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ABSTRACT 

Nuclear repository performance calculations, considering potential radionuclide transport are 
classically done utilising distribution coefficients. Distribution coefficients are based on 
experimental field data or laboratory experiments and calculations give estimates on average 
nuclide retardation within engineered barrier system and also within bedrock. Distribution 
coefficients are used to simplify complex problems and coefficients defined conservatively (higher 
nuclide transport predicted than probable). Distribution coefficient based retardation modelling 
approach, however, usually fails to describe system changes and more mechanistic approaches that 
the divide lumped system into smaller subsystems has to be considered.  

Current study compares results of distribution coefficient based retardation approach and a 
mechanistic approach that utilises coupled reactive transport. The system change induced is a 
moving redox front within the studied system and calculations concentrate to uranium transport. 
Uranium transport is strongly redox sensitive. In the oxic conditions uranium is highly soluble, 
while in the reducing conditions uranium is effectively retarded in the solid phases.  

The calculations show that the differences in results between the two methods are quite remarkable. 
The distribution coefficient based calculations indicate conservatively that uranium transport is 
much higher and breakthrough of uranium occurs much earlier than in the case of coupled reactive 
transport calculations. Interestingly, however, reactive transport calculations predict that there may 
be quite high dissolved uranium concentrations within the studied pathway, though practically no 
uranium comes through. When the breakthrough occurs in the reactive transport simulation, 
extensive amounts of uranium are suddenly moving. 

Some of the highlights and drawbacks of both modelling methods are summarised. Both modelling 
methods are vital tools for performance assessment calculations.
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1 INTRODUCTION 

Understanding the radionuclide transport and retardation within the geological and engineered 
barriers is among the important issues in performance assessment analyses assigned for final 
repositories of spent nuclear fuel. The rationale for studies is based on various potential canister 
failure scenarios and what happens to nuclides released from failed canisters. Usually, two different 
approaches can be used to describe the partitioning of radionuclides between geological and/or 
engineered solids, and solutions at equilibrium conditions: 

1) Lumped retardation approach (Kd) that have been “conservatively” estimated from 
experimental field data or laboratory experiments. 

2) Models based on theoretical considerations describing interaction processes in a mechanistic 
manner. 

Because of complexity of natural systems, the empirical Kd approach has been widely used in 
describing the partitioning of solutes between solid and liquid phases. Especially, this holds for the 
aerial scale transport modelling studies. However, the mechanistic approach has gained more 
popularity among laboratory investigators, since modelling targets to thermodynamical 
understanding of individual geochemical processes. 

The empirical retardation approaches usually fail to model the change within the hydrogeochemical 
system. In the case of distribution coefficient (Kd) based modelling, the changes in pH, temperature, 
background electrolyte composition and concentration, concentrations of competing adsorbates, and 
redox sensitive processes are omitted. Consequently, the distribution coefficient based predictions 
related to system changes have usually little value.  

However, the mechanical approach has its drawbacks as well. The approach is based on hydro- and 
thermodynamics, and is able to response to system changes. Consequently, the model may need a 
lot of hydraulic and thermodynamic parameters, and the model structure may become very 
complex. Often, all the parameterisation cannot be verified and the utilisation is based on 
reasonable assumptions. 

Nevertheless, the current study attempts to make a comparison between the two approaches. The 
exercise considers uranium transport. Uranium (238U) was chosen because it is redox and to a 
degree pH sensitive element. Mechanistic calculations are made for conditions where redox (and 
pH) conditions change during simulation. The used hydraulic parameterisation and some of the 
water composition assumptions are simply examples, though they may be loosely assigned to real 
Olkiluoto scenarios. However, the following comparison is an exercise that only attempts to 
demonstrate differences between distribution coefficients and mechanistic based modelling 
approaches. 
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2 CONCEPTUAL MODEL AND CALCULATION TOOLS 

To assess the geochemical environment of groundwater and solutes at the canister scale, the 
repository is conceptualized as series of unit cells. A unit cell comprises a section of the deposition 
tunnel (backfilled), the buffer and canister in the deposition hole (Figure 2-1).  

The unit cell is composed of a 5.5-metre long section of tunnel (77 m3) and of one deposition hole 
(19 m3). The volume of the unit cell is 96 m3. The tunnel backfill consists of 30% MX-80 sodium 
bentonite mixed with 70% crushed rock. The deposition hole contains the spent fuel canister and 
compacted bentonite blocks. For a full-scale test of the KBS-3V repository concept, Börgesson & 
Hernelind (1999) have estimated general physical properties for a tunnel backfill (Table 2-1). 

