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ESTIMATIONS OF DURABILITY OF FRACTURE MINERAL BUFFERS IN 
THE OLKILUOTO BEDROCK 

ABSTRACT 

This study attempts to make scenarios for the geochemical effects that the underground 
excavations in the Olkiluoto bedrock have on naturally occurring fracture mineral 
buffers. The excavations of underground research facilities and final repository galleries 
probably cause steep hydraulic gradients in some bedrock fractures. These gradients 
likely draw surficial waters within the fracture network and activate weathering 
processes deeper in rock fractures than in the natural undisturbed conditions. 

The present studies concentrate on the meteoric infiltration in a single rock fracture, and 
on the selected set of minerals believed to be significant buffers against pH/redox 
variations in groundwater. The modelling considers the possibility that the infiltrating 
meteoric water is soil water rich in dissolved inorganic carbon. Calcite, pyrite, quartz, 
amorphous silica, cordierite, hornblende, albite, K-feldspar, kaolinite, and illite are 
taken into account as reacting minerals. Simulations are done by varying the flow rate 
of water from 1 L/h to 100 L/h. The effects of mineral reactions onto porosity and 
permeability values are monitored as well. In the present study, however, the changes in 
physical properties of the fracture channel do not affect the flow rate of water. 
Furthermore, calculations also describe how cation exchange affects the studied fracture 
channel system. The simulations coupling the hydraulic flow and water-rock interaction 
were done with TOUGHREACT V1.0 code and with the EQ3/6–database implemented 
in the code. In part, the simulations were evaluation of the code capabilities, and 
verification of results to earlier PHREEQC-2 simulation results.  

The calculation results confirm the assumption that principal buffer against pH changes 
is calcite. All silicate reactions, with considered reactive surface areas, are by 
comparison of marginal importance. The only redox buffer in the calculations is pyrite, 
and consequently significant amounts of oxygen runs through the channel in all studied 
cases. This condition is unrealistic. In real, there are likely other oxygen consumers as 
well. With a significant probability no oxygen breakthrough can be detected at the depth 
of 500 metres with the studied flow rates. The potential redox buffers not taken into 
account are e.g. matrix diffusion and the microbiological redox processes that dominate 
within the soil layer and upper parts of bedrock. Cation exchange studies indicate that 
cation exchange has only a minor effect on the water composition running through the 
fracture channel. However, there is no experimental cation exchange capacity estimates 
available from the Olkiluoto fracture clays.  

Keywords: water geochemistry, water-rock interaction, fracture zone, fracture mineral, 
buffering capacity, permeability 



ARVIOITA RAKOMINERAALIPUSKURIEN KESTÄVYYDESTÄ 
OLKILUODON KALLIOSSA

TIIVISTELMÄ

Tutkimus pyrkii ennustamaan, millaisia geokemiallisia seurauksia maanalaisilla louhin-
noilla on Olkiluodon kalliossa esiintyviin rakomineraalipuskureihin. Maanalaisten 
tutkimustilojen ja loppusijoitustilojen louhintatyöt tulevat todennäköisesti aiheuttamaan 
jyrkkiä hydraulisia gradientteja joissakin kallioperän raoissa. Nämä gradientit otaksut-
tavasti vetävät maanpäällisiä vesiä kallioperän rakoverkostoon, jotka aktivoivat rapau-
tumisprosesseja syvemmällä kallioraoissa kuin häiriintymättömässä luonnontilassa 
tapahtuu.

Tutkimukset keskittyvät meteorisen veden tunkeutumiseen kallion rakoon sekä 
joukkoon rakomineraaleja, jotka uskottiin merkittäviksi puskureiksi pohjaveden 
pH/redox vaihteluita vastaan. Mallinnus pohtii tapauksia, joissa tunkeutuva vesi on 
liuennutta hiiltä sisältävää ns. maannosvettä. Kalsiitti, pyriitti, kvartsi, amorfinen 
piidioksidi, kordieriitti, sarvivälke, albiitti, kalimaasälpä, kaoliniitti ja illiitti on 
huomioitu reagoivina mineraaleina. Simuloinneissa veden virtausnopeus vaihteli välillä 
1–100 L/tunti. Mineraalireaktioiden vaikutusta huokoisuuteen ja permeabiliteettiin on 
myös monitoroitu. Käsillä olevassa työssä rakokanavan fysikaaliset muutokset eivät ole 
kuitenkaan vaikuttaneet veden virtausnopeuteen. Lisäksi laskennoissa on tehty erillinen 
pohdinta, miten kationin vaihto vaikuttaa tutkittuun kanavasysteemiin. Hydraulisen 
virtauksen ja vesi-kallio-vuorovaikutuksen yhteen kytkevät simuloinnit tehtiin 
TOUGHREACT V1.0 koodia ja siihen liitettyä EQ3/6–tietokantaa hyväksikäyttäen. 
Osittain simulointien tarkoituksena oli arvioida koodin ominaisuuksia ja vertailla 
tuloksia aikaisempiin PHREEQC-2 laskentatuloksiin. 

Laskennat vahvistavat olettamuksen, että pääasiallinen puskuri pH muutoksia vastaan 
on kalsiitti. Tarkastellut reaktiiviset pinta-alat huomioiden kaikki silikaattireaktiot ovat 
merkitykseltään marginaalisia. Pyriitti on ainoa laskennoissa huomioonotettu redox-
puskuri. Tästä seurauksena huomattavia määriä happea kulkeutuu kanavan läpi kaikissa 
tarkastelluissa tapauksissa. Tämä on epärealistista. Todellisuudessa systeemissä on 
todennäköisesti myös muita hapen kuluttajia. Luultavasti hapen läpikulkeutumista ei 
voida havaita 500 metrin syvyydellä tutkituilla virtausnopeuksilla. Mahdollisia redox-
puskureita, joita ei ole otettu huomioon, ovat esimerkiksi maaperässä ja kallion ylä-
osissa vallitsevat mikrobiologiset redox-prosessit. Kationinvaihtotutkimukset viittaavat 
siihen, että kationinvaihto vaikuttaa pienin määrin rakokanavan läpi virtaaviin vesi-
koostumuksiin. On kuitenkin huomattava, että Olkiluodon rakosaville ei ole olemassa 
mitään kokeellisia kationinvaihtokykyarvioita.

Avainsanat: vesigeokemia, vesi-kivi -vuorovaikutus, rakovyöhyke, rakomineraali, 
puskurikapasiteetti, permeabiliteetti 
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1 INTRODUCTION 

The excavations of underground research facilities and final repository tunnels will 
likely cause steep hydraulic gradients in the bedrock. These gradients likely activate 
weathering processes deeper in rock fractures than in the natural undisturbed conditions. 
It is probable that water flow within some fractures will be increased considerably. In 
particular, aerobic oxidation, consequent acidification, and related processes such as 
calcite dissolution are among the central issues to be concerned. As an example, 
significantly increased chemical activity has been observed in monitoring groundwater 
chemistry during the studies of the Äspö Hard Rock Laboratory (e.g. Banwart et al. 
1999, Pitkänen et al. 1999a, Luukkonen 2001). Both aerobic and anaerobic redox 
processes may be harmful for long term safety of nuclear waste repository. These 
processes may consume effectively buffering compounds in the fractures, like calcite, 
pyrite and silicates that can be valuable during the lifetime of a repository. During the 
closing stage of a repository, the chemical conditions may also otherwise change to 
unfavourable in groundwater finally left behind in bedrock fractures, or entrapped in 
tunnel backfill.

Current approach couples water flow in a "conductive channel" and geochemical 
reactions. Calcite reactions are taken into account with thermodynamical equilibrium 
approach. Otherwise, mineral reactions follow reaction kinetic calculation approach. 
Kinetic phases considered are pyrite, quartz, amorphous silica, cordierite, hornblende, 
albite, K-feldspar, kaolinite, and illite. All kinetic phases are allowed to dissolve. 
Furthermore, kaolinite, illite, quartz and amorphous silica are allowed to precipitate as 
well. The study considers also the effect of cation exchange to water composition that 
flows through the channel. The results are visualised with depth vs. time plots that 
illustrate how conditions change within the channel as a function of time. Simulations 
also consider the problem how mineral reactions affect the porosity and permeability 
distributions within the channel. In this study, however, there is no coupling to 
hydraulic flow. Porosity and permeability changes are only monitored and hydraulic 
flow stays at a constant level as assigned at the beginning of a simulation. 

