aiheena. Savifaasien termodynaaminen data on lisäepävarmuus jota ei kuiten-
kaan saatu merkittävästi pienennettyä verrattuna aiempaan mallinnukseen riippumatta 
siitä että huomattavasti laajempi tietokanta oli käytettävissä. Ongelmallisin tässä 
yhteydessä on rauta-montmorilloniitti vuorovaikutuksesta syntyvän potentiaalisen reak-
tiotuotteen bertieriinin data. Mineraalikinetiikka on yleinen epävarmuus (ehkä suurin 
kaikista) jota on arvioitu tutkimalla laajaa parametrivalikoimaa. Bentoniitin dif-
fuusiomallin konseptuaalisella epävarmuudella on myös yleistä merkitystä mutta luul-
tavasti vaikuttaa tulokseen vähemmän kuin muut edellä mainitut epävarmuudet. 
 
Mallinnusharjoitukseen sisältyvistä epävarmuuksista huolimatta mallinnus kokonaisuu-
dessaan on robusti montmorilloniitin massahäviön ja raudan vaikutuksen laajuuden 
arvioimiseksi. 
 
Avainsanat: KBS-3H, terässylinteri, rauta, reaktiivinen kulkeutumismallinnus, päivitys. 
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1 INTRODUCTION 
 
The KBS-3 disposal method, based on multiple barriers, is the selected spent fuel 
disposal method in both Sweden and Finland. There are two design alternatives for the 
KBS-3 method: KBS-3V in which the canisters are emplaced in individual vertical 
deposition holes and KBS-3H in which several canisters are emplaced in horizontal 
deposition drifts. Posiva and SKB are conducting a joint research, demonstration and 
development (RD&D) programme with the overall aim of establishing whether KBS-3H 
represents a feasible alternative to the reference concept KBS-3V. The central 
component in the KBS-3H disposal concept is the supercontainer shell (SC) 
surrounding the canister and the bentonite blocks (Figure 1). In the original design, the 
SC is composed of perforated carbon steel with a thickness of 8 mm. Besides steel, also 
alternative metals - copper and titanium - are currently being evaluated in terms of their 
feasibility as SC materials. 
 
Iron components in contact with the clay buffer are of concern because the barrier 
function of the buffer may be impaired. The anoxic corrosion of zero-valent iron 
generates hydrogen, Fe(II) and corrosion products. Iron(II) shows a high reactivity 
towards the clay via sorption, redox and precipitation reactions (e.g. Stucki et al. 1984; 
Wersin et al. 2007). The iron-bentonite interactions include four processes which are 
potentially safety-relevant for the buffer in contact with the steel SC: 
 
 

 
Figure 1. Supercontainer shell design in the KBS-3H concept (SKB/Posiva 2008). 
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a) Corrosion of Fe(0) and formation of corrosion products (e.g. magnetite, green rust, 
iron sulphide, siderite) 

b) Sorption of Fe(II) to the clay surface by cation exchange or surface complexation 
c) Reduction of structural Fe(III) in clay by corrosion agents H2 or Fe(II) 
d) Dissolution of montmorillonite and neoformation of Fe-rich clay (e.g. berthierine, 

Fe-rich smectite) and SiO2 
 
Potentially adverse effects on the buffer include cementation by processes a) and d), 
montmorillonite transformation by processes c) and d), and weakening of the buffer's 
sorption capacity by process b). Furthermore, the corrosion and Fe-bentonite interaction 
processes (especially the formed hydrogen gas) may alter the porewater chemistry and 
microbiology at the buffer/rock interface. 
 
Iron-bentonite interaction study for KBS-3H (Wersin et al. 2007): 
In this study, first a literature review on iron-bentonite interactions potentially relevant 
for KBS-3H was conducted. Based on this review and site-specific data for the 
Olkiluoto site, the impact of iron from the shell on the bentonite buffer was assessed by 
modelling. From mass balance considerations (ignoring transport constraints), the 
maximum amount of montmorillonite transformed to a non-swelling iron silicate was 
estimated to be significant (10-30%) and led to maximum decrease in swelling pressure 
from 7 to 2 MPa. This highlighted the need for a more realistic geochemical model 
including transport. Thus, a preliminary simple reactive 1D transport model with aid of 
the PHREEQC and CrunchFlow was applied, by assessing a number of test cases. The 
outcome from this modelling work can be summarized as follows: 
 
 Because of diffusional constraints the fluxes of Fe into the buffer are small and 

hence, even for very conservative test cases, the zone of altered material in the 
buffer will remain spatially limited (a few centimetres) very long times. 

 The physically affected altered zone close to the SC, consisting of corrosion 
products and transformed clay material, needs to be considered in performance 
assessment. 

 The rather large underlying uncertainties in the modelling results are mainly related 
to the thermodynamic and kinetic mineral data, the diffusion/sorption properties of 
Fe(II) and the hydraulic characteristics of the neoformed materials. 

 
Scope of this reactive transport modelling study: 
The work presented here has been motivated by some achievements and results in the 
field of iron-clay interactions that had been acquired in the meantime. Examples thereof 
include the long-term experimental studies of VTT and JAEA (Kumpulainen et al. 
2010), new modelling studies (Savage et al. 2010; Marty et al. 2010; Hunter et al. 2007, 
Bildstein et al. 2006) and the build up of a new clay thermodynamic database within 
ANDRA's research program. 
 
On the basis of these studies, it was decided to carry out an update of the reactive 
transport modelling exercise presented in Wersin et al. (2007). The focus should be on 
the following aspects: 
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 The early corrosion phase should be addressed in more detail. In particular, the 
possibility of inducing alkaline conditions and thus favouring montmorillonite 
dissolution has been recognized. This could occur for example  through scavenging 
of Fe(II) by the clay: 

  
 Fe(0) + 2H2O  Fe2+ + 2OH- + H2 (eq. 1) 
  
 and 
  
 Fe2+ + 2X-  FeX2 (eq. 2) 

 
where X- represents a sorption site (e.g. cation exchange site). Such a pH increasing 
process could occur if precipitation of corrosion products, such as magnetite was 
slow. 

 Apply the more extensive thermodynamic database THERMODDEM elaborated by 
the French Geological Survey (BRGM), which includes a comprehensive dataset for 
clays, zeolites, and CSH phases. The latter mineral phases are potentially relevant 
under more alkaline conditions. 

 Select as far as possible new kinetic data for mineral dissolution and precipitation. 
 
The following procedure was adopted: First, selection of the thermodynamic and kinetic 
input data was performed (Chapter 2). Within this step, we carried out equilibrium 
modelling with the new THERMODDEM database and selected a subset of mineral 
data for subsequent the reactive transport calculations. Then, in a second step, 
preliminary test cases were defined for the reactive transport model which was set up on 
the basis of the previous one and scoping calculations were carried out. In a third step, 
the final test cases were formulated, with a Base Case and alternative test cases (Chapter 
3). The calculations were then performed and the results presented for different time 
scales (Chapter 4). The results are discussed and conclusions drawn (Chapter 5). 
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2 DATA SELECTION 
 
2.1 Thermodynamic database 
 
In the previous modelling exercise (Wersin et al. 2007) a restricted dataset of minerals, 
most of them taken from the Lawrence Livermore National Laboratory (LLNL) 
database (Wolery 1992) was used. The minerals included were Na-Ca-montmorillonite, 
berthierine, cronstedtite, kaolinite, SiO2(am), quartz, calcite, gypsum, magnetite,  
siderite and FeS. 
 
