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Executive Summary 

This report contains the aims and learning outcomes, the training course description, and the abstracts, 

reading material and slides from the lectures given at the training course. The training was organized at 

the University of Bern, Switzerland on February 6-10, 2023. 
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1. Introduction 

Geological disposal systems for radioactive materials consist of different engineered and natural 

materials; this in view of the multi-barrier principle. The interaction between the contrasting materials in 

the near field of a disposal system (both the engineered barrier system and the host rock) will induce 

geochemical changes of these materials. The geochemical evolution as a consequence of physical and 

chemical perturbations needs to be part of the safety and performance analyses of the repository as it 

will influence (i) the durability of the different materials, and (ii) speciation and mobility of radionuclides. 

Given the time scales involved (ten thousand to hundred thousand years), assessing the evolution can 

only be done with numerical models in which geochemistry is linked to transport, thus with reactive 

transport codes. 

A key aspect in these models is the geochemical model in which the geochemical state variables are 

calculated based on thermodynamic equilibrium and kinetic processes. These geochemical models 

account for aqueous speciation reactions, dissolution/precipitation based on saturation state, sorption 

based on mechanistic sorption models (exchange reactions, surface complexation) and possible kinetic 

processes (related e.g. to the dissolution of glass or clay minerals or the corrosion of steel canisters). 

Reactive transport codes typically couple these chemical models to solute transport equations. State-

of-the-art reactive transport codes may couple this also the water flow or heat transport. Geochemical 

solvers in state-of-the-art reactive transport codes are also capable of handling some (micro)biological 

reactions. Therefore, these codes are capable to simulate coupled thermal, hydraulic, chemical and 

biological (THCB) processes and possible feedback between the processes. They became a powerful 

tool for understanding and assessing these coupled processes and the consequences for containment. 

Given the complexity of the system and the long-time scales, models typically have large computational 

times and many uncertainties associated with it. Recent developments in new couplings between 

different solvers, faster methods to solve equations including methods based on machine learning, and 

efficient algorithms for uncertainty analysis are crucial in the framework of the analysis of the long-term 

evolution, optimization and performance assessment of a radioactive waste repository. 

In EURAD, the work packages ACED (Assessment of Chemical Evolution of ILW and HLW Disposal 

cells) DONUT (Development and improvement of numerical methods and tools for modelling coupled 

processes) improve and implement codes and models for assessing the geochemical evolution in the 

near field of a repository. In view of that, this training will continue from the state-of-the-art and introduce 

the new developments acquire in these work packages. 

1.1 Aims 

The training aims at enlarging knowledge and expertise in geochemical and coupled reactive transport 

modelling in the framework of disposal of radioactive waste with the focus on geological disposal. The 

theoretical basis will be enhanced by lectures on (i) principles of geochemical and reactive transport 

modelling, (ii) their applications for processes and evolution of materials in a geological disposal 

(cementitious materials, glass, steel, clay, granite) (iii) speciation and migration of radionuclides, and 

(iv) advanced topics related to uncertainty and machine learning. Practical skills will be enhanced by 

computer sessions in which participants will use available software to implement and analyze models 

for calculating properties and evolution of materials and speciation of radionuclides. 

1.2 Learning outcomes 

Upon completion of the training course, the participants should be able to: 

• Understand the principles of geochemical thermodynamic and kinetic modelling and reactive 
transport modelling 

• Use these principles for application in the field of radioactive waste disposal 

• Transform specific research questions related to geochemical properties or evolution into a 
conceptual model 
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• Implement simple conceptual models into numerical codes for geochemical and reactive 
transport modelling 

• Identify advanced methods for sensitivity analysis, uncertainty analysis and integration of 
machine learning techniques 
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2. Training Course Description 

The one-week training is built around two pillars: 

• Lectures by experts in the field on topics on  
o Geochemical and reactive transport modelling, properties and evolution of materials in 

the engineered barrier system of a geological disposal, geochemical properties of the 
host matrix, and sorption of radionuclides. 

o Advanced topics on sensitivity and uncertainty studies and surrogate learning (machine 
learning) 

o Demonstration of state-of-the-art codes for implementing geochemical and reactive 
transport models. 

• Practical sessions on applying numerical codes for geochemical and reactive transport models. 
The course will provide training sessions for some of the more widely-used codes (PHREEQC, 
GEMS and ORCHESTRA, and their coupling with transport models, as HPx) between which 
the participant can choose. The training sessions will be built around two examples that  are 
used in the machine learning benchmark study of ACED DONUT: 

o Ageing/leaching and/or carbonation of cementitious materials based on ordinary 
Portland cement, 

o Uranium sorption on clay materials. 

• Delivery strategy: Classroom-based training, practical sessions 

Evaluation strategy: none 
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3. Lectures 

3.1 Lecture 1 Modelling geochemical systems – equilibrium, 
thermodynamics, reaction progress 

Geochemical modelling aims at predicting partial equilibria between aqueous, solid and gas phases in 

a system of relevance for research and engineering where a solid solution may be stable over a wide 

range of conditions and compositions even if some or all its pure end members are unstable. Equilibrium 

compositions of co-existing solution phases depend on each other and on the temperature, pressure, 

and bulk elemental composition of the whole system. Hence, a non-linear computer-aided numerical 

method is needed to solve for the chemical speciation and to evaluate the partitioning of (minor) 

elements between phases, which is of major geochemical relevance. 

A speciation algorithm requires as input the formula and standard thermodynamic properties for all 

chemical species, plus optional parameters of mixing in phases-solutions at temperature and pressure 

of interest. Such information is taken from a previously compiled and curated chemical thermodynamic 

database (TDB) – another crucial component of geochemical modelling along with the numerical 

algorithm. Methods of thermodynamic data calculation, correction and prediction are built into codes for 

computing thermodynamic properties of substances and chemical reactions. 

At the Earth (sub)surface conditions, complete equilibria are almost never achieved. This is why 

modelling codes contain various tools for simulating partial equilibria or irreversible mass action 

processes (titration, oxidation/reduction, leaching etc.). In a partial equilibrium state, some species (e.g. 

atmospheric nitrogen) and/or some (solid) phases cannot react completely and thus remain in their 

metastable states. The saturation index logSI shows that a phase can be (i) stable in positive or zero 

amount when logSI  0; (ii) unstable in zero amount when logSI < 0; (iii) metastable in zero or positive 

amount when logSI > 0 or in positive amount when logSI < 0. Case (iii) is modeled using additional 

upper- or lower bound constraints on the mole amount of a species or a phase. Control on these 

additional constraints as functions of time, simulation step, pH, activities of ions, logSI, etc. makes it 

possible to simulate kinetic processes such as mineral dissolution or precipitation. This and other key 

concepts of geochemical thermodynamic modelling will be summarized in this talk. 

Lecturer 

D. Kulik, PSI, Switzerland 

Reading Material 

Kulik D.A. (2010): Geochemical thermodynamic modelling of ion partitioning. Chapter 3 in: Ion-

partitioning in ambient-temperature aqueous systems (eds. M.Prieto, H.Stoll), EMU Notes in 

Mineralogy 10, 65-138. 

 

Slides 

Leal A.M.M., Kulik D.A., Smith W.R., Saar M.O. (2017): An overview of computational methods for 

chemical equilibrium and kinetics calculations for geochemical and reactive transport modeling. Pure 

and Applied Chemistry 89, 597-643. doi. 

http://dx.doi.org/10.1515/pac-2016-1107
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3.2 Lecture 2 - Thermodynamic modelling of cementitious systems 
and their evolution 

Hydraulic binders such as cement paste, mortar and concrete show rapid and complex evolution of pore 

water composition and mineral assemblage during hydration. Thermodynamic equilibrium calculations 

are a valuable tool to understand the consequences of different factors such as cement composition, 

hydration, leaching or temperature on the composition and the properties of a hydrated cementitious 

system on a chemical level. Equilibrium calculations can be used to compute the stable phase 

assemblages based on the solution composition as well as to model the stable phase assemblage in 

completely hydrated cements and thus to assess the influence of the chemical composition on the 

hydrate assemblage. In combination with a kinetic model, thermodynamic calculations can also be used 

to follow changes during hydration or, in combination with transport models, to calculate the interaction 

of cementitious systems with the environment. In all these applications, thermodynamic equilibrium 

calculations have been a valuable addition to experimental studies deepening our understanding of the 

processes that govern cementitious systems and interpreting experimental observations. 