All geochemical calculations were made with the TOUGHREACT V1.0 code (Xu et al. 
2005) and with the EQ3/6 -database implemented in the code. The water data used in 
this exercise are based on the hydrochemical data of Olkiluoto presented in Pitkänen et 
al. (1999b) and Hatanpää (2002). The mineralogical information utilised is based on 
drill core reports by Gehör et al. (1997, 2000, 2001a, 2000b), and Kärki & Lahdenperä 
(2002). The simulations done evaluated also the code capabilities and verified results in 
relation to the PHREEQC-2 simulation results done earlier (Luukkonen et al. 2004). 
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2 WATER COMPOSITIONS AND FRACTURE MINERALS 

The water compositions considered in the calculations are presented in Table 2-1. The 
"conductive channel" is initially filled with anoxic brackish water equilibrated with 
calcite. This water attempts to imitate subglacial water composition that has been 
inferred as one of the major water types in Olkiluoto at the moderate fracture zone 
depths (Pitkänen et al. 1999b). The tabulated soil water composition represents a mean 
composition from the soil tube PVP1 samples taken during 1994 (Pitkänen et al. 1999b, 
Hatanpää 2002).

For soil water, the default values of O2 and dissolved inorganic carbon (DIC) are 10 
mg/l and 8.2 mg/l, respectively. The O2-content is based on its solubility and the DIC-
value on the measurements from Olkiluoto. Note that the concentrations of O2 (10 mg/l) 
and DIC (8.2 mg/l) together in soil water represent slightly more aggressive infiltrating 
water than has been observed at the site. 

Table 2-1. Water compositions in mg/L considered in the calculations.  

pH O2 Ca Fe Al SiO2 Na K Mg Ctot SO4
2-

Cl

Initial channel 
water

7.1 0.0 444 0.0 0.001 10 1700 4.0 110 37.3 0.0 3500

Infiltrating soil 
water

5.4 10 8.0 2.0 0.001 10 5.0 0.5 0.50 8.2 8.0 6.0

Buffering capacities of fracture minerals are primarily functions of their amounts on 
fracture surfaces. The consumption of the fracture filling mineral buffer depends on 
groundwater chemistry and dissolution rates, more generally reaction kinetics. 

The amounts of fracture minerals have been estimated based on the drill core data 
summarised by Gehör et al. (1997, 2000, 2001a, 2001b) and Kärki & Lahdenperä 
(2002). They have identified the fracture minerals and evaluated by eye the coating area 
and thickness of each coating on fracture surfaces from the drill cores of the Olkiluoto 
site. Table 2-2 represents the calculated average coating areas and thickness for calcite, 
pyrite, pyrrhotite, clay minerals and other silicates on fracture surfaces based on 12 first 
drill cores (OL-KR1 … OL-KR12) drilled into the site (cf. Luukkonen et al. 2004). 
Averages are a summary from all fractures met in drilled cores within the first 500 
metres. The average thicknesses presented in Table 2-2 are based on measurements with 
the exception of silicates. In the fracture mineral studies, areas uncovered with the 
(secondary) fracture minerals are frequently occupied by the (primary) bedrock silicate 
surfaces. However, a feasible thickness for primary silicates is hard to give. If natural 
thicknesses, e.g. bedrock mineral grain sizes, are given the reserves of silicate minerals 
grow large, and are unpractical considering the presentation of current simulations. 
Therefore, thicknesses for silicates exposed on the fracture surfaces were assumed to be 
0.2 mm. Later, it turns out that this thickness is quite enough for silicates and none of 
the silicate minerals considered are in danger to run out during the simulations. 
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Table 2-2. Average mineral coverage in Olkiluoto fractures. Area in percent is an 
average fraction of mineral cover in relation total fracture area observed (modified 

after Gehör et al. 1997, 2000, 2001a, 2001b, and Kärki & Lahdenperä 2002).  

Calcite Pyrite Pyrrhotite Clay Minerals Other Silicates
Area (%) 28.1 7.0 0.2 26.8 37.9
Thickness (mm) 0.4 0.2 0.4 0.3 0.2

The bedrock silicate mineral distributions on the fracture surfaces uncovered with 
proper fracture minerals are inevitably heterogeneous, and are strongly dependent of the 
rock type where a distinct fracture is located. The problem was solved by adapting an 
average mineral composition calculated for Olkiluoto bedrock (Vuorinen et al. 2003). 
The average Olkiluoto bedrock is assumed to contain mica gneiss 75 wt%, granite 
pegmatite 20 wt%, and tonalite 5 wt%. The average mineral composition of the 
Olkiluoto bedrock is presented in Table 2-3. The aerial abundances of silicates within 
the fracture surfaces were estimated by taking into account both the 37.9% coverage in 
Table 2-2 and the percentages presented in Table 2-3. For example, an average 
abundance for cordierite within the Olkiluoto fractures is approximated as 3.2% (i.e. 
0.379×0.085 = 0.0322) of the fracture surface area. 

Table 2-3. A composition estimate for average Olkiluoto bedrock (after Vuorinen et al. 

2003). It is approximated that within the silicate coverage (37.9%) presented in Table 

2-2, the silicate abundances are as tabulated below. 

Mineral Wt %

Quartz 23.2

Oligoclase 19.2

Microcline 17.1

Biotite 21.1

Cordierite 8.5

Sillimanite 5.4

Muscovite/Sericite 2.9

Hornblende 1.4

Zircon 0.3

Epidote/Saussurite 0.3

Carbonate 0.1

Apatite 0.1

Garnet 0.0

Sulphides 0.3
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3 KINETIC MINERAL DISSOLUTION AND PRECIPITATION 

At low temperatures, all usual silicate dissolution reactions are surface area, specific 
rate (function of e.g. pH and various inhibition factors) and mineral saturation 
controlled. Often reactions take place in conditions far from thermodynamic 
equilibrium. Similar conditions apply to a great variety of naturally occurring oxides, 
hydroxides, carbonates, sulphates, sulphides and phosphates as well. In these cases, the 
time dependence of geochemical reactions is critical. Rate differences between 
dissolving minerals affect the way how an infiltrating solution gradually alters as a 
function of time. Conversely, the reaction rate studies between fracture filling minerals 
give clues, which minerals are principal buffers e.g. against pH, and which minerals are 
mostly inert in the systems.  

The knowledge related to the mineral precipitation rates is less well-known. In addition 
to the rate parameters that are analogous to dissolution, the mineral precipitation 
processes need definitions of initial nuclei volume fractions, and definitions of 
supersaturation gap and temperature relations of this gap. The supersaturation needs to 
be more than the gap before the precipitation occurs. 

The mineral saturation ratio for a single mineral can be expressed as follows: 

c

jj

N

j

jjcK
1

1   , 
(3-1)

where Kn is the corresponding equilibrium constant. cj is the concentration, j is the 
activity coefficient, and j is the stoichiometric coefficient of the dissolved species j.
For mineral equilibrium  = 1,  > 1 indicates supersaturation and  < 1 subsaturation. 

The overall reaction rate of a mineral builds up from two main factors, i.e. from the 
specific dissolution/precipitation rate, and from the reactive surface area available for 
reactions. A general reaction rate expression can be given as follows (Lasaga et al. 
1994):

mmmm Akr 1      qNm ...1  , (3-2)

where positive rate values rm [mol s-1] indicate dissolution, and negative values 
precipitation, km [mol m-2 s-1] is the specific reaction rate constant that is temperature 
dependent, and can be dependent of various species concentrations. Am [m2 kgw-1]
represents the specific reactive surface area, and m is the mineral saturation ratio. In 
the cases of strong subsaturation  becomes small, and correspondingly (1- )  1. 
and  are experimentally determined constants. Frequently,  and  are assumed to be 
equal to unity. However, variations in the values of  and  can occur over wide ranges. 
As an example,  and  for albite dissolution in high pH conditions are 0.76 and 90, 
respectively (Alekseyev et al. 1997). 