For this new modelling exercise it was decided to apply the rather recent, but extensive 
THERMODDEM database (www.thermoddem.fr) (Blanc et al. 2007).  This database is 
designed for waste management applications, in particular for clay and cement barriers. 
Thus, it includes a large range of clay, zeolite and CSH phase data, but also a vast 
dataset of other silicate minerals. 
 
2.2 Mineral selection procedure 
 
The large mineral dataset in THERMODDEM was evaluated in terms of relevance for 
the reactive transport modelling application with CrunchFlow. This was done by 
checking the stability of mineral phases under Olkiluoto-specific conditions in the pH 
range between 7.4 and 10.5. A representative groundwater composition (KR20/465/1) 
(Table 1) was used. The concomitant effect of corrosion and pH on speciation was 
tested by adding a zero-order rate corrosion (1 m/a) and assuming two different 
corrosion products in equilibrium with the solution (magnetite and berthierine) (Table 
1). Green rust phases are not included in THERMODDEM. 
 
The calculations revealed more than 200 minerals in the considered thermodynamic Na-
Ca-K-Mg-Fe-Si-Al-H2O space according to THERMODDEM. Many of these mineral 
are high temperature minerals, which do not form at low temperatures. These phases as 
well as those, which were strongly undersaturated were excluded in a first step. This 
leaves about 100 mineral phases which can be grouped into clay phases, other 
phyllosilicates, zeolites, CSH and aluminate phases, oxyhydroxides, carbonates and 
sulphides. In a second step, the selection was refined (Table 2): 
 
 Montmorillonites: The Fe-montmorillonites were excluded in view of their 

considerable undersaturation which results from the instability of Fe(III) under 
reducing conditions. 

 Chlorite phases: Their formation commonly occurs at temperatures above 100°C, as 
indicated from natural and experimental systems.  

 Saponite and vermiculite phases: According to the database, these swelling-clay 
phases indicate significant oversaturation, in particular at higher pH. The 
transformation of dioctahedral smectites to saponite or vermiculite is not common in 
nature. For this reason and because of the conservative focus of the modelling 
exercise, these phases were excluded in the second step. 
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Table 1. Composition of present-day groundwater at Olkiluoto (borehole KR20 at depth 
465 m, KR20/465/1)) and calculated waters at T = 25°C. 
 
Concentration 
(mmol/l) 

Original  
groundwater 
(present-day gw) 

Corrosion reaction 1
1 m/a, 40 years in 10 steps  

Corrosion reaction 2 
1 m/a, 2 years in 5 steps  

equilibrium. 
phases 
assumed 

none calcite, quartz, Na-mont, 
magnetite 

calcite, quartz, Na-mont, 
berthierine 

cation 
exchange 

-  CEC = 3.62 eq/L CEC = 3.62 eq/L 

pH 7.4 9.14 10.45 

Eh (mV) - -609 -649 

Alkalinity 0.66 0.11 1.62 

SO4
2- 0.21 0.21 0.21 

S2
-tot 0.00561 * * 

Cl 180.5 179.8 180.5 

Na 114.8 114.3 115.2 

K 0.28 0.28 0.28 

Ca 32.4 32.0 32.6 

Mg 2.6 2.6 2.7 

Fe 0.0025 0.017 1.4e-26 

SiO2  0.36 0.23 1.26 

Al - 3.6e-6 1.2e-5 

pCO2 -2.97 -6.61 -9.23 

pO2 -69.45 -82.37 -85.33 

S.I. siderite -1.87 -1.25 -26.01 

S.I. FeS (am)  - - 

S.I. Fe3O4  0.0 -65.18 

S.I. Fe(OH)2  0.06 -22.08 

S.I. Fe3(OH)7  9.54 -56.26 

S.I. berthierine  33.91 0.0 

* sulphate/sulphide equilibria suppressed 

 
 Other clay phases: Nontronites, which show strong undersaturation and reflect 

oxidizing conditions, were excluded. The rather rare minerals celadonite (strong 
oversaturation) as well as minnesotaite and lizardite were also excluded.  

 Zeolites: The most common low temperature minerals philippsite, analcime, 
chabazite and heulandite were retained (Gaucher & Blanc 2006). The other less 
common and, some of them, strongly undersaturated zeolite phases (clintophillite, 
gismondine, laumonite, mordenite, natrolite, scolecite, stilbite, stellerite, wairakite) 
were excluded. 

 CSH and aluminate (CASH) phases: The commonly described cement degradation 
phases CSH (0.8 - 1.2), tobermorite, gyrolite and hydrotalcite were retained. 

 Corrosion products: The common corrosion products magnetite, siderite, goethite, 
Fe(OH)2 were retained. In addition, mixed hydroxy-green rust phases (“fougerite”) 
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with the chemical formula Fe(II)1-xFe(III)(OH)2
x+[xOH-]x- or Fe(OH)(2+x) which 

have been shown to form in natural environments (Génin et al. 2001) were 
considered. The thermodynamic data of Bourrié et al. (1999) was applied to scoping 
calculations to evaluate the stability of these green rust phases in Olkiluoto-type 
waters. The results indicated that the Fe(II)2Fe(III)(OH)7 phase was the most stable  
under these conditions and therefore added to the thermodynamic database for 
subsequent reactive transport modelling. 

 Hematite was excluded because of its large activation energy at low temperature. 
From the iron sulphides, only FeS(am) and pyrite were retained. 

 Other phases: calcite, dolomite, quartz, chalcedony and christobalite were retained. 

 

Table 2. Selected minerals used for most reactive transport calculations. Selection was 
based on equilibrium calculations and the THERMODDEM database (see text) 
 

Selected minerals Mineral group 

Analcime Zeolite 

Beidellite-Ca Smectite 

Beidellite-FeCa Smectite 

Beidellite-FeK Smectite 

Beidellite-FeMg Smectite 

Beidellite-FeNa Smectite 

Beidellite-K Smectite 

Beidellite-Mg Smectite 

Beidellite-Na Smectite 

Berthierine 1:1 clay 

Calcite Carbonate 

Chabazite Zeolite 

Chalcedony Tectosilicate 

CSH_0.8 CSH phase 

CSH_1.2 CSH phase 

CSH_1.6 CSH phase 

Dolomite Carbonate 

Fe(OH)2 Hydroxide 

Fe-(OH)7 
Hydroxide, green rust 
(“fougerite”) 

FeS,am Sulphide 

Goethite Oxyhydroxide 

Gyrolite CSH phase 

Heulandite-Ca Zeolite 

Heulandite-Na Zeolite 

Hydrotalcite Layered double hydroxide 

Hydrotalcite-CO3 Layered double hydroxide 

Illite_IMt-2 Illite 

Illite-Al Illite 

Illite-FeII Illite 

Illite-FeIII Illite 

Illite-Mg Illite 

Kaolinite 1:1 clay 

Magnetite Oxide 
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Selected minerals Mineral group 