 

 

 

 

 

Figure 2-1. Dimensions of the deposition hole and part of the deposition tunnel used in the 
conceptual model of the unit cell. All measures presented are in millimetres.  
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Table 2-1. Selected physical properties for initial compacted tunnel backfill in the Prototype 
repository (Äspö, Sweden). Parameters are after Börgesson & Hernelind (1999). Water content 
(mwater/msolid), porosity (Vvoid/Vtot), and degree of saturation (Vwater/Vvoid). 

Dry density g/cm3 Water content Porosity Degree of saturation
1.75 0.19 0.363 0.58 

 

In the classical retardation/diffusion model applied in REPCOM the retardation factor R of backfill 
is the relationship of total amount of species per amount dissolved in water. The R is obtained from 
equation 2-1 as: 
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where 
R is the retardation factor of the species in the backfill (-),  
ε is the porosity of the backfill (0.363) 
Kd is the volume-based distribution coefficient (0.15 m3/kg for uranium), 
ρg is grain dry density of the backfill (2750 kg/m3), which is dry density of backfill from Table 

2–1 per volume of solids. 
 
In REPCOM modelling the above retardation equation has been applied (Nordman & Vieno 1994) 
The diffusion in backfill takes place according to standard Fick’s law and advection is included.  

The calculation tool for the geochemical evolution in the deposition tunnel is PHREEQC-2, a 
modelling tool developed by USGS (Parkhurst & Appelo 1999). In principle, PHREEQC-2 can be 
applied to simulate the chemistry in the deposition tunnel assuming that a flow of porewater along 
the tunnel axis can be approximated with a slow advection. The code is capable of taking into 
account the advective transport of dissolved species undergoing chemical reactions in saturated 
groundwater system. The code capabilities include modelling of complex sets of reversible 
reactions, such as aqueous, mineral, gas, solid-solution, surface-complexation, and ion-exchange 
equilibria, and irreversible reactions, such as specified mole transfers of reactants, kinetically 
controlled reactions, and mixing of solutions.  

It is assumed that bentonite utilised in the tunnel EBS is MX-80 sodium bentonite. The estimated 
average composition of tunnel backfill is presented in Table 2-2. In the reactive transport 
calculations, from this set of minerals only pyrite, calcite, goethite, and amorphous iron are 
considered reactive in the current study. However, amorphous iron is a metastable mineral phase, 
and tends to recrystallise as goethite. These two mineral phases were summed up as goethite in the 
calculations.  

In the reactive transport calculations also cation exchange and surface complexation processes are 
assumed to be effective. The amounts of cation exchange and surface complexation sites tabulated 
in Table 2-2 are in accordance with Bradbury & Baeyens (2002, 2005). It is assumed that only the 
bentonite component (30%) of the backfill mixture contributes to the cation exchange and surface 
complexation site capacities.  
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4 RESULTS 

4.1 Retardation approach with REPCOM model 

The obtained concentration profile in backfill with REPCOM model is shown in Figure 4-1. The 
presented time steps are 1 000 and 10 000 years. After 10 000 years the concentration is 0.15 mg/l 
in the whole domain.  

 

Figure 4-1. Water phase concentration of uranium with retardation model within the calculation 
column at selected 1 000 and 10 000 years time steps. 

 

4.2 Mechanistic approach with PHREEQC 

Results presented consider porewater geochemistry within the single calculation column at four 
different time steps, i.e. 1 000, 10 000, 20 000, and 40 000 years from the beginning of the 
simulations. The mass transfers assigned to the whole 5.5-metre piece of the tunnel are 
multiplicative from the results of single column. 
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Figure 4-2 presents simulated pH and redox evolution within the calculation column as a function 
of time. At the stage of 1 000 years pH/redox conditions are mostly still in a transient condition. In 
the distal part of the column (cells #35 – #39, i.e. 4.9m – 5.5m) there is calcite available, and 
therefore pH is buffered to a relatively high value (around 10). In the mid-part of the column (cells 
#18 – #34, i.e. 2.5m – 4.8m) there is initial goethite within the column (around 22 mmol/cell, cf. 
Table 2-2) though calcite is vanished. Since the ionic strength of infiltrating water is low, proton 
surface complexation (cf. Table 3-1) coupled with small dissolution of goethite is able to raise pH 
values within porewater to levels around 7.8. The dissolution of goethite consumes protons as 
follows:  

OHFeHFeOOH 2
3 23 +⇔+ ++ . (Equation 4-1)

At the stage of 1 000 years, all cells of the calculation column still contain initial pyrite (cf. Table 2-
2). Pyrite is the reactive phase that consumes dissolved oxygen away from the infiltrating solution 
(cf. Table 2-3). Because pyrite is assumed as an equilibrium phase the redox drop is immediate 
already in the cell #1. pH and redox values remain at constant low levels until goethite is met after 
the cell #17 (2.4m). The subsequent raises in pH values enable the redox drops towards more 
reducing conditions (cf. Figure 4-2). Contemporaneously with the redox drop, dissolved iron 
vanishes from the solution. 