Lecturer 

Barbara Lothenbach, EMPA, Switzerland 

 

Reading Material 

Lothenbach, B., K. Scrivener, and R.D. Hooton, Supplementary cementitious materials. Cement and 

Concrete Research, 2011. 41(12): p. 1244-1256. 

Lothenbach, B., et al., Influence of limestone on the hydration of Portland cements. Cem. Concr. Res., 

2008. 38(6): p. 848-860. 

 

Slides 

Lothenbach, B., Thermodynamic equilibrium calculations in cementitious systems. Materials and 

Structures, 2010: p. DOI 10.1617/s11527-010-9592-x. 
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3.3 Lecture 3 -  Geochemistry of the host rock and natural barrier 
material (pore water chemistry, mineralogy, fracture-matrix) 

In the framework of nuclear waste disposal, the natural geochemical conditions play a major role in the 

long-term stability of the materials used in the disposal (clays, concrete and cement phases, metals, 

glass…). The speciation of the radionuclides is also determined by the water chemistry and 

consequently, their potential out-diffusion from the disposal site or from the host rock. This lecture 

presents a strategy of data acquisition for determining the porewater chemistry of clay host rock and the 

global rock-water-gas equilibria. The main artifacts susceptible to change drastically the porewater 

chemistry are also described with the countermeasures that can insure a proper acquisition. Reliable 

experiments and the redundancy of the acquisition will allow to feed a numerical model following the 

phase rule adapted to a system considering also the ion exchange reactions. This critical review is 

focused on the methods that have been developed during the last two decades assuring and allowing a 

robust determination of the porewater chemistries in clayrocks and shales. 

Lecturer 

Eric C. Gaucher, Rock-Water-Interaction group. University of Bern, Switzerland 

Reading Material 

Pearson, F., Tournassat, C. and Gaucher, E.C. (2011) Biogeochemical processes in a clay formation in 

situ experiment: Part E–Equilibrium controls on chemistry of pore water from the Opalinus Clay, Mont 

Terri Underground Research Laboratory, Switzerland. Applied geochemistry 26, 990-1008. 

Wersin, P., Mazurek, M., Gimmi, T (2022) Porewater chemistry of Opalinus Clay revisited: Findings from 

25 years of data collection at the Mont Terri Rock Laboratory. Applied Geochemistrythis, 138, 105234. 
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Gaucher, E.C., Tournassat, C., Pearson, F., Blanc, P., Crouzet, C., Lerouge, C. and Altmann, S. (2009) 

A robust model for pore-water chemistry of clayrock. Geochimica et Cosmochimica Acta 73, 6470-6487. 

Lassin, A., Marty, N.C., Gailhanou, H., Henry, B., Trémosa, J., Lerouge, C., Madé, B., Altmann, S. and 

Gaucher, E.C. (2016) Equilibrium partial pressure of CO2 in Callovian–Oxfordian argillite as a function 

of relative humidity: Experiments and modelling. Geochimica et Cosmochimica Acta 186, 91-104. 

Tournassat, C., Vinsot, A., Gaucher, E.C. and Altmann, S. (2015) Chemical conditions in clay-rocks, 

Developments in clay science. Elsevier, pp. 71-100. 
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3.4 Lecture 4 -   Reactive Transport – Pore to Continuum scale 

So, is the “reactive transport problem” solved? Where do we go from here? This is the crossroads we 

are at now as we decide what are the challenges that need to be faced so as to continue advancing the 

field. Arguably the most significant challenges we now face are associated with the huge range of length 

scales that need to be addressed, since these extend from the molecular to nanoscale to pore scale all 

the way up to the watershed and continental scale. Across this extreme range of scales, the constitutive 

equations and parameters that are used to describe reactive transport processes often change as well, 

thus requiring mathematical and numerical models to become “scale aware”. Charged porous media offers 

special challenges, since ion mobility can be strongly affected by electrostatic interactions, and this can lead 

to effects such as anion exclusion that are not captured by Fick’s Law (Tournassat and Steefel 2015; 

Tournassat and Steefel, 2019). Where the charged porous media involves nanoscale porosity, off-diagonal 

coupling effects on transport between such master variables as fluid pressure, electrical current and 

chemical composition may become important (Tournassat and Steefel 2019: Steefel and Tournassat, 

2021). At the watershed and continental scales, reactive transport is further complicated by the coupling 

with diverse Earth surface processes, including subsurface and surface water, vegetation, and the 

atmosphere, all played out typically in highly heterogeneous and transient settings. Interest has also 

increased in the effects of geomechanics on reactive transport (“chemo-mechanical effects), of which 

pressure solution is one of the examples (Hu et al., 2021). 

Lecturer 

Carl I. Steefel, Lawrence Berkeley National Laboratory, United States 

Reading Material 

Steelel C.I and M Hu (2022) Reactive transport modeling of mineral precipitation and carbon trapping in 
discrete fracture networks.  Water Resources Research.  DOI: 10.1029/2022WR032321 

Hu, M. C.I. Steefel, J.R. Rutqvist (2021) Microscale mechanical-chemical modeling of granular salt: 
Insights for creep.  Journal of Geophysical Research Solid Earth. doi: 10.1029/2021JB023112 

Steefel, C.I. and Yang, L. (2021) Secondary magnesite formation from forsterite under CO2 
sequestration conditions via coupled heterogeneous nucleation and crystal growth. Geochimica et 
Cosmochimica Acta 311: 29.42.   

Steefel, C.I. and C. Tournassat (2021) A model for discrete fracture-clay rock interaction incorporating 
electrostatic effects on transport.  Computational Geosciences 25 (1): 395-410. DOI: 
10.1007/s10596-020-10012-3. 

Steefel, C.I. (2019) Reactive transport at the crossroads. Reviews in Mineralogy and Geochemistry 85: 
1-26. 

Tournassat, C.M., Steefel, C.I. (2019) Reactive transport modeling of coupled processes in nanoporous 
media.  Reviews in Mineralogy and Geochemistry 85: 75-109. 

Tournassat, C., C.I Steefel (2015) Ionic transport in nano-porous clays with consideration of electrostatic 
effects. Reviews in Mineralogy and Geochemistry 80: 287-329. 

Steefel, C.I., S.B. Yabusaki, K.U. Mayer (2015) Reactive transport benchmarks for subsurface 
environmental simulation. Computational Geosciences 19: 439-443. DOI: 10.1007/s10596-015-
9499-2. 

Reactive transport in the Earth and Environmental Sciences is at a crossroads today. The discipline has 
reached a level of maturity well beyond what could be demonstrated even 15 years ago. This is shown now 
by the successes with which complex and in many cases coupled behavior have been described in a number 
of natural Earth environments, ranging from corroding storage tanks leaking radioactive Cs into the vadose 
zone (Steefel et al. 2003), to field scale sorption behavior of uranium (Li et al. 2011) to the successful prediction 
of mineral and pore solution profiles in a 226 ka chemical weathering profile (Maher et al. 2009), to the 
prediction of ion transport in compacted bentonite and clay rocks (Tournassat and Steefel 2015; Tournassat 
and Steefel, 2019; Steefel and Tournassat, 2021).  
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Steefel, C.I., Appelo, C.A.J., Arora, B., Jacques, D., Kalbacher, T., Kolditz, O., Lagneau, V., Lichtner, 
P.C., Mayer, K.U., Meeussen, J.C.L. and Molins, S., 2015. Reactive transport codes for subsurface 
environmental simulation. Computational Geosciences, 19(3), pp.445-478. 

Molins, S., D. Trebotich, C. I. Steefel, and C. Shen (2012) An investigation of the effect of pore scale 
flow on average geochemical reaction rates using direct numerical simulation. Water Resources 
Research 48, W03527, DOI:10.1029/2011WR011404. 