Magnetite(am) Oxide 

Mg-Montmorillonite-K Smectite 

Mg-Montmorillonite-Ca Smectite 

Mg-Montmorillonite-Mg Smectite 

Mg-Montmorillonite-Na Smectite 

Phillipsite-Ca Zeolite 

Phillipsite-K Zeolite 

Phillipsite-Na Zeolite 

Pyrite Sulphide 

Quartz,alpha Tectosilicate 

Siderite Carbonate 

Smectite-MX80_4.183H2O Smectite 

Tobermorite_11A CSH phase 

Tobermorite_14A CSH phase 

 

Comments: 

The geochemical calculations revealed some noteworthy features: 
 
THERMODDEM database: The documentation is pretty scarce. Besides the 
documentation given on the website (http://thermoddem.brgm.fr.), the only useful 
information found was the mid-term report (kindly provided by E. Giffaut) of ANDRA's 
thermodynamic database project THERMOCHIMIE (Andra 2009) in which 
thermodynamic data for clays, zeolites and cement-type phases is provided by BRGM. 
Note however, that the two databases are not identical, and THERMODDEM displays a 
considerably larger list of minerals. From Andra's documentation, it can be deduced that 
the data for zeolites and CSH are in a rather mature stage, whereas this is not the case 
for clays. For the latter, the data must be considered as preliminary and derived mainly 
from experimental data. This work is ongoing and the plan is to derive a 
thermodynamically consistent dataset for the clay system.  
 
Berthierine: The solubility is extremely low yielding unrealistically low Fe(II) 
concentrations of <10-25 M! Therefore, the logK constant needed to be adapted (Chapter 
3), as was also necessary for the previous modelling exercise (Wersin et al. 2007). 
 
Montmorillonites: Data are given for "Fe-montmorillonite" and Fe-free "Mg-
montmorillonite" including end members with the four counterions Na+, K+, Ca2+ and 
Mg2+. The "Fe-montmorillonite" shows somewhat higher solubility than the Fe-free one 
under reducing conditions, because of the Fe(III) in the chemical formula. However, 
scoping calculations indicate no large difference in dissolution behaviour under iron 
corroding conditions. A practical problem occurs when more than one end member 
montmorillonites are put into equilibrium. Because of their different solubility for a 
specific water composition, strong dissolution of the more soluble end members and 
precipitation of the least soluble end member occurs. Therefore, it is recommendable to 
use one starting montmorillonite with a fixed composition. However, in the 
documentation no clear procedure is given how to calculate logK values from 
montmorillonite end members. 
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Note that the montmorillonites are defined as anhydrous phases, which is questionable 
from a thermodynamic point of view. On the other hand, two hydrous "MX-80 
smectite" phases with a specific composition are defined, one with 4.1 and the other 
with 5.4 water layers in the interlayer. The data thereof is based on calorimetric 
measurements. Because neither of these two phases properly reflects the 
montmorillonite composition in the buffer, their use in this context is not considered to 
be appropriate. For this exercise it was decided to select the montmorillonite data for the 
anhydrous phases. 
 
Stability of magnetite & green rusts: The calculations indicate that, under the 
assumption of magnetite formation from corrosion, the Fe(II) concentration is relatively 
high (10-5 to 10-4 M). This is because of the low Eh imposed by the corrosion reaction 
and the resulting low Fe3+ activity. In fact, green rusts with a higher Fe(II)/Fe(III) ratio 
than magnetite appear to be more stable. The stability of magnetite is also strongly 
dependent on pH. Thus, at circumneutral pH, magnetite solubility is very high under 
corroding conditions.  
 
2.3 Kinetic data 
 
Kinetic data for mineral dissolution/precipitation is treated in conjunction with the 
model set-up, see section 3.1. 
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3 MODEL DESCRIPTION 
 
3.1 General setup 
 
The rather complicated supercontainer geometry is here represented in the simplest 
possible way by considering a plane one-dimensional model with an iron source 
embedded in a bentonite column (Figure 2). This geometry approximately describes the 
mid-section of a KBS-3H parcel (see Fig. 1). The model is divided into cells of width    
2 cm, and the iron source is represented by one such cell which initially contains only 
iron and water. Thus, the iron source is considerably wider than the width of the KBS-
3H SC, but the amount of iron is adjusted to give an iron/bentonite mass ratio which 
agrees with the KBS-3H design. (The present model has an initial iron volume fraction 
in the iron cell of 21% which corresponds to an iron/bentonite mass ratio of 6.2%. The 
overall iron/bentonite mass ratio in the KBS-3 design is ca 5.4% and in a mid canister 
cross section it is ca 7.4%.). The total column length is 42 cm. 
 
The model cells representing bentonite initially contains the mineral assemblage listed 
in Table 3. This assemblage was chosen to approximately resemble that of MX-80 
bentonite (with all “inert” minerals represented by quartz). Note that the counter ions of 
the montmorillonite here are associated to a specific mineral phase. Hence, to represent 
the Ca/Na ratio of exchangeable ions in MX-80, two mineral phases - Na-
montmorillonite and Ca-montmorillonite - has to be chosen.  
 
For consistency, no explicit ion exchange model is included; in order not to “double 
count” the counter ions. As the primary goal of the present modelling is to consider 
mineral transformation, this is the more appropriate choice – when studying processes 
where the bentonite is assumed to be non-reactive, an ion exchange model should of 
course be included (when using this type of reactive transport approach). 
 
 

Iron
Cell

19 Bentonite cells

Closed
Boundary

Open
Boundary
(Ground water)

0 cm-2 cm 39 cm

Bentonite
Cell

 

Figure 2. Model schematics. 

 
Table 3. Initial bentonite composition. 

Mineral Volume%
Na-montmorillonite 30 % 
Ca-montmorillonite 12 % 
Quartz 9.6 % 
Calcite 0.6 % 
Gypsum 0.2 % 
(Porosity) 47.6 % 
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The selected buffer porosity is 47.6% which corresponds to a buffer dry density of 1'450 
kg/m3 (wet density of 1'920 kg/m3). This is slightly lower than the target (wet) density 
of 2'000 kg/m3, but a slight density decrease close to the rock boundary may result by 
the initial gap between the shell and the drift wall (King & Wersin 2010). 
 
The model was implemented using CrunchFlow, a software package for 
multicomponent reactive transport in porous media (Steefel 2006). This code utilizes 
thermodynamic data for calculating speciation and mineral precipitation/dissolution. In 
addition, all precipitation/dissolution reactions are handled kinetically. This means that 
a kinetic rate law has to be provided for all included mineral dissolution/precipitation 
reactions. CrunchFlow allows for several different types of kinetic rate expressions to 
be adopted. In the present model, the precipitation/dissolution rate for a given reaction 
is typically expressed as 
 

)1(
0 K

Q
kS

dt

dn
Rate T   (eq. 3) 

where S is the surface area, 
0Tk  a rate parameter evaluated at T0 = 25°C (temperature is 

assumed 25°C at all times in the model), Q is the activity product for the specific 
dissolution/precipitation reaction and K is its equilibrium constant. 
 
As is evident from equation 3, knowledge of both the specific surface area and the rate 
constant 

0Tk  is needed in order to calculate the rates. Knowledge of these parameters are 

however sparse or lacking for many reactions/minerals. The approach used here is to 
treat the product S .