Palandri & Kharaka (2004) point out that in literature there is a degree of uncertainty to 
what the reactive surface area An stands for. In research studies, the reactive surface 
areas have been equated with measured BET surface areas, and with geometric surface 
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areas. However, the geometric surface area can be clearly smaller than the BET surface 
area for the same material. The surface areas utilised in the present simulations are 
discussed further down in this report. Finally, dissolution experiments consider only 
bulk dissolution rates of minerals. They do not take into account crystallographic 
control of mineral dissolution (cf. Hodson 2006). Rate equations (e.g. Eq. 3-2) make no 
indication whether the dissolution process is congruent or incongruent in its character. 
Many studies simply assume that minerals far from thermodynamic equilibrium 
dissolve congruently. 

The temperature dependence of specific reaction rate constants is implemented with 
Arrhenius equations. The general form of rate constant equation can be presented 
according to following (Xu et al. 2005): 

j

n

ij

i

TR

E

iTR

E

nu ij

i
a

nu
a

aekekk 15.298

11

25
15.298

11

25  , 
(3-3)

where Ea is the activation energy, k25 is the rate constant at 25°C, R is gas constant, T is 
absolute temperature, a is activity of a species, and n is power term. 

Dissolution and precipitation of minerals are often catalysed by H+ (acid mechanism) 
and OH- (base mechanism). In many cases, a specific rate constant includes each of 
these three mechanisms (Xu et al. 2005). If there are no other active species that affect 
the rate of dissolution or precipitation, then the Equation (3-3) can be simplified into 
form: 

OH

OH
a

H

H
a

nu
a

n

OH

TR

E

OHn

H

TR

E

HTR

E

nu aekaekekk 15.298

11

25
15.298

11

25
15.298

11

25

.

(3-4)

Notice that in Equation (3-4) parameters  and  are assumed the same for each 
mechanism (Xu et al. 2005).  

The current study considers the following kinetic mineral reactions: Kaolinite, illite, 
pyrite, quartz, amorphous silica, cordierite, hornblende, albite, and K-feldspar. All 
minerals are allowed to dissolve. However, only kinetic precipitation of kaolinite, illite, 
quartz and amorphous silica is considered. The rate parameters related to these minerals 
are tabulated in Table 3-1. Only acid and neutral mechanisms are tabulated (cf. Eq. 3-4), 
since high pH conditions are not reached in the following simulations. Reaction rates of 
aluminous silicates are frequently catalysed with proton concentration (positive n values 
in Table 3-1). Pure SiO2 reactions are more or less inert to low pH conditions. In the 
case of pyrite, a low pH condition is a reaction inhibitor (negative n value). Pyrite 
dissolution kinetic mechanism obeys both proton and oxygen concentrations (cf. Eq. 3-
3). The main catalyser for pyrite dissolution is oxygen concentration. Especially in very 
low pH (<2), also Fe3+ is catalyser for pyrite dissolution in both oxygenous and anoxic 
conditions (Palandri & Kharaka 2004, Williamson & Rimstidt 1994). However, Fe3+

concentrations are not considered in this study because pH will always stay at higher 
level than 5.4.  
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The specific reaction rates, far from equilibrium, considered in the following 
simulations are presented in Figure 3-1. The presented pyrite reaction rate assumes that 
there is 2.58·10-4 mol/L oxygen available in the solvent. The concentration corresponds 
with the solubility limit (i.e. 8.26 mg/L) for oxygen in water in contact with air at 25°C. 
The simulations will concentrate to the pH area from 5.4 to 8.1. In this area the fastest 
specific dissolution rate is attributed to pyrite. The most reactive silicates are then 
cordierite and hornblende. Feldspars and crystalline quartz are clearly less reactive 
minerals. Of the silica polymorphs, amorphous silica is clearly more soluble in water 
than crystalline quartz. Also kinetic rates related to amorphous silica are higher than that 
of crystalline quartz (Fig. 3-1). Reaction rates illustrated for clay minerals (kaolinite, 
illite) are low. 
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Table 3-1. A compilation of mineral kinetic rate parameters. Values are after Palandri 

& Kharaka (2004) unless noted otherwise. Variable names refer to Equations 3-2 and 

3-4.

 Acid Mechanism  Neutral Mechanism Saturation Const. 
 log k E n n(1  log k E  

Kaolinite diss. -11.31 65.9 0.78  -- -13.18 22.2 1.0 1.0
Kaolinite prec.(2  --  --  --  -- -13.18 22.2 1.0 1.0
Illite diss. -10.98 23.6 0.34  -- -12.78 35.0 1.0 1.0
Illite prec.(2  --  --  --  -- -12.78 35.0 1.0 1.0
Pyrite(3 -8.19 56.9 -0.11 0.500  --  -- 1.0 1.0
Quartz diss./prec.(2  --  --  --  --  -13.99 87.7  1.0 1.0 
SiO2(amor.) diss.  --  --  --  --  -12.13 62.9  1.0 1.0 
SiO2(amor.) prec.(4  --  --  --  --  -10.00 0.0  1.0 4.4 
Cordierite -3.80 113.3 1.000  --  -11.20 28.3  1.0 1.0 
Hornblende -7.00 75.5 0.600  --  -10.30 94.4  1.0 1.0 
Albite -10.16 65.0 0.457  --  -12.56 69.8  1.0 1.0 
K-feldspar -10.06 51.7 0.500  --  -12.41 38.0  1.0 1.0 

1)Reaction order n with respect to O2
2)Supersaturation gap 0.7 (log( /K)) used for controlling the precipitation (cf. Xu et al., 2005) 
3)Reaction rate is valid over the pH range 2-10 in presence of O2 (Williamson & Rimstidt, 1994) 
4)Precipitation kinetics as in Spycher et al. (2003) 

Figure 3-1. Specific reaction rates of minerals as a function of pH and far from 

thermodynamic equilibrium. Except amorphous silica precipitation, all specific rates 

illustrate dissolution rates. The pyrite rate presentation assumes maximum dissolved 

concentration of oxygen in water at 25°C. 
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4 FRACTURE PROPERTIES FOR REACTIVE TRANSPORT 
CALCULATIONS

The problem considers a "channel-shaped" fracture. The channel is vertical, i.e. the 
channel starts from ground surface, and ends at depth of 500 m from the ground level. 
The hydraulic pressure gradient is built up in the channel accordingly. The underground 
excavations at depth within crystalline bedrock may create a hydraulic drawdown in a 
water saturated "channel-shaped" fracture of bedrock. The poorly buffered low pH (5.4) 
moderate DIC (8.2 mg/kgw) soil water recharges into the fracture channel from ground 
surface while discharge water, variously equilibrated within the channel, is constantly 
being leaked into a underground tunnel at depth of 500 metres. 

It is assumed that an average aperture and width of a "channel-shaped" Olkiluoto 
fracture is about 2 mm and 0.5 m, respectively (Fig. 4-1). The fracture is filled with 
water at all times and it has porosity of 0.5. The dimensions are in accordance with 
earlier reactive transport simulations done with PHREEQC-2 (Luukkonen et al. 2004). 
In the "porous conductive channel" one litre of water spreads over a 2-metre-length 
during each time step. Each calculation cell is composed of 1·10-3 m3 volume of solids, 
and 1·10-3 m3 volume of pore space. It is supposed that the fracture porosity does not 
lead to increase in reactive surface areas, but the initial surface areas within each 
calculation cell are results of the rectangular cell geometry. I.e. the 0.5 m × 2 m wall 
area on both sides of a single calculation cell sums up to 2 m2 of potentially reactive 
surface area. Since, kinetic reactions are a function of residence time in a calculation 
cell. The dimensions of a calculation cell could be chosen equally well for example as 
follows: Width 1 m, aperture 1 mm, length 2 m, and porosity 0.5 (or width 1m, aperture 
0.5 mm, length 2 m, and porosity 1.0). 

