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Long time frames are to be considered in the safety and performance assessment
of deep geological disposal of intermediate and high level radioactive waste.
Geochemical conditions will change in the waste, conditioning matrix, waste
package, engineered barriers and the host rock–all components present at the
disposal cell scale. This aspect of geological disposal was the focus of the work
package ACED (Assessment of chemical evolution of intermediate level (ILW) and
high level (HLW) waste at disposal cell scale) in the EURAD project (the European
Joint Programme on RadioactiveWasteManagement). The first part of this review
provided a narrative of the geochemical evolution of the disposal cell. In this
second part, an overview is given about methods and approaches that can be
used to gain further insights into the processes driving the geochemical
evolution, more in particular (i) laboratory and in-situ experiments, (ii)
archaeological and natural analogues, and (iii) modelling tools. The review
concludes with a short discussion on the consequences on material
properties, waste forms and radionuclide mobility.
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1 Introduction

The most preferable end point for the safe and sustainable management of intermediate
(ILW) and high level (HLW) radioactive waste is in many national programmes the disposal
in a deep geological repository (DGR). Such DGR consists of an engineered barrier system
and a host rock to contain and isolate the radioactive waste. Given the time scales over
which safety and performance studies have to be assessed (tens of thousands to hundreds of
thousands of years) and the potentially large chemical gradients that exist between materials
within the engineered barrier system and the host rock, assessing the evolution of
geochemical alteration is potentially a very valid input towards safety and performance
assessment, assessing safety margins and optimization including the properties of the
materials in the engineered barrier (Neeft et al., 2024). Within the framework of the
European Joint Programme on Radioactive Waste Management (EURAD), the work
package ACED (Assessment of chemical evolution of intermediate level (ILW) and high
level (HLW) waste at disposal cell scale) looked at the disposal cell scale, i.e., waste packages
and their immediate surrounding engineered barrier system and host rock (see Figure 1). In
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the first part of this state-of-the-art on ACED, Neeft et al. (2024)
described some main characteristics of disposal cells for DGR in
European national programmes in Part I. For HLW, only vitrified
HLW is considered; spent fuel is out of scope in this review. Stainless
steel canisters with vitrified HLW were encapsulated in carbon steel
overpacks. These overpacks were surrounded with buffers made of
concrete or bentonite. Only metallic and organic ILW processed
with processed with cementitious materials was considered in
ACED. Engineered barriers interfaced clay of granitic rock.
Furthermore, a state-of-the-art understanding of processes
occurring at the interface between two materials (e.g., glass-steel,
concrete-clay, etc.) was provided in Part I. Based on this, a generic
narrative spatial-temporal evolution of ILW and HLW
was presented.

The second part of the review focusses on how information
about the chemical evolution at the disposal cell scale can be
obtained for relevant time and spatial scales. The
conceptualizations of the chemical evolution of disposal cells
have been extracted from understanding experimental results
from a geological disposal perspective. Measurements can be
performed on materials in contact with geological disposal
representative environments. Determination of the
representativeness of these environments requires quantification
of the radiological, chemical, physical properties of these
materials as well as their environments. There is a lot of
literature available with experimental results in which this
quantification, for example, radiological quantification, has not
been performed. This lack in quantification makes the use of
these literature sources for the conceptualization of the chemical
evolution of disposal cells speculative. It may be very likely that the
described processes do not occur. For example, a too high radiation
dose rate had been used, or the concentration in dissolved chemical
species to which materials have been exposed are too low (for
example, distilled water, lack in dissolved silica) or too high.
Also, many measurements have been performed under unrealistic

physical conditions from a geological disposal perspective, for
example, polished surfaces of metals. Polishing of metallic ILW is
never done before disposal, there is usually an existing oxide layer on
these metals that limits the corrosion rate. Research time is then
devoted into generation of this oxide layer that already exists. The
experimental results obtained in this period may not be
representative for the disposal of waste.

The experimental period may be too small to observe the
processes relevant for disposal. Archaeological or natural
analogues give experimental evidence over time scales (much)
longer than is typically available in laboratory or in-situ
experiments. The information that can be gained from analogues
highly depends on the amount of activities that are performed in this
area. A natural analogue working group was working in the 3rd and
4th EURATOM framework programmes and most studies were
focussing on representative studies for radionuclide migration.
Natural Analogue network (NAnet) in the 5th framework
programme included more work on the durability of materials.
They had made an analogue matrix for the near-field with analogues
for each barrier, and such a matrix for the far-field with analogues
for radionuclide migration in different types of host rocks. The
analogue matrix for the near-field contained a specific section on the
degradation of the engineered barriers (NAnet, 2006). Currently, the
natural analogue working group operates without funding by the
European Commission. Their website (www.natural-analogues.
com) aims to contain all the available information on analogues.

The archaeological and natural analogues described in this
review are limited to the alteration mechanisms of engineered
materials used in the disposal cells and types of waste discussed
in this report. The described analogue studies can be used for the
description of a conceptual model of their alteration mechanisms in
the chemical evolution of the disposal cells. The alteration rate
during disposal can in some cases also be determined from natural
analogues, provided that the key components for their alteration are
understood and are representative for disposal. Frequently, however,
the initial and boundary conditions are not known in sufficient
detail to determine this rate. Analogue studies can be used to verify
the mathematical models that are used to assess the chemical
evolution on the long-term, i.e., are the processes sufficiently
understood.

Another method to obtain insights into the long-term large-
scale geochemical evolution under disposal conditions is through
modelling. Althoughmodels are based on knowledge on phenomena
obtained mainly via experimental approaches, the strength of
models is to integrate knowledge and evaluate interacting
processes at large scale and long time scales. In the framework of
geochemical processes, so-called coupled reactive transport models
are in particular useful tools.

2 Laboratory experiments/in-situ
experiments

2.1 Long-term and in-situ experiments

Natural and archaeological analogues are in-situ long-term
experiments that last over time frames relevant for the long-term
in geological disposal of radioactive waste. Features that are

FIGURE 1
The general concept of the multibarrier system for geological
disposal of radioactive waste–the waste package (solid waste form,
container, overpack), the host rock (blue) and other geological
formations (green) (adapted from Chapman and Hooper, 2012).
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important on the long-term such as the transformed medium or
alteration zone in clay or concrete when exposed to steel can be
observed (Chitty et al., 2005; Dillmann et al., 2014; Neff et al., 2004).
Also the understanding of processes of materials interfacing
concrete, granite (see Neeft et al., 2024) and clay (see Neeft et al.,
2024) have been deduced primarily from the investigations on the
Maqarin natural analogue. But not every old material or site can be
an analogue. Quantitative knowledge on the chemical and physical
properties of the engineered barriers and host rocks are needed to
justify the research on the materials and site. The investigation of
sites with natural and archaeological analogues requires an
understanding of the relevant processes during the
implementation of geological disposal of radioactive waste and in
the phase when the disposal facility is closed. The main disadvantage
of analogues is the lack of information about the initial conditions,
which makes it difficult to extract quantitative information for the
performance assessment of the disposal of waste.

Transport properties within the host rock and engineered barriers
are a key issue in the chemical evolution of disposal cells since it has a
high impact on how there can be contact between the pore water and
the waste form and when. The ‘how’ determines the chemical and
physical conditions for the alteration mechanism of the waste form.
The ‘when’ determines the radionuclides that are left and consequently
the potential radionuclide release rate. The quantification of the
transport properties can depend on the sample size since the
heterogeneities on a large scale can have a high impact on these
properties. In-situ experiments in underground research laboratories
(URLs) can therefore provide the most reliable determination of the
(initial) transport properties for the chemical evolution of the disposal
cells and its consequences on the radionuclide release rate from the
waste forms as well the as the radionuclide migration rate through the
engineered and natural barriers.

In the context of radioactive waste disposal, a URL is an
underground facility for conducting experiments to establish and
demonstrate the feasibility of constructing and operating a deep
geological repository (NEA, 2013; NEA, 2001). URLs provide a
realistic environment for testing the selected technical approaches
and materials, as well as characterising the properties of the host
rock (e.g., regarding (hydro)-geology, geochemistry, rock
mechanics) and its response to perturbations. Furthermore, they
serve to provide data to understand the behaviour and assess the
performance of the repository system and the interactions between
its components, to demonstrate the robustness of the design and to
build confidence in the understanding of the important processes
(e.g., Blechschmidt and Vomvoris (2010), NEA (2013), Delay et al.
(2014), Mayer et al. (2023)).

Two broad categories of URLs can be distinguished: generic and
site-specific URLs. Generic URLs are built for generic research and
testing purposes at locations not considered as potential disposal
sites but provide the opportunity to enhance the understanding of
the respective host rock type and to perform experiments at
representative scales under realistic conditions to support
disposal elsewhere. Examples for generic URLs in clay or clay
rocks comprise the Mont Terri underground rock laboratory in
Opalinus Clay in Switzerland (Bossart et al., 2017), the HADES
underground research facility situated in Boom Clay in Belgium
(Van Geet et al., 2023), and the Tournemire experimental facility in
Toarcian clay rocks in France (NEA, 2013). Generic URLs in

crystalline rocks (granite) include the Äspö Hard Rock
Laboratory (Sweden), the Grimsel Test Site (Switzerland) and the
KURT research tunnel (South Korea) (Blechschmidt and Vomvoris,
2010; NEA, 2013). Site-specific URLs are facilities that are
implemented at or close to potential waste disposal sites. Site-
specific URLS have the advantage that the experiments are
performed in the actual conditions of the future repository,
broadening the scope and impact of research, development and
demonstration conducted in these URLs. Site specific URLs include
the URL in the ONKALO URL in crystalline rocks in Eurajoki,
Finland, and the URL in Callovo-Oxfordian claystones at the Bure
site (Meuse/Haute Marne, France) (NEA, 2013). Some examples for
research performed in URLs relevant to the geochemical evolution
of disposal cells are given below.

Research in URLs include experiments up to the disposal cell
scale (1:2 or even 1:1) and are conducted up to several decades.
Examples of full-scale experiments addressing the response of
bentonite buffer and host rock to the thermal load imposed by
HLW disposal comprise the ‘Full-Scale Emplacement’ (FE)
experiment at the Mont Terri rock laboratory, the ‘Full-Scale
Engineered Barriers Experiment’ (FEBEX) at the GTS. The FE
experiment simulates construction, waste emplacement,
backfilling and early post-closure evolution of a spent fuel/
vitrified HLW disposal tunnel aiming at the investigation of
repository-induced thermo-hydro-mechanical (THM) coupled
effects on the clay host rock and the validation of coupled THM
models (Müller et al., 2017). The FEBEX experiment started in
1998 to study the behaviour of the near-field components (EBS, host
rock) is based on the Spanish reference concept for the disposal of
high-level radioactive waste in crystalline rocks, i.e., waste canisters
emplaced horizontally in drifts surrounded by highly compacted
bentonite blocks (Huertas et al., 2000; Samper et al., 2008).

Examples for in-situ experiments addressing the corrosion of
metals/canister materials in repository environments include the IC
and IC-A experiments in Mont Terri (Necib et al., 2017) and the
MaCoTe materials corrosion test in the GTS (Reddy et al., 2021).
Interactions between cementitious materials, near field materials
and host rocks were addressed, e.g., in the CI experiment at Mont
Terri (Mäder et al., 2017) and the LCS (Long-term Cement Studies)
experiments at the GTS (e.g., Soler and Mäder (2007), Watson
et al. (2018)).

In the CORALUS project at the HADES underground research
facility, the performance of HLW glasses in conditions
representative for those expected in a disposal system are
investigated since 1998. In this experiment, the combined effects
of radiation, heat and interacting near-field materials on vitrified
HLW behaviour, radionuclide leaching and migration under
disposal conditions are studied (e.g., van Iseghem et al. (2001),
Valcke et al. (2006)).

2.2 Laboratory experiments

There have been many experimental results obtained on a
laboratory scale. The initial and boundary conditions in a
laboratory set-up are usually known, which allows a robust
interpretation of the monitored parameters. The main
disadvantage of laboratory experiments is the restricted period in
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time. Extremes in radiological, chemical, physical and
microbiological conditions are often used in order to observe
‘something’ within a few days, months or years. These conditions
may not be representative for the quantification of processes during
geological disposal of radioactive waste. The set-up conditions for a
laboratory experiment with the purpose to provide a quantification
of a process, e.g., the corrosion rate of steel, requires quantitative
knowledge on the radiological, chemical and physical properties of
the waste and the chemical and physical properties of the engineered
barriers and host rock. An assessment of the potential of microbial
activity needs to be made for each set-up and also whether microbial
activity would be relevant for geological disposal of waste and why.
Quantification in properties has sometimes been made for example,
(Smart et al., 2017), but frequently this quantification has not been
made. An example is the refereed literature for the effect of γ
radiation on bentonite properties [discussed in Section 3 in Neeft
et al. (2024)] of more than 10–20 Gy h-1 or 2.98 kGy h-1. Such high
radiation fields may not be relevant for disposal of waste. In the same
section, it was also explained why processes such as radiation
enhanced corrosion of steel are not likely to occur, i.e., the
required radiation fields and access to water are not present
during disposal of waste.

Laboratory tests require the understanding of the relevant
processes in order to structure an experimental set-up in which
representative results for geological disposal can be generated.
Monitoring variables need to be carefully selected in order to
investigate the phenomena that are relevant. Some illustrative
examples with an impact on the determination of the
radionuclide release rate for vitrified waste and the assumed
durability for carbon steel overpack are provided below.