0Tk  as an adjustable parameter for several of the treated mineral 

phases. In this way the effect of the relative precipitation rates among the minerals 
could be explored. Specifically, by suppressing the precipitation of those minerals 
which were found to form as corrosion products, the increasing damaging effect to the 
buffer could be studied. It should be noted that for several minerals instead tabulated 
values for 

0Tk and/or S were used. In particular, this is true for the primary minerals, 

initially present in the model (Table 3). Table 4 lists rate parameters for all treated 
minerals. 
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Table 4. All considered mineral phases and the associated parameters /CF/ refers to 
CrunchFlow Data base, /P&K/ refers to Palandri and Kharaka (2004). 
Mineral Mineral type Log k_25 Specific surface area 

(m2/g if not otherwise stated)

Analcime Zeolite -11 0.1 

Beidellite Ca Smectite -11 1.0 

Beidellite-FeCa Smectite -11 1.0 

Beidellite-FeK Smectite -11 1.0 

Beidellite-FeMg Smectite -11 1.0 

Beidellite-FeNa Smectite -11 1.0 

Beidellite Mg Smectite -11 1.0 

Beidellite Na Smectite -11 1.0 

Berthierine 1:1 clay -8 1.0 

Calcite Carbonate -5.81 /CF*/ 100 m2/m3 porous media 

Chabazite Zeolite -11 0.1 

Chalcedony Tectosilicate -11 100 m2/m3 porous media 

CSH_0.8 CSH phase -11 0.01 

CSH_1.2 CSH phase -11 0.01 

CSH_1.6 CSH phase -11 0.01 

Dolomite Carbonate -11 0.01 

Fe(OH)2 Hydroxide -7.9 /CF/ 0.01 

Fe3(OH)7 Hydroxide, green rust -11 0.001 

Goethite Oxyhydroxide -7.94 /CF*/ 100 m2/m3 porous media 

Gyrolite CSH phase -11 0.01 

Heulandite Ca Zeolite -11 1.0 

Heulandite Na Zeolite -11 1.0 

Hydrotalcite Layered double hydroxide -11 1.0 

Hydrotalcite-CO3 Layered double hydroxide -11 1.0 

Iron** Metal -8.35 1.68·10-4 

Magnetite Oxide -10.78 /P &K/ 0.01 

Magnetite(am) Oxide -10.78 /P&K/ 0.01 

Mg-Montmorillonite-Ca Smectite -14.41 /P & K/ 37.5 

Mg-Montmorillonite-Mg Smectite -14.41 /P & K/ 37.5 

Mg-Montmorillonite-Na Smectite -14.41 /P & K/ 37.5 

Phillipsite Ca Zeolite -11 1.0 

Phillipsite Na Zeolite -11 1.0 

Quartz,alpha Tectosilicate -13.39 /CF/ 100 m2/m3 porous media 

Siderite Carbonate -8.9 /CF/ 0.01 

Tobermorite_11A CSH phase -11 0.01 

Tobermorite_14A CSH phase -11 0.01 

FeS,am Sulphide -8.9 /CF/ 0.001 

Pyrite Sulphide -5.0 /CF*/ 0.001 

Chamosite Chlorite -11 1.0 

Clinochlore Chlorite -11 1.0 

Al_free_chlorite Chlorite -11 1.0 

Chlorite_Cca-2 Chlorite -11 1.0 

Illite_IMt-2 Illite -11 1.0 

Illite-Al Illite -11 1.0 

Illite-FeII Illite -11 1.0 

Illite-FeIII Illite -11 1.0 

Illite-Mg Illite -11 1.0 
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The iron corrosion reaction rate parameters were chosen so that the iron source got 
exhausted after about 5'000 years, corresponding to an average corrosion rate of about 
1m/a. CrunchFlow lacks the option of having a completely constant rate, and for this 
reaction the rate expression adopted is of first order 

IronTIronIronIronT knMskS
dt

dn
Rate ,, 00

  (eq. 4) 

 
The parameter choices are Irons = 1.68·10-4 m2/g and IronTk ,0

= 10-8.35 mol/m2/s, which 

together with the iron molar mass IronM = 55.845 g/mol gives the loss of iron as 
)756()0()( yearstentn   (eq. 5) 

 
From this expression it is seen that approximately only 0.1% of the initial iron is present 
after 5’000 years. 
 
For thermodynamic data, the THERMODDEM database (Blanc et al. 2007) was used, 
as described in Chapter 2. 
 
CrunchFlow, in it is newest version (CrunchFlowMC), has the ability to perform 
multicomponent diffusion calculations including diffuse double layer effects and 
accounting for species-specific porosities, but in the present model a fixed overall pore 
diffusivity, 0D has been adopted. In CrunchFlow, this parameter enters the expression 

for the diffusive flux as (somewhat simplified description, see CrunchFlow manual, 
Steefel (2006) for full details). 
 

cDj m
diff  0

 (eq. 6) 
 
where  denotes the porosity, c the porewater concentration of the species under 
consideration, and m, the so called cementation exponent which allows for a formation 
factor of the form of Archie’s law. In the following, m is assumed to be 1. 
 
Equation 6 should be interpreted as describing a transport process in a pore structure 
different from the interlayer spaces of montmorillonite, since the charge compensating 
cations are viewed as a part of the mineral rather than the pore fluid in CrunchFlow (and 
basically in any other available reactive transport code as well). 
 
This imposes two major problems when applying these types of codes to compacted 
bentonite. Firstly, the pore structure of such a material is known to be dominated by 
montmorillonite interlayers, both concerning structure and transport capacity (Glaus et 
al. 20007; Birgersson and Karnland 2009; Glaus et al. 2010). Secondly, effective 
parameters evaluated from tracer diffusion tests in bentonite for the type of model 
implied by equation 6 have strong dependencies on both background concentration and 
type of diffusing ion (e.g. Van Loon et al. 2007). Thus, for a general reactive transport 
calculation it is not possible to choose a single representative effective diffusion 
coefficient and a single representative effective porosity. 
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Therefore, we here take the approach to reinterpret equation 5 as describing interlayer 
diffusion in the full pore volume. This interpretation is consistent with using the 
physical porosity and choosing D0 numerically equivalent with the so called “apparent 
diffusivity” (Birgersson and Karnland 2009). The apparent diffusion coefficient can be 
deduced from tracer diffusion tests, and is known to have a much weaker dependency 
on background concentration and ion type. The choice made for D0 in this work is 
 
D0 = 4.5·10-11 m2/s                   (eq. 7) 
 
which is rather close to values of measured apparent diffusivity of Cl-, Na+, Ca2+, and 
Sr2+ measured in Na-bentonite (Kozaki et al. 1998, 2001a, 2001b) and of Na+ measured 
in mixed Na/Ca-montmorillonite (Kozaki et al. 2005) at densities similar to the nominal 
KBS-3H value (2000 kg/m3 water saturated density). 
 
It should be noticed, however, that the concentration gradient in equation 6 is not 
consistent with the described reinterpretation. Also, for the reactive part of the 
modelling, the porewater is still treated as a bulk solution. 
 
A distinct property of bentonite is that it is swelling, i.e. when contacted with water, it 
volume expands by taking up water. Thus, a system of confined bentonite with access to 
water will exert a swelling pressure which is strongly dependent on clay density (see 
e.g. Karnland et al. 2006). This means that processes changing the bentonite density 
locally, such as mineral transformations, could induce mechanical response 
(redistribution of clay). These types of couplings between chemical and physical 
processes are not included in the present modelling. 
 
3.2 Definition of Base Case 
 
All mineral phases listed in Table 2 except for pyrite, FeS(am) and chlorites were 
allowed to precipitate in the Base Case.  
 
