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Motivation

Vidstrand et al. (2010)

• The infiltration of oxygen (e.g. due to ingress of oxygenated glacial 
melt water) into initially anoxic fractured media is an issue of 
concern for the safety of nuclear waste respositories

• oxidizing conditions would increase the solubility 
and mobility of many radionuclides and could 
corrode copper canisters

courtesy of SKB



Background: Previous models

• Due to the stiffness of the underlying system of equations, existing 
numerical models are based on simplified 1D or 2D geometries…

• …and on equivalent homogeneous parameters

Sidborn et al. (2010)



But we are telling the site looks like this:

And we spent lots of money in site characterization…



And we construct sofisticated SDM…



Sidborn et al. (2010)

And finally we use something like this:



We (science) know how oxygen consumption works

• Chlorite dissolution (Lowson et al., 2005)

𝑟𝐹𝑒  𝑚𝑜𝑙𝐹𝑒 𝑚𝑏
3 · 𝑠 = 𝑛𝑠𝑡𝑜𝑖𝑐ℎ · 𝐴𝑠 · 𝑘𝑐ℎ𝑙,𝑑𝑖𝑠𝑠 1 −

𝑐𝐹𝑒
𝑐𝐹𝑒,𝑠𝑜𝑙

𝑘𝑐ℎ𝑙,𝑑𝑖𝑠𝑠  𝑚𝑜𝑙 𝑚𝑚
2 · 𝑠 = 10−9.79 · 𝑐𝐻+

0.49 + 10−13.00 + 10−16.79𝑐𝐻+
−0.43

4Fe2+ + O2 + 4H+ ↔ 4Fe3+ + 2H20

𝑟𝑜𝑥  𝑚𝑜𝑙𝐹𝑒 𝐿 · 𝑠 = 𝑘𝑟 · 𝑐𝐹𝑒 · 𝑃𝑂2 · 𝑐𝑂𝐻−
2

• Homogeneous oxidation of ferrous ions (Stumm & Lee, 1961)



• regional hydrogeological model of Forsmark

We (science) know how to represent hydrogeology in FR



Sidborn et al. (2010)

So again… why?



It is just (or mainly) a technological barrier

i DP 
interface DarcyTools PFLOTRAN 

FLOW REACTIVE TRANSPORT

Software:

Hardware:



Then, we incorporate our best knowledge

• 17 primary species, 29 secondary species, two reacting minerals (calcite
and chlorite) and a homogeneous aqueous oxidation reaction

• 70,125,000 transport degrees of freedom



• Löfgren and Sidborn (2016) mapped minerals in 2071 open fractures and 
provided statistics of mineral coverage and mineral thickness for chlorite, 
calcite and pyrite

𝛼 = 0.24

𝑑𝑚𝑒𝑎𝑛 = 1.3 · 10−4 𝑚

Löfgren, M., Sidborn, M., 2016. Quantitative mapping and statistical evaluation of fracture 
minerals in the granitic bedrock at Forsmark, Sweden. Mineralogy and Petrology, 110, 663-680.

And parameterization based on SC data:



Chlorite surface area

• Reactive transport calculation ran out 
to 340 y

• A total of about 33,000 h (3.7 years) 
of supercomputing time were 
consumed

Chlorite abundance

Geochemical parameterization looks like this:



All details of the model:



0.1 y 0.5 y

• At early times, the tracer infiltrates from the recharge areas and is channeled along 
transmissive fractures and deformation zones

Computed results: Conservative tracer



10 y 340 y

• It progressively infiltrates deep into the bedrock and reaches most of the discharge 
areas

Computed results: Conservative tracer



Computed results: Oxygen



• Oxygen infiltrates predominantly along transmissive zones => the rest of the domain 
remains anoxic

• Maximum penetration depth is 90 m approximately. 

Computed results: Oxygen



Computed results: pe & pH



Computed results: Chlorite dissolution (rate)



So now we have a better model… should we trust it?



So now we have a better model… should we trust it?



So now we have a better model… should we trust it?



Conclusions

The results of the Forsmark model show that quick penetration of 
oxygen is observed only along transmissive zones

Steady state conditions is attained after around 10y => maximum 
penetration depth of 90 m

The numerical model show results highly consistent with the 
qualitative observations of a natural analogue of the same 
processes we want to simulate (Poços de Caldas – Oxidative fronts)

Models must be adapted to the best available technology. 

Realism and confrontation with actual observations in nature are 
the keys for building model confidence.
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