2.2.1 Vitrified waste form
Almost all laboratory studies investigating the interaction of

porous media with vitrified waste forms are leaching experiments in
liquids. The understanding of the alteration mechanism of natural
analogue studies on basaltic glasses highlighted the importance of
silica saturation. All host rock and engineered pore waters are
saturated in silica and therefore leaching experiments of samples
in glass in distilled water would overestimate the alteration rate,
especially if the leachate solution would be stirred. The dissolved
concentrations of silicon, sodium, aluminium, iron and calcium in
representative blank solution are usually too large to monitor a
change in their concentrations and therefore the dissolved boron
concentration is monitored to determine the glass dissolution rate
(Van Iseghem et al., 1992). However, the dissolved boron does not
represent the behaviour of glass dissolution, since the boron is not
incorporated in the altered glass layers (Conradt et al., 1986). The
alteration rate of vitrified waste can be determined with rising boron
concentration, but this information provides limited knowledge on
the potential radionuclide release, since the majority of the
radionuclides that are dissolved as cationic species is sorbed by
the alteration layer. The long-term boron release rate measured from
vitrified waste forms exposed to silicon saturated solutions can
therefore only be representative for the radionuclide release rate
of anionic dissolved species if a reactive solid phase is absent. It
requires some time to build up the alteration layer by which the early
measured boron release rates are too large to be representative for
the long-term in the post-closure phase.

These leaching experiments lack solid near-field phases. These
phases such as steel and corrosion products are present in a HLW
disposal cell and their influence may result in larger alteration rates
of vitrified waste forms, due to enhanced sorption of dissolved
cationic complexes that can no longer be used for building the
alteration layer. The glass dissolution rates that are determined
without these solid phases may initially therefore be too optimistic
for geological disposal, if the diffusion of water is not the rate-
limiting step, since access of water is required for the alteration. The
interfacial area between the vitrified waste form and steel is,
however, limited in the disposal cell. After complete coverage of
the corroded steel surfaces with dissolved cationic complexes from
the vitrified waste form, the glass alteration rate is envisaged to
decline till the long-term boron release rate.

2.2.2 Steel
2.2.2.1 Sample preparation and its impact on the
corrosion rate

Most laboratory experiments with steel start with polished
surfaces (Swanton et al., 2015) in order to have a well-defined
initial condition of the sample. This polishing removes the iron
oxide-layer that was generated by atmospheric dry oxidation
before its use, for example, to make well-engineered reinforced
concrete with ribbed carbon steel bars or iron-oxide layers that are
formed on stainless steel after neutron irradiation in a nuclear plant.
These layers can be passivation films that were present prior to
disposal. The corrosion rate of steel can be several orders in
magnitude larger without these films. It can take 4–6 months
before a constant corrosion rate is observed (Johnson and King,
2008), if no dissolved calcium is present in the leachate (Kreis, 1991).
This period to obtain a steady state can be more than 4 years for
compacted clay (Johnson and King, 2008). This period in time is
necessary to make the passivation film to obtain the long-term
corrosion rate that is representative for disposal.

Another frequently used sample preparationmethodology is acid
etching. Rinsing with a 10% HCl-methanol solution is used to
remove the iron oxide layer (King et al., 1973) that is naturally
present. The weight loss from these samples in solutions containing
iron sulphides becomes negligible after 30 days, probably because
steel became passivated during the corrosion process. The impact of
such type of research is that concrete made with a cement blended
with Blast Furnace Slag (BFS) has not been accepted for disposal of
waste, because iron sulphides within the cement have been observed
to depolarise the water reduction reaction and thereby accelerate
corrosion by absorbing hydrogen (Marsh et al., 1986). In reality, the
rest potential of carbon steel has been measured to be achieved
immediately for steel embedded in a grout mixture made with a BFS-
blended cement. For carbon steel that is surrounded by mixtures
of OPC/Pulverized Fly Ash (PFA) and OPC/Lime, it may take
some time before entrapped oxygen is sufficiently consumed to
obtain the rest potential of steel at anaerobic, alkaline conditions.
Moreover, the iron oxide magnetite is expected for anaerobic,
alkaline conditions (see Pourbaix diagrams in Neeft et al. (2024))
and is actually measured by Raman spectroscopy on the surface
of carbon steel embedded in BFS-blended cement, but not on
surfaces of steel that have been embedded in the mixtures OPC/
PFA and OPC/Lime within the same experimental period (Naish
et al., 1991).
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2.2.2.2 Liquid phase versus solid phase
The solid phase restricts the access of species that may react with

steel. There can be aerobic corrosion of steel in the operational phase
and also for a small period in the post-closure phase of the chemical
evolution of disposal cells. This corrosion process can be rendered
due to insufficient access of oxygen towards steel with which for
example, the pits in carbon steel are larger for surfaces exposed to
solutions than to bentonite; after 2 years exposure the depth of these
pits was 3.7 mm for solutions and 0.5 mm for bentonite (Marsh
et al., 1991). This insufficient access of oxygen towards the steel
surface can be caused by the slow diffusion of oxygen in water-
saturated bentonite as well as traces of pyrite present within
bentonite that reacted with oxygen.

The benefit of the performance of the corrosion experiments
performed in liquids is that the actual corrosion rate can be
monitored with the measured hydrogen gas release with
negligible loss in time by diffusion of hydrogen to the
measurement device. The disadvantage of using only liquids is
that the solid phases can increase the corrosion rate by sorption
of dissolved iron if these solid phases contain charged minerals such
as clays and cement hydration phases and if the diffusion of water
required for the corrosion process is not the rate-limiting step.

2.2.2.3 Monitoring variable for the quantification of the
corrosion rate

Long-term corrosion rates for carbon steel exposed to alkaline,
anaerobic solutions are smaller than 0.1 µm per year using hydrogen
evolutionmeasurements. Corrosion rates for carbon steel exposed to
concrete are limited to weight loss and electrochemical
measurements (Swanton et al., 2015). Electrochemical
measurements overestimate the actual corrosion rate, especially
when the corrosion rates are smaller than 1 µm per year.
Corrosion experiments that have achieved steady state have a
total corrosion rate smaller than 0.57 µm per year using weight
loss (Naish et al., 1991). These corrosion rates include the initial
active corrosion phase in which the corrosion rate has been
measured to be 3 orders in magnitude larger than the steady
state corrosion rate. The measured corrosion rates by weight loss
can at least be one order in magnitude larger than the measured
corrosion rate by hydrogen release (Kaneko et al., 2004; Kursten and
Druyts, 2015). Determination of the corrosion rate with hydrogen
evolution measurements has been performed for carbon steel in
concrete for a period of 500 days (Kaneko et al., 2004) but not for
carbon steel in clay. The hydrogen generation rate was extremely
small despite the fact that accuracy was high, i.e. 0.001 µm per year.
Delay in the arrival of hydrogen by the measurement device makes it
hard to measure the corrosion rate.

3 Archaeological and natural analogues

3.1 Vitrified waste forms

Of all natural volcanic glasses, basaltic glass has a similar SiO2

content as the vitrified waste form (e.g., (Lutze et al., 1987; Havlova
et al., 2007; Laciok, 2004). The alteration mechanism of basaltic glass
is the same as expected for the vitrified waste form, except that the
alteration product is named differently, i.e., palagonite, which is a

mixture of clay minerals and zeolites. Palagonite occurs as rims of
varying thickness around glass fragments. Fe-rich smectites are
abundant for basaltic glass interfacing sediments (Fe-Mg
saponites being the most common) and zeolites are common in
both fresh water and sea water altered basaltic glass. These rims are
representative for the glass passivation layer that is formed when
vitrified waste is exposed to pore water. The alteration rate depends
on dissolved silica concentration. Clay pore water is saturated in
dissolved silica [see Section 2 in Supplementary Materials of Neeft
et al. (2024)] and alteration rates of 0.1 µm per 1,000 years are
representative. The rate of palagonitization highly depends on
temperature, doubling for every 12 °C increase, which is similar
to the ‘palagonitization’ of borosilicate glass, in which a doubling of
the alteration rate for every 10 °C has been found. The measured rate
at 100 °C was 3 µm per year (Lutze et al., 1987).

There are also two main differences between natural glass and
vitrified waste forms: there is no natural glass that has the same high
boron content or radionuclide content as the vitrified waste form.
These differences may however have no influences on the alteration
mechanism since:

1) The release of boron from vitrified waste forms does not give a
representative glass dissolution rate, since boron is not
contained in the glass passivation layer (Conradt et al.,
1986). Consequently, boron does not take part in a
representative glass degradation mechanism;

2) Glass is a metastable solid with no clear crystalline structure in
which atoms can be displaced from their lattice position to
weaken its strength. As explained in Neeft et al. (2024), the
temperature of glass at disposal is too high to have remnants of
radiation damage that are detrimental to the physical
resistance of glass. Radiation rather works as a network
modifier. The high radionuclide content is only a chemical
additional feature and that is also present in natural glass.
Radioactive and nonradioactive glasses have the same
corrosion time- and temperature dependence (Vernaz
et al., 1996).

The alteration rates measured for natural basaltic glasses are also
more representative for disposal than archaeological glasses, since
the exposure environments of archaeological glasses are more near
the surface and less representative for deep disposal with, for
example, a higher water circulation and oxygenated conditions
(Laciok and Dalton, 2005).

3.2 Steel

There are mainly archaeological analogues for steel, since native
iron rarely occurs, e.g., upon precipitation from a Fe-rich magma
that has been isolated from groundwater, it is usually incorporated
into various oxides and silicate compounds. An exception is Disko
Island (Greenland) in which native iron has been coated by
micrometer sized magnetite and goethite layers (Ahonen, 2004a).
The most famous archaeological analogues are the 2000 year old
iron nails from Inchtuhil (Scotland) that clearly provided the
evidence for the difference in corrosion rates at oxidising and
reducing conditions (Hooker, 2003c). There are also many other
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examples that elucidated this feature including the impact of
cementation and the presence of sulphides (Crossland, 2005;
Dillmann et al., 2014). The corrosion behaviour of carbon steel is
similar as that of iron, there are just more slag inclusions in iron than
in carbon steel.

The understanding of the corrosion process of carbon steel and
interaction with the relevant surrounding media clay and concrete
that were described in Deissmann et al. (2021) and Neeft et al. (2024)
could not have been made without the described archaeological
analogues (Neff et al., 2004; Chitty et al., 2005). The determination of
corrosion rates may, however, not be as exact as can be determined
from laboratory experiments, since the corrosion rates are
determined with the amount of measured iron near the interface,
but the clay and cementitious material can also contain iron,
i.e., may not be corroded iron, and the dimensions of the iron
specimens are not always known. In addition, the initial corrosion
process can have a corrosion rate that is three orders in magnitude
larger than the steady state corrosion rate. The long-term corrosion
rate can then be easily overestimated if the total corroded amount of
iron is attributed to the whole period.

Stainless steel has a higher corrosion resistance than carbon
steel due to the alloying of iron with chromium, nickel and
molybdenum. It is a new material for which any archaeological
analogue would not be as old as previously described for carbon
steel. The corrosion product, chromite, is however frequently
found, e.g., in mafic and ultramafic rocks (Ahonen, 2004b).
Research on such naturally occurring compounds revealed that
solid solutions of these spinel types frequently exist and that these
types are hard to distinguish with Raman spectroscopy; additional
chemical analysis is necessary to identify the chemical
compositions of spinel (Wang et al., 2004). These natural
analogue studies put the laboratory studies performed on
carbon steel in the eighties in a slightly different perspective
(Naish et al., 1991), since only Raman spectroscopy was used to
identify the corrosion product but its chemical composition can be
slightly different from pure magnetite that also has a spinel type
structure e.g., magnetite containing traces of calcium or perhaps
even CaFe2O4.

3.3 Bentonite

Bentonite is an abundant material usually formed by
hydrothermal alteration of volcanic ash; there are bentonite
mines to explore this material. For disposal, bentonite is
compressed in order to achieve a sufficiently high density to limit
microbial activity (see Neeft et al. (2024)). In the early post-closure
phase, there is also a thermal transient and associated dehydration.
In NAnet, characteristics of a few bentonite deposits have been
identified (NaNET, 2006):

1. Deposits which have been intruded by small igneous bodies to
generate a thermal peak approximating the thermal transient
from the waste;

2. Deposits in contact with deep, reducing groundwaters, where
groundwater bentonite interactions can be studied;

3. Naturally compressed bentonite, where its long-term hydraulic
properties may be investigated; and

4. Deposits, where bentonite is in contact with other materials,
which are analogues to components of the engineered barrier
system to investigate possible interactions.

The thermal effect found in natural analogues in Isle of Skye
(Scotland) (Wouters and Verheyen, 2004), Col du Perthus (France)
(Trotignon et al., 2004), Busachi (Italy) (Wouters et al., 2005a) and
Kinnekulle (Sweden) is the transformation of montmorillonite into
illite (Wouters et al., 2005b). The understanding of this
transformation indicated that a sufficient supply of potassium is
needed for this transformation. The Supplementary Material Section
2 in Neeft et al. (2024) shows that granitic and clay pore waters are
deficient in potassium, but cementitious pore waters are not. The
inflow of granitic pore water into bentonite is limited due to
desaturation of the buffer by the heating power of the waste. The
mineralogical transformation is therefore negligible for HLW
disposal cells in granitic host rocks (SKB, 1999) but this
transformation could be relevant for the bentonite-shotcrete
interface for HLW disposal cells in indurated clay host rocks and
concrete-poorly indurated clay interfaces.