The amounts of reactive mineral moles presented in Table 4-1 are based on Table 2-2 
and 2-3 by assuming that the calcite and clay mineral thicknesses at the fracture walls 
are on the average 0.4 and 0.3 mm, respectively, while in the case of other minerals the 
thickness is 0.2 mm. The estimated volume fractions (i.e. initial mineral volume divided 
by total volume of solids) of reactive minerals within each calculation cell were 
evaluated with the knowledge of mineral densities. In the simulations calcite is assumed 
to be equilibrium mineral. The calcite kinetics is so fast that the equilibrium assumption 
is justified. Otherwise, mineral reactions are considered on the kinetic basis. In the 
kinetic mineral precipitation, the 0.7 supersaturation gap is (cf. Table 3-1) simply a 
taken value due to lack of knowledge in respect of kinetic mineral precipitation. 

In addition of the tabulated volume fraction (Table 4-1), kinetically constrained mineral 
reactions require definitions of initial specific surface areas. Reactive surface areas 
(Table 4-1) are calculated with the aid of average coverage percentages presented in 
Table 2-2. For example for calcite: 2 m2 × 28% = 0.56 m2. Note that the tabulated 
reactive surface areas sum up to 1.7 m2. The remaining 0.3 m2 are covered with non-
reactive clay minerals and silicates (Tables 2-2 and 2-3). The specific surface areas 
originate from mineral coverage areas per total volume of solids (= 1·10-3 m3).

The 0.5 porosity given for the fracture channel is judgement only. During the 
simulations changes in porosity and permeability originating from dissolution and 
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precipitation of minerals are monitored. In this study, the porosity and permeability 
changes are only monitored without feedback on fluid flow. This option was chosen in 
order to keep the simulation results comparable to earlier PHREEQC-2 simulations 
(Luukkonen et al. 2004). However, the contradictory option (fluid flow is coupled to 
permeability) would have been a more realistic choice. 

Figure 4-1. The "channel-shaped" fracture considered in the exercise. The complete 

length of the flow path is 500 m. The porosity of the channel is 0.5. 

Table 4-1. Molar volumes of reactive minerals, initial amounts of reactive minerals per 

m
3
, initial volume fractions of minerals within "channel-shaped" fracture, and initial 

reactive surface areas and specific surface areas within each calculation cell. 

Min. Formula Molar Vol. cm
3
/mol Initial Amount mol/m

3
V/Tot. solid V

(*
Reactive Surf. m

2
Specific Surf. m

2
/m

3

Calcite CaCO3 36.93 3032.4 0.224 0.560

Kaolinite Al2Si2O5(OH)4 99.52 321.5 0.064 0.214 214

Illite K0.6Al2(Si3.5Mg0.25Al0.3O10)(OH)2 138.9 72.0 0.073 0.241 241

Pyrite FeS2 23.94 584.8 0.028 0.140 140

Quartz SiO2 22.69 771.3 0.035 0.176 176

Cordierite hydr Mg2Si5Al4O18*9H2O 241.2 26.9 0.013 0.0644 64.0

Hornblende NaCa2Mg4Al(Si6Al2O22)(OH)2 273.5 3.7 0.002 0.0106 10.6

Albite NaAlSi3O8 100.3 144.6 0.029 0.146 146

K-feldspar KAlSi3O8 108.9 119.4 0.026 0.130 130

*)Thickness for calcite 0.4mm, for kaolinite and illite 0.3 mm, otherwise 0.2 mm

The complete length of flow-path is 500 metres from the ground level to the repository 
depth. This length is divided into 250 calculation cells. The simulation results presented 
in the next Chapter consider three different flow rates. The studied volumetric flow rates 
are 2.78·10-4 kgw s-1, 2.78·10-3 kgw s-1, and 2.78·10-2 kgw s-1 that correspond to 1 L/h, 
10 L/h, and 100 L/h, respectively. In the 1 L/h case, an individual water particle gets 
from the inflow side of a 2-m calculation cell to the outflow side in one hour. This gives 
2 metres/h for the particle velocity. In the 10 L/h and 100 L/h cases the particle 
velocities are 20 metres/h and 200 metres/h, respectively.

According to Xu et al. (2005), reactive geochemical transport is normally done without 
sequential iteration (i.e. the sequence of transport and reaction equations is solved only 
once during a transport step). The accuracy of sequential non-iterative approach 
depends mainly on the Courant number: 
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x

t
vC ,

(4-1)

where v is particle velocity, x is grid spacing, and t is length of time step. The 
stability condition for reactive transport is C  1. This condition constrains the length of 
time step if the particle velocity and grid spacing remain constant. 

In the 1 L/h case, the Courant number condition indicates that the length of time step 
should be less than 3600 s. In the 10 L/h and 100 L/h cases, the lengths of time steps 
should be less than 360 s and 36 s, respectively. These are remarkably short time steps, 
while long simulation times, of the order of decades (or centuries), are considered. The 
shorter the time step gets the longer computer times for simulation calculations are 
needed.

The simulation calculations use an option where changes in porosity and permeability 
are monitored due to mineral dissolution and precipitation. In the current case, the 
changes are monitored without feedback on fluid flow. The initial permeability values 
for the simulations were calculated from the Darcy Equation (4-2): 

A
dl

dhg
kQ ,

(4-2)

where Q [m3 s-1] is volumetric flow rate, k is intrinsic permeability [m2],  [kg m-3] is 
density of water, g [m s-2] is gravity constant,  [kg m-1 s-1] is dynamic viscosity of 
water, dh/dl [-] is hydraulic gradient, and A [m2] is cross section area of a conductive 
channel.

The following aspects in permeability calculations were taken into account. Hydraulic 
gradient was assumed to unity (the channel is vertical). The channel cross section was 
1·10-3 m2 (= 0.002 × 0.5 m2). The dynamic viscosity of water is temperature dependent. 
The value 1.31·10-3 kg m-1 s-1 was used (dynamic viscosity of pure water at 10°C). For 
the 1 L/h, 10 L/h and 100 L/h cases, the permeability values for the channel were 
calculated to be 3.7·10-11 m2, 3.7·10-10 m2, and 3.7·10-9 m2, respectively. 

The "conductive channel" is initially filled with anoxic brackish water equilibrated with 
calcite (cf. Table 2-1). The studied flow is purely advective, i.e. no diffusion or 
dispersion during the recharging of cells with infiltrating water is considered. 

Separate calculations were made considering the cation exchange within the conductive 
channel. In the cation exchange calculations it was assumed that the cation exchange 
capacity of the channel is 5.18 meq/100g solid. The value is based on the fact that 
26.8% of the fracture wall area is covered with clay minerals (53.6 dm2 per cell). The 
average thickness, cation exchange capacity, and density of this clay cover were 
estimated to be 0.3 mm, 31.3 meq/100g, and 2.67 g/cm3, respectively. The cation 
exchange capacity of the pure clay layer was rescaled to the complete volume of solids 
(i.e. 1·10-3 m3) within a cell. The selectivity coefficients related to cation exchange are 
presented in Table 4-2 (after Xu et al. 2005). The Gaines-Thomas convention was used 
for cation exchange. 
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Table 4-2. List of cation exchange reactions considered for modelling the effect of 

cation exchange within the "channel-shaped" fracture presented in Figure 4-1. 

Cation Exchange Selectivity (in terms of Na
+
)

0.3981

0.5012

0.1995

3.10E-06
*) After Xu et al. (2005). Otherwise after Appelo (1994)

Na+ + 0.5CaX2 = 0.5Ca+2 + NaX

Na+ + 0.5MgX2 = 0.5Mg+2 + NaX

Na+ + KX = K+ + NaX

Na+ + HX = K+ + HX(*
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5 RESULTS OF KINETIC CALCULATIONS 

The simulation results consider mineralogical and water chemical changes during the 
first 50 years in the "conductive channel". Mineral dissolution/precipitation processes 
cause changes in the porosity and permeability of the fracture channel. These changes 
are monitored in the simulations. However, the feedback on fluid flow is not taken into 
account.