After 10 000, 20 000, and 40 000 simulated years the pyrite front is met in the cells #10 (1.4m), #19 
(2.7m), and #38 (5.3m), respectively. Consequently, pe values drop abruptly in these cells. The 
pyrite dissolution process can be described with following reaction: 

+−+ ++⇒++ HSOFeOHOFeS 22 2
4

2
222

7
2 . (Equation 4-2)

The dissolution produces iron, protons and sulphate. All Fe2+ is speciated into cation exchange sites 
and consequently no goethite precipitation occurs. I.e. goethite neither occurs in the redox front nor 
in the anoxic side of the calculation column. Since redox drops to reducing levels, part of the 
produced SO4

2- is further speciated to HS-. The production of protons is reflected as a drop in pH. 
Because pH values are low already in the oxic side of the column, only small additional drop in pH 
is visible in Figure 4-2.  

The oxic side (10 000 years, 20 000 years, and 40 000 years) of calculation column behaves in a 
counterbalancing manner considering goethite (Fig. 4-2). In the oxic proximal parts of the 
calculation column, infiltrating water releases ferrous iron form the cation exchange sites and 
causes ferric iron (goethite) precipitation into the column cells. Around 60 mmol/cell of iron is 
released from the exchange sites and consequently about 60 mmol/cell of goethite is precipitated 
(cf. Eq. 4-1). Goethite precipitation causes a slight rise in pH values that remains constant until 
pyrite front is reached within the column.  
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Figure 4-2. pH and redox conditions within the calculation column at selected 1 000, 10 000, 
20 000, and 40 000 years time steps. 

The redox changes occurring in the calculation column are mostly driven by pyrite dissolution. The 
movement of pyrite front within the calculation column as a function of time is presented in the 
lower right diagram of Figure 4-3. The pyrite diagram shows that after 40 000 simulated years oxic 
infiltrating is almost capable pass through the complete calculation column. Dissolved oxygen is 
consumed away in the cell #38 (5.3m). Redox conditions change abruptly, and this has important 
consequences for uranium transportation. 
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Figure 4-3. Aqueous and surface complexated uranium (U6+) and evolution of uraninite and pyrite solid phased within the calculation 
column at selected 1 000, 10 000, 20 000, and 40 000 years time steps. 
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Uranium is soluble and readily transportable in its oxidized U6+ state (e.g. Brookins 1987). If redox 
environment for some reason changes to reducing condition, uranium effectively precipitates as 
uraninite and other uranium minerals. Phenomenon is widely known and used e.g. by ore geologists 
to explain the so called uranium placer deposits. Famous and very profitable gold-uranium deposits 
(for example Witwatersrand, South Africa, see e.g. Frimmel & Minter 2002) have been interpreted 
to be formed with this deposition mechanism.  

The current calculation exercise imitates its famous natural analogues. The main points of the 
phenomenon are illustrated in Figures 4-2 and 4-3. As long as there is a moving redox front within 
the calculation column, no dissolved uranium can be detected in the outflow side of the calculation 
column. Uranium carried within steadily infiltrating water is precipitated into the pyrite redox front 
as uraninite. The phenomenon is illustrated in the upper right diagram of Figure 4-3. Uraninite is 
gradually and practically linearly cumulated at the redox front as a function of time. Detailed 
observation of diagrams shows that pyrite dissolution, redox drop and uraninite precipitation occur 
in the same single cell at certain moment of time. Already the next cell on the reducing side exhibits 
constant low pH conditions without dissolved uranium. The flow rate utilized (4.2L/year) for the 
calculation column indicates that equilibration step within each cell (1L pore volume) takes 86.9 
days. The rate of pyrite dissolution could be a potential rate limiting step considering the calculation 
setup. However, the present calculations simply assume that pyrite grain size within the backfill 
mixture is so small and reactive surface area so large that pyrite dissolution can be approximated 
with equilibrium thermodynamics (cf. Appelo & Postma 2006, p. 456).  