Concerning the second aspect, all poorly indurated clay
formations at disposal depth are considered suitable analogues
such as the Boom Clay and Ypresian Clay formation, since the
main clay mineral in poorly indurated clays is smectite and no
mineral transformation is induced by the reducing conditions.

The analogue for the third aspect is the Dunarobba Forest
(Italy). This analogue is a collection of more than 2 million year
old trees that had been preserved in compacted clay, due to the
prevailing anaerobic conditions, limited nutrient supply and
diffusion dominant transport regime. The trees were protected
against microbial degradation and had therefore cellulose
contents similar to present-day wood (Lombardi and Valentini,
1996; De Putter et al., 1997; Hooker, 2003a).

The analogues to investigate the possible interactions between
bentonite and other components of the engineered barrier system
are for the investigated disposal cells limited to carbon steel and
concrete. The interaction between soil and iron (Neff et al., 2004)
could be suitable analogues, but the focus was mainly on the iron
and less on the clay minerals in the soils. Interaction with concrete is
described in the next paragraph.

3.4 Concrete

3.4.1 Durability
The natural analogue for Ordinary Portland cement (OPC),

which is the main component of CEM-I based cement, is the
generation of lime (CaO) from limestone or chalk by a thermal
source, i.e., metamorphism, and that this lime came in contact with
groundwater. The Maqarin (Jordan) natural analogue project
provided the evidence of three concrete leaching stages as
identified earlier (see Neeft et al. (2024) and references therein):
high pH Na/KOH leachates, Ca(OH)2 buffered. and silicate-
dominated leachates. This analogue also shows the formation of
thaumasite (Kamei et al., 2010) except that thaumasite is here a
fracture filling mineral (Milodowski et al., 2015) rather than a
mineral that deteriorates concrete by its expansive crystallisation
volume as modelled for geological disposal facilities (Höglund,
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2014). When the limestone contains silicates such as flint nodules or
chert, the metamorphism can result into calcium-silicates such as
larnite (β-Ca2SiO4) that upon hydration form C-S-H gels. Scawt Hill
(Northern Ireland) is such a location in which C-S-H gels have been
formed about 58 million years ago. This analogue also showed that
precipitated calcite as a result of carbonation may surround C-S-H
gels by which these poorly-crystalline gels are protected from further
carbonation (Knight, 2003).

The past Roman Empire has left a lot of archaeological concrete
in Europe. One of the most famous concrete structures showing the
durability of concrete is the Pantheon in Rome. Although exposed to
ordinary air for almost 1900 years, it clearly shows that carbonation
of concrete may not impact its performance if well engineered. The
inside of the dome is a perfect analogue for the operational phase of
the disposal facility in which the performance of the lining in the
disposal facility can be hardly affected by carbonation.

The outside of the dome is exposed to weathering waters; the
resulting leaching process is representative for disposal, if the
dissolved calcium concentration in host rock pore water is
smaller than the dissolved concertation in concrete pore water.
This case is present for some countries [see Supplementary
Material Section 2 in Neeft et al. (2024)].

3.4.1.1 Cement
The durability of Roman concrete has been attributed to rigid

quality control, low water to cement ratio, expert placement and
compaction and the type of cement. Many Roman concrete is made
of cement in which a part of the lime (CaO) has been replaced by
natural pozzolans (Rassineux et al., 1989). Natural pozzolans are
siliceous and/or aluminous earth materials: volcanic glass, zeolite
minerals, opaline chert, and diatomaceous earths. They form part of
a broader class of supplemental cementitious materials (SCM) such
as fly ash and blast furnace slag. These SCMs can be considered as
natural pozzolans. Concrete made with blended cements such as
CEM II and CEM III are therefore more representative for Roman
concrete than CEM I based concrete. The water in the concrete
recipe in old Roman maritime concretes was seawater and the
formation of Al-tobermorite, a C-A-S-H mineral in the
cementitious matrix has attributed to its durability (Mulcahy
et al., 2017). Also mortars to bind stone blocks in Hadrian’s wall
have C-S-H phases (Mallinson and Davies, 1987), but these phases
were mostly derived from the calcination of siliceous limestones
during the production of the lime and, to a lesser extent, by reaction
of fine-grained reactive silicate aggregate (Jull and Lees, 1990;
Hooker, 2003c). The aggregate was chert (Mallinson and Davies,
1987) that has a very high reactive surface area. It can be similar to
silica fume that is used as an addition to make concrete, e.g., in plugs
(Vehmas and Itälä, 2019). It becomes clear from the investigations
on historical and current concrete that cement containing lime
(CaO) and pozzolan (very fine-grained reactive SiO2 such as
slag) results into C-S-H phases with a refined pore structure.
This pore structure minimizes the rate of ingress of species that
could alter the chemistry of concrete and therefore contributes to its
durability.

Stone blocks are held together by a cementitious mortar in
Hadrian’s wall from the Roman empire (Hooker, 2003b). This wall
contains in parts mortars that are still hard and sampling need to be
performed by coring (Jull and Lees, 1990), but also parts that are

softer (Mallinson and Davies, 1987). These parts as well as younger
structures, e.g., almost thousand year-old churches such as Reading
Abbey, are soft and crumble and the concrete structures would not
survive the lithostatic load in the underground. Apart from
carbonation, these cementitious materials are also exposed to
weathering waters that enhance leaching (Rassineux et al., 1989),
since the calcium concentration in, for example, rain water is smaller
than in concrete pore water.

The old cements used tomanufacture concrete andmortars have
larger grain sizes than modern cements (Mallinson and Davies,
1987). There were therefore more non-hydrated phases present just
after manufacturing than in modern concrete, which leaves the
possibility for fracture sealing.

Many examinations of historical concrete show calcite
precipitation by atmospheric carbonation, e.g., Hadrian’s wall.
The empirical laws for carbonation found in historical concrete
can be relevant for the operational phase of the disposal facility, e.g.,
for shotcrete. Hardened concrete segments and the outside of
concrete containers are polished to facilitate their lifting with
vacuum techniques for their emplacement. The polishing effect
for the long-term has been listed for historical concrete by the
formation of closely knitted carbonation products that reduced the
permeability and therefore enhances the durability of concrete
(Mallinson and Davies, 1987).

Many natural (e.g., Scawt Hill and Maqarin) and archaeological
(e.g., Pantheon in Rome) studies, are available with a chemical
composition for concrete that are used or intended to be used in
geological disposal facilities but their exposure conditions are
usually without ingress of dissolved magnesium and chlorine
(Milodowski et al., 2015), which is expected for disposal cells in
granitic and many clay host rocks [see Supplementary Materials
section 2 in Neeft et al. (2024), host rock pore water]. The exception
is the Roman marine infrastructure but that type of concrete has
been made with seawater and not tap water.

Portland cements were first manufactured in the middle of the
19th century (Rassineux et al., 1989) around 1840s (Steadman, 1989).
The oldest available materials that can be compared with concrete
made with modern cements such as CEM I are therefore less than
200 years old.

3.4.1.2 Aggregates
Aggregates are used for all cementitious materials used in the

disposal cells, except sometimes for the waste form. The strength of
concrete is determined by the strength of the aggregates and the
bonding between the cementitious phase and these aggregates.
Aggregates of limestone are used in the concrete buffer (Van
Humbeeck et al., 2007). These limestones can contribute in
buffering the pH between 8.5 and 10.5. Aggregates of quartz are
used in concrete segments and backfill (Verhoef et al., 2014).
Examined historical concrete contained basalt, granite or
feldspars as aggregates by which the knowledge on the long-term
behaviour of quartz aggregates in a cementitious matrix is scarce. An
exception is the flint gravel that together with limestone, was used as
aggregates for Reading Abbey; a church in England built in 1121.
Like some of the dressed stones for building Hadrian’s wall, the
cementitious phase of Reading Abbey has become crumbly and
washed away, leaving the appearance of these flint aggregates. But
also, quartz grains have been flown within the cement mixture to
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make concrete, e.g., Camiros concrete 500 BC (Mallinson and
Davies, 1987). The surface of the grain reacted with the
cementitious matrix, i.e., ‘was eaten away’. A rim of reacted
material is visible since the reaction proceeded not further. Such
reaction rims have also been observed in Roman concrete with
aggregates of pumice and feldspars. The idea is that these reaction
rims are generated during hardening until thickening of a reaction
rim of hydrates covers the external surface; the reaction is then
slowed down considerably and proceeds through a diffusion
controlled process (Mulcahy et al., 2017). The reactive surface
area of quartz aggregates is insignificant compared to the reactive
surface area of fly ash or blast furnace slag used in blended cements,
so these slags can react completely, while there are only rims visible
for the aggregates. Again, from Reading Abbey, when the reactive
surface area is large as in chert, 3 different types of reactions with
lime have been identified (Mallinson and Davies, 1987):

1) densified carbonate, which may have originally been C-S-H,
with a thickness of about 1 mm;

2) a porous amorphous rim;
3) internal cracking of smaller flints, which leaves the residual

material very porous.

Aggregates of silica and feldspars in cementitious matrices
usually have a very low porosity and examined rims at these
dense aggregates have been attributed to reactions taking place
during hardening (Mallinson and Davies, 1987; Mulcahy et al.,
2017). These reacted rims may provide the necessary bonding
between aggregates and cementitious phase for the strength of
concrete but are also hardly noticed in the investigations of
concrete. Also limestone, basalt and granitic rock have been used
as aggregates. Extensive cracking of historical concrete has been
attributed to cement shrinkage by drying (dehydration) and
carbonation leaving voids between aggregates and the
cementitious phase initially made of pure lime. Aggregates
remain mainly unaffected (Mallinson and Davies, 1987).

3.4.2 Effect of high-pH leachates on clay host rock
and granitic host rocks

Clay host rocks and granitic host rocks are both alumina-silicate
bearing rocks. Detailed investigation and understanding of the
processes taking place in Maqarin (Jordan) elucidated the
potential sequence of secondary mineral formation by interaction
with alkaline fluids and alumina-silicate bearing rocks: C-S-H
phases, low in Ca C-S-H phases, C-A-S-H, low Si/Al zeolite and
high Si/Al zeolite as a function of pH (Savage, 1998; Milodowski
et al., 1998). This description is (Figure 2) similar to the identified
concrete-bentonite interaction and concrete-granite interaction as
discussed in Neeft et al. (2024) and references therein.

The sedimentary rock through which the hyperalkaline waters in
the Maqarin analogue was more porous than the envisaged clay host
rocks and the clay mineralogy in this sedimentary rock was
dominated by illite and kaolinite. These clay minerals are also
the dominating ones in indurated clays [see Supplementary
Material Section 3 in Neeft et al. (2024)]. The chemical processes
are therefore considered to be similar but the speed of the processes
is significantly smaller, due to the low diffusion values in indurated
clays as well as in concrete. Also the precipitation of calcite within

concrete by ingress of bicarbonate from clay pore water would
reduce the alkaline leachates. This analogue also revealed the
reactivity of different mineralogical components. For example,
quartz, K-feldspar and plagioclase are present in granitic host
rocks [see Supplementary Material Section 3 in Neeft et al.
(2024)] but quartz and K-feldspar react more with hyperalkaline
waters than plagioclase. The reactive surface area has a high impact
on the observed alteration, e.g., chert clasts are composed of fine-
grained or cryptocrystalline quartz and have reacted into C-S-H gels
(Milodowski et al., 1998). The natural analogues in Cyprus and
Philippines in which hyperalkaline waters were passing clay
deposits, similar to bentonite, showed minimal mineralogical
alteration in a period of 105–106 years due to the low
permeability of these clay deposits (Milodowski et al., 2015).

3.5 Organic waste

Organic matter can be considered as a potential nutrient source
for microbes, if the usable energy to breakdown the organic
molecules provides sufficient energy. Microbial degradation of
organic waste can therefore be a primary process for the
potential release of radionuclides. A division is made between
addition polymers and condensation polymers to distinguish the
potential microbial degradation (see also Neeft et al., 2024).

An example of an addition polymer that is also a predominant
organic ILW-type is spent ion exchange resin. Natural resins are
solidified products of higher plants with a great resistance to
chemical attack and resins can also withstand decomposition by
microbes. There is however not an analogue for cemented resins.

An example of a condensation polymer is cellulose (e.g., wood,
paper). This type of organic waste is in exceptional cases ILW (Neeft

FIGURE 2
Schematic diagram of hyperalkaline plume migration from a
cementitious repository for radioactive wastes, showing hypothesised
variation in fluid composition and alteration mineralogy in space and
time (Savage, 1998).
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et al., 2024). The Dunarobba forest analogue, previously described in
Section 3.3, showed the good preservation of wood by lack of fluid
flow and anaerobic conditions. These two features can also be
provided by the conditioning grout for organic waste; the
chemical corrosion of the steel drums can generate the required
reducing conditions, if the cement did not contain traces of pyrite.
There is the potential alteration of vegetable debris,
i.e., condensation polymers, into polysaccharides by migrating
alkaline fluids in Khushaym Matruk (Jordan) (Källström and
Lindgren, 2014). Such alkaline migration is expected to take
place for ILW disposal cells in granite, in which the conditioning
grout had been extensively fractured due to the lithostatic load and
mechanical degradation by the ingress of dissolved species that had
reacted with the cementitious matrix.