Water compositions used in the calculations were considered in more detail in Chapter 
2. Figures presented in the following are depth vs. time compilations. Most variables 
monitored are presented as changes in % from the initial amount (cf. Table 4-1). The 
exceptions are pH and porosity that are presented in their absolute values. Initial oxygen 
concentration of infiltrating soil water was presented in Table 2-1 (i.e. 3.0·10-4

mol/kgw).

5.1 Flow velocity of 2 metres/h 

Soil water transport with flow velocity of 2 metres/h corresponds with the tunnel inflow 
rate of 1 L/h. The results are presented in Figures 5-1 and 5-2. During the 50-year-time 
of flow 438 300 litres of soil water runs through the "conductive channel".  

The calcite graph indicates that, during the 50 years of soil water recharge, calcite is 
eroded away from the first 100-metre-distance. As soon as calcite runs out the pH 
values of flowing water decrease to levels around the fresh infiltrating soil water 
composition (cf. Table 2-1). The pH transition is sharp. Evidently, the major buffer 
against lower pH in the system is calcite. Considering the pyrite dissolution and the 
moderate flow rate, it can be concluded that a majority of dissolved oxygen is consumed 
for pyrite dissolution in the "conductive channel". In concordance with harmonic 
oxygen decrease as a function of distance and constant pH (~8.0–8.1) in the major part 
of depth-time space, pyrite erodes systematically a slightly more from the head part and 
little less from the tail part of the "conductive channel". However, the evolution of 
pyrite content changes quickly when the beginning of the channel runs out of calcite and 
pH drops to a level 5.4–5.5 (Fig. 5-1). At lower pH, the pyrite dissolution rates decrease 
significantly (cf. Table 3-1, and Eqs 3-3 and 3-4) and the system begins to conserve 
pyrite in the head parts of the channel while dissolution rates remain higher deeper in 
the higher pH parts. 

Soil water infiltration for 50 years with flow rate of 1 L/h dissolves 18.3 kg calcite and 
1.3 kg pyrite in total form the complete channel. The total amounts of calcite and pyrite, 
estimated available for mineral dissolution in the channel, were 75.9 kg and 17.5 kg, 
respectively. 

The consumption of silicates as a response to infiltrating slightly acid pH water is small 
compared to calcite dissolution. However, distinct changes are observable. Of the 
silicates, frequently present in Olkiluoto bedrock, cordierite is most reactive against 
lower pH meteoric water attack. According to Figure 3-1, the reaction rate difference 
between hornblende and cordierite is rather small at pH of 5.4. The specific dissolution 
rate of hornblende is about an order of magnitude smaller than that of cordierite. In 
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Figure 5-1, hornblende consumption seems to be much slower than the rate difference 
indicates. The difference can be explained by taking into account the six-times-smaller 
specific surface area and almost 10-times-smaller initial amount related to hornblende 
than to cordierite (Table 4-1). In any case, the buffering effect of cordierite or 
hornblende against lower pH is marginal compared to calcite. 
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Figure 5-1. Consumption of minerals (%), dissolved oxygen content (%) and pH 

changes as a result of soil water transport with the flow rate of 1.0 L/h in a 500-metre-

long "conductive channel" illustrated in Figure 4-1. 



16

Figure 5-2. Consumption of minerals (%), precipitation of secondary minerals (%), and 

changes in porosity (-) and permeability (%) as a result of soil water transport with the 

flow rate of 1.0 L/h in a 500-metre-long "conductive channel" illustrated in Figure 4-1. 
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During the 50-year simulation time, about 0.96 g of cordierite and 21 mg of hornblende 
are dissolved from the complete channel. The total amounts of cordierite and 
hornblende estimated to be available for mineral dissolution were 4.1 kg and 0.57 kg, 
respectively. 

The specific reaction rates of feldspars are about three orders of magnitude slower than 
that of cordierite at pH of 5.4 (Fig. 3-1). However, the specific surface areas of feldspars 
are "high" compared to cordierite and hornblende (Table 4-1). In Figure 5-2, the 
percentage presentations give partially misleading impressions of the amount of feldspar 
consumption. The initial amounts (Table 4-1) of albite and K-feldspar are about 5 times 
higher than the amount of cordierite. The specific reaction rate minimum of albite is 
around pH value of 5 (Fig. 3-1). This means that albite consumption increases as pH 
rises to a higher level (Fig. 5-2). The situation is opposite while considering the 
dissolution rate of K-feldspar. As pH rises to a higher level the K-feldspar reaction rate 
slows down (cf. Figs. 3-1 and 5-2).

It is predicted that after 50 years of soil water infiltration, approximately 0.48 g of albite 
but only about 4 mg of K-feldspar have been dissolved from the "channel-shaped" 
fracture. As a rough estimate, it was assumed that 9.6 kg of albite and 8.3 kg of K-
feldspar was available in the fracture channel for mineral dissolution reactions. 

Practically, all dissolved Al and a small part of dissolved K, Si, and Mg are precipitated 
within the fracture channel during the water flow through the channel. The modelled 
precipitation phases were kaolinite and illite. The kinetic constraints for precipitation 
are presented in Table 3-1. The precipitation of both kaolinite and illite are independent 
of pH variations, usually related to the specific reaction rates for minerals. Practically, 
only the mineral saturation ratios (cf. Eqs. 3-1 and 3-2) are subject to changes during 
transport. The simulation results are presented in Figure 5-2. The results indicate that 
precipitating secondary minerals generate an illuvial horizon at constant depth in the 
head parts of the channel. This horizon is generated at an early stage of simulation at a 
depth of about 5 metres. As long as pH is buffered to a high level (~8.0–8.1) within first 
metres of the channel, the kinetic saturation indices indicate clearly supersaturated 
conditions for both kaolinite and illite. However, as soon as pH drops to a lower level, 
within the first metres, kaolinite becomes less supersaturated and illite subsaturated, but 
the illuvial horizon is already generated. The generated horizon remains essentially 
untouched during the years of simulation, though the 5-metre-wide supersaturation 
window appears to follow the border of calcite dissolution. It can be concluded that the 
relation between pH and kaolinite and illite precipitation is indirect, and a consequence 
of pH dependent dissolution of other silicates. 

Slight kaolinite precipitation continues in the channel but all Al production (dissolution 
of cordierite and hornblende) practically stops as pH rises to a higher level (~8.0–8.1). It 
seems evident that the dissolved amount of Al is the rate limiting step in the kaolinite 
precipitation. In the case of illite, situation is more complicated. In the lower pH area 
(i.e. 5.4–5.5) illite becomes subsaturated. However, the dissolution rates are so slow that 
illite practically does not dissolve in the lower pH area. Illite becomes supersaturated in 
the high pH area. However, supersaturation values are at the level of the given 
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supersaturation gap value (0.7, cf. Table 3-1) and almost no illite precipitation occurs in 
the channel.  

According to simulations, during the 50 years of soil water infiltration, 89 g of kaolinite 
and 1.1 kg of illite are precipitated within the channel. Initially, the simulation channel 
contains 20.7 kg and 6.9 kg of kaolinite and illite, respectively.  

Also quartz and amorphous silica were included in the simulations (cf. Table 3-1). 
Quartz was slightly supersaturated during the complete simulation time (kinetic 
saturation ratio at level 0.16). However, the supersaturation gap (0.7) was never crossed 
and crystalline quartz was never precipitated. On the contrary, amorphous silica remains 
subsaturated everywhere during the complete simulation, i.e. amorphous silica would be 
dissolved if it would be available. Evidently, dissolved silica concentration is buffered 
only with dissolution rates of silicates, and with precipitation rates of kaolinite and illite. 