Steefel, C.I., K. Maher, 2009, Fluid-rock interaction: A reactive transport approach. Reviews in 
Mineralogy and Geochemistry 70: 485-532, DOI: 10.2138/rmg.2009.70.11. 

Maher, K., C.I. Steefel, A.F. White, and D.A. Stonestrom, 2009, The role of reaction affinity and 
secondary minerals in regulating chemical weathering rates at the Santa Cruz Soil 
Chronosequence, California, Geochim. Cosmochim. Acta, 73, 2804–2831. 

Li, L., C.I. Steefel, L. Yang, 2008, Scale dependence of mineral dissolution rates within single pores and 
fractures, Geochimica Cosmochimica Acta 72(2), 360-377. 

Steefel, C.I, D. DePaolo, and P.C. Lichtner, 2005, Reactive transport modeling: An essential tool and a 
new research approach for the Earth sciences, Earth and Planetary Science Letters 240: 539-558. 

Steefel, C.I., Carroll, S., Zhao, P., and Roberts, S. (2003), Cesium migration in Hanford sediment: A 
multi-site cation exchange model based on laboratory transport experiments. J. of Contaminant 
Hydrology 67, 219-246. 

Steefel, C.I. and Van Cappellen, P.C. (1998) Reactive transport modeling of natural systems. J. 
Hydrology 209, 1-7. 

Steefel, C.I. and Lichtner, P.C. (1998) Multicomponent reactive transport in discrete fractures: I. Controls 
on reaction front geometry. J. Hydrology 209, 186-199. 

Steefel, C.I. and Lichtner, P.C. (1998) Multicomponent reactive transport in discrete fractures: II. 
Infiltration of hyperalkaline groundwater at Maqarin, Jordan, a natural analogue site. J. Hydrology 
209, 200-224. 

Steefel, C.I. and MacQuarrie, K.T.B. (1996) Approaches to modeling reactive transport in porous media. 
In Reactive Transport in Porous Media (P.C. Lichtner, C.I. Steefel, and E.H. Oelkers, eds.), 
Reviews in Mineralogy 34, 83-125. DOI: 10.1515/9781501509797-005 

Steefel, C.I., and Lasaga, A.C. (1994) A coupled model for transport of multiple chemical species and 
kinetic precipitation/dissolution reactions with application to reactive flow in single phase 
hydrothermal systems. American Journal of Science 294, 529-592. 

Steefel, C.I., and Lichtner, P.C. (1994) Diffusion and reaction in rock matrix bordering a hyperalkaline 
fluid-filled fracture. Geochimica et Cosmochimica Acta 58, 3592-3612. 

Steefel, C.I. and Van Cappellen, P. (1990) A new kinetic approach to modeling water-rock interaction: 
The role of nucleation, precursors, and Ostwald ripening. Geochimica et Cosmochimica Acta, 54, 
2657-2677. 
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3.5 Lecture 5 -  Speciation of radionuclides – Including 
thermodynamic databases 

In this models, thermodynamic data on the stability of the complexes formed are really important. One 

of the particularities, which makes very challenging these models is that the different chemical properties 

of each radionuclides results in different speciation, migration and mobilization processes. 

Lecturer 

Vanessa Montoya, SCK CEN, Belgium 

Reading Material 

Montoya, V., Noseck, U., Mattick, F., Britz, S., Blechschmidt, I. and Schäfer, T., 2022. Radionuclide 

geochemistry evolution in the Long-term In-situ Test (LIT) at Grimsel Test Site (Switzerland). Journal of 

Hazardous Materials, 424, p.127733 

Slides 

To develop adequate strategies for radioactive waste management as well as to properly assess the 

impact of radionuclide migration in a repository system and/or the environment, radionuclide speciation 

calculations are needed. The assessment of radionuclide mobility in these systems is essential for the 

safety  demonstration of the repository. One of the key factors influencing the rate of radionuclide 

transport out of the repository is the solubility of radionuclides released into the aqueous environment 

and their speciation. For this reason, the ability to model radionuclide speciation under repository 

conditions is an important issue when assessing the safety of a disposal system. 

Gaona, X., Montoya, V., Colàs, E., Grivé, M. and Duro, L., 2008. Review of the complexation of 

tetravalent actinides by ISA and gluconate under alkaline to hyperalkaline conditions. Journal of 

Contaminant Hydrology, 102(3-4), pp.217-227. 

Duro, L., Montoya, V., Colàs, E. and García, D., 2010. Groundwater equilibration and radionuclide 

solubility calculations. Nuclear Waste Management Organization Technical Report NWMO TR-2010-02. 

Toronto, Canada. 
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3.6 Lecture 6 -  Molecular aspect and thermodynamic modelling of 
sorption phenomena 

Lecture provides introduction into 

- molecular mechanism of sorption phenomena by molecular simulations and spectroscopy 

- physical and chemical processes at mineral surface interface 

- foundation for development and application of mechanistic thermodynamic models for sorption  

- assessments of model uncertainties 

Lecturer 

Sergey Churakov, PSI, Switzerland 

Reading Material 

Keri, A., R. Dahn, M. Marques Fernandes, A. C. Scheinost, M. Krack and S. V. Churakov (2020). "Iron 

Adsorption on Clays Inferred from Atomistic Simulations and X-ray Absorption Spectroscopy." 

Environmental Science & Technology 54: 1886-11893 

Slides 

B. Baeyens, M. and M. Fernandes (2018). Adsorption of heavy metals including radionuclides. Surface 

and Interface Chemistry of Clay Minerals. R. Schoonheydt, C. T. Johnston and F. Bergaya, Elsevier: 

125-172. 

Churakov, S. V., W. Hummel and M. Marques Fernandes (2020). "Fundamental Research on 

Radiochemistry of Geological Nuclear Waste Disposal." Chimia 74(12): 1000-1009. 
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3.7 Lecture 7 - Modelling of kinetically controlled processes in 
radioactive waste disposal, from radiolytic corrosion to microbial 
activity 

In a second stage, we will study RTM applications where kinetics plays a key role using the reactive 

transport code HYTEC: 1) the radiolytic auto-dissolution of spent nuclear fuels driven by oxidants 

produced by the irradiation of water, 2) the corrosion of carbon steel canister driven by sulfato-reducing 

bacteria, 3) the long-term coupled evolution of the glass / steel / cement / claystone multi-barrier in a 

disposal cell. 

Lecturer 

L. De Windt, Mines Paris, France 

Reading Material 

Brantley, S.L., Kubicki, J.D., White, A.F. (2008). Kinetics of Water-Rock Interaction, Springer-Verlag 

(New York, US). 

van der Lee, J., De Windt, L., Lagneau, V., Goblet, P. (2003). Module-oriented modeling of reactive 

transport with HYTEC, Computers and Geosciences 29, 265. 

Slides 

Reactive transport modelling (RTM) has been important for assessing the long-term performance of the 
geologic disposal of radioactive waste. RTM is capable of great generality since it can be applied to a 
wide range of natural processes, as well as to engineering issues such as metal corrosion or bentonite 
alteration. This requires an understanding how the various barriers evolve through space and time. Mass 
transfers are often driven by diffusion or very slow advective flows, which allows to model the 
geochemical reactions under thermodynamic equilibrium. But some key slow processes intrinsically 
remain under a kinetic control. 

In a first stage, we will recall the main kinetic rate laws that are commonly used for RTM, such as the 
transition state theory with catalytic or inhibiting effects, Arrhenius dependency with temperature or the 
Monod microbial kinetic laws. We will also focus on the importance of reactive surfaces for heterogenous 
solid/liquid kinetics. Then we will introduce more specialized kinetic models, such as glass dissolution 
with passivating altered layer. Eventually, we will give an overview of kinetic databases. 