4 Integration in modelling tools

Reactive transport models couple transport processes
(advection, hydrodynamic dispersion, diffusion) with geochemical
processes (thermodynamic equilibrium, kinetic processes). Such
models are emerging for about 40 years and have found
applications in many environmental and engineering applications
including geological disposal of radioactive waste. Some recent
publications give an overview of the background, methods and
available codes of reactive transport codes (Steefel et al., 2015a)
and an overview of applications in the field of disposal of radioactive
waste (Bildstein et al., 2019; Claret et al., 2018; De Windt and
Spycher, 2019). Overall, during the last 10 years, coupled reactive
transport with a large flexibility to include several equilibrium and
kinetic processes are applied for many engineered systems at
different spatial and temporal scales including applications
relevant to geological disposal of radioactive waste. For
background on the mathematical and numerical models, the
reader is also referred to Anderson and Crerar (1993), Lichtner
(1996), Steefel and MacQuarrie (1996) and Leal et al. (2017) for the
basic mathematical and numerical formulations of geochemical and
reactive transport equations.

As described in the previous sections, the chemical evolution in a
disposal cell is not only governed by transport and geochemical
processes, but also by water flow and absorption, multiphase flow
phenomena and heat transfer. An overview of the key mathematical
formulations of these processes is given in Section 4.1. Some selected
codes that have been used in the context of geological disposal of
radioactive waste or to describe relevant processes at interface, waste
package, and disposal cell scales are described in the
Supplementary Materials.

4.1 Governing equations for simulating
water flow, heat transport, solute transport
and geochemistry

The key processes in the conceptual model of the chemical
evolution at an interface, of waste packages (under disposal
conditions), or of disposal cells are transport of water (fluid
flow), advective and diffuse transport of dissolved species

(solutes) between the interfacing materials and reactions between
these dissolved species and minerals within these materials.

Other processes, such as fluid flow but also sorption determine
the speed in which the materials can be altered. For HLW, also the
impact of temperature on these key processes needs to be assessed.
The release mechanism and rate of radionuclides from the waste
forms are determined by the chemical evolution of materials in the
vicinity of the waste form in the disposal cell.

4.1.1 Continuum models
The scope of the reactive transport models described in this

report is limited to continuum-scale models. In such an approach,
the micro-heterogeneities between different phases (e.g., aqueous
phase, solids or even different minerals) are not represented in an
explicit way by geometries and boundaries, but are averaged over a
representative volume such that the porous medium properties vary
continuously in space. These averaging can be orientation
dependent, i.e., anisotropy of the porous media properties can be
included in continuum-scale models.

On the other hand, there are pore-scale models in which pores
and solids are represented explicitly, which currently are also
coupled with geochemical solvers to simulate reactive transport
at the pore scale (e.g., Molins et al., 2017; Patel et al., 2018a;
Seigneur et al., 2017). The codes use different approaches for
flow (Navier-Stokes versus a continuum constitutive equations
defeind by Darcy’s Law) or transport (molecular diffusion in
liquid phase versus effective diffusion in a porous medium).
Obviously, this approach cannot be applied to a large scale due
to the current computational power limits and the necessity to
achieve calculational results within hours, days of perhaps weeks.
Computational power will increase by which pore-scale models may
be used in the future at disposal cell scale.

4.1.2 Fluid flow
This section describes equations for single-phase flow in porous

media and through fractures. The mathematical formulation of a
multiphase model is not covered; the mathematical model for single-
phase flow of water is given for fully and partially water-saturated
porous media.

4.1.2.1 Variably-saturated single-phase flow
When assuming a passive air phase and neglecting hysteresis,

the mass conservation equation combined by the Darcy-
Buckingham equation results in the Richards equation for
variably saturated water flow in porous media:

∂θw
∂t

� ∇ · qw − Qw

� ∇ · K ∇h + ez( )[ ] − Qw

(1)

where θw is the water content (m3 m-3), t is time (s), qw is the vector
with the volumetric water flux density (m3 kg-2 s), Qw is the sink/
source term (m3 m-3 s-1), K is the hydraulic conductivity (m s-1)
tensor, h is the pressure head (negative for unsaturated conditions)
(m), and ez is a unit vector in the vertical direction. The water
content is sometimes expressed as:

θw � ηSw (2)
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where η is the porosity (m3 (void) m-3 (system)) and Sw is the degree
of water saturation (m3(water)m-3 (void)). To solve Equation 1,
material properties expressing the relation between the water
content and pressure head (or capillary pressure, ψ Pa), for
negative values of pressure head), called the moisture retention
curve or the (aqueous) saturation function and the relation between
the hydraulic conductivity and the pressure head/capillary pressure
are required. These relations are mostly defined as closed-form
formulations with a number of material-specific parameters. For the
saturation curves (Sw(h) or Sw(ψ)), many different functional forms
exists; some of them are implemented in reactive transport codes,
e.g., the formalism of van Genuchten (1980) or Brooks and Corey
(1964). The hydraulic conductivity curve requires typically the
saturated hydraulic conductivity Ks (m s-1) and a functional form
of the relative conductivity, i.e., the change of hydraulic conductivity
with pressure head. The standard method is to use a pore-size
distribution models that calculates the relative hydraulic
conductivity from the moisture retention model (e.g., Mualem,
1976; Burdine, 1953, see also van Genuchten et al., 1991).

4.1.2.2 Liquid flow in fully and variably saturated
fractured media

Micro and macro cracks or fractures can develop or are present
in engineered (e.g., concrete) and geological formations as a result of
interactive physical, chemical and mechanical processes. As the
existence of fracture networks forms preferential pathways for
water flow and/or contaminant/constituent leaching, such
networks are of particular concern for the long-term
performance and chemical evolution of disposal facilities.

The effect of fracture networks on the release of contaminant
fluxes is not univocal and depends on interplay between fracture
network characteristics, matrix properties, regional hydraulic
conditions and location of encapsulated wastes. Different flow
patterns develop for different rates of water infiltration. If the
water flux is low relative to the saturated hydraulic conductivity
of the fracture, the fracture will not act as a preferential pathway: the
fracture will be unsaturated with very low unsaturated hydraulic
conductivity (only film or corner flow, Or and Tuller (2000); Tuller
and Or (2001)). The unsaturated hydraulic conductivity of the
fracture can be lower than the (un)saturated hydraulic
conductivity of the matrix and flow might be primarily through
the matrix domain (hydraulic conductivity might be very low, and
transport is then mainly via diffusion). On the other hand, a water
flux high enough to saturate the fractures might result in fractures
becoming effective pathways for rapid advective-dominated
migration of radionuclides (at least, if saturated hydraulic
conductivity of fractures is higher than that of the matrix). The
relative importance of fracture flow versusmatrix flow in the light of
their saturation properties has been studied in Cey et al. (2006), Or
et al. (2005) or Perko et al. (2017). Under water-saturated
conditions, the condition to be expected in a geological disposal
facility in the long-term, flow and transport is mainly in the fractures
(when saturated hydraulic conductivity of the fractures is larger, see
Cey et al. (2006), Or et al. (2005) or Perko et al. (2017)). However,
under unsaturated conditions, the main flow and transport path can
be in the matrix domain as well, depending on fracture properties
(e.g., roughness), matrix hydraulic properties and pressures.

Several modelling approaches have been proposed to model flow
and transport through fractured porous media. The hydrogeological
mathematical models for flow and transport through fractured
porous media fall into one of three broad classes: (a) equivalent
(or single) continuum models and derivatives as dual-porosity and
dual-permeability (or multiple) continuum models (e.g., Šimůnek
and van Genuchten, 2008), (b) discrete network simulation models
either as single fracture or fracture network models (e.g., Sudicky
and Mclaren, 1992), and (c) hybrid models (e.g., Oda, 1985). The
equivalent continuum models require volume-averaged hydraulic
properties that reflect the large-scale average effects of fractures
whilst the discrete models need mainly information about the
geometric characteristics of fractures. The hybrid models need
both sets of information.

4.1.2.2.1 Explicit modelling of saturated single phase flow in
fractured systems. As an example, governing equations for the
explicit representation of flow in fractures and surrounding rock
matrix are given here. The fractures are assumed to be always
saturated although in reality this may be unlikely. The saturated
hydraulic conductivity of macro fractures with widths of the order of
hundreds of µm is typically several orders of magnitude larger than
that of a porous matrix. This means that larger fractures will drain
out water quicker than the porous matrix, which holds water
by suction.

The governing equation for the flow is based on Darcy’s law in
both the matrix (Equation 3) and in fractures (Equation 4)
(Seetharam et al., 2014). The flow through fractures is modelled
using tangential derivatives which define the flow along the interior
boundaries representing fractures within a porous matrix. Equation
5 is essentially an averaging of conservation equation across the
fracture thickness (see Martin et al. (2005) for derivation).

ρlS
∂p

∂t
� −∇ · ρlu (3)

u � −Ks

ρlg
∇p (4)

ρlSdf
∂p

∂t
� −∇T · ρluT

uT � −df
Kf

ρlg
∇Tp (5)

Kf � ρlgd
2
f

24μ

where p is the total pressure (Pa) which is the dependent variable, ρl
is the density of water (kg m-3), S is the storage coefficient (Pa−1), u is
the Darcy’s velocity vector (m s-1) in the matrix, Ks is the saturated
hydraulic conductivity of the concrete matrix (m s-1), g is
gravitational acceleration (m s-2), df is the fracture width (m), Kf

(m s-1) is the hydraulic conductivity of a single fracture for planar
fractures (Walton and Seitz, 1991), µ is the dynamic viscosity of
water (kgm-1s-1), uT is the tangential velocity vector and ∇T denotes
the gradient operator restricted to the fracture’s tangential plane.
The dependent variable, p, is same in both the matrix and fractures.
The storage coefficient S is put to a very low number representing
water compressibility. A recent overview on treatment of fractures is
given in Ahusborde et al. (2021).
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4.1.3 Heat transfer
Taking into account the main heat transport processes

(conduction in the solid matrix, transport by the fluid phase,
conduction in the fluid phase) and assuming the same
temperature in the aqueous, solid and gaseous phase, the heat
transport equation can be written as:

∂cpρpT

∂t
� ∇ · λ∇T − cwρwqT( ) (6)

where T is temperature [K], cp is the specific heat capacity of the
porous media [J kg-1 K−1], ρp is the mass per unit volume [kg m-3], cw
is the specific heat capacity of water [J kg-1 K−1], ρw is the mass of
water per unit volume [kg m-3], λ is the thermal conductivity tensor
[W m-1 K−1] and θ is the water content. Please note that this heat
transfer equation can only be solved by taking into account fluid
flow. Excluding the fluid flow and solving this equation solely with
properties for saturated and non-saturated porous media provides a
range in temperatures of materials as a function of time. However,
only estimates of the correct temperature will be obtained; for water
saturated media, the temperature will be underestimated whereas in
unsaturated media, it will be overestimated. The range in
temperature values obtained by this approximated can be
acceptably small enough considering other uncertainties. This is a
more simple calculation and less time consuming than including
fluid flow. In unsaturated porous media, in addition to transport of
heat by conduction, heat can be transported in the gas phase via
vapour transport and may become an important component of heat
transport in unsaturated low permeable media (e.g., Collin et al.
(2002)). Note that this transport process is not included
in Equation 6.

4.1.4 Solute transport
In most reactive transport codes, transport is defined in terms of

total concentration instead of transport of each individual aqueous
species. The number of transport equations then equals the number
of primary species or components. This number is equal to the total
number of aqueous species, Na, minus the number of linearly
independent reaction equations between species in chemical
equilibrium (see Section 4.1.5). As such, the total number of
aqueous species, Na, is divided between Np primary species and
Na – Np = Nx secondary species. The total concentration Cw,i of the
ith primary species is then defined as:

Cwi � cwi +∑Nx

j�1
]jicwj

where vji is the stoichiometric coefficient (i.e., the number of moles
of the ith primary species in the jth secondary species).

The general solute transport equation for transport of mobile
components for a single phase system (liquid phase) can be
written as:

∂θwCw,i

∂t
� L Cw,i( ) + Ri (7)

where L () is the linear transport operator, and R (mol m-3 s-1) is a
sink/source term for geochemical reactions (Section 4.1.5). These
reactions can change the microstructure e.g., a local change
in porosity.

The transport operator for the aqueous phase consists of a
hydrodynamic dispersion and an advective component:

L() � ∇ · θwDhd∇ · Cwi( ) − ∇ · qCwi( ) (8)
where Dhd is the hydrodynamic dispersion tensor (m2 s-1), and the
other symbols as defined before.

The hydrodynamic dispersion includes molecular diffusion in
the aqueous phase, corrected for the tortuosity of the porous media
and mechanical dispersion due to small scale variations in fluid
velocities and travel paths.

Tortuosity multiplied with the molecular diffusion coefficient of
the aqueous phase is often indicated by the term pore diffusion
coefficient Dp or diffusion coefficients in porous media. This
parameter is crucial for the assessment of chemical evolution of
disposal cells in a geological disposal system as diffusion is often the
most important transport process. Water flow and thus advective
transport are usually of minor importance for geological disposal
facilities in clay systems due to the absence of strong hydraulic
gradients and the low permeable host-rock and engineered barriers;
advective flow could be relevant for granite host rocks when
fractures are present.

This simplified transport operator assumes that individual
diffusion coefficients of charged (ions) and uncharged complexes
in water can be replaced by one average molecular diffusion
coefficient for all primary species in order to ensure charge
neutral transport. Instead of using the phenomenological Fick’s
law, the Nernst-Planck equations can be used that consider
specific diffusion coefficients for each ion/complex and achieve
charge neutrality of transport by calculation of cross-diffusion
coefficients for charged species (Samson and Marchand, 2007;
Liu et al., 2011; Steefel et al., 2015a). In addition, the gradient of
the chemical potential is accounted for instead of the gradient in
concentration (Steefel et al., 2015a). The diffusive term in Equation
(8) contains, beside the Fickian diffusion term, a term related to the
gradient in electrostatic potential (related to Nernst-Planck) and a
term related to the gradient in activity coefficients (Appelo, 2017;
Samson and Marchand, 2007). A recent example of using the
Nernst-Planck equation (only electrochemical effects, no chemical
activity gradient) for geochemical changes over a cement-clay
interface was presented by Idiart et al. (2020). The effect of
electrochemical effects was clearly visible for non-reactive ions
such as the mobility of Cl−. When the ion concentrations are
controlled by mineral phases, the effect of including
electrochemical effects is limited.