The bottom diagrams of Figure 5-2 illustrate the porosity and permeability changes in 
the complete facture channel. The simulations implemented the simplified Carman-
Kozeny relation (Xu et al. 2005) between porosity and permeability. The relation is 
cubic, i.e. already small changes in porosity are reflected as significant permeability 
changes. The diagrams show that the porosity-permeability changes seem to be mostly 
functions of calcite dissolution. Values are distinctly higher in the areas where calcite 
has been dissolved completely. However, this is not a complete view. The bottom 
diagrams of Figure 5-2 indicate that within first metres from the ground surface some 
changes occur as a function of time. In the beginning of the fracture channel, porosity 
and permeability begin to decrease as function of kaolinite and illite precipitation.  

5.2 Flow velocity of 20 metres/h 

The simulation with the flow velocity of 20 metres/h corresponds to volumetric inflow 
rate of 10 L/h in the tunnel. The results are summarised in Figures 5-3, and 5-4. The 50 
years of soil water infiltration produces 10 times higher total water amount compared to 
1 L/h case. In all 4 383 000 litres run through the flow channel.

As a response to the increase of flow rate by an order of magnitude, calcite runs out 
from the whole channel in about 26 years (Fig. 5-3). Simultaneously, as calcite vanishes 
from an observed point in the channel, pH values drop abruptly from the buffered 8.2–
8.1 conditions to unbuffered values of 5.4–5.3. This pH change causes significant 
adjustments in pyrite dissolution rates. At early times of simulation pyrite dissolves 
from the whole "conductive channel" practically evenly. Major proportion of dissolved 
oxygen runs through the channel and plenty of oxygen is available at every part of the 
channel. Calcite begins to vanish from the head parts of the "conductive channel" and 
pyrite kinetics slows down accordingly in these lower pH parts. As a result in the head 
parts of the channel, the system begins to conserve pyrite while dissolution rates remain 
higher in the tail parts of the channel. After 26 years the whole system follows the 
slower pyrite dissolution kinetics. As a summary, the overall development of the system 
has led to situation where, in the course of time, pyrite will finally vanish first from the 
end tail of the channel (negative slopes in the pyrite graph). The slow-down of pyrite 
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kinetics is evident from the dissolved oxygen diagram as well. As calcite vanishes from 
the system, even higher amounts of oxygen run through the whole channel. 

After 26 years the complete channel is free of calcite. The total 75.9 kg of calcite has 
been dissolved and transported away. Considering pyrite, simulation results indicate that 
0.86 kg of pyrite is dissolved during the 50 years of soil water infiltration. This is 
clearly less than in the 1 L/h case, and is consequence of slower pyrite dissolution 
kinetics at lower pH. 
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Figure 5-3. Consumption of minerals (%), dissolved oxygen content (%) and pH 

changes as a result of soil water transport with the flow rate of 10 L/h in a 500-metre-

long "conductive channel" illustrated in Figure 4-1. 
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Figure 5-4. Consumption of minerals (%), precipitation of secondary minerals (%), and 

changes in porosity (-) and permeability (%) as a result of soil water transport with the 

flow rate of 10 L/h in a 500-metre-long "conductive channel" illustrated in Figure 4-1. 
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In the view of cordierite and hornblende dissolution (Fig. 5-3), it can be concluded that 
detectable erosion of these silicates are extended faster into complete channel than in 
the 1 L/h case. This change is completely a result of earlier drop in pH. However, no 
radical change in the amounts of mineral consumption can be detected.

The consumption increase in cordierite and hornblende dissolution is not linear because 
of kinetic reaction rates. I.e. a ten fold flow rate increase does not lead to a ten fold 
dissolution increase of minerals. Instead calculations indicate that in 50 years cordierite 
dissolution is about 5 times higher and hornblende dissolution about two times higher 
than in the 1 L/h case. In 50 years about 4.9 g of cordierite and about 41 mg of 
hornblende are dissolved from the reserves estimated to be available.  

Figure 5-4 illustrates the consumption of feldspars. As indicated earlier, albite kinetics 
has an overall minimum in reaction rates at pH of 5 (cf. Fig. 3-1). The deceleration of 
albite kinetics at lower pH is manifested with negative slopes in the albite illustration. In 
the K-feldspar illustration the positive slopes in the diagram indicate acceleration of K-
feldspar kinetics as pH drops to a lower level from the buffered 8.1–8.2 level.

According to calculations the 50-year flow of soil water with the rate 10 L/h dissolves 
175 mg of the available albite. This dissolution amount is almost three times smaller 
than in the studied 1 L/h case. Contradictory, the available K-feldspar is diminished 
with 31 mg. Both consumed amounts are, however, quite negligible while comparing 
the numbers to the amounts of available minerals (i.e. 9.6 kg and 8.3 kg of albite and K-
feldspar, respectively). 

The precipitation of kaolinite and illite exhibits similar behaviour as was interpreted in 
the 1 L/h flow case. At the beginning of simulation, both kaolinite and illite are clearly 
supersaturated in the first 10–15 metres of the channel. Consequently, precipitation of 
both minerals occurs within this area. Precipitation stays at this depth as long as calcite 
buffers the pH to the level of 8.2–8.1. However, as soon as calcite vanishes, the 10–15 
wide supersaturated window begins to move with the calcite dissolution front. In the 
areas below this supersaturated window, both kaolinite and illite are supersaturated but 
at lesser extent than within the window. Actually, illite is so close to the precipitation 
limit (supersaturation gap 0.7, cf. Table 3-1) that almost no illite precipitation occurs 
below the supersaturated window. When pH drops to the level of 5.4–5.3, kaolinite 
becomes less supersaturated and illite subsaturated. In the calcite-barren parts of the 
channel slow kaolinite precipitation still occurs while illite is prone to slow dissolution. 
The net-effect of all this is visible in Figure 5-4. A precipitation zone of kaolinite and 
illite is generated at an early stage in the proximal part of the channel. This illuvial zone 
stays at its location despite the later subsaturation of illite. 

The simulation results indicate that the 50-year soil water infiltration with the flow rate 
of 10 L/h precipitates, in all, only 12 g of kaolinite and 0.1 kg of illite within the 
modelled fracture channel. The precipitated amount of kaolinite is over 7 times smaller 
than in the 1 L/h case. Considering the illite, the precipitated amount is 10 times smaller 
than in the 1 L/h case. 
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In the view of crystalline quartz and amorphous silica the situation is similar as in the 
earlier simulation. Crystalline quartz is supersaturated but its saturation level is within 
supersaturation gap and no precipitation of crystalline quartz occurs. On the other hand, 
amorphous silica is constantly subsaturated, but since there is not amorphous silica 
available within the channel, no dissolution occurs. 

The porosity-permeability diagrams in Figure 5-4 indicate that porosity and 
permeability values have grown to levels around 0.61 and 1.13·10-9 m2, respectively, in 
the almost complete channel after about 26 years. Mostly due to total dissolution of 
calcite, the porosity values have grown about 22 % and the permeability values over 
300 %.

The porosity and permeability contour plots of Figure 5-4 can be compared to diagrams 
drawn to the 1 L/h case (Fig. 5-2). Evidently, absolute porosity conditions remain in the 
channel similar between the cases as long as there is calcite available for consumption. 
However, as soon as lower pH conditions emerge within channel, fracture mineral 
erosion and precipitation begin to differ slightly. The difference in relative permeability 
plots between Figures 5-2 and 5-4 indicates that the deceleration in kaolinite and illite 
precipitation, and the acceleration in cordierite and hornblende dissolution apparently 
contribute to the porosity and permeability increase. The porosity and permeability drop 
(Fig. 5-4) visible in the head parts of the channel is result of kaolinite/illite illuvial 
horizon generated during the early stages of simulation in the beginning of the channel. 

5.3 Flow velocity of 200 metres/h 

The soil water transport simulation results with the volumetric flow rate of 100 L/h are 
presented in Figures 5-5 and 5-6. With this flow rate, the inflow in the tunnel would be 
about 2.4 m3 per day. The 50 years of water flow sums up to a high total volume, i.e. to 
43 829 900 litres.