De Windt, L., Spycher, N. (2019). Reactive transport modeling: a key performance assessment tool for 

the geologic disposal of nuclear waste, Elements Vol. 15, 99. 
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3.8 Lecture 8 -  Integration of processes at larger scale – sensitivity 
(uncertainty) analyses 

This lecture will present: 

1) Conceptual and numerical reactive transport models for HLW radioactive waste disposal at the 

disposal cell scale. The reactive transport models simulate the geochemical evolution of HLW disposal 

cells in granite and clay for a time span of 50,000 years. The model considers the vitrified waste, the 

carbon-steel canister, the saturated bentonite buffer and the host rock. These models have been 

performed within the context of the ACED Work Package of the EURAD Joint Project.  

2) Local sensitivity analyses of model predictions: methods and results. 

3) Global sensitivity analyses: description of the methods and results obtained with the VARS 

(Variogram Analysis of Response Surface) method. These results have been obtained within the context 

of the DONUT Work Package of the EURAD Joint Project  

4) Ongoing international initiatives (JOSA Group 
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Javier Samper, University of A Coruña, Spain 

Reading Material 

Claret, F, A Dauzeres, D Jacques, P Sellin, B Cochepin, L De Windt, J Garibay-Rodriguez, J Govaerts, 

O Leupin, A Mon, L Montenegro, V Montoya, N I. Prasianakis, J Samper & J Talandier, (2022). 

Modelling of the long-term evolution and performance of engi-neered barrier system, EPJ Nuclear 

Sci. Technol. 8, 41. https://doi.org/10.1051/epjn/2022038. 

Claret, F., J Samper, J Samper II, AC Samper, A Mon, B Pisani, C López, C Yang, (2023). UDC 

Contribution to the “Report describing numerical improvement and developments and their 

application to treat uncertainty when dealing with coupled processes”. WP DONUT. EURAD Joint 

Program. Deliverable D4.7 of the EURAD Joint Project. EC Grant Agreement no: 847593 

JOSA: Uncertainty Quantification and Sensitivity Analysis in Geologial Disposal: Joint Sensitivity Group 

(JOSA) Group: Volume 1.  https://www.osti.gov/servlets/purl/1822591. 

Mon, A, J Samper, L Montenegro, A Naves, & J Fernández, (2017). Long-term nonisothermal reactive 

transport model of compacted bentonite, concrete and corrosion products in a HLW repository in 

clay, J Cont Hydrol, Vol 197: 1-16. http://dx.doi.org/10.1016/j.jconhyd.2016.12.006. 

Mon, A, J. Samper, L Montenegro, E Torres, MJ Turrero, J Cuevas, & L De Windt, (2023). Reactive 

transport models of geochemical interactions at the iron/bentonite interface in lab corrosion tests, 

Applied Clay Sciences, (submitted). 

Samper, J., L. Montenegro, L. De Windt, V. Montoya, J. Garibay-Rodríguez, D. Grigaliuniene, A. 

Narkuniene, & P. Poskas, (2021). Conceptual model formulation for a mechanistic based model 

implementing the initial SOTA knowledge (models and parameters) in existing numerical tools. 

Deliverable D2.16 of the EURAD Joint Project. EC Grant Agreement no: 847593. 

Slides 



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

161  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

162  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

163  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

164  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

165  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

166  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

167  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

168  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

169  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

170  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

171  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

172  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

173  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

174  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

175  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

176  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

177  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

178  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

179  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

180  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

181  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

182  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

183  

 

  



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

184  

3.1 Lecture 9 -  Machine learning for accelerating reactive transport 
model simulations and analysis 

In several areas of geosciences it is of interest to conduct multiphysics simulations. Typically the involved 

processes are non-linear and strongly coupled. Reactive transport model (RTM) simulations can be 

computationally-demanding, especially when large grids and/or long simulation periods are considered. 

Furthermore, even for small domains and simulation periods, model analysis tasks that require repeated 

model runs such as sensitivity analysis or the inverse modelling of laboratory or underground 

experiments, can quickly become intractable, since in these cases several thousands of such model 

simulations are needed. In this lecture, we will review different situations where nonlinear regression by 

machine learning (ML) methods, such as artificial neural networks (NNs), can help to: a) make the 

coupling between codes and scales, b) accelerate parts of RTM codes, and c) accelerate the full RTM 

simulations for sensitivity analysis and uncertainty quantification.  Parameter upscaling may be facilitated 

via ML interfaces. At the same time, in a typical RTM simulation the geochemical calculations are 

responsible for the largest part of the total computing cost. The geochemical solver can be replaced by 

a  metamodel (or surrogate model) which is several orders of magnitude faster. Coupling the 

geochemical solver metamodel with the transport model can lead to a significant speed up of the 

computations. Finally, we illustrate how ML can be used to surrogate the full RTM over some input and 

boundary conditions, such that sensitivity analysis, uncertainty propagation and/or inverse modelling 

become possible. The computational acceleration provided by machine the learning techniques is a 

crucial component of the digital twin technology. 
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Nikoloas Prasianakis, PSI, Switzerland 
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Churakov, S. V., Prasianakis, N. I. 2018. Review of the current status and challenges for a holistic process-

based description of mass transport and mineral reactivity in porous media. American journal of science, 

318(9), 921-948. https://doi.org/10.2475/09.2018.03  

Laloy E., Jacques, D. 2019. Emulation of CPU-demanding reactive transport models: a comparison of 

gaussian processes, polynomial chaos expansion, and deep neural networks. Comput Geosci 23(5):1193–

1215. https://doi.org/10.1007/s10596-019-09875-y. 

Laloy E., Jacques D. 2022. Speeding up reactive transport simulations in cement systems by surrogate 

geochemical modeling: deep neural networks and k-nearest neighbors. Transp Porous Media 

143(2):433–462. https://doi.org/10.1007/s11242-022-01779-3. 

Prasianakis, N. I., Haller, R., Mahrous, M., Poonoosamy, J., Pfingsten, W., Churakov, S. V. 2020. Neural 

network based process coupling and parameter upscaling in reactive transport simulations. Geochimica 

et Cosmochimica Acta, 291, 126-143. https://doi.org/10.1016/j.gca.2020.07.019 
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4. Codes 

4.1 Code 1 – GEM – Selektor 

If some of GEM outputs are known from the experiments or from observations, then some input 

thermodynamic properties or interaction parameters of models of mixing can be retrieved by solving 

inverse thermodynamic modelling problems. This is the purpose of the GEMSFITS (Miron et al., 2015) 

code that has been successfully used recently in a number of funded projects. 
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Reading Material 

Kulik, D.A., Wagner T., Dmytrieva S.V., Kosakowski G., Hingerl F.F., Chudnenko K.V., Berner U. (2013): 

GEM-Selektor geochemical modelling package: revised algorithm and GEMS33K numerical kernel for 

coupled simulation codes. Computational Geosciences 17, 1-24, .doi 

Slides 

GEMS (https://gems.web.psi.ch) has been developed at PSI during 23 years. To date, GEMS is the 

most popular freely-available open-source GEM code and TDB kit for geochemical modelling, with 

>10’000 downloads and ca. 1’000 active users (CemGEMS web app, https://cemgems.app has >530 

registered users), and about 1’400 publications where it has been used. Main parts of GEMS are: GEM-

Selektor code; GEMS3K numerical library for use in coupled codes; and GEMSFITS coupled code for 

inverse modelling and parameterization. 

The GEM-Selektor GUI code is used for the forward thermodynamic modelling (in Equillibria mode) and 

for manipulation with input thermodynamic and reaction formats (in Database mode). The forward 

problem is to find mole amounts n and activities a of chemical species in an equilibrium state defined by 

pressure p, temperature T and bulk elemental composition b. This is done in the GEMS3K code library 

by applying the IPM-3 GEM algorithm (Kulik et al., 2013), now available also with C, C++11 and Python 

3 interfaces. From GEM results, any species concentrations, activity coefficients in any phase, partition 

and fractionation coefficients of elements between phases, and saturation indices can be obtained. The 

applicability of GEM is limited only by the knowledge of standard-state molar properties of end members 

and interaction parameters for phase-solutions (some provided in database files supplied with the code). 