4.1.4.1 Microstructure and diffusivity
Pore diffusion coefficients can be obtained by experimental in-

or through diffusion experiments but these measurements are only
valid for the microstructure of the porous media during the
experiment. There exist different models to predict the tortuosity
from continuum properties of the porous media. For saturated
media, variants of Archie’s law (Archie, 1942) using an
exponential relation on porosity are available in many reactive
transport models. Models proposed by Milington and Quirk
(Millington and Quirk, 1961) or Moldrup (Moldrup et al., 2000;
Moldrup et al., 1997) account for water saturation degree of the
porous media. It is important to note that these models or their
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parameters are mainly empirical in nature and using them predictive
outside their calibration or measurement region (other materials or
other range of porosity) is highly uncertain.

For cement-based materials, there exist alternative models
adapted to the specificities of the material, see e.g., Patel et al.
(2016) for an overview of models for diffusivity in saturated
Portlandite cement and concrete. Some models are fitted on
numerical (pore-scale models) such as Garboczi and Bentz
(1992) or based on effective media theory, accounting for
different characteristics as different types of porosity, phases and
aggregates [e.g., Bejaoui and Bary (2007), Oh and Jang (2004), Stora
et al. (2009)]. In general, such models are not always implemented in
the numerical codes.

Geochemical reactions can cause a local change in the
microstructure; specifically solid phase dissolution/precipitation/
transformation reactions (see Sections 4.1.5.2 and 4.1.5.6.1) can
locally change e.g., the pore size distribution and porosity and thus
solute migration can locally decrease or increase. The influence on
solute diffusion is via the total porosity (area available for diffusion)
and the tortuosity coefficient (see Section 5.1.1.2).

4.1.4.2 Mechanical dispersion
Mechanical dispersion is calculated from the average velocity in

the principal direction multiplied by the longitudinal or transversal
dispersivity, αL or αT [L] respectively (Bear, 1972). The components
of the dispersion tensor, Dij, are given by

Dij � αTvδij + αL − αT( ) vjvi
v

+ τwDwδij

where v, vi and vj are the average velocity, and the velocity in the i
and j direction, respectively, τw is the aqueous tortuosity factor
which depends on microstructure but also on water content, Dw is
the molecular diffusion coefficient in the aqueous phase, and δij is
the Kronecker delta.

4.1.5 Geochemical processes
The geochemical reaction term in Equation 7, Ri, accounts for

heterogeneous equilibrium or kinetic geochemical reactions or
homogeneous kinetic reactions. Homogeneous (aqueous)
equilibrium reactions do not change the concentration of the
primary species and therefore, there is no need to include them
in a sink/source term in transport Equation 7 for master species.
Typical heterogeneous reactions taken into account in reactive
transport models are (Steefel et al., 2015b) ion exchange, surface
complexation, aqueous-gas exchange, mineral dynamics, and solid-
solutions; most of them treated both in equilibrium or kinetically-
controlled. Typical homogeneous kinetic reactions are radioactive
decay and (microbiologically-mediated) kinetic degradation of, e.g.,
organics, or oxidation-reduction reactions.

In what follows, we give an overview of the most important
geochemical reactions that are typically being accounted for in
reactive transport models. We choose here to express equilibrium
in terms of the law of mass-action equations.

4.1.5.1 Aqueous reactions
The activity of aqueous species is crucial for many other

geochemical processes. Several theories and models are published
to calculate activity correction coefficients of aqueous species such as

based on Debye-Hückel theory, specific ion interaction (SIT) model
or Pitzer equations. Most basic handbooks on aquatic chemistry and
geochemistry contain information about the different low and high
ionic strength activity correction models for aqueous species
(Anderson and Crerar, 1993; Appelo and Postma, 2005).
Thermodynamic equilibrium between the aqueous and the solid
phase or kinetic reactions are for example, expressed in terms of
activities rather than component concentration or species
concentrations. Aqueous equilibrium reactions are written as:

Aj � ∑Np

i�1
νjiAi

where Ai and Aj are the chemical formulae of the primary and
secondary species, respectively. When thermodynamic equilibrium
is obtained (i.e., at the minimum of the Gibbs free energy of the
system), the concentrations of the secondary species are obtained via
the law of mass-action equation as:

cj �
∏Np

i�1
γici( )]ji
Kjγj

where Kj is the equilibrium constant for the reaction and γi and γj are
the activity correction coefficients for the primary and secondary
species, respectively2. Activity correction coefficients relate the
concentration of the species to the activities which are used in
the definition of the equilibrium constant (activity ai = γici).

4.1.5.2 Mineral precipitation and dissolution
The composition and amount of the solid phase assemblage and its

evolution are important variables for flow and transport parameters (as
the amount and distribution of solid phases determine the
microstructure) and for the sorption of aqueous species (capacity for
sorption is defined by the type of minerals and their properties).

The general equation for a mineral dissolution and precipitation
reaction is written as:

Ml � ∑Nl

k�1
]klAk

whereM represents the chemical formula of the mineral and Nl is the
number of aqueous species in the reaction equation. The equilibrium
constant is again expressed as the ratio of the activity product of the
reactants (right hand-side) and the product (the mineral at the left
hand side). The activity of a pure phase is equal to 1, thus at
equilibrium, following law of mass-action equation is satisfied:

Kl � ∏Nl

k�1
γkck( )]kl

A solid-solution is a solid phase consisting of variable mixing of
pure end-member minerals. The activity of an end-member in a
solid solution is different from 1 and is related to themole fraction in
the solid-solution:

ai � γiXi/X0
i

where ai is the activity of the end member in solid-solution, Xi is the
mole fraction and Xi

0 is the mole fraction at standard state (assumed
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to be 1). In an ideal solid solution, the activity correction factor γi
equals 1 and thus the activity equals the mole fraction of the end
member. For a non-ideal solution, the activity correction factor is
related to the excess free-energy of mixing due to non-ideality. The
non-ideality is described with semi-empirical models for binary,
ternary, symmetric and asymmetric systems. One of the most often
used models to calculate the activity correction factors for a binary
non-ideal solid solution is based on Guggenheim series expansion
(Glynn, 1991) but other models are also included in reactive
transport models (e.g., via GEM3K (Kulik et al., 2013) and the
TSolMod library (Wagner et al., 2012)). One particularity of non-
ideal solid solutions is that the unmixing of phases is sometimes
more stable than the one-phase solid solution leading to an
immiscibility or a phase separation.

Mineral precipitation and dissolution reactions can alter the
microstructure and local porosity and have an influence on material
properties including permeability and solute transport parameters
(see Section 5.1.1) or even heat transport parameters.

Beside the equilibrium assumption discussed in this section,
dissolution or precipitation rates are often slow compared to
envisaged time scales (e.g., during transport calculations),
meaning that time is required to reach equilibrium. In that case,
a kinetic formulation is required which is discussed in Section
4.1.5.6.1 The need to implement kinetic rather than equilibrium
reactions depends on many factors including the time and spatial
scale (experimental studies, ~months to year) at the interface scale
may need rather a kinetic than equilibrium implementation),
minerals involved (fast kinetics such as calcite compared to slow
kinetics for e.g., clay minerals), and the overall goals/endpoints of a
particular assessment. The dimensionless Damköhler number
expresses the ratio of the transport (advective-dispersive) time
over the reaction time; if this ratio is large, local equilibrium can
be assumed (Sanchez-Vila et al., 2007). Note that small-scale
heterogeneity can also contribute to a need to incorporate
(heterogeneous) kinetics, specifically when mixing in the
complete pore space is long compared to reaction time (diffusive
time over reaction rate (Dentz et al., 2011a; Dentz et al., 2011b)).

4.1.5.3 Ion exchange
The ion exchange process is a charge-neutral exchange of ions

between the aqueous phase and exchange sites at the surface of
solid phases. The site capacity of a surface is thus always occupied
with species of the opposite charge such that the surface is charge
neutral. Although this process also includes the exchange of
anions at a positively charged surface, the cation exchange
process (exchange of cations at a negatively charged surface of
e.g., a clay mineral) is more common. In general form, the
exchange reaction can be written as:

νAjAkXνAk
+ νAkAj#νAkAjXνAj

+ νAjAk

where X denotes the ion exchanger (with unit charge), Ak and Aj

denote aqueous species with opposite charge than that of the
exchanger, and vAj and vAk are the stoichiometry coefficients.
The equilibrium constant is written as:

K �
AjX]Aj( )]Ak

Ak( )]Aj
AkX]Ak( )]Aj Aj( )]Ak

where () denotes activity. There are different conventions for
calculating the activity correction coefficients for the exchange
coefficients called Gaines-Thomas, Gapon or Vanselow
conventions (see (Appelo and Postma, 2005; Sposito, 1981)). The
Rothmund-Kornfeld model accounts for changing selectivity with
site occupancy (Bloom and Mansell, 2001; Bond, 1995).
Alternatively, different exchange sites can be defined, each with
different selectivity coefficients. At low concentrations, the high
selective sites are first filled up; less selective sites are filled up at
higher concentrations. The three-site exchange model for Cs
sorption on illite of Bradbury and Baeyens (2000) is often
applied to describe Cs sorption in clay host formations (e.g.,
Maes et al. (2008)).

Exchange reactions can be treated kinetically as well, although it
is generally assumed that these reactions are fast enough to be
treated as equilibrium reactions. However, in a continuum
approach, for heterogeneous media, time for mixing of the
solutes in the complete pore space might be too long.

4.1.5.4 Surface complexation
Surface complexation is an important process as it describes

sorption of major and trace elements as a function of the prevailing
geochemical conditions near the solid phase surface. A major
difference with exchange processes is that protons, cations and
anions are released without compensation by other ions in
equivalent properties (as opposed to exchange processes, Appelo
and Postma (2005)). The surfaces can be positively or negatively
charged (variable charged solid) depending on the pH of the pore
solution. Such variable charged solids exist for both natural and
engineered materials. Variable charged solids for natural subsurface
systems are clays, oxides and organic matter. Also most materials for
the technical barriers in subsurface systems contains such variable
charged solids such as cement hydration phases (Missana et al.,
2019; Olmeda et al., 2019).

In surface reactions, aqueous species bind to functional groups
on the surface; as an example an equation of a metal sorbing on a
surface hydroxyl site (≡OH):

≡ XOH +Mz ↔ ≡ XOMz−1 +H+

Similar to aqueous complexes, the degree of surface
complexation depends on the chemical affinity between the
aqueous species and the surface functional group and on the
electrostatic effects near the solid surface due to the surface
charges. These two factors are represented in surface
complexation models via following mass action analogue:

Ka � ≡ XOMz−1( ) H+( )
≡ XOH( ) Mz( ) e−

zFψ0
RT

� KintKcoel

where Ka is the apparent equilibrium constant, Kint is the intrinsic
equilibrium constant, and Kcoel represents the electrostatic
component. Note that the adsorption reaction can also be written
in terms of Gibbs free energy. The key point is to relate the charge
distribution near the solid surface to the potential in order to
calculate equilibrium. This gives rise to surface complexation
models that differ in the way the division is made between
charged surface and bulk solutions and the charge/potential
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relations that are used. The four most common models are the
constant-capacitance model (CCM), the diffuse double layer model
(DDL), the triple layer model (TLM) and the CD-MUSIC model
(Goldberg et al., 2007).

In one layer models, all adsorbed ions are located on a single
plane and the surface charge density at that single plane is used to
calculate the surface potential by assuming a constant capacitance
(CCM) or a variable capacitance calculated with the potential-
charge relationship given by the Gouy-Chapman theory that
depends on the ionic strength. It represents the diffuse layer of
ions balancing the charge of the surface. Other models account for
sorption directly to the surface (inner complexes, typically for H+

and OH−) and one or two additional planes (outer complexes). The
Basic Stern Model (BSM) has one additional plane (inner plane)
with a constant capacitance between the surface and inner planes
and neglect any potential change between the inner plane and the
outer plane where the diffuse layer starts1. The TLM assumes a
second capacity between the inner and outer layer. The CD-MUSIC
model (Hiemstra and Van Riemsdijk, 2006; Hiemstra and Van
Riemsdijk, 1996) distributes the charge of an adsorbed ion
between different planes.

Most reactive transport models include one or more of these
models to calculate Kcoel. However, note that surface complexation
models are also often implemented neglecting the electrostatic forces
(i.e., Kcoel = 1) or diffuse layer calculations.

Surface complexation reactions can be treated kinetically as well,
although it is generally assumed that these reactions are fast enough
to be treated as equilibrium reactions. However, in a continuum
approach, for heterogeneous media, time for mixing of the solutes in
the complete pore space might be too long. One possible way is for
example, by a multi-rate multi-transport type of model as illustrated
in (Greskowiak et al., 2015) for U sorption.