As a result of high infiltration rate, calcite will be dissolved fast away from the channel 
(Fig. 5-5). After about three years the complete channel is free of calcite. In agreement 
with earlier simulations, as calcite disappears pH values drop close to the pH values of 
infiltrating soil water. Due to relatively low pH values and fast flow, almost all oxygen 
dissolved into infiltrating water comes through the channel unaffected. Pyrite 
dissolution occurs in the system, but due to high water flow in the channel, the oxygen 
consumption is better seen as pyrite erosion than as concentration changes of oxygen. 
The pyrite graph indicates in most of its parts slightly negative gradients in the mineral 
consumption. This occurs because of the gradual pH drop within the channel during the 
first three years of the channel lifetime. Advancing from the head parts of the channel, 
the lower pH begins to conserve a little more pyrite than the rest of the channel. After 
all calcite has been dissolved, the whole channel follows the slower pyrite kinetics.

All available calcite (75.9 kg) is dissolved away from the tunnel in less than three years. 
The 50 years of soil water flow dissolves 0.7 kg of pyrite from the channel. While 
comparing the pyrite dissolution to earlier cases, it is evident that dissolved amounts 
pyrite correlate with calcite disappearance. 
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As a result of relatively quick drop of pH values to the level around 5.4, cordierite and 
hornblende dissolution rates remain practically steady in the fracture channel (Fig. 5-5). 
The diagrams indicate that both minerals are dissolved more or less evenly from almost 
whole channel. However, percentages remain low as in the previous cases.  

During the 50 years of soil water inflow in the channel, 6.0 g of cordierite and 47 mg of 
hornblende are dissolved. Both numbers are somewhat higher than in the 10 L/h inflow 
case. However, increase is insignificant while compared to total amounts of minerals 
available.



25

Figure 5-5. 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" illustrated in Figure 4-1. 
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Figure 5-6. Consumption of minerals (%), precipitation of secondary minerals (%), and 

changes in porosity (-) and permeability (%) as a result of soil water transport with the 

flow rate of 100 L/h in a 500-metre-long "conductive channel" illustrated in Figure 4-1. 
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The dissolution of feldspars is presented in Figure 5-6. The albite diagram indicates that 
dissolution slows down as flow increases from 10 L/h to 100L/h and lower pH 
conditions are reached earlier in the complete flow channel. The K-feldspar diagram 
indicates that there is a minor increase in dissolution as a response to increase in water 
flow and drop in pH. However, in both cases the dissolved amounts are minimal. 
During the 50-year time span, the water flow dissolves about 54 mg albite and 41mg K-
feldspar.

The kaolinite and illite precipitation occurs as in the earlier simulation cases. At 
beginning of simulation both minerals are clearly supersaturated at the beginning of the 
channel. However, this time the width of the supersaturated window is over 100 metres. 
At early stages of simulation, distinct kaolinite and illite precipitation occurs at depth 
interval -15 … -40 metres. This illuvial zone stays essentially untouched during the 
complete simulation, despite the fact that illite becomes clearly subsaturated in the 
complete channel after about 2.6 years. At the same time, however, kaolinite stays 
supersaturated as it was the case in the earlier simulations. 

During the 50-years onward simulation, in all 13.6 g of kaolinite and 136 g of illite are 
precipitated within the flow channel. These amounts are slightly more than in the 10 L/h 
case. Evidently, the kinetic rates for precipitation of these minerals are so slow that 
components required for precipitation are transported mostly conservatively through the 
channel. However, while the flow is increased to ten-fold, some more precipitation 
occurs.

In the case of crystalline quartz and amorphous silica the situation is similar to 10 L/h, 
i.e. neither phase is precipitated during the simulation. 

The porosity-permeability changes are presented at the bottom of Figure 5-6. In the 
most parts of the channel, the porosity values rise quite quickly to the level around 0.61. 
Similarly, permeability values reach the level 1.13·10-8 m2 in the almost complete 
channel is about 2.6 years. The porosity-permeability contour plots presented in Figure 
5-6 are analogous to plots presented in Figure 5-4. The major differences originate only 
from the increased flow rate through the channel.  

5.4 Remarks on kinetic calculations 

Table 5-1 summarises the overall mass-transfers of reactive minerals after 50 years of 
simulation. The tabulation shows that extensive amount of calcite is easily eroded away 
from the channel. The consequent drop in pH causes several minor changes in fracture 
mineral reactions. As pH drops to level 5.4–5.3, the dissolution rate of pyrite slows 
down to a lower level. In the simulations pyrite is the only consumer of oxygen. 
However, pyrite consumes oxygen with so slow rate that most oxygen comes through 
the channel as the flow rate grows over 1 L/h. 

The drop in pH causes acceleration of cordierite, hornblende, and K-feldspar dissolution 
rates. This behaviour is show in Table 5-1 with increasing trends in dissolved mineral 
amounts as a function of flow rate. In the case of albite the situation is opposite. As flow 
rate increases the dissolved amounts of albite are decreasing. 
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The overall mass-transfer of kaolinite and illite indicates that both minerals are 
precipitated into the channel. In the case of kaolinite only precipitation occurs in the 
channel since it is always supersaturated in the studied system. On the contrary, illite 
both precipitates and dissolves in the system because it is subsaturated in the parts of 
lower pH of the system. The reaction rates of kaolinite and illite are slow. Evidently, 
these minerals give a meaningful contribution to the channel evolution only if the flow 
rate within the channel remains slow. As flow rate increases, a higher proportion of 
components required for kaolinite-illite precipitation goes conservatively through the 
channel. This phenomenon is somewhat compensated with the fact that as flow rate 
accelerates more and more reactive components are available for reactions. 

Crystalline quartz and amorphous silica remain inert components in the simulations, 
though dissolved silica plays a role in mineral reactions. A major part of dissolved silica 
is brought in the system within infiltrating soil water. More dissolved silica is produced 
in silicate dissolution reactions (other than quartz), and some dissolved silica is co-
precipitated with kaolinite and illite. 

A more detailed view of the illuvial kaolinite-illite zone in the beginning of the channel 
is presented in Figure 5-7. With the flow rate 1 L/h, the zone starts almost from the 
beginning of the channel. Also highest precipitation of kaolinite and illite occurs with 
the slow flow rate. As the flow rate grows higher to 10 L/h, the illuvial zone grows 
broader but becomes flatter. The overall mass-transfers (Table 5-1) indicate significant 
drop in the precipitated amounts. At the same time, the illuvial zone moves deeper into 
the channel. With even higher flow rates (i.e. 100 L/h), it becomes evident that higher 
amounts of dissolved components are available for reactions, and a minimum in 
kaolinite and illite precipitation amounts occur somewhere between the three flow rates 
presented in Table 5-1 and Figure 5-7. 

Table 5-1. Overall mass-transfers of reactive fracture minerals after 50 years of 

simulation as a function of flow rate. All quantities are presented in grams. 

Calcite Kaolinite Illite Pyrite Cordierite Hornbl. Albite K-feldspar Quartz Am. Silica
Initial 75870 20750 6910 17540 4129 572.6 9616 8268 11570 0.000
1 L/h -18280 88.49 1109 -1267 -0.962 -0.021 -0.478 -0.004 0.000 0.000
10 L/h -75870 11.98 111.2 -855.2 -4.918 -0.041 -0.175 -0.031 0.000 0.000
100 L/h -75870 13.56 136.2 -699.8 -6.039 -0.047 -0.054 -0.041 0.000 0.000
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Figure 5-7. Distributions of kaolinite and illite as a function of flow rate in the 

beginning of “conductive channel” illustrated in Figure 4-1. Precipitation of kaolinite 

and illite are presented in % compared to the initial amount (cf. Tables 4-1 and 5-1). 