Kulik D.A., Winnefeld F., Kulik A., Miron G.D., Lothenbach B. (2021): CemGEMS – an easy-to-use web 

application for thermodynamic modeling of cementitious materials. RILEM Technical Letters, 6, 36-

52,  doi. 

Miron G.D., Kulik D.A., Dmytrieva S.V., Wagner T. (2015): GEMSFITS: Code package for optimization 

of geochemical model parameters and inverse modeling. Applied Geochemistry 55, 28-45. doi. 

http://dx.doi.org/10.1007/s10596-012-9310-6
https://gems.web.psi.ch/
https://cemgems.app/
https://doi.org/10.21809/rilemtechlett.2021.140
http://dx.doi.org/10.1016/j.apgeochem.2014.10.013
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4.2 Code 2 – ORCHESTRA 

In this presentation I will give an overview of the motivation for developing ORCHESTRA, in what ways 

it is similar and different from other codes, and what  implications this has for chemical and reactive 

transport modelling.  

The ORCHESTRA code has a similar application area as e.g. PHREEQC and GEMS, but was 

specifically developed to allow users to create their own model extensions.  

To make this possible, the internal structure of ORCHESTRA is quite different from that of other chemical 

solver codes. (Although its use is very similar)  

In case of ORCHESTRA chemical (and physical) models (expressions, equations) are not defined in its 

source code but in a separate text file that is read as input. So all chemical models can be inspected, 

adapted or extended by users. 

So whereas standard codes allow users to compose chemical models systems from  a fixed set of 

predefined building blocks, (such as chemical elements, aqueous species, solid phases and a set of 

adsorption models etc.) ORCHESTRA makes it possible to extend this set and is therefore often used 

e.g. for adsorption model development, or other non-standard chemical applications.  

However, for the “standard” chemical processes that are the subject of this course the existing set of 

models will be sufficient. 

ORCHESTRA comes with a large set of predefined chemical (adsorption) models, and a graphical user 

interface that enables users to set up chemical systems by selecting substances and reactions from 

thermodynamic databases.  

This graphical user interface also allows to generate stability/predominance diagrams. 

ORCHESTRA is written in Java, but within the DONUT project a C++ version of the chemical solver was 

developed to facilitate integration with other (transport or PYTHON) codes. 

Lecturer 

Hans Meeussen, NRG, The Netherlands 

Reading Materials 

www.meeussen.nl/orchestra 

ORCHESTRA:  An Object-Oriented Framework for Implementing Chemical Equilibrium Models | 
Environmental Science & Technology (acs.org) 

Slides 

http://www.meeussen.nl/orchestra
https://pubs.acs.org/doi/abs/10.1021/es025597s
https://pubs.acs.org/doi/abs/10.1021/es025597s
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4.3 Code 3 – PHREEQC 

In this presentation, we focus further on the PHREEQC version embedded in the HPx software. 

Originally, it referred to coupling of PHREEQC-3 to the HYDRUS family of flow and transport codes. 

The framework developed for that coupling has been extended to different geochemical solvers and 

transport solvers. Now, HPx refers to the core that handles geochemical calculations and the exchange 

of the relevant state variables to transport solvers. Beside a fresh GUI for smooth project-oriented 

implementations of geochemical problems (HPGeoChemistry), the PHREEQC version in HPx is 

extended with additional scripting languages, using of inline variables, and an alternative plotting 

definition. HPx also couples HYDRUS 1D and 2D for unsaturated transient-variable water flow, 

multicomponent transport and heat transfer with different geochemical solvers (PHREEQC and 

ORCHESTRA) and can uses python libraries for surrogate modelling. The framework is also used to 

couple the geochemical solvers with MS3D-USGS. 

Lecturer 

Diederik Jacques, SCK CEN, Belgium 

Reading Materials 

Charlton, S.R. and D.L. Parkhurst, Modules based on the geochemical model PHREEQC for use in scripting and 

programming languages. Computers & Geosciences, 2011. 37(10): p. 1653-1663. 

Slides 

The geochemical solver PHREEQC is a powerful geochemical code for aqueous speciation, mineral 

equilibria, multi-site cation exchange, complex surface complexation modelling, exchange with a gas-

phase, solid solutions and kinetic reactions. It gives a large flexibility for modelling different geochemical 

systems and experimental set-ups including titration, speciation plots, etc. Moreover, PHREEQC has 

the possibility to perform one-dimensional advective-dispersive transport under steady-state flow 

conditions and multi-dimensional diffusive transport. The current version is 3.7.3. The wrappers 

iPHREEQC and PHREEQCRM provides libraries to work with PHREEQC from Excel, python, R, fortran, 

C++, … In one or another form, PHREEQC has been coupled with different transport solvers which can 

be used for different areas and research questions for several engineering and environmental 

application 

PHREEQC website: https://www.usgs.gov/software/phreeqc-version-3 

HYDRUS 5.0 website: https://www.pc-progress.com/en/Default.aspx?hydrus  

Jacques, D., et al., Modeling Coupled Hydrologic and Chemical Processes: Long-Term Uranium Transport following 

Phosphorus Fertilization. Vadose Zone Journal, 2008. 7(2): p. 698-711. 

Jacques, D., et al., Modelling coupled water flow, solute transport and geochemical reactions affecting heavy 

metal migration in a podzol soil. Geoderma, 2008. 145(3-4): p. 449-461.  

Jacques, D., et al., The HPx software for multicomponent reactive transport during variably-saturated flow: 

Recent developments and applications. JOURNAL OF HYDROLOGY AND HYDROMECHANICS, 2018. 66(2): p. 211-

226. 

Parkhurst, D.L. and L. Wissmeier, PhreeqcRM: A reaction module for transport simulators based on the 

geochemical model PHREEQC. Advances in Water Resources, 2015. 83(0): p. 176-189. 

https://www.usgs.gov/software/phreeqc-version-3
https://www.pc-progress.com/en/Default.aspx?hydrus
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4.4 Code 4 – iCP 

In this introduction to iCP we will give a brief overview of the implementation of the tool and its 

capabilities. We will also demonstrate these capabilities with several examples of iCP applications to 

reactive transport modelling in the nuclear waste management sector including coupled thermo-hydro-

chemical processes, fracture flow, multiphase flow and mechanics 

 

Lecturer 

Emilie Coenen, Amphos21, Spain 

Reading Material 

Nardi, A., Idiart, A., Trinchero, P., de Vries, L. M., and J. Molinero. Interface COMSOL-PHREEQC (iCP), 

an efficient numerical framework for the solution of coupled multiphysics and geochemistry. Computers 

& Geosciences 69 (2014): 10-21. 

More information on iCP can be found on the Techlabs webpage of Amphos 21: 

https://techlabs.amphos21.com/technology/interface-comsol-phreeqc/ 

 

Slides 

The interface Comsol PhreeqC, or iCP, is a reactive transport simulator that couples two standalone 

simulation softwares: Comsol Multiphysics® and the geochemical simulator PhreeqC. iCP maximizes 

the synergies between these codes, providing a numerical platform that can efficiently simulate a wide 

number of multiphysics problems coupled with geochemistry. iCP is a powerful tool for those consultants 

or researchers who need to tackle coupled geochemical problems. The flexibility and wide applicability 

of iCP make it suitable for a large number of modelling challenges, which cover most of the needs of 

both industry and academia.  

https://www.comsol.com/
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4.5 Code 5 – CRUNCH 

For abstract, see section 3.4. 