4.1.5.5 Gas reactions
When a gaseous phase is present, exchange between a

component Gi in the gaseous phase and a component Ai in the
aqueous phase:

Gi ↔ Ai

is in most cases treated as equilibrium condition. Equilibrium is
obtained when the ratio of the activities of the aqueous species in the
reaction equation over the ratio of the fugacities of the gaseous
species equals 1. Under the assumption of a mixture of ideal gases,
the fugacity coefficient is 1 and the fugacity of a gas equals the partial
pressure of the gas. For total gas pressures below 10 atm, the fugacity
coefficient will be close to 1 (Appelo et al., 2014). For larger total gas
pressures, fugacity correction factors can be calculated with the Peng
and Robinson equation of state (Peng and Robinson, 1976).

Gaseous components are typically generated or consumed by
kinetic reactions such as corrosion or degradation of organics acting
for example, as electron acceptors (see Sections 4.1.5.6.2
and 4.1.5.6.3).

4.1.5.6 Kinetic processes
4.1.5.6.1 Kinetic dissolution/precipitation of solid phases
(minerals). Dissolution of minerals in porous media is often
treated as a kinetic process. The dissolution kinetics are controlled
by the reactions taking place at the surface of the minerals–surface-
controlled reactions–and diffusion processes through different
layers covering the reactive minerals–transport-controlled
reactions (Mayer et al., 2002). Micro-scale transport processes
may occur across a stagnant water layer or through surface
coatings or alteration rims (Murphy et al., 1989). The reader is
referred to several general textbooks (Brantley et al., 2008; Lasaga,
1998; Rimstidt, 2013) for more details on geochemical kinetics in
general, and mineral kinetics specifically, and to Cama and Ganor
(2015) for details on clay minerals. A general form of a surface-
controlled kinetic reaction accounting for effects of reactive surface
areas, temperature, different reaction mechanisms and dependence
on solution saturation state is (Lasaga, 1998):

r � S ∑
j

Aje
−Ea,j/RT ∏

i

a
ni,j
i f Ω( )⎛⎝ ⎞⎠ (9)

where r is the dissolution/precipitation rate [mol s-1 m-3], and the
factors at the right hand side are:

• S–the reactive surface area [m2 m-3] which can be treated as a
constant term, or a changing value (for spherical particles with
uniform dissolution, the value changes according to (m/
m0)̂(2/3)

• Temperature dependence described by an Arrhenius equation
where parameter Aj is the Arrhenius pre-exponential factor
[mol L-2 T-1], Ea,j is the apparent activation energy [J mol-1], R is
the universal gas constant [J mol-1 K−1] and T is temperature [K]

• One or more terms representing different mechanisms (e.g.,
different catalyst for dissolution) where a is the activity of a
given species, and ni,j is an empirical constant.

• A factor that represents the effect of the saturation state of the
solution via saturation ratio Ω.

The reaction rate for many minerals depends on the pH.
Palandri and Kharaka (2004), for example, defined 3 terms in
Equation 9 related to H+, H2O and OH− promoting reactions for
which the coefficients ni,j are obtained by a piecewise linear
regression on measured reaction rates.

One of the most commonly used expressions of f(Ω) is (Brantley
et al., 2008; Oelkers et al., 2009):

f Ω( ) � 1 −Ωp( )q (10)
where p and q are empirical constants, often assumed to be equal to
1. When an aqueous phase is in equilibrium with a mineral,
Equation 10 equals zero and the reaction rate is zero. The sign of
Equation 10 is positive or negative in case of, respectively, over- or
undersaturation enabling to simulate precipitation or dissolution.
Note that Equation 10 limits the dissolution rate to a constant value
when far from equilibrium, whereas the precipitation rate will
increase with deviation from equilibrium.

4.1.5.6.2 Degradation of organics. The fate of organics present
in the waste can be described by kinetic rate equations including

1 Terminology indicates also, beside the surface plane, the Inner Helmholtz

Plane (IHP) for sorption of the hydrated ions and an Outer Helmholtz Plane

(OHP) that is the beginning of the diffuse layer.
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Monod terms for electron donor and acceptor concentrations (Small
and Abrahamsen-Mills, 2018). A general from of such equation is:

R � QmaxB
ED[ ]

KD + ED[ ]
EA[ ]

KA + EA[ ]IB ∏ IX( )fT

where R is the degradation rate [M T-1 L-3], Qmax is the maximum
rate [M MB

-1T-1], B is the biomass [MB L-3], [ED] and [EA] are the
concentrations of the electron donor and acceptor [M L-3], KD and
KA are the half-saturation constants for the electron donor and
acceptor [M L-3], the factor IB accounts for rate reduction when the
microbial biomass is too large due to e.g., pore restrictions (see e.g.,
(Brovelli et al., 2009; Pham, 2018; Ben Moshe et al., 2021) for
different functional forms). IX are inhibition factors, typically in the
form of (KX/(KX+[X]) with KX the half saturation constant) which
can control a redox sequence to suppress reactions when higher
energy-yielding terminal electron acceptors are still present (e.g.,
(De Blanc et al., 1996; Bhanja et al., 2019; Small and Abrahamsen-
Mills, 2018)), but may also include terms related to toxicity or
pH (e.g., Maia et al. (2016) or Small and Abrahamsen-Mills (2018)).
Control of the rate by the pore water composition can be considered
as well by including a thermodynamic potential factor into the
equation taking into account the Gibbs free energy of the electron
transfer reaction and energy required for ATP synthesis (Jin and
Bethke, 2007; Jin and Bethke, 2005; Jin and Bethke, 2003). The last
factor fT accounts for temperature effects and is typically described
by Arrhenius’ law. Note also that many variants exist for this
particular equation, ranging from first-order definition to
competitive effects (De Blanc et al., 1996). Or et al. (2007)
reviews factors that are related to these reactions in unsaturated
porous media. Mathematically, a yield factor links the growth of
biomass to the rate of degradation.

4.1.5.6.3 Dissolution of non-porous materials (steel). Metallic
iron in low carbon or weakly alloyed steels is never under
equilibrium in contact with aqueous solutions, both under oxic
and anoxic redox conditions. It will be subjected to corrosion such as
generalized or pitting corrosion processes. This disequilibrium also
requires a kinetic treatment of these type of reactions. The challenge
is the representation of a non-porous material in a reactive transport
model at the continuum scale.

Corrosion of metallic alloys in oxic and anoxic conditions under
repository conditions are often simplified to the reaction equations
given in section 3.2.1 (Equations 1 and 2) in Neeft et al. (2024).
Often, steel corrosion in reactive transport models is described with
a zero-order constant rate model, although some studies also
investigated rates depending on solution composition (Wilson
et al., 2015) or diffusion through the corrosion layer (Peña et al.,
2008). The corrosion products are then simulated by either
assuming equilibrium or kinetic precipitation reactions. In
addition, in reactive transport models, it is conceptualized as a
porous medium to enable transfer from Fe from the solid to the
aqueous phase and diffusion into the neighbouring cells. Also the
movement of the steel interface is a complex and challenging aspect
not often taken into account in numerical studies on steel-bentonite,
steel-clay, steel-cement and steel-glass interfaces. A step forward can
be expected when electrochemical corrosion models (Bataillon et al.,
2010; Macdonald et al., 2011) are introduced into reactive transport
models (see also Ahusborde et al., 2021).

4.2 Tools and databases

4.2.1 Codes
In the last 3 decades, several codes have been developed that can

handle the processes discussed in Section 4.1 in an integrated way.
Such codes are typically called coupled reactive transport codes. An
overview of some available codes was given in Steefel et al. (2015)
and a more recent update of codes with additional features and new
references is given in the Supplementary Material.

4.2.2 Databases
The engineered materials are not in equilibrium with the host

rock. The chemical evolution for the disposal cell is slowly
progressing towards an equilibrium between the engineered
materials and host rock. The expected geochemical reactions can
be derived by calculating the stability of the evolved minerals as a
function of pH, redox potential, concentration of dissolved solutes,
temperature and pressure. There are several thermodynamic
databases that have thermodynamic data to calculate the
stabilities of the minerals. Geochemical models use these
thermodynamic data to calculate the concentration of solutes in
equilibrium with the minerals. Deviation of these concentration of
solids will result in either a dissolution or precipitation of a mineral.
Thermodynamic databases are therefore the cornerstone for reactive
transport models and the establishment of internally consistent
databases contributed significantly to geochemistry and is of
uttermost importance for incorporation into reactive transport
modelling (Oelkers et al., 2009). In many of the above mentioned
codes, some available databases are derived from the
SUPCRT92 thermodynamic database (Johnson et al., 1992) or
one of the later versions of it (Zimmer et al., 2016).
SUPCRT92 or later versions are also available in codes based on
minimization of Gibbs free energy as GEMS2 (Kulik et al., 2013;
Wagner et al., 2012) and Reaktoro (Leal et al., 2017). Zhang et al.
(2020) provides a software to convert SUPCRTBL (Zimmer et al.,
2016) to PHREEQC-readable databases in the requested P-T range3.

The aim here is not to give an overview of all available database,
but just to list a few databases that are frequently used in the
framework of geological disposal:

• Thermoddem4: The database is developed by BRGM (Blanc
et al., 2012) and contains reactions and thermodynamic data
for a temperature range up to 300 °C. Phases for cement
materials, clay minerals and zeolites are included. The
database is also extended with information on surface
complexation and cation exchange reactions. The database
is available in the formats for PHREEQC, Crunchflow,
ToughReact5 (Xu et al., 2011; Xu et al., 2006), Chess (Van
der Lee, 1998), and The Geochemist’s Workbench6.

2 http://gems.web.psi.ch/

3 https://models.earth.indiana.edu/superphreeqc.php

4 https://thermoddem.brgm.fr/

5 https://tough.lbl.gov/software/toughreact/

6 https://www.gwb.com/
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• ThermoChimie7: The database was initiated by Andra in 1995,
but also RWM and Ondraf/Niras joined the “ThermoChimie
consortium”. The ThermoChimie database is specifically
developed for conditions relevant within radioactive waste
repositories, i.e., applied over a pH range between 6 and 14,
temperatures below 80°C and Eh in the range of −0.5 to +0.5 V
(Giffaut et al., 2014). It includes information on host-rock
mineral phases, bentonites, cements and their evolving
secondary phases (Blanc et al., 2015), and on radionuclides
(Grive et al., 2015). The current version (v12a)8 is available for
several geochemical codes including PHREEQC, Crunchflow,
ToughReact, Chess and The Geochemist’s Workbench.

• PSI/Nagra Chemical Thermodynamic Data Base9: This
database is developed in the framework of ongoing safety
assessments for planned LLW, ILW and HLW repositories in
Switzerland (Hummel et al., 2002; Thoenen et al., 2014). The
database is available in PHREEQC and GEMS format. The
latest version of the PSI/Nagra chemical thermodynamic
database 2020 includes an extended list of rock-forming
minerals, specifically clays and zeolites, imported from
Thermoddem TDB.

• CEMDATA18.1: This database is specifically for hydrated
solid phases in Portland cement systems (Lothenbach et al.,
2019). It contains thermodynamic data for C-S-H, AFm and
AFt phases, hydrogarnet, hydrotalcite, zeolites, and M-S-H in
a temperature range between 0°C and 100 °C. Several solid-
solution models are implemented to represent these phases.
The database is available in GEMS, PHREEQC and
Geochemist’s Workbench format. At 25 °C, it is fully
consistent with the PSI/Nagra Chemical Thermodynamic
Data Base. These databases are recently also supplemented
by new databases for zeolites10 (Ma and Lothenbach, 2021; Ma
and Lothenbach, 2020b; Ma and Lothenbach, 2020a).

• THEREDA11 (Thermodynamic Reference Database): This is a
joint effort to build an internally consistent reference database
that could be used in geochemical and reactive transport codes
for processes in the near and far field of different host rock
types envisaged as potential sites for final repositories in
Germany, including high ionic strength conditions (Moog
et al., 2015). It is available in PHREEQC, Geochemist’s
Workbench and ToughReact format.

• NEA TDB (Nuclear Energy Agency Thermodynamic
DataBase): This is a joint effort between different countries
(nowadays 12) in which thermodynamic data with a sufficient
quality are included in a database. The elements and
compounds that need to be investigated are determined by
the different countries. The selection of data is performed by a
group of experts with a high track record in relevant scientific
publications. The data have been put in a Phreeqc-formatted

file (Martinez et al., 2019). The database is not complete for a
safety assessment of geological disposal of radioactive waste,
but databases such as ThermoChimie and PSI/Nagra
Chemical Thermodynamic Data Base have included these
NEA TDB data due to the high quality assurance of the
NEA TDB data.

Some focussed studies compiled thermodynamic information
for some specific applications. De Windt et al. (2015) compiled data
for complexation of short-chained organics in a cementitious system
(simplified CEM I).

For chemical kinetics, we mention here two relevant
compilations:

• A compilation by Marty et al. (2015b) for minerals relevant to
clay rich rocks and cements. Parameters were provided for
both the linear regression model and the regression curve
model. The kinetic parameters are consistent with the
ThermoChimie database and are available in three different
formats (for PHREEQC, CrunchFlow and ToughReact).

• A compilation for more than 100 minerals provided in
PHREEQC format12 by Zhang et al. (2019) based on the
work of Palandri and Kharaka (2004), mostly based on the
kinetic rate (Equation 9).

For kinetics of dissolution of the C-S-H phase in cement, the
study of Trapote-Barreira et al. (2016) provides information on rate
parameters as function of the Ca/Si ratio of the C-S-H phase.

4.3 Modelling the geochemical evolution
of materials

In this section, we discuss shortly some of the approaches for
geochemical modelling of relevant materials in radioactive waste
disposal context.

