
Combining chemistry and physics
Effect of temperature on geochemical reac�ons in the vicinity 

of heat producing radioac�ve waste repository
Pascal Maeder   , Georg Kosakowski   , Sergey Churakov

In all cases:
⇌equilibrate system to get same 

• phase ensembles
• phase quan��es
• dry weight frac�on
  (or volume frac�on)
• CEC 
• porosity
• pe and pH

as benchmark composi�ons.Mineralogy
Berner 2013, table 1

Pore Water
Marty 2015, table 4

Mineralogy
Marty 2015, table 3

Pore Water
Marty 2015, table 4

Cement
Mineralogy
Marty 2015, table 1

Pore Water
Marty 2015, table 2

Reference 

System

Extended Systems

Cement
Mineralogy
Marty 2015, table 1

Pore Water
Marty 2015, table 2

+

}🠖     set 
     up

Mineralogy
Marty 2015, table 3

Pore Water
Marty 2015, table 4

e.g., Callovo-

         OxfordianClay

Outlook

Ins�tute of Geological Sciences, 

University of Bern

Laboratory for Waste Management, 
Paul Scherrer Ins�tute

{ {

G
e

o
sp

h
e

re

Repository

Nuclear Waste Disposal Concept

Influence of 
temperature?

WHY?

THERMODEM
Database

Step 1 GEMS: Gibbs Energy Minimiza�on So�ware for Geochemical Modeling

➤ Calcula�on of phase (solid/minerals, gas, liquid) equilibria.

Zeolites and crystalline C-S-H phases are expected in cement compartment,  

thermodynamic consistency of all phases need to be tested for the reac�ve 

transport simula�ons. Added based on report NAB 18-41.
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OPC with SiO , crystalline C-S-H phases. source: NAB 18-41. 
   Consequence: set up a blended cement with their same 
 
      cement paste (3.1 kg, of which 3 kg SiO ) to H O (2 kg) ra�o

➔adding SiO dissolves portlandite, cryst. C-S-H phases appear.

Comparison: NAB 18-41 set up got other mineral phases

 ➔they did not use Ordinary Portland Cement (OPC) 
      but blended cement: OPC + SiO
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Figure 5: Mineralogical composition of clay.
Data from Marty et al. (2015).

Visual representa�on 
of GEMS set up 
process.

Figure 4: Mineralogical composition of cement.
Data from Marty et al. (2015).

Figure 3: Mineralogical composition of bentonite.
Data from Marty et al. (2015).

 Temperature-dependent evolu�on of mineralogical composi�on of bentonite (zoomed in).

 Temperature-dependent evolu�on of mineralogical composi�on of OPC.
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1) Reproducing Marty et al. (2015) & 

    Berner et al. (2013) thermodynamic setup 

    of reac�ve transport across interface. 

2) Addi�on of elevated temperature (heat pulse 

    emerging from steel canister).
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Modeling influence of temperature on each material closed system,

i.e., can exchange energy with surroundings but no ma�er.
Step 2

Reference

& Extended 

• Mineralogical changes and whether they correspond to observa�ons made 

   in nature, e.g., real-life laboratory experiments.

• Temperature source in real-life in our case is nuclear waste canister of repository.

Pore water composi�on at 25 °C

Composi�on of comenents, C-S-H: 
calcium silicates hydrates, Ca/Si ra�o 1.6,
Montmorillonite: swelling clay.
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Dolomi�sa�on

Mineralogical profile of bentonite, concrete liner,
and Opalinus clay. source: Marty et al. (2015) (modified).
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PROCESSES TO MODEL
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montmorillonite

calcite

illite

quartz & inert kaolinite

C-S-H

e�ringite & hydrotalcite

siderite & pyrite

montmorillonite

1

[mol/L] Bentonite Direc�on due to chemical gradient Cement Direc�on due to chemical gradient Clay

Al       6.64E-08 ← 2.91E-05 → 8.87E-08

C        6.15E-03 → 2.60E-05 ← 4.61E-03

Ca       1.35E-02 → 3.21E-03 ← 8.02E-03

Cl       5.61E-02 → 1.41E-06 ← 4.30E-02

K     2.16E-08 ← 9.90E-02 → 4.90E-04

Mg    7.46E-03 → 2.07E-09 ← 5.49E-03

Na    2.34E-01 → 4.24E-02 → 3.92E-02

S     1.07E-01 → 5.55E-04 ← 1.02E-02

Si    1.75E-04 → 1.75E-07 ← 1.77E-04

OH 1.55E-07 ← 1.42E-01 → 1.23E-07

pH 7.06 13.04 6.999

-

-

Water

Nuclear waste disposal concept at different scales.

source: Fries et al. (2008) (modified).

Temperature-dependent evolu�on of mineralogical composi�on of 
clay host rock.
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Methods

Step 3 & 4

Table: Concentra�on of materials with chemical gradients a�er GEMS equilibra�on, e.g., OH  gradient serves as pH proxy.

Movement from high concentra�on to lower (chemical gradient).

-

.amorphous crystalline

Why crystalline C-S-H phases? Why zeolite phases?

"meta-stability" of amorphous C-S-H phases

Bentonite

Cement Clay

Bentonite

Reac�ve Transport RT + Temperature Pulse

Ordinary Portland Cement Blended Cement

Clay (Callovo-Oxfordian)

Bentonite
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 Long-term safety: predict and quan�fy the geochemical evolu�on of the 

 depository components in the future. To replicate benchmark reac�ve

 transport model to add temperature effect, first system set up is required.
Results & Discussion (STEP 2)
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•Extended systems look the same as reference, apart 

from cement,where C3FH6 completely replaces CSH1.6.

•The temperature-dependent plots display the phase 

forma�ons that would be expected, e.g., dolomi�sa�on.

•The set up of a blended cement has also been 

completed, generally showing the phase forma�ons to 

be expected according to NAB 18-41 report.   

Summary of Results

Materials