Lecturer 

C.I. Steefel, Lawrence Berkeley National Laboratory, United States 

Reading Material 

For abstract, see section 3.4 

Slides 
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4.6 Code 6 – MIN3P – Assessing far-field and near-field 
geochemical stability in the context of deep geologic 
repositories for spent nuclear fuel – Reactive transport modeling 
with MIN3P-THCm 

MIN3P-THCm is a general-purpose reactive transport code for simulation of flow and reactive transport 

processes in the subsurface. In Canada, the Nuclear Waste Management Organization (NWMO) is 

responsible for designing and implementing the country’s plan for the safe, long-term management of 

used nuclear fuel and is currently evaluating potential sites for a deep geologic repository (DGR) in 

either sedimentary or crystalline rock. MIN3P-THCm has been used to assess various aspects of long-

term geochemical stability in the context of DGRs in support of site characterization in both the far-field 

and the near-field. The goal of the far-field simulations was to assess the geochemical stability of pore 

water at repository depth over long time periods (on the order of 100,000 years). Due to the geographic 

location of Canada, it is necessary to consider the impact of the advance and retreat of a continental ice 

sheet on flow and reactive transport processes. In the case of sedimentary rocks, simulations were 

conducted on the scale of a sedimentary basin, taking into consideration the various stratigraphic units, 

including shales, limestones, sandstones and evaporite units. In the case of crystalline rock, simulations 

were designed to evaluate the interplay between flow and reactive transport processes in fractured 

granitic media accounting for exchange of solute between fractures and the matrix. In both cases, the 

emphasis was on assessing the ingress and attenuation of dissolved oxygen in the rock. In addition, 

near-field simulations were conducted with MIN3P-THCm to evaluate the performance of engineered 

barrier systems composed of concrete and bentonite, in contact with host rock. In this presentation, we 

will provide an overview on the approach, challenges and outcomes of these modeling studies. 

Lecturer 

K. Ulrich Mayer, University of British Columbia, Department of Earth, Ocean and Atmospheric Sciences, 

Vancouver, BC, Canada 

Kerry T.B. MacQuarrie, University of New Brunswick, Department of Civil Engineering, Fredericton, NB, 

Canada 

Danyang Su, University of British Columbia, Department of Earth, Ocean and Atmospheric Sciences, 

Vancouver, BC, Canada 

Mingliang Xie, University of British Columbia, Department of Earth, Ocean and Atmospheric Sciences, 

Vancouver, BC, Canada 

Reading Material 

Bea, S.A., U.K. Mayer, and T.B. Macquarrie, 2016. Reactive transport and thermo-hydro-mechanical 

coupling in deep sedimentary basins affected by glaciation cycles: model development, verification, and 

illustrative example. Geofluids 16:279-300. 

Bea, S.A., D.Y. Su, K.U. Mayer, and K.T.B. MacQuarrie, 2018. Evaluation of the Potential for Dissolved 

Oxygen Ingress into Deep Sedimentary Basins during a Glaciation Event. Geofluids DOI Unsp 9475741, 

10.1155/2018/9475741.. 

Spiessl, S.M., K.T.B. MacQuarrie, and K.U. Mayer, 2008. Identification of key parameters controlling 

dissolved oxygen migration and attenuation in fractured crystalline rocks. Journal of Contaminant 

Hydrology 95:141-153. 

Su, D.Y., M.L. Xie, K.U. Mayer, and K.T.B. MacQuarrie, 2022. The Impact of Ice Sheet Geometry on 

Meltwater Ingress and Reactive Solute Transport in Sedimentary Basins. Water Resources Research 58 



EURAD  Deliverable 2.3 and 4.3 – Training Material – Geochemical & Reactive Transport Modelling for 
Geological Disposal 

EURAD (Deliverable n° 2.3 and 4.3) - Training Material – Geochemical & Reactive Transport 
Modelling for Geological Disposal 
Dissemination level: PU 
Date of issue of this report: 04/05/2023   

Page 

291  

Xie, M.L., D.Y. Su, K.U. Mayer, and K.T.B. MacQuarrie, 2022. Reactive transport investigations of the long-

term geochemical evolution of a multibarrier system including bentonite, low-alkali concrete and host 

rock. Applied Geochemistry 143. 

Slides 
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4.7 Code 7 – CORE 

The presentation of CORE codes will include: 1) A brief description of the main capabilities, features, 

and numerical methods; and 2) Some selected applications of the codes related to HLW radioactive 

waste disposal, which were performed within the context of the ACED and DONUT Work Packages of 

the EURAD Joint Project. 

Lecturer 

Javier Samper, Luis Montenegro & Alba Mon, Centro de Investigaciones Científicas Avanzadas (CICA), 

E.T.S. Ingenieros de Caminos, Canales y Puertos, Campus de Elviña, University of A Coruña, 15071-

A Coruña, Spain 

Reading Materials 

Águila, J.F., Samper, J., Mon, A., Montenegro, L. (2020). Dynamic update of flow and transport 
parameters in reactive transport simulations of radioactive waste repositories. Appl Geochem 2020, 
117, 104585. https://doi.org/10.1016/j.apgeochem.2020.104585  

CORE Manual: https://www.osti.gov/etdeweb/biblio/20101793 
Samper, J., Xu, T., Yang, C. (2009). A sequential partly iterative approach for multicomponent reactive 

transport with CORE2D. Computat Geosci 2009, 13. http://dx.doi.org/10.1007/s10596-008-9119-5  
Samper J, Yang C, Zheng L, Montenegro L, Xu T, Dai Z, Zhang G, Lu C, Moreira S (2012). CORE2D 

V4: A code for water flow, heat and solute transport, geochemical reactions, and microbial 
processes. In Groundwater Reactive Transport Models (p 160-185). Bentham Science Publishers 
Ltd, doi 10.2174/978160805306311201010160. 

Samper J., A. Mon, L. Montenegro & A Naves (2020). THCM numerical simulations of the engineered 
barrier system for radioactive waste disposal. Environmental Geotechnics. 
https://doi.org/10.1680/jenge.19.00104. 

Slides 

CORE is a series of Computer Codes for transient saturated or unsaturated water flow, heat transport 
and multicomponent REactive solute transport under both local chemical equilibrium and kinetic 
conditions in heterogeneous and anisotropic porous and fractured media. The codes use the finite 
element method. The series of codes includes: 1) VISUAL-CORE, a user-friendly version; 2) INVERSE-
CORE2D, a version for automatic estimation of reactive transport parameters; 3) BIOCORE2D, a version 
which accounts for microbial processes in addition to geochemical reactions; 4) CORE3D,, a fully 3D 
version of the code; 5) INVERSE-FADES-CORE V2, a finite element code for modelling non-isothermal 
multiphase flow, heat transport and multicomponent reactive solute transport in deformable media; and 
6) CORE2DV5, the most updated version which considers the porosity feedback effect caused by 
mineral dissolution/precipitation reactions and the update of flow and transport parameters (Águila et 
al, 2020). CORE codes have been extensively verified against analytical solutions and other reactive 
transport codes and widely used to model groundwater flow and solute transport in aquifers, laboratory 
and in situ experiments and the long-term geochemical evolution of radioactive waste repositories.  

https://doi.org/10.1016/j.apgeochem.2020.104585
https://www.osti.gov/etdeweb/biblio/20101793
http://dx.doi.org/10.1007/s10596-008-9119-5
https://doi.org/10.1680/jenge.19.00104
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4.8 Code 8 - porousMedia4Foam: an hybrid-scale solver to model 
coupled processes in porous media 

 

porousMedia4Foam is a package for solving flow and transport in porous media using OpenFOAM® - 

a popular open-source numerical toolbox. We introduce and highlight the features of a new generation 

open-source hydro-geochemical module implemented within porousMedia4Foam, which relies on 

micro-continuum concept and which makes it possible to investigate hydro-geochemical processes 

occurring at multiple scales i.e. at the pore-scale, reservoir-scale and at the hybrid-scale. Geochemistry 

is handled by a third party package (e.g. PHREEQC) that is coupled to the flow and transport solver of 

OpenFOAM®. We conducted benchmarks across different scales to validate the accuracy of our 

simulator. We further looked at the evolution of mineral dissolution/ 

precipitation in a fractured porous system. Application fields of this new package include the 

investigation of hydro-bio-geochemical processes in the critical zone, the modelling of contaminant 

transport in aquifers, as well as and the assessment of confinement performance for geological barriers. 