Pre-tests using the thermodynamic data (log K:s) from the THERMODDEM database 
revealed that using the listed value of log K for berthierine gives unrealistically low 
concentrations of Fe2+, below 10-25 M (see further test case E1). Therefore, the adjusted 
log K value used in Wersin et al. (2007) was adopted instead, which was chosen as to 
achieve a Fe2+ porewater concentration in the order of 10-6 M. 
 
The adopted open boundary water composition is listed in Table 5. The water 
composition represents a modified bentonite porewater composition derived for dilute 
groundwater conditions in Wersin et al. (2007) (see "limiting dilute water" in Table 3-3 
therein). It represents conservative conditions with regard to Fe(II) concentrations and 
Fe(II) solubility. Moreover, by forcing undersaturation with calcite, the pH buffering is 
reduced, thus increasing the effect of pH changes induced by corrosion and iron-
bentonite interactions processes. Scoping calculations using the “limiting dilute water” 
showed a substantial gypsum precipitation which clogged the porosity in the cell closest 
to the buffer/groundwater interface in the model. Therefore, the sulphate concentration 
was lowered to 7.42 mM.  The same  values were also used as porewater composition in  
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Table 5. Initial/boundary water composition of the Base Case, T = 25°C. 

 Groundwater / 
Initial bentonite porewater 

Comments

pH 7.391  
PCO2 10-3.5 bar undersaturation with calcite assumed 
DIC 2.05·10-4 M  
Al3+ 10-12 M   
Mg2+ 1.65·10-3 M  
Ca2+ 1.045·10-2 M  
Fe2+ 10-15 M conservatively assumed to be low 
Na+ 1.668·10-1 M  
K+ 5.3·10-4 M  
Cl- 1.765·10-1 M  obtained by charge balance 
SO4

2- 7.42·10-3 M decreased by a factor of 10 
SiO2(aq) 10-15 M conservatively assumed to be low 

DIC: total inorganic carbon 

the bentonite cells. It should be noticed, however, that the porewater rapidly equilibrates 
with the minerals of the bentonite. 
 
3.3 Definition of other test cases 
 
Several different test cases, with parameters different from the Base Case have been 
calculated. 
 

 Cases A1 – A3: Calculations have been performed where the precipitation kinetics 
have been suppressed for one or several of the minerals included in the Base Case 
model. This suppression is accomplished by lowering the rate constants as shown in 
Table 6. 

 Case B1: The influence of allowing for sulphate reduction and precipitation of 
sulphide minerals (pyrite, FeS(am)) has been studied. 

 Case C1: A set of chlorite minerals have been included among the allowed 
precipitates (see Table 4). 

 Cases D1 – D3: These cases explore changes in the groundwater boundary 
condition. Specifically higher values of sulphate and CO2 partial pressure have been 
evaluated. 

 Case E1: In this case, the influence of using thermodynamic data for berthierine as 
listed in the THERMODDEM data base is checked. 

 
Table 6. Log (k25) (molm-2s-1) of selected minerals for the different calculated cases. 

Case Pyrite FeS(am) Fe3(OH)7 Magnetite/ 
Magnetite (am) 

Goethite Fe(OH)2 Chlorites* 

Base - - -11 -10.78 -7.94 -7.9 - 
A1 - - -31 -10.78 -7.94 -7.9 - 
A2 - - -31 -30.78 -7.94 -7.9 - 
A3 - - -31 -30.78 -27.94 -7.9 - 
B1 -5.0 -5.0 -11 -10.78 -7.94 -7.9 - 
C1 - - -11 -10.78 -7.94 -7.9 -11 
D1 - - -11 -10.78 -7.94 -7.9 - 
D2 - - -11 -10.78 -7.94 -7.9 - 
D3 - - -11 -10.78 -7.94 -7.9 - 
E - - -11 -10.78 -7.94 -7.9 - 
*) Chamosite, Clinochlore,”Al_Free_Chlorite”, and “Chlorite_Cca-2”, taken from the THERMODDEM database. 
See Table 4 
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4 RESULTS 
 
4.2  Base Case 
 
The mineral and pH distributions of the Base Case model at different times are shown in 
Figures 3 -11. 
 
Throughout, it can be observed that the Ca-montmorillonite phase transforms to Na-
montmorillonite in the entire buffer. In reality, these two phases do not exist 
independently, but the montmorillonite contains a mixture of both types of counter ions 
and this type of modelled transformation should not be viewed as “realistic”. For buffer 
performance, it really does not matter whether the montmorillonite is calcium or sodium 
dominated (as long as the saturated buffer density is within the accepted range of  
1900-2050 m3/kg), but from the point of view of the model, this transformation acts as a 
source for calcium and a sink for sodium ions. It should, however, be noted that the 
rather large difference in log K- values for Na-montmorillonite and Mg/K/Ca-
montmorillonite is not entirely consistent. Such a difference suggests that the solubility 
of Na/Ca-montmorillonite would be a strong function of variations in population of 
charge compensating cations. This is in fact not supported by experimental or natural 
observations. 
 
Regarding the iron corrosion process, it is seen that the major part of released iron 
precipitates in the iron cell as mixed Fe(II)/Fe(III) hydroxide - Fe3(OH)7 (green rust).  
 
3Fe + 7H2O  Fe3(OH)7 + 3.5H2 (eq. 8) 

Although this (overall) reaction preserves pH, it involves several steps, which are taken 
into account in the model. Specifically, the dissolution reaction of metallic iron does not 
preserve pH 
 
Fe + 2H2O +  Fe2+ + 2OH- +H2 (eq. 9) 

Consequently, a pH increase may occur during the corrosion process due to diffusive 
transfer of OH- (and Fe2+) out of the iron cell. In this case, it is seen that pH in the iron 
cell is rather close to neutral at all times (around 8) indicating that the corrosion 
processes are primarily active in the iron cell. The decrease of the iron source with time 
is plotted in Figure 9. This diagram also shows the hydrogen gas pressure evolution in 
the iron cell. 
 
The formation of green rust also produces a considerable amount of hydrogen gas, as is 
evident from equation 8. If the corrosion rate is fast and hydrogen transport capacity 
limited, a gas pressure build-up may result. In reality such a gas phase may interact 
mechanically with the clay buffer. This interaction is however not included in the 
present modelling (see also the discussion on mechanical response in section 3.1). As 
seen in Figure 9, the hydrogen gas pressure in the iron cell in the present model is at 
times substantial, of the order of several tenths of bars, comparable to the buffer 
swelling pressure. Note that in the model concept this particular hydrogen gas pressure 
evolution is directly related to the choice of diffusion coefficient (eq. 8). 
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At around 5'000 years, the iron source is completely exhausted (the model was designed 
this way to reflect a corrosion rate of 1 m/a, see section 3.1). At this time, virtually all 
of the iron has precipitated as Fe3(OH)7 in the iron cell and in the adjacent bentonite 
cell. 
 
As can be seen in the figures below, small amounts of gibbsite precipitate in the model. 
Furthermore, the gypsum in the bentonite is seen to quickly dissolve while calcite is 
precipitating in the iron cell. After about 400 years, the system has lost all gypsum. 
After 2’000 years the calcite is also starting to dissolve (in conjunction with a lowering 
of pH). Also, during the iron corrosion phase, small amounts (< 1%) of chabazite and 
Na-phillipsite are precipitating in the buffer. After longer times, these phases are re-
dissolved. 
 