4.3.1 Vitrified glass
Dissolution of the glass matrix is modelled with relatively simple

models using an apparent Si equilibrium concentration together
with a simple diffusion-based model (Liu et al., 2019; Liu et al., 2015;
Mann et al., 2019). From a numerical point of view, such a diffusion-
based dissolution model only needs one first order ordinary
differential equation which can be solved, e.g., with Runge-Kutta
methods implemented as kinetic reaction in PHREEQC. Thus this
model can be easily combined into reactive transport models based
on PHREEQC coupling. On the other hand, the GRAAL model
(Frugier et al., 2008) includes more dissolution mechanisms
especially for early dissolution stages. This model assumes that
glass dissolution is controlled by the affinity of a passivating
reactive interface (PRI). This model has been successfully
integrated into the reactive transport code HYTEC (Frugier et al.,
2018) and potentially can be integrated into other reactive transport
codes as well (e.g., PHREEQC (Debure et al., 2018)). The study of

7 https://www.thermochimie-tdb.com/

8 August 2023

9 https://www.psi.ch/en/les/database

10 https://www.empa.ch/web/s308/zeolite

11 https://www.thereda.de/en/ 12 https://github.com/HydrogeoIU/PHREEQC-Kinetic-Library
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Repina et al. (2020) includes fractures in the glass into HYTEC and
the GRAAL dissolution model.

4.3.2 Cement-based materials
During the last decade, a solid basis for modelling cementitious

system in the frame of radioactive waste disposal became available,
specifically because of the development of internally consistent and
complete databases (Lothenbach and Zajac, 2019). Originally,
databases were for ordinary Portland cement systems, but
advancements have been made to include phases relevant for
other systems including M-S-H (Roosz et al., 2018), blended
cements, C-(N)-A-S-H (Myers et al., 2013; Roosz et al., 2018), or
high Na, Cl or nitrate concentrations (Balonis et al., 2011; Balonis
et al., 2010; De Weerdt et al., 2019). More recently, a sub-lattice
C-S-H model was proposed that also includes the uptake of alkalis
(Miron et al., 2022; Kulik et al., 2022). Thermodynamic models are
used to define the initial properties (phases, cementitious pore water
composition, porosity) of the hardened cement paste based on
clinker oxide composition, supplementary cementitious materials,
water cement ratio etc. Lothenbach and Zajac (2019) and references
therein shows ample examples. As an alternative for calculating the
equilibrium assemblage after full hydration, the kinetic hydration
processes itself can be modelled as well. This is mainly based on
empirical rate equations (e.g., Lothenbach and Winnefeld, 2006);
some recent tools allow for user-friendly environments to calculate
these initial conditions or the hydration process, e.g., the CemGEMS
web app13 (Kulik et al., 2021) or HYDCEM (Holmes et al., 2020).
Please note that thermodynamic equilibrium may not have been
achieved as experimental results of fabricated cement pastes have
shown. Especially the pH of cementitious pore water of fabricated
concrete - made with so-called low pH formulations made with
blended cements - can be higher than modelled.

Chemical evolution of the hydrated cementitious materials due
to interaction with the environment is often assessed with reaction
path type of models in which the evolution of the cement phases and
pore water composition is expressed as a function of reaction
progress such as amount of reacted CO2 (mimicking
carbonation), amount of water (leaching), or specific reactants
(NaCl, sulphate) (Elakneswaran et al., 2018; Han et al., 2021;
Jacques et al., 2010; Ke et al., 2020; von Greve-Dierfeld et al.,
2020). Although transport processes are neglected in a reaction
path model, it provides insights into some of the complex alterations
that can occur during chemical ageing and alteration of cementitious
materials. Evaluating the stability of cementitious phases with
changing temperatures is assessed with a reaction path model
where the path variable is temperature (Lothenbach et al., 2008).

Combination of these modelling approaches with a coupled
reactive transport model is straightforward and has been used in
many studies, either by considering the cementitious material only
with some fixed boundary conditions, either interacting with its
surrounding including materials relevant for waste disposal (see
section 4.3.4 and also Neeft et al. (2024)). Again, kinetic hydration
processes can be combined with thermodynamic equilibrium for
hydrated phases, as in Li et al. (2021).

4.3.3 Clay systems
Porewater chemistry is often calculated based on equilibrium

with the primary clay minerals, protonation and deprotonation at
clay edges (e.g., Bradbury and Baeyens, 2003) and cation exchange
processes, the latter may strongly be coupled to the pore water
chemistry as illustrated for Boom Clay (Frederickx et al., 2018). Pore
water chemistry studies have been done for natural clay systems (see
Tournassat et al. (2015) for a general overview and for specific clay-
rocks COx (Gaucher et al., 2009), Boom Clay (Wang et al., 2023; De
Craen et al., 2004), Opalinus Clay (Pearson et al., 2011), Tournemire
(Tremosa et al., 2012)) and bentonite (e.g., FEBEX (Fernández et al.,
2011)). Thermodynamic data is available in some of the databases
mentioned in Section 4.2. Additional information on
thermodynamic and kinetic data is given in Jenni et al. (2019).
Recently, Blanc et al. (2021) presented a tool to estimate
thermodynamic properties of clay minerals, including
interstratified illite/smectite minerals and illustrated it in a
reactive transport model example.

Modelling evolution of clay systems is mainly based on kinetic
dissolution and precipitation of the primary clay minerals, their
alterations and secondary phase formation using an equation similar
to Equation 9 for surface controlled kinetics, or alternative forms
accounting for diffusion-controlled kinetics [including the notion of
a shrinking core model, see Mayer et al. (2002); Liu et al. (2014) or
Ngo et al. (2015)]. In addition, other processes are sometimes taken
into account such as protonation and deprotonation processes at
clay edge sites (e.g., Wang et al., 2010), Ostwald ripening processes
(e.g., Savage et al., 2010) and the coupling between precipitation/
dissolution and cation exchange (e.g., Benbow et al., 2019).

Most modelling work is related to assess the impact of
cementitious pore water on the clay mineralogy (e.g., Bildstein
and Claret (2015); Marty et al. (2015a); Deissmann et al. (2021)
and references therein), but also on the fate of Fe in the clay barrier
resulting from steel corrosion (see Section 4.3.4.3).

4.3.4 Modelling reactions at the material interfaces
A recent overview of modelling work on interfaces between

different materials relevant for disposal cells was given in Deissmann
et al. (2021).

4.3.4.1 Glass-steel interface
The key point in modelling the glass-steel interface is the uptake

of Si by the corrosion products as this influences the glass dissolution
models. Some models accounted for the sorption of Si on the
corrosion products (De Windt et al., 2006; Grambow, 1987;
Grambow et al., 1987; Jordan and Rammensee, 1998; Jordan
et al., 2007; Mayant, 2009; Mayant et al., 2008; Philippini et al.,
2006) which can capture typically the glass alteration rate up to a
given point at which a certain saturation point is reached of the
magnetite sites. After that, magnetite could be partially transformed
in another iron oxide with larger sorption capacity or precipitation
of Fe silicates (Rebiscoul et al., 2015; Godon et al., 2013). Including
the later in the reaction network led indeed to better predictions of
glass alteration rates (Godon et al., 2013).

4.3.4.2 Steel-concrete interface
Up to our best knowledge, no coupled reactive transport

simulations for iron/steel corrosion in alkaline and anoxic13 https://cemgems.org/
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conditions (i.e., for conditions relevant in a disposal cell) have been
found in literature.

4.3.4.3 Steel-clay interface
Extensive experimental studies and numerical models of the

steel/iron-bentonite interactions under typical HLW-EBS
conditions and the effects of corrosion products on the bentonite
have been performed in the last 2 decades (Bildstein et al., 2016;
Bildstein et al., 2006; Lu et al., 2011; Marty et al., 2010; Montes-H
et al., 2005; Ngo et al., 2015; Ngo et al., 2014; Savage et al., 2010;
Wersin et al., 2008; Wilson et al., 2006; Balmer et al., 2017; Cuevas
et al., 2016; Fernández et al., 2018; Kaufhold et al., 2018; Mon et al.,
2017; Samper et al., 2016). Bildstein et al. (2019) presented a
comprehensive review of the reactive transport modelling studied
at the iron-clay interface at the lab scale and at the scale of the
disposal cell for waste repositories. They conclude that: (1) The most
abundant corrosion product predicted by the models in the long-
term is magnetite, sometimes with Fe-carbonates (siderite) and Fe-
silicates (greenalite), sometimes incorporating Al (berthierine,
cronstedtite); (2) Primary minerals in clay are often destabilized
in favour of Fe-phyllosilicates or zeolites if they are allowed to
precipitate; (3) Numerical studies often differ on the precise nature
of the main secondary minerals; (4) The transformation of clay
minerals into Fe-chlorite, and the timing, very much depend on
whether it is included as a secondary mineral (in which case it is the
most stable phase and precipitates from the beginning of the
simulation) or it results from a ripening process; (5) One of the
most sensitive parameters is the corrosion rate; (6) The extent of the
perturbation is always predicted to be limited to a few centimetres,
up to 20 cm into the clay barrier; and (7) Porosity clogging is
considered in some simulations under different assumptions.
Bildstein et al. (2019) also pointed out that a complete inhibition
of the corrosion process has never been observed in experiments,
even if a dense corrosion product layer is often identified, and the
ubiquity of magnetite in simulation results as the dominant
corrosion product in the long-term is questioned by many
experimental results and archaeological analogues. Section 5.3 in
Deissmann et al. (2021) provides further details on different
modelling studies for this kind of interface.

4.3.4.4 Steel-granite interface
As noted Neeft et al. (2024), there is not direct interface between

steel and granite in repository concepts. Therefore, no further
discussion on models that would include explicitly this interface
is given here.

4.3.4.5 Cement (mortar)-clay interface
This interface has been included in many modelling studies

using a continuum-scale approach both for laboratory experiments,
in-situ studies and long-term predictions. A recent overview of these
modelling studies was presented in Deissmann et al. (2021). For the
concrete part, most studies were done for OPC-CEMI (high pH) for
which today excellent databases (see Section 4.2) exist, which now
include also phases previously not considered in simulations
(M-S-H phases, several C-A-S-H phases). In addition, numerical
studies including a concrete/clay interface are available for different
host rocks such as Boom Clay (Read et al., 2001; Wang et al., 2010),
Opalinus Clay (Berner et al., 2013; Dauzeres et al., 2016; Jenni et al.,

2017; Kosakowski and Berner, 2013; Trotignon et al., 2007), or
Callovo-Oxfordian clay (Idiart et al., 2020; Marty et al., 2015a; Marty
et al., 2014; Marty et al., 2009; Trotignon et al., 2007). When
compared to experimental results, numerical studies are, in
general, able to capture the mineralogical transformation
pathways and the change in porosity (cf. Bildstein et al., 2019).
With respect to the long-term predictions, although starting from
different geometries and assumptions on evolutionary paths, models
predict consistently a limited thickness of the altered zone, type of
mineralogical transformation and porosity changes.

4.3.4.6 Cement (mortar)-granite interface
As mentioned in Section 4.2.2, modelling the geochemical

alterations in cement-based materials are well-established
because of the fast development of high-quality
thermodynamic databases for cement phases (see Section
4.2.2). Coupling them in a coupled reactive transport model
enables prediction of the degradation fronts as was done in
the study of Höglund (2014) for leaching with a granite type
of water. Also several modelling studies have been performed for
the effect of the alkaline plume on crystalline rocks (Soler et al.,
2006; Watson et al., 2017). The choice of reactive minerals is
crucial to assess the extent of the perturbation (Chen et al., 2015).
However, simulations shown that the model for the evolution of
an alkaline plume in a host rock is largely consistent with
experimental observations.

5 How to use the gained knowledge
from assessing the chemical evolution?

This section describes what we can learn from assessing the
chemical evolution besides the chemical evolution as such. We focus
on two topics: how chemical evolution is linked to material
properties and how it is linked to radionuclide mobility.

5.1 Impact on material properties

5.1.1 Physical and transport properties
The geochemical gradients between different materials in a

disposal facility induce geochemical alterations with logically
effects on different physical properties. More and more, reactive
transport codes implement these coupled effects (Georget et al.,
2017; Seigneur et al., 2019; Xie et al., 2015) and studies in the
framework of radioactive waste disposal apply this in their
modelling studies (e.g., Águila et al. (2020) and references in the
description of different tools in the Supplementary Materials).
Although the underlying pore-scale is the driver for these
changes, the discussion focusses here on how it can be
implemented in continuum-scale reactive transport models. For a
recent in-depth discussion on parameterization of evolving porous
media, we refer to Seigneur et al. (2019).

5.1.1.1 Porosity
Dissolution and precipitation of solid phases will lead to changes

in the porosity of the porous medium. At every time and location,
the porosity is calculated from:
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η � 1 −∑Nm

i

miVi (11)

where η is the total porosity [L3 L-3], Nm the number of solid phases,
mi is the number of moles of a given solid phase per unit volume [M
L-3] and Vi is the molar volume of the solid phase [L3 M-1]. When the
continuum domain is split into different domains (dual porosity
(Šimůnek and van Genuchten, 2008), multiple interacting continua
(Pruess and Narasimhan, 1985), multi rate mass transfer framework
(De Dreuzy et al., 2013; Haggerty and Gorelick, 1995)), a porosity for
each domain can be calculated.