The upper left diagram in Figure 4-3 shows the dissolved uranium concentrations in the oxic side of 
the calculation column. Dissolved uranium concentration remains mostly at constant 0.15 mg/L 
level (infiltrating input concentration). However, as the redox cell is approached changes in 
dissolved uranium concentration occur in the cell preceding the actual redox cell. The reason to this 
phenomenon remains enigmatic since water dispersivity for cells and diffusion coefficients for 
aqueous species where defined all zero in the calculations. Intuitively, however, preceding cell 
concentration anomalies make sense. At early stages (≤10 000 years) precipitated uraninite peak is 
smaller and broader and it can be expected that the gradual dissolved uranium concentration drop 
reflects this feature. On the other hand, at late stages of simulation precipitated uraninite peak is 
high and narrow (i.e. very peaked). It is reasonable to assume that some uraninite re-dissolves into 
water, and rises dissolved uranium concentration just before the actual redox front is met. 
Evidently, the concentrations of dissolved uranium distributions preceding the redox front and the 
sharpness of redox front can be affected with dispersivities, diffusivities, oxygen consumption rates 
and cell size. In real, the dissolved uranium concentration near the redox front at time step e.g. 
40 000 years (Fig. 4-3) can be also much higher than the calculations indicate. 

The lower left diagram in Figure 4-3 displays the uranium occupation (only three most dominant 
species presented) within the available surface sites (Table 2-2). The distribution of surface 
complexation species is pH dependent. In the pH conditions considered (Fig. 4-2), the 
≡SSOUO2(OH) is the most common uranium species in the surface sites, following in the popularity 
is ≡SSOUO2

+. The last uranium species worth note is ≡SW1OUO2
+. The rest occur in negligible 

concentrations. Significant uranium complexation occurs only in the oxic side of the calculation 
column. Consequently, U6+ is the practically only oxidation state that is stuck into surface sites. As 
soon as the redox front is reached U6+ is released from the surface sites and precipitated as 
uraninite. The cell preceding the actual redox cell exhibit similar changes in complexed uranium 
concentrations as was noted above for dissolved uranium. 
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5 CONCLUSIONS 

The comparison between lumped distribution coefficient (Kd) calculation and mechanistic reactive 
transport calculation gives expected results. It is clearly indicated that distribution coefficients tend 
to be conservative estimates, meaning here that the coefficients predict higher uranium transport 
than what is probable.  

It is, however, quite remarkable how large differences the two methods may give. Uranium is 
strongly redox sensitive element, and only the oxidised state is extensively soluble. The distribution 
coefficient calculation indicates that after 1 000 of years, uranium containing water has penetrated 
into tunnel backfill to about 2-metre depth from the inflow side. The reactive transport calculations, 
however, still indicate that practically all uranium is precipitated within few tens of centimetres in 
the inflow side of the tunnel unit. The distribution coefficient calculations indicate complete 
uranium breakthrough after some 10 000 years and already long before this benchmark significant 
traces of uranium should be detectable on the outflow side. The reactive transport calculations, 
however, predict that the breakthrough will occur at some time after 40 000 years of constant flow. 
Moreover, reactive transport calculations predict that almost nothing can be detected on the outflow 
side until the breakthrough occurs. Furthermore, when the breakthrough occurs, complete reserve of 
uranium concentrated into the tunnel backfill is suddenly moving. It is also worth to note that near 
the redox front dissolved uranium concentrations at late time steps (e.g. 40 000 years) can be also 
much higher than calculated simulations indicate. 

As it has been pointed out, the distribution coefficient approach is unable to take into account 
geochemical changes that may occur within natural systems. The sensitivity to redox changes is 
perhaps the most significant but also other changes may affect considerably to nuclide transport. 
Among important geochemical changes in the systems can be also changes in pH, changes in ionic 
strength, and competing chemical reactions. Future scenarios for the Olkiluoto nuclear waste 
repository assign both high and low pH conditions together with ionic strength changes to the 
engineered barrier system. As an example of other kind of change, soluble U6+ is known to co-
precipitate with calcite that is sensitive to pH, dissolved carbonate and calcium concentrations. Also 
ionic strength changes affect the surface complexation and consequently to the charged water layers 
counterbalancing the charged surfaces. These diffuse double layer structures may cause complex 
reactive transport within compacted clay systems. However, the present calculations consider only 
uranium transport and uraninite precipitation, and competing reactions at the surface complexation 
sites (uranium complexation). 

The reactive transport calculations have its problems as well. The validation of model setup and the 
modelling tool becomes increasingly complicated as the transport problem becomes more complex. 
As more reaction mechanisms are added, the traceability and verification of results become 
increasingly cumbersome. Each added mechanism adds its own thermodynamic parameters into 
calculation and each parameter usually is only an experimental estimate. If the calculation problems 
are large enough (considering simulation times and/or volumes) the simulation times likely become 
extensive and may extend the limits of computing time. Therefore, preference between the two 
approaches (distribution coefficient vs. mechanistic coupling) is hard to give, though the 
discrepancies between the two can be interesting and some cases even important. 
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