 
 

Figure 3. Distribution of minerals and pH after 100 years in the Base Case. 
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Figure 4. Distribution of minerals and pH after 400 years in the Base Case. 

 

 
 

Figure 5. Distribution of minerals and pH after 1’000 years in the Base Case. 
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Figure 6. Distribution of minerals and pH after 2’000 years in the Base Case. 

 

 
 

Figure 7. Distribution of minerals and pH after 5’000 years in the Base Case. 
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Figure 8. Distribution of minerals and pH after 5’000 years in the Base Case. 
Logarithmic scale. 

 
Figure 9. Metallic iron and H2 gas pressure evolution in the iron cell in the Base Case. 
The blue curve shows the corresponding exponential loss of iron according to 
equation 4. 
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Figure 10 shows the total concentration of Fe2+ and pH in the bentonite cell adjacent to 
the iron cell as a function of time. 
 
Running the Base Case model for a substantially longer time than the life time of the 
iron source shows that a minor part of the green rust starts to convert to goethite. This 
process is however very weak – after 50´000 years only 0.001% goethite has formed. 
Figure 11 shows the distribution of minerals and pH after 50´000 years for the Base 
Case. 
 

 
 

Figure 10. Base Case: Evolution of total concentration of Fe2+ and pH in the right 
hand side bentonite cell adjacent to the iron source. 
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Figure 11. Distribution of minerals and pH after 50’000 years in the Base Case. 

 
4.2  Other test cases 
 
A1 
 
As Fe3(OH)7 was the primary corrosion product in the Base Case, it is of interest to 
investigate the effect when the precipitation of this mineral is suppressed. This is done 
in test case A1 by lowering its kT0-value substantially (see Table 6). The main corrosion 
product in this test case is magnetite 
 
3Fe + 4H2O  Fe3O4+ 4H2 (eq. 10) 

The results for this case are shown in Figures 12-16. When Fe3(OH)7 is not allowed to 
form, the modelled Fe2+ concentration increases, which in turn induces a larger 
diffusional flux. This results in a higher pH around the iron cell (Fig. 14), as more Fe2+ 
is transported away (see reaction given by eq. 7). 
 
Figure 12 shows the total concentration evolution of several primary species. Note the 
substantially larger Fe2+ concentration as compared to the Base Case (Fig. 10). 
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Figure 12. Case A1: Evolution of total concentration of Fe2+ and pH in the right hand 
side bentonite cell adjacent to the iron source. 

 

The magnetite formation reaction produces more hydrogen than the green rust 
formation reaction (eq 7). This is also reflected in the hydrogen gas pressure evolution 
(Figure 13). 
 
Otherwise, the behaviour is rather similar to the Base Case – transient periods of 
precipitation of chabazite and Na-phillipsite occur as well as calcite precipitation in the 
iron cell while the gypsum quickly dissolves. After long times (> 10’000 years) the 
calcite starts to dissolve and tiny amounts of goethite are formed.  
 
Figures 14-16 show the mineral and pH distributions at different times. 
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Figure 13. Case A1: Hydrogen gas pressure evolution in the iron cell. 

 

 
 

Figure 14. Case A1: Distribution of minerals and pH after 100 years. 
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Figure 15. Case A1: Distribution of minerals and pH after 1’000 years. 

 
 
Figure 16. Case A1: Distribution of minerals and pH after 5'000 years. Logarithmic 
scale. 
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A2 
 
In a next step, also magnetite precipitation is suppressed (magnetite was the main 
corrosion product of case A1). Now the main precipitated corrosion product is goethite.  
 
Fe + 2H2O  FeOOH+ 1.5H2 (eq. 11) 

The results for this test case are illustrated in Figures 17-19. Not surprisingly, this type 
of precipitation leads to even higher pH, as compared to the previous cases. The higher 
pH leads to a more pronounced transformation of the montmorillonite in the bentonite 
cell adjacent to the iron source, the alteration products being Na-phillipsite, chabazite 
and gibbsite. A smaller amount of siderite also precipitates in the iron cell during the 
transient period of iron corrosion.  
 
The hydrogen pressure is now even higher than in case A1, as the reaction given by 
equation 11 produces 1.5 hydrogen molecules per iron. 
 
As before, the gypsum is quickly dissolved while calcite precipitates in the iron cell. 
 

 

Figure 17. Case A2: Distribution of minerals and pH after 100 years. 
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Figure 18. Case A2: Distribution of minerals and pH after 5'000 years. 

 

 

Figure 19. Case A2 - Evolution of total concentration of Fe2+ and pH in the right hand 
side bentonite cell adjacent to the iron source. 
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A3 
 
In test case A3, the precipitation rates of Fe3(OH)7, magnetite and goethite are 
suppressed (in comparison to the Base Case). In this case, Fe(OH)2 precipitates,  
 
Fe + 2H2O  Fe(OH)2 + H2 (eq. 12) 

and the pH increases even more as compared to the previous cases (Figure 20). The 
results are illustrated in Figures 20-24.  
 
The effect on montmorillonite is similar to the case A2: Na-phillipsite and chabazite is 
formed. In this case the effect is larger, as a consequence of the higher pH. Also, 
considerably more siderite is precipitating in the iron cell. 
 
With Fe(OH)2 as corrosion product, a high pH is maintained near the iron cell also after 
the lifetime of the iron source. This leads to continued alteration of the clay buffer and 
more severe damage in the long run. This situation is however unrealistic as Fe(OH)2 
will transform to more insoluble iron oxy hydroxides, such as goethite and the model 
should be viewed as illustrating the consequences of allowing only Fe(OH)2 to form. 
The model eventually induces clogging. 
 
The hydrogen pressure is in this case lower than in the previous cases as the main 
corrosion reaction only produces one hydrogen molecule per iron. 
 

 

Figure 20: Case A3 - Distribution of minerals and pH after 100 years. 
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Figure 21. Case A3 – Distribution of minerals and pH after 5'000 years. 

 

 

Figure 22. Case A3 – Distribution of minerals and pH after 50'000 years. 

 



33 
 

 
 

Figure 23. Case A3 – Evolution of total concentration of Fe2+ and pH in the right hand 
side bentonite cell adjacent to the iron source. 

 

Figure 24. Case A3 – Hydrogen gas pressure evolution in the iron cell. 
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B1 
 
This case allows for sulphate reduction and precipitation of pyrite and amorphous FeS 
as 
 
7Fe + 16H+ + 2SO4

2-  FeS2 + 6Fe2+ + 8H2O (eq. 13) 

4Fe + 8H+ + SO4
2-  FeS(am) + 3Fe2+ + 4H2O (eq. 14) 

Oxidation of the metallic iron without hydrogen gas production is thereby possible, e.g. 
as 
 
31/7 Fe + 4H2O + 4H+ + 2SO4

2-  FeS2 + 12/7Fe3(OH)7 (eq. 15) 

This type of reaction, however, does not preserve pH and a strong “chemical attack” on 
the clay is predicted by the model. Indeed, pyrite and Fe3(OH)7 do precipitate 
accompanied by a huge increase in pH (~11.5) due to the sulphate reduction reaction, 
while no hydrogen gas pressure build-up is experienced. Also, minor amounts of 
tobermorite are formed in the iron cell. 
 