• The simple equation for porosity (Equation 11) needs some
further refinement for some particular properties of a
porous medium:

• For a multiscale material as concrete, different types of
porosity are defined with gel porosity as the porosity that is
within the C-S-H phases; one may also distinguish between
the porosity in the bulk of the hardened cement paste, and a
more open structure in the interfacial transition zone;

• Also fractures contribute to porosity, and have to be treated in
a continuummodel as separate domains (as referenced above),
or as part of the equivalent continuum model;

• In swelling materials (clay), fracture opening and porosity
depend also on the water saturation degree and the aqueous
composition. Porosity changes due to bentonite swelling was
taken into account via a state surface approach in Samper
et al. (2020).

5.1.1.2 Diffusion coefficient
Diffusion coefficients in porous media may vary in time of space

due to:

• Changes in temperature, typically described by an Arrhenius
type of equation

• Changes in water saturation degree, typically described by
Millington-Quirk

• Changes in microstructure and porosity, the former linked to
tortuosity.

Reminding the equation of the effective diffusion
coefficient: θDp:

θDp � θτsτpDw

where τs is the factor accounting for saturation degree [-] and τp the
factor for the pore structure. The most widely used formula to link τp
to porosity η is Archie’s law (Archie, 1942; Xie et al., 2015):

τp � ηαc

where αc is the cementation factor which is an empirical factor.
There exist a number of other relations as well; some examples are
given in Seigneur et al. (2019). Some models use the concept of a
critical porosity below which diffusion does not occur (e.g., Bentz
and Garboczi, 1991).

Models for tortuosity for cement, mortar and concrete have been
developed taking into account the multiscale nature of cement (gel
pores in C-S-H, capillary porosity) and mortar or concrete

(aggregates, interfacial transition zone) using so-called effective
media theories (see Patel et al. (2016) for a review). These
models have been evaluated for initial conditions (e.g., after
28 days of hardening), there applicability for evolving media is
less validated. However, as information on the different
mineralogical phases are available in reactive transport models, in
theory, they can be used in these models as well (e.g., Perko
et al., 2010).

Beside parameterization via experimental results, relations and
models can be obtained via pore-scale or microscale modelling that
represent explicitly the underlying microstructure (Matyka et al.,
2008). Recent pore-scale models for ageing of cement explore the
evolution of microstructure and transport parameters (Patel et al.,
2021; Patel et al., 2018b; Seigneur et al., 2017) and derive functional
relations (Bentz and Garboczi, 1991; Seigneur et al., 2017) (see also
Ahusborde et al., 2021). A new route is to using deep learning
techniques to relate tortuosity to porosity (Graczyk and
Matyka, 2020).

5.1.1.3 Hydraulic conductivity
Similar to diffusivity, hydraulic conductivity depends also on

different factors that may change in time and space:

• Changes in temperature and solution composition that effect
e.g., viscosity

• Changes in water saturation degree, typically described by
models based on statistical pore size distributions (Burdine,
1953; Mualem, 1976)

• Changes in microstructure and porosity

Focussing here on saturated hydraulic conductivity, Ks [L T-1],
and changes due to microstructural and porosity evolution, the
change in Ks can be described by a scaling factor αK:

αK � Ks t( )
Ks,0

� f η t( )( )
f η0 t( )( )

where the subscript 0 refers to the initial values. The most common
models are based on total porosity, and the Kozeny-Carman relation
is one of the most often used:

αK � η t( )3 1 − η t0( )( )2
η t0( )3 1 − η t( )( )2

However, many relations have been proposed in literature, and
we refer to MacQuarrie and Mayer (2005) and Hommel et al. (2018)
for an overview.

Another group of models uses the statistical pore-size
distribution rather than the total porosity for updating hydraulic
conductivity. Precipitation and dissolution will alter the statistical
pore size distribution because of changes in pore radii.
Consequently, the saturated and unsaturated hydraulic
conductivity (and moisture retention characteristic) change when
calculated with for example, the model of Mualem (Mualem, 1976)
or Burdini (Burdine, 1953). This approach, introduced for saturated
conditions by Taylor and Jaffe (1990), has been extended to
unsaturated conditions as well by Freedman et al. (2004) and
Wissmeier and Barry (2009). The latter model, called the
selective radius shift model, assumes that precipitation/
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dissolution only occurs in the water-saturated region of the pore size
distribution, whereas the former did not made a distinction between
the wet and dry regions. When applied to the van Genuchten pore
size distribution model, Wissmeier and Barry (2009) predicted
changes in Ks and the empirical αVG and n parameter of the van
Genuchten model (van Genuchten, 1980); however, the approach is
complicated for unsaturated conditions as a refitting of these
parameters is needed when the pore-size distribution is altered.
For fully saturated conditions, closed-form equations are obtained
(Wissmeier and Barry, 2010):

αVG � αVG,0
η − θr( )
η0 − θr( )( )1 /

3

and

Ks � Ks,0

�
η

√
α2VG η − θr( )2��

η0
√

α2VG,0 η0 − θr( )2
where 0 denotes the initial values, and θr is the residual water
content. This has been implemented to simulate leaching from
cementitious materials in Perko et al. (2010). A recent
application for cementitious materials for leaching and
carbonation is given in Michel et al. (2021).

Liquid configuration-based models (Tuller and Or, 2002; Tuller
and Or, 2001) that are based on statistical distributions of
geometrically objects to represent the pores potentially offer also
a basis for recalculating hydraulic properties during material
alterations, but no applications have been found at this stage in
the literature.

For saturated fractures, a local cubic law for rough fractures
(i.e., fractures with spatially variable apertures) is used to predict the
saturated hydraulic conductivity (Oron and Berkowitz, 1998).
Liquid configuration-based models offer a physical based
approach for estimating unsaturated hydraulic properties of a
single fracture or a fracture network (Tuller and Or, 2002; Or
and Tuller, 2000). We refer to Deng and Spycher (2019) for an
overview of integrating fracture and geochemical fracture evolution
into reactive transport models and consequences for the hydraulic
(and other) properties.

5.1.2 Mechanical consequences
It is well acknowledged that the mechanical behaviour of

cementitious materials is intimately linked to their micro, meso
and macrostructural characteristics. These structural characteristics
in turn depend on the chemical stability of the material. Therefore,
any chemical perturbation will have an effect on the mechanical
behaviour of the material such as strength, stiffness, etc. Moreover, it
is the nature of the chemical perturbation (e.g., decalcification,
sulphate attack) that governs the mechanical behaviour and
hence the knowledge of evolution of field variables such as
chemical concentrations in the liquid or solid phase is a pre-
requisite. The manner in which the chemical field variables
predicted by geochemical models (simplified or detailed) are used
by some mechanical models are herein demonstrated for two
degradation processes relevant to geological disposal: (i)
decalcification, and (ii) sulphate attack. The principle in general
remains the same for any other degradation processes such as alkali-
aggregate reaction, etc.

5.1.2.1 Decalcification
Decalcification is characterized by a decrease in Young’s

modulus, compressive strength, cohesion, failure stress, plastic
yield stress in deviatoric shearing and pore collapse yield stress
(Carde et al., 1996; Heukamp et al., 2003; Heukamp et al., 2001;
Huang and Qian, 2011; Ulm et al., 1999; Xie et al., 2008; Gerard et al.,
1996), including decalcification shrinkage (Phung, 2015; Rougelot
et al., 2010).

From an empirical point of view, Walton et al. (Walton et al.,
1990) assumed that the concrete loses half of its strength when 33%
of portlandite (CH) is depleted.

There are a number of models that estimate specific mechanical
properties (e.g., Young’s modulus) as a function of leached calcium,
which are then used in coupled chemo-mechanical models to study
mechanical stability of a specimen or a structure. For instance,
Gerard et al. (1996) proposed the following relationship between
overall Young’s modulus with the initial Young’s modulus of the
material and a chemical damage function dch.

E � E0 1 − dch( )
(1 − dch) vs liquid Ca2+ is obtained using micro-hardness
experiments on leached cement paste samples. Similarly, Ulm
et al. (1999) considered chemical damage and chemical shrinkage
by considering loss of stiffness as a function of solid Ca
concentration using the rule of mixtures and homogenization
rule as follows:

E � VEp + 1 − V( )Es 1 − η( )3
where E is the overall modulus, Ep is the modulus of the portlandite,
V is the portlandite volume ratio and (1 − η) is the volume ratio
occupied by the solid part of modulus Es. They were also the first to
propose a link between the solid Ca and irreversible damage of the
material referred to as chemical softening, within the framework of
chemo-plasticity. The latter simply means that the yield function is
not only a function of stresses (as in typical elasto-plastic
approaches) but also on solid Ca that can be obtained from a
geochemical model.

Stora et al. (2009) used interaction direct derivation estimate to
estimate bulk, shear and Young’s modulus of leached concrete,
which essentially uses the time dependent volume fractions of
CH, unhydrated clinkers, capillary pores, AFt, C4AH13,
hydrogarnet, AFm and CSH, in combination with measured
properties of Young’s modulus of the material. These moduli
form inputs to a constitutive law (effective stress-strain
relationship) in the standard mechanical equilibrium equation.

5.1.2.2 Sulphate attack
Sulphate attack occurs if the C3A concentration has not been

limited for the use of concrete in a sulphate rich environment. The
formation of ettringite, gypsum or thaumasite will result in
expansive forces (Bensted et al., 2007). Thus, a key input to all
mechanical models of sulphate attack is the amount of ettringite
formed. Tixier and Mobasher (2003) used the following expression
to compute volumetric strain, εv, due to external sulphate attack.

εv x, t( ) � Ca − Ca0 ∑
P

ΔV
V

( )
P

⎛⎝ ⎞⎠
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ΔV
V

( )
P
�

1
mv,ettringite

1
mv,P

+ a
mv,gypsum

− 1

where mv represents the molar volume, P is the specific aluminate
phase (C4ASH12, C3A, C4AH13, C3AH6), ‘‘a’’ is the stoichiometric
proportion of the calcium aluminates and gypsum, Ca0 is the initial
amount of calcium aluminates, and Ca is the current amount of
calcium aluminates–all of which are outputs from a geochemical
model. The volumetric strain can then be used in the standard
mechanical equilibrium equation (not shown) to estimate the
impact on stresses and cracking.

Whilst the model of Tixier and Mobasher takes into account
changes in molar volume of ettringite and gypsum, Sarkar et al.
(2010) consider the change in molar volume of all solid phases
[Table 2 in Sarkar et al. (2010)] in the hardened cement paste and
hence their contribution to the overall volumetric strain as follows:

εv �
∑M
m�1

Vm − Vinit
m( ){ } − b∅V[ ]

V

where M is the number of solid phases, V is the representative
volume element (total volume), Vinit

m and Vm are the initial and
current volumes of the mth solid phase, b is a calibration parameter
and ∅ is the capillary porosity. If the parameter b = 1, the newly
formed solid phases do not contribute to the overall expansion until
all the capillary pores are filled with them. Sarkar et al. (2010) used
the volumetric strain to determine the loss of stiffness of the
material, which was then used in the standard mechanical
equilibrium equation to study damage initiation/growth.

Bary (2008) proposed a combined leaching and external
sulphate attack model, which couples simplified leaching and
sulphate attack reactions with a mechanical model based on
combined damage and poroelasticity approach. The leaching
problem is solved using dissolved Ca2+ as the primary variable
(e.g., Mainguy et al., 2000) and the sulphate attack problem is
solved using dissolved SO4

2- as the primary variable. Unlike the
approaches discussed above, the model here is based on the concept
of crystallization pressure resulting from interaction between
growing AFm crystals and the surrounding C-S-H matrix, which
is hypothesized to generate macroscopic swelling. They use the
crystallization pressure expressed by Correns’s equation involving
the ratio between the activity product Qreac and the equilibrium
constant of the considered chemical reactionKreac (Equations 6 and
7 in Bary (2008)).

pc �
RT

Vcrys
ln

Qreac

Kreac
( )

where Vcrys the molar volume of the growing crystal, R and T is are
the gas constant and temperature, respectively. The crystallization
pressure is substituted in the following effective stress equation
based on poroelasticity.

σ � 1 −D( ) K: ε − αAFmpc1( )
where D is a scalar damage parameter linked to the elastic constants,
K is the standard 4th order stiffness tensor, ε is the standard 2nd order
strain tensor, αAFm is the interaction coefficient of the AFm phase,
which is essentially a function of the volume fraction of the AFm

phase and the microstructure of the hardened cement paste. In
conclusion, their model not only requires mass action equations for
the secondary phases ettringite and gypsum, but also the volume
fractions of ettringite.

5.1.2.3 Concluding perspective
Using the decalcification and sulphate attack mechanisms as

examples, this section clearly brought out the link between
geochemical models (simplified or detailed) and mechanical
models proposed by various researchers. Note however, that in
disposal cells, either other processes might occur as well or that they
occur simultaneously (e.g., decalcification together with
carbonation). Also, by good choice of the cement type, some
processes are of less importance in some circumstances (e.g.,
sulphate attack). In general, the evolution of liquid
concentrations of primary chemical variables, solid phase
concentrations of the reaction products, molar volumes of solid
phases and volume fractions of various phases are seen to form
minimum inputs to any mechanical model. Although not discussed,
many of the fully coupled chemo-mechanical models are capable of
considering mechanical response on the flow and transport
behaviour. In such models, either the crack density or the actual
crack width forms an input to permeability and diffusivity.

5.2 Impact on waste form and
radionuclide mobility

The impact on the fate and mobility of radionuclide in a disposal
system is depending on the following important aspects:

• The change in transport properties due to microstructural
alterations (see previous section) including the physical/
mechanical properties of the waste forms themselves

• The change in speciation of radionuclides due to changes in
the aqueous composition

• The change in amount of sorption sites due to dissolution and
precipitation of minerals.

• Gas generation and transport that may influence transport at
the disposal cell scale and