30

6 RESULTS OF CATION EXCHANGE CALCULATIONS 

Cation exchange was studied only with the flow rate 1 L/h. Other simplifications were 
made as well. As Table 5-1 indicates the only major reactive mineral in the system is 
calcite. The reacting amounts of other minerals are bound to be orders of magnitude less 
than that of calcite. Therefore, the cation exchange considerations were made taking 
into account only the calcite equilibrium with infiltrating water. The restriction of the 
mineral assemblage only to calcite has a drawback. Calcite dissolution produces Ca2+

into solution that in turn may produce other cations into solution via cation exchange. 
These new cations may affect the saturation state of minerals not taken into account in 
these calculations. However, these adjustments were considered small while the redox 
and pH buffer capacities of the fracture channel are considered in general.  

The initial and infiltrating water compositions are the same as in the kinetic 
considerations (Ch. 2). Details of cation exchange properties are given in Chapter 4. The 
cation exchangers within the cells of the fracture channel are initially equilibrated to the 
initial water composition (Table 2-1). 

The results of cation exchange calculations are presented in Figure 6-1. The 
concentrations of exchangeable cations are compared in two ways. The diagrams 
present aqueous concentrations of major cations without cation exchange and with 
multiple kinetic reactions as presented in Section 4.1 (red and orange lines in Fig. 6-1). 
Then aqueous concentrations are presented with cation exchange and calcite equilibrium 
(blue and green lines in Figure 6-1). Results of both considerations are illustrated at two 
stages of simulation, i.e. at an early stage of simulation (after 2.46 years) and at the final 
stage of simulation (after 50 years). 

Considering the multiple mineral reaction series without cation exchange, it becomes 
evident that Ca2+ concentrations steadily grow as water flows within the channel (Fig. 6-
1). Clearly, this is a consequence of calcite dissolution. This conclusion is also 
manifested with the fact that as calcite runs out from the beginning of the fracture 
channel (first 100 metres after 50 years) Ca2+ concentrations drop to the level of 
infiltrating water. Otherwise, main dissolved cations exhibit almost conservative 
transport, i.e. practically no concentration differences are visible. The only detail worth 
to notice is that as calcite runs out from the beginning of the channel, pH drops to the 
level 5.4–5.3. This causes acceleration in cordierite and hornblende dissolution. This is 
visible in Figure 6-1. The concentrations of Na+ and Mg2+ rise to a higher level at 
beginning of the fracture channel as calcite is vanished.  

In the view of cation exchange coupled with calcite equilibrium, following conclusions 
can be drawn (Fig. 6-1). Cation exchange effectively buffers the dissolved Ca2+

concentration to almost a constant level. Evidently, significant amount of Ca2+ produced 
in calcite dissolution is distributed within the exchange phase. The initial water 
composition presented in Table 2-1 exhibits Na/Ca molal ratio 6.7. Initially the 
exchanger phase is dominantly occupied with Na+. Also if other cations of initial and 
infiltrating water are compared with each other, it becomes evident that the exchanger 
phase is initially enriched with K+ and Mg2+ in respect to infiltrating soil water. This 
leads to conclusion that Ca2+ tends to be retarded into the exchanger until the exchanger 
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is at some equilibrium compared to infiltrating water. Consequently, Na+, K+ and Mg2+

are released into solution. Because there is no other mineral reactions taken into account 
in the system than calcite dissolution, all sinks and sources for Na+, K+ and Mg2+ are 
attributed to the exchanger phase. 
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After 50 years of infiltration, the aqueous concentrations K+, Na+ and Mg2+ in Figure 6-
1 indicate a concentration pulse of cations moving within the channel (Fig. 6-1). Na+

diagram indicates that breakthrough of the pulse is on the edge. A few more years of 
simulation would result the flush of maximum concentration of Na+ out from the 
fracture channel. Figure 6-1 indicates that the aqueous Na+ pulse is broad but flat in its 
character. The peak concentration is about 2% higher than the concentration in the 
infiltrating water (i.e. 2.17·10-4 mol/kgw of Na).  

After 50 years, the aqueous K+ pulse indicates somewhat different behaviour than Na+

(green lines in Fig. 6-1). As soon as calcite dissolution begins to produce Ca2+ into the 
exchanger phase K+ is released into the solution. The maximum of K+ concentration is 
reached in the middle of the fracture channel. The peak concentration is approximately 
6% higher than the concentration in the infiltrating water (i.e. 1.28·10-5 mol/kgw of K). 
However, water flushing out from the fracture channel is depleted with K+. The 
discharge water contains approximately 6% less K+ than the infiltrating water. 
Evidently, after the pulse values K+ is recaptured into the exchanger phase in the latter 
part of the fracture channel.  

The behaviour of Mg2+ is similar to K+ (Fig. 6-1). The main differences are that the 
Mg2+ pulse is clearly more peaked, and the maximum pulse concentration is relatively 
higher than in the case of K+. The peak concentration is approximately 10% higher than 
the concentration in the infiltrating water (i.e. 2.03·10-5 mol/kgw of Mg). The water 
discharging into the tunnel is, however, depleted with Mg2+. The Mg2+ level in the 
discharge water is about 5% lower than in the infiltrating water. 
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7 CONCLUSIONS 

The open tunnel conditions during the construction and operation of geological nuclear 
waste repository create potential hydrogeochemical risks. Steep hydraulic gradients 
caused by tunnels and shafts probably increase surface water recharge (meteoric and 
seawater) activating weathering processes deeper in rock fractures than in natural state. 
Particularly, ferrous sulphide oxidation, acidification, and consequent calcite dissolution 
may be harmful for the safety of a repository. If fracture minerals, that are considered 
important buffers, are consumed away from the bedrock, a potential risk of oxygen 
intrusion and/or acidification may become real at depth during the lifetime of 
repository.

In the current study, the important pH and redox buffers are based on calcite and pyrite 
in the bedrock fractures. Silicate reactions give only minor contribution to the pH values 
observed. Cation exchange seems to have an effect on the breakthrough water 
compositions. However, the modelled cation exchange capacities within the fracture 
channel are so low that cation exchange seems not to have clear effect on the saturation 
stages of reactive minerals. Results give visual estimates of the lifetimes of fracture 
mineral buffers in various flow conditions, and about solution pH and oxygen 
availability. However, calculations do not make any attempt, in addition to pyrite 
dissolution, to understand other processes that likely to regulate redox conditions of the 
flowing water. Microbial processes in the soil layer and deeper in the bedrock likely 
have large significance to redox levels in down-flowing water. 

In essential parts, the present study duplicates the earlier fracture mineral buffer 
capacity estimates presented 2004 (Luukkonen et al. 2004). Calcite is the principal 
buffer against pH and the breakthrough of oxygen from the channel is high because the 
only redox buffer in the simulations is the relatively slowly reacting pyrite. In this 
respect, the simulations and the codes verify each other. Significant new results, 
compared to earlier simulations, are the coupling results between mineral reactions and 
porosity-permeability changes. These results indicate that in the course of time 
significant physical changes can occur within the channel as a result of geochemical 
activity.  

As a summary, it should be pointed out that all calculations presented contain 
significant sources of uncertainty. Weathering reactions, with much higher reactive 
surface areas may have important contributions to the problem. Although 
biogeochemical activities within soil layer have been partially taken into account in the 
infiltrating soil water (soil water is an actual soil sampling result) the problem solution 
is partial. Due to organic activities redox levels likely drop to reducing values much 
sooner than simulated in this study. Similarly, there is very little knowledge available on 
the layering of geochemical processes within the soil and upper parts of bedrock. 
Among the known inorganic processes not considered here is, as well, the retarded 
pyrite oxidation rates originating from the armouring of pyrite by ferric hydroxide 
precipitates. Bacterial activity may catalyse many of the inorganic reactions, e.g. pyrite 
dissolution, or they may produce complete process chains that regulate pH/redox 
conditions, but are not considered here.
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There are uncertainties in the analytical data utilised as well. The composition of 
recharging water and particularly its DIC content needs more field data. At present, the 
actual average and the reliable minimum estimate on the amounts of buffer minerals in 
Olkiluoto fractures remains to be answered. Finally it must be pointed out that 
calculations were based on the available data from all fractures, not on data 
representative for open fractures. 
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