Lecturer 

Cyprien Soulaine, Centre National de la Recherche Scientifique (CNRS), Institut des Sciences de la 

Terre d'Orléans, Université d'Orléans, CNRS, BRGM, 45100 Orléans, France 

Reading Material 

C. Soulaine, S. Pavuluri, F. Claret, C. Tournassat "porousMedia4Foam: Multi-scale open-source 

platform for hydro-geochemical simulations with OpenFOAM®" Environmental Modelling and Software 

145, 105199 (2021) link, pdf 

 

Slides 

S. Pavuluri, C. Tournassat, F. Claret, C. Soulaine "Reactive transport modelling with a coupled 
OpenFOAM®-PHREEQC platform" Transport in Porous Media 145, 475–504 (2022) link 

https://www.sciencedirect.com/science/article/pii/S1364815221002413
https://www.sciencedirect.com/sdfe/reader/pii/S1364815221002413/pdf
https://link.springer.com/article/10.1007/s11242-022-01860-x
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Appendix A. Short career summary of lectures 

 

Barbara Lothenbach, EMPA, Switzerland  

Barbara.Lothenbach@empa.ch  

Barbara Lothenbach is group leader of the Cement Chemistry and Thermodynamics Group of the 

Concrete & Asphalt Laboratory at Empa, the Swiss Federal Institute for Materials Science & Technology. 

She has graduated for ETH Zürich and now is associate professor at University Berne, Switzerland, and 

adjunct professor at NTNU, Norway. She plays an active role in the promotion of the use of 

thermodynamic modelling to predict and understand the composition of hydrated cement, fundamental 

to develop durable and low CO2-cements.  

Carl I. Steefel , LBNL, US 

CISteefel@lbl.Gov   

Dr. Carl I. Steefel is a Senior Scientist and Head of the Geochemistry Department at Lawrence Berkeley 

National Laboratory.  He has over 30 years of experience in developing models for multicomponent 

reactive transport in porous media and applying them to topics in reactive contaminant transport and 

water-rock interaction. He developed the first routine for multicomponent nucleation and crystal growth 

in the Earth Sciences and the first multicomponent, multi-dimensional code for simulating water-rock 

interaction in non-isothermal environments. He has also worked extensively in applying reactive 

transport modeling to natural systems, including hydrothermal, contaminant, and chemical weathering 

environments. More recent work has focused on pore scale studies of reactive systems, especially 

faults, and modeling of Critical Zone processes in terrestrial environments.  He has been involved in 

experimental and modeling studies of cation exchange and mineral dissolution and precipitation, as well 

as modeling studies of field systems focused on contaminant transport, microbially-mediated 

biogeochemical reactions, chemical weathering, and isotope systematics.  In addition to his focus on 

continuum reactive transport, he has investigated pore scale reactive transport using high performance 

computing.  He is the principal developer of the reactive transport software CrunchFlow, a widely used 

package in many countries around the world and a 2017 R&D100 award winner. He also has contributed 

significantly to CrunchClay, an offshoot of Crunch for simulating reactive transport in clayey materials 

where electrostatic effects are important for transport and sorption. 

Diederik Jacques, SCK CEN, Belgium  

djacques@sckcen.be  

Diederik Jacques is Head of Unit Engineered and Geosystem Analysis at SCK CEN. He obtained his 

PhD in Agricultural and Applied Biological Sciences at the Catholique University of Leuven (Belgium). 

He worked as a post-doctoral researcher at SCK CEN in 2002 and became a group leader in 2011. His 

long-term experience covers such areas as flow and transport phenomena in porous media, coupled 

reactive transport modelling, parameter estimation, geostatistical characterization and pore-

scale/continuum-scale model development. The most recent research is focused on soil-aquifer 

interactions, long-term evolution of cement-based materials, contaminant and colloid transport in porous 

media, and performance assessments of surface and deep radioactive waste disposal systems or 

NORM sites. A major achievement is the development of the coupled reactive transport code HPx for 

variable saturated porous media. Diederik Jacques is the leader of the EURAD WP2 ACED 

Dmitrii Kulik, PSI, Switzerland 

dmitrii.kulik@psi.ch  

Dmitrii Kulik is Senior Scientist at LES PSI. His research interests include thermodynamics of (multi-

site) solid solutions, adsorption and ion exchange in the context of geochemical modelling by Gibbs 

energy minimization (GEM); geochemical modelling of cement systems and compilation of related 

mailto:Barbara.Lothenbach@empa.ch
mailto:CISteefel@lbl.Gov
mailto:djacques@sckcen.be
mailto:dmitrii.kulik@psi.ch
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thermodynamic datasets; mineral surface reactivity and kinetics in relation to reactive transport; 

development,maintenance and promotion of GEM software (https://gems.web.psi.ch; 

https://cemgems.org; https://thermohub.org; https://reaktoro.org). He has graduated from Taras 

Shevchenko Kyiv State University (1980) and Institute of Geochemistry and Mineral Physics ASU, Kyiv, 

Ukraine (1986). Since 2000, he conducts research at PSI (Switzerland). In 1980 – 2000, he worked from 

research assistant up to leading research associate positions in Ukraine, with multiple research stays 

abroad (in Germany, USA, Switzerland) in 1992 - 1999. 

Emilie Coene, Amphos 21 Consulting S.L., Spain  

emilie.coene@amphos21.com  

Emilie Coene will be the course instructor. Emilie is a Senior Consultant of 

the Materials Engineering team at Amphos 21 Consulting S.L. She is a 

Chemical Engineer and holds a Masters in Numerical Modelling for Science 

and Engineering. She is an expert in numerical model development and 

application by using, for example, Matlab, Comsol Multiphysics and iCP. As 

a consultant at Amphos 21, Emilie has been involved in projects related with 

nuclear waste management programs in Sweden, Finland, France and 

Japan. These projects involved numerical models of radionuclide transport, 

reactive transport and multiphase flow in different media such as concrete, 

clay materials and host rock. She has also carried out management and 

development tasks of the interface iCP.  

 

Eric C. Gaucher, University of Bern, Switzerland 

eric.gaucher@geo.unibe.ch 

Eric C. Gaucher is an expert geochemist working at the University of Bern. His work focuses on water–

rock–gas interactions at the laboratory scale up to basin scale using experimental, field and numerical 

modeling methods. Geological storages (nuclear waste, CO2, H2) are his main domain. Although one of 

his main research objectives is to understand the behaviour of CO2(g) in sediments (e.g., diagenesis, 

CO2 storage), he is now researching abiotic gases (H2, CH4) in natural systems mainly linked to 

serpentinization. He has made interesting discoveries of natural H2 in the Pyrénées and in the Alps. 

Prior to coming to TOTAL in 2012, he was the head of a research unit at the French geological survey 

(BRGM) investigating the stability of clay formations for the management of nuclear waste. In 1993 he 

gained his MSc in Earth sciences from the École normale supérieure in Lyon (France) and in 1998 his 

PhD in geochemistry from the University of Paris VII. 

Erik Laloy, SCK CEN, Belgium 

Eric.laloy@sckcen.be  

Eric Laloy works with the Engineered and Geosystem Analysis unit at SCK CEN. He obtained his PhD 

in environmental engineering at the Université catholique de Louvain (UCL). After a postdoc at the 

University of California, Irvine (UCI), he joined SCK CEN in 2011. Currently, his main areas of research 

are uncertainty quantification of geoscientific simulation models, machine learning applied to the 

geosciences and probabilistic modelling for radiological characterization of radioactive waste.  

Hans Meeussen, NRG, The Netherlands 

meeussen@nrg.eu 

https://gems.web.psi.ch/
https://cemgems.org/
https://thermohub.org/
https://reaktoro.org/
mailto:emilie.coene@amphos21.com
mailto:eric.gaucher@geo.unibe.ch
mailto:Eric.laloy@sckcen.be
mailto:meeussen@nrg.eu
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 Hans Meeussen is a Senior research scientist, Nuclear Research and 

consultancy Group (NRG), Petten,  The Netherlands and an Associate 
Professor, Department of Civil Engineering University of Technology Delft, 
The Netherlands.  

He received his MSc in Environmental Science and Software Engineering and his 

Ph.D.  in Soil Chemistry both from Wageningen Agricultural University, The 

Netherlands. 