The high pH destabilizes the clay, and quickly montmorillonite transforms to phillipsite, 
chabazite and hydrotalcite. The buffer damage is substantial, larger than observed in any 
of the previous cases. Note that no iron-clay phase (e.g. berthierine) is formed in the 
bentonite. 
 
The pH lowers when pyrite precipitation stops as the iron source starts to exhaust. Then 
also the clay transformation decreases. When the iron source is exhausted, little change 
of the system with time is observed. 
 
The results for case B1 are illustrated in Figures 25-28. 
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Figure 25. Case B1 – Distribution of minerals and pH after 100 years. 

 

 

Figure 26. Case B1 – Distribution of minerals and pH after 1’000 years. 
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Figure 27. Case B1 – Distribution of minerals and pH after 5’000 years. 

 

 

Figure 28. Case B1 – Evolution of total concentration of Fe2+ and pH in the right hand 
side bentonite cell adjacent to the iron source. 
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C1 
 
An extended set of chlorite phases was allowed to precipitate in test case C1. As can be 
seen from Figure 29, chamosite precipitates to a small extent in the bentonite cell 
adjacent to the iron source. The effect of chamosite precipitation is also depicted by the 
evolution of dissolved Fe in the first cell adjacent to the iron source (Fig. 30). 
 

 

Figure 29. Case C1 – Distribution of minerals and pH after 5’000 years. Logarithmic 
scale. 
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Figure 30. Case C1 – Evolution of total concentration of Fe2+ and pH in the right hand 
side bentonite cell adjacent to the iron source. 

 
D1 
 
This case explores the situation of having substantially more sulphate in the 
groundwater as compared to the Base Case. The result of this case is not very different 
from the Base Case, but a slightly higher pH is induced as well as a minor 
transformation of the montmorillonite to Na-phillipsite in the first bentonite cell is 
observed. Also, and not surprisingly, the gypsum is precipitating in all cells of the 
model, in contrast to the Base Case in which gypsum dissolved (Figure 31). 
 
It should be noted that with this boundary condition that the clay cell adjacent to the 
boundary becomes clogged with precipitating gypsum after about 5000 years (not seen 
in diagram). No further interaction with the groundwater is thus possible in the model. 
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Figure 31. Case D1 – Distribution of minerals and pH after 5000 years. 

 

D2  
 
This case explores the situation with a very low CO2 partial pressure (10-9 bar) in the 
groundwater (the open boundary conditions of the model) as compared to the Base 
Case. This boundary condition leads to a generally higher pH in the iron cell. In turn, 
this induces minor montmorillonite-to-zeolite conversion in the adjacent bentonite cells 
(mostly Na-phillipsite, but also some chabazite). Figure 32 shows the mineral 
composition after 5’000 years. 
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Figure 32. D2 – Distribution of minerals and pH after 5000 years. 
 

D3 
 
This case explores the situation of having a larger partial pressure of CO2 at the open 
groundwater boundary (10-2 bar) as compared to the Base Case. Except for a lower pH 
and a substantial calcite and siderite precipitation in the iron cell, no major differences 
are seen when comparing with the Base Case. Figure 33 shows the mineral composition 
after 5’000 years, where the calcite precipitation can be seen. Note that the iron cell gets 
clogged and that thus further evolution of the model is not possible. 
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Figure 33. Case D3 – Distribution of minerals and pH after 5’000 years. 

 

E1 
 
This case explores the situation of using the logK-value for the precipitation/dissolution 
reaction of berthierine as provided by the THERMODDEM database (-50.017). This 
value gives unrealistically low values of the Fe2+ concentration as revealed by Figure 
35, which shows the total Fe2+ concentration evolution in the first bentonite cell 
adjacent to the iron source. Figure 34 shows the mineral distribution after 5000 years. 
As can be seen from that diagram, a minor montmorillonite-to-berthierine 
transformation in the first bentonite cell is now present. The conversion is however a 
direct result of the iron corrosion process and basically stops after the exhaustion of the 
iron source, still resulting in only a minor damage on the buffer. 
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Figure 34. Case E1 – Distribution of minerals and pH after 5’000 years. Logarithmic 
scale. 
 

 
 
Figure 35. Case E1 – Evolution of total concentration of Fe2+ and pH in the right hand 
side bentonite cell adjacent to the iron source. 
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5 DISCUSSION 
 

Two mechanisms are identified for altering the bentonite due to iron corrosion. 
 
1) Direct interaction between iron and the montmorillonite resulting in iron silicate 

phases, e.g. berthierine. 

2) Indirect alteration due to increase in pH forming alteration products which does not 
contain Fe, such as phillipsite. 

The Base Case shows small alteration of the buffer, also after 50'000 years – only a 
minor part of the first 2cm-cell has been affected. The amount of alteration is, however, 
(and of course) dependent on the thermodynamic data used for berthierine, the iron 
containing silicate phase which is seen to form in the models. Using the (probably 
inconsistent) value provided by the THERMODDEM database results in a substantially 
larger alteration of the buffer, although still limited to the first bentonite cell. This is 
because of the extremely low solubility predicted by the database which enhances 
montmorillonite dissolution.  
 
By kinetically prohibiting corrosion products to form in the iron cell, pH increases in 
the porewater and alteration of the second type has been demonstrated to occur – 
montmorillonite being transformed to phillipsite. Also this transformation only affects a 
minor part of the first bentonite cell, even when both Fe3(OH)7, magnetite and goethite 
are prohibited to form as corrosion products. 
 
More significant alteration is seen when sulphate reduction is allowed via pyrite and/or 
FeS(am) precipitation. This damage is of the second type, with a hugely increased pH 
front diffusing into and reacting with the clay. It should be noted, however, that the 
alteration is only active during the iron corrosion phase – when the iron source is 
exhausted, pyrite precipitation no longer occurs, and the pH lowers. 
 
There are inherent model and parameter uncertainties which are discussed below: 
 
Corrosion rate: The assumed corrosion rate (1m/a) is based on long-term corrosion 
tests in bentonite. Even lower rates resulting from the forming protective corrosion 
layers may be possible, as suggested e.g. by the results of Xia et al. (2005) but are 
difficult to defend because of lack of conclusive data. In the case of lower corrosion 
rates case the effect of corrosion on the buffer would be lessened. 
 
Kinetics of corrosion products: The interaction of released iron with the bentonite is 
affected by the precipitation kinetics of corrosion products, as shown from the 
modelling data. According to the thermodynamic data used, mixed Fe(II)/Fe(III) 
hydroxide (green rust) is the most stable phase, which will bind most of the corroded 
iron and neutralize pH conditions if its precipitation kinetics is not too slow. The 
corrosive front will reach a maximum of less than 2 cm. If magnetite or goethite would 
precipitate instead then pH would be temporarily increased to about 9 and a somewhat 
larger Fe(II) flux into the buffer be induced, but the extent of the corrosive front is 
barely changed. A limiting case is represented by the case of the relative soluble 
Fe(OH)2 which leads to a rather marked increase in pH and Fe(II) influx to the buffer, 
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resulting in some montmorillonite dissolution and bertherine /zeolite precipitation. After 
the termination of the corrosion reaction, the further alteration remains very limited for 
all cases except for the Fe(OH)2 case, which is primarily explained by the low Fe(II) 
solubility (cf. e.g. Fig. 10) of the resulting corrosion products. 
 