His area of expertise is the chemical- and migration behavior of contaminants in reactive porous media such as 
soils, cementitious materials and (nuclear) waste forms, with a focus on theoretical processes and numerical 
modeling. He has (co-)authored over 50 scientific papers in this area and is developer of the ORCHESTRA reactive 
transport modeling software (www.meeussen.nl/orchestra). 

The structure of this software, in which all models are user definable, makes it ideal for development of e.g. new 
types of adsorption models. Within the EURAD DONUT project a C++ version of the chemical solver was 
developed, from the original Java  version, that facilitates integration with Python, or transport codes. 

 

Javier Samper, University of A Coruña, Spain 

j.samper@udc.es: Scopus Author ID 7004089866. http://orcid.org/0000-0002-9532-8433. 

https://www.scopus.com/authid/detail.uri?authorId=7004089866; Researcher ID: F-7311-2016; Google 

scholar = nB0YEpwAAAAJ. Web page: http://pdi.udc.es/en/File/Pdi/KF39E. 

B.S. and a M.S. in Civil Engineering (Madrid Polyt Univ, 1981). Ph. D. 

Hydrology & Water Resources (Univ of Arizona, Tucson, 1986). Teaching in 

UPM (Madrid, 1986-87), UPC (Barcelona (1987-1993) and UDC (Coruña, 

since 1993). He chaired the Spanish Chapter of the International Association 

of Hydrogeologists (1997-2000). He holds the following honors: 1) Gómez 

Navarro Award (1981) from Polytechnic University of Madrid for best Civil 

Engineering undergraduate student on Hydraulics. Spain; 2) Horton Research 

Award (1984) from American Geophysical Union, USA.; 3) Student 

Departmental Honor (1985) from the Department of Hydrology and Water 

Resources of the University of Arizona. USA; 4) Appearance as Expert in the 

Senate of Spain (1997) at the Commission on Nuclear Waste Disposal; and 5) 

Guest Professor from Jilin University in Changchun, China (2006).  

He has developed extensive research in hydrology and hydrologic engineering with special emphasis 

in hydrogeology, water resources evaluation, geostatistics, numerical models of groundwater flow, heat 

transport and contaminant transport with applications to groundwater management and protection. He 

has developed computational codes for surface and surface hydrology for the following topics: Water 

balance modeling (VISUAL-BALAN and GIS-BALAN), water flow, solute and reactive transport in 

aquifers (CORE2D), non-isothermal multiphase water flow, multicomponent reactive transport in clay 

barriers for waste disposal (INVERSE-FADES-CORE), water flow, and reactive transport and microbial 

processes in porous and fractured media (BIOCORE2D). Participation un EURATOM Research Projects 

since 1991. Advisor of 11 Master 20 PhD students. 110 publications; 1968 cites; h index = 28; Member 

of editorial board of J Contaminant Hydrology (2006-2023). 

Laurent De Windt, Mines Paris, France 

laurent.de_windt@minesparis.psl.eu  

Dr. Laurent De Windt is a senior researcher in applied geochemistry in the Geosciences Department at 

Mines Paris (France), one of the French higher education institutions in engineering. Before that he 

spent five years in the French institute for radiological protection and nuclear safety (IRSN). His research 

activities focus on reactive transport modelling applied to environmental chemistry, water 

decontamination, material durability and radionuclide migration. He has been currently involved in the 

DISCO and ACED/EURAD European programs on radioactive waste disposals.  

https://nam04.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.meeussen.nl%2Forchestra&data=05%7C01%7Cjodi.l.stout%40vanderbilt.edu%7C5d3d839aa92941cc5d3608da89bac20e%7Cba5a7f39e3be4ab3b45067fa80faecad%7C0%7C0%7C637973732474810146%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=cYicZJUKEH%2FvMMh%2FYOy5a0fkqZN%2FtpNzOHLc0%2F4CGEk%3D&reserved=0
mailto:j.samper@udc.es
http://orcid.org/0000-0002-9532-8433
https://www.scopus.com/authid/detail.uri?authorId=7004089866
http://pdi.udc.es/en/File/Pdi/KF39E
mailto:laurent.de_windt@minesparis.psl.eu
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Nikolaos Prasianakis, PSI, Switzerland 

Nikolaos.prasianakis@psi.ch , https://www.psi.ch/en/les/people/nikolaos-prasianakis  

Nikolaos Prasianakis is the head of the transport mechanisms group at the laboratory for Waste 

Management at the Paul Scherrer Institut (PSI) in Switzerland. He has obtained his PhD degree in 

multiphysics modelling at the Mechanical and Process Engineering department of ETH-Zürich in 2008. 

The group activities focus on interdisciplinary approaches to merge experimental knowledge at the field 

and laboratory scale, geochemical and molecular modelling in order to assess geochemical and 

transport phenomena in geological repositories for radioactive waste. His research is relevant to 

multiscale multiphysics modelling, digital twins and machine learning.   

Sergey Churakov, PSI, Switzerland 

sergey.churakov@psi.ch  

Sergey V. Churakov is Head of Laboratory of Waste Management in the Department of Nuclear Energy 

and Safety at the Paul Scherrer Institute and Full Professor in the Institute of Geological Sciences at the 

University of Bern. His research covers multidisciplinary topics of environmental geochemistry and 

mineralogy with specific focus on mechanistic understanding of transport and retention of hazardous 

contaminants and radionuclides in natural environment and geotechnical systems. 

Ulrich Mayer, UBC, Canada 

umayer@eoas.ubc.ca  

Ulrich Mayer completed his PhD-studies at the University of Waterloo with a focus on reactive transport 

modeling. Since 2000, he is a professor of hydrogeology at the University of British Columbia (UBC) in 

the Department of Earth, Ocean and Atmospheric Sciences. His research revolves around reactive 

transport processes in the subsurface with applications in the oil and gas industry, mine waste 

management, and deep geologic repositories for used nuclear fuel.  At UBC, he is teaching courses on 

groundwater hydrology, groundwater geochemistry and reactive transport modeling. Over the past three 

decades, he has led the development of the reactive transport code MIN3P-THCm, a computer model 

designed for the process-oriented simulation of multicomponent reactive transport. Together with his 

research group, he has published more than 100 articles in peer-reviewed international journals.     

 

Vanessa Montoya, SCK CEN, Belgium  

vanessa.montoya@sckcen.be  

Vanessa Montoya is Research Project leader at the Engineered and Geosystem Analysis Unit as part 

of the Expert Group Waste & Disposal of SCK CEN. Her background is chemistry with 16 years of 

experience in interdisciplinary and transdisciplinary scientific projects dealing with Radioactive Waste 

Management and disposal applications. She obtained her PhD in Chemistry at the Universitat Autònoma 

de Barcelona -UAB (Spain) in 2006. After her PhD, in 2006, she started to work in the Waste 

Management department of the Environmental consulting company Amphos 21, in Barcelona, as a 

scientific consultant and project manager. After 6 years in the private sector, and from October 2012 to 

April 2022, she worked as a Group leader / scientist at the Karlsruhe Institute of Technology – Institute 

of Nuclear Waste Disposal (KIT-INE) in Karlsruhe and at the department of Environmental informatics, 

as part of the Smart Models and Monitoring Unit at the Helmholtz-Centre for Environmental Research 

(UFZ) in Leipzig, Germany. Along her professional career, her work has been mainly focused on 

providing numerical simulations of geochemical, reactive transport and coupled geochemical and 

multiphysical processes in natural and engineered barrier systems. She has mainly applied her research 

to Radioactive Waste Management and Disposal at laboratory, field (i.e. URL: Mont Terri and Grimsel) 

and long-term repository scales by using and expanding different geochemical and multiphysics finite 

mailto:Nikolaos.prasianakis@psi.ch
https://www.psi.ch/en/les/people/nikolaos-prasianakis
mailto:sergey.churakov@psi.ch
mailto:umayer@eoas.ubc.ca
mailto:vanessa.montoya@sckcen.be
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element codes. In addition, development of international thermodynamic databases (i.e. ThermoChimie, 

Thereda) in the same field of application has been part of her activities. 

 

 