Thermodynamic and kinetic data for silicates: In spite of the extensive data available 
from the THERMODDEM database, the uncertainty related to these data is large. This 
is confirmed by model results which for example suggest stabilization of the Na-form of 
montmorillonite relative to the Ca-form. This result most probably highlights the 
inconsistency in the data rather than a real effect. Other than this, the transformation 
paths of montmorillonite follow the expected trends: upon pH increase above 9.5, 
transformation to zeolite is predicted, in agreement with other studies (e.g. Marty et al. 
2009). The interaction of montmorillonite with Fe(II) leads to iron-rich clays 
(berthierine, chlorite), but only in case of sufficient destabilization of montmorillonite 
via pH increase. A major uncertainty in this regard is the thermodynamic data for 
berthierine, which needed to be adjusted to obtain reasonable results. 
 
Diffusion process: The conceptual model uncertainty with regard to the use of a single 
diffusion coefficient and single porosity for cationic and anionic species has already 
been highlighted in section 3.1. In general, in spite of the large uncertainty related to 
conceptualizing multispecies diffusion in compacted clay, we consider this uncertainty 
rather as second order relative to other uncertainties. The diffusive mass transfer of 
Fe(II) is treated conservatively by neglecting sorption processes and by maximizing the 
concentration gradient with a zero concentration boundary in the (unaffected) buffer.  
 
A further simplification is the assumption of linear instead of radial geometry. This is 
not expected to affect results in a significant way (Wersin et al. 2007). 
 
Influence of hydrogen: Hydrogen gas formed by the corrosion process was considered 
to be non-reactive towards the clay, thus not affecting the redox state of the iron in 
montmorillonite. This has been a common assumption in Fe-smectite modelling 
exercises (e.g. Savage et al. 2010; Marty et al. 2010) and, to our knowledge, there is no 
clear evidence from natural environments that H2 should act as reductant in clays. 
However, a very recent study of Didier et al. (2012) indicates that hydrogen can partly 
reduce Fe(III) in montmorillonite at elevated pH2 and somewhat increased temperatures 
(90C) and “dry” conditions. The relevance of this study for the repository situation is 
still unclear. 
 
Geochemical conditions: The evolution of groundwater chemistry at Olkiluoto is rather 
complex and depends initially on the disturbances induced by repository construction 
and later on the climatic evolution (e.g., Pastina & Hellä 2006). The trend till the next 
glaciation is a change from saline to more dilute conditions and enrichment of 
carbonate. In the modelling, dilute carbonate rich conditions have been conservatively 
selected throughout because of the higher Fe(II) solubility and Fe(II) larger fluxes into 
the buffer relative to saline conditions (Wersin et al. 2007). 
 
After emplacement, the buffer will pass from the unsaturated to the saturated state by 
water uptake from the rock. The duration of this saturation process which will vary for 
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the different deposition drifts depending on the local flow conditions, may last for 1'000 
years or more for tight sections. Long saturation times will attenuate the iron-bentonite 
interactions because of slow to negligible solute transport and strongly limited 
weathering of montmorillonite (although the corrosion reaction in bentonite will occur 
already at a critical humidity of about 30% (Wersin et al. 2003 and references therein). 
The simplified assumption of saturated conditions from the start can certainly be viewed 
as conservative with regard iron-bentonite interaction processes. 
 
A major uncertainty regards microbial processes at the rock/shell/buffer interface. In 
particular, the relevance of microbial reduction of sulphate, a major electron acceptor is 
uncertain. In general, it is well accepted that microbial activity in compacted bentonite 
is inhibited or at least severely limited (Stroes-Gascoyne et al. 2010). However, the 
buffer area between the shell and rock and the altered area in general may not be hostile 
enough to prevent sulphate reducing bacteria, such that sulphate reduction might occur. 
In addition, sulphate reduction is favoured by the generation of corrosion-derived 
hydrogen acting as electron donor (Pedersen 2008). As highlighted from model results, 
the assumption of concomitant sulphate reduction and corrosion may lead to high pH 
conditions, which in turn destabilize the smectite. The zone of montmorillonite 
alteration is predicted to be about 7 cm and represents the "worst" of the considered test 
cases. 
 
In summary, the main uncertainties which are relevant from the buffer's performance 
are (i) the nature and kinetics of corrosion products formed, (ii) the thermodynamics and 
kinetics of clay phases (in particular berthierine) and (iii) the significance of 
microbially-mediated sulphate reduction.  
 
In spite of the large conceptual and parameter uncertainties involved, the model results 
can be considered as robust in the sense that the loss of montmorillonite and newly 
formed minerals are restricted to a spatially constrained area of a few centimetres. This 
even holds for conservative model assumptions, except for the microbially-mediated 
sulphate reduction case. 
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6 SUMMARY AND CONCLUSIONS  
 
A reactive transport model with the CrunchFlow code has been applied to simulate the 
anaerobic corrosion of the steel shell and the interactions of iron with the bentonite 
buffer for Olkiluoto specific conditions. This modelling exercise is an update of that 
carried out in the year 2007 (Wersin et al. 2007). It builds on a similar conservative 
treatment of the diffusion and reaction processes, but includes the following main new 
aspects: 
 
 selection of thermodynamic silicate and other data from the extensive 

THERMODDEM database 
 stronger focus on the initial corrosion stage and accompanying pH changes 
 systematic evaluation of kinetics of corrosion products and neoformed silicate 

minerals 
 
From a general perspective, the previous results were confirmed in that the zone of 
alteration was predicted to remain spatially limited for very long times. However, for 
some (bounding) cases, the effect on the buffer was somewhat more pronounced. This 
effect was induced by pH increase above 9, leading to higher dissolution of the 
montmorillonite fraction. Factors favouring pH increase were found to be slow 
precipitation of iron oxides or hydroxides and, even more so, microbially-mediated 
sulphate reduction by using the hydrogen formed by corrosion as an electron-donor. 
When this latter redox process was included, the largest effect with a maximum extent 
of the altered zone (about 7 cm) resulted. 
 
The main reasons for the limited impact of the steel shell on the buffer are: 
 
 Limited mass of Fe in the shell, thus limiting impact by corrosion 
 Low solubility of corrosion products limiting diffusive Fe flux to buffer 
 Stability of montmorillonite and its low dissolution rate, in particular once corrosion 

stage is terminated.   
 
The uncertainties identified are quite numerous, but modelling suggests that only few of 
these are relevant in terms of alteration and cementation effects. The uncertainties 
related to geochemical processes which lead to high pH conditions, such as slow 
precipitation kinetics of corrosion products or sulphate reduction are of particular 
concern. A further uncertainty, which could not be substantially reduced in spite of the 
far more extensive database used, is the thermodynamic data of clay phases. The most 
troublesome in this respect is the poor data of berthierine, a potential reaction product of 
the iron-montmorillonite interaction process. Mineral kinetics constitutes a general 
uncertainty (perhaps the largest of all), but this has been evaluated by exploring a wide 
parameter space. The conceptual uncertainty of the diffusion model for bentonite is also 
of general relevance, but probably affects the outcome less than the other uncertainties 
mentioned above. 
 
Overall, in spite of the uncertainties inherent in the modelling exercise, the applied 
model is robust with regard to estimated mass loss of montmorillonite and the spatial 
extent of affected buffer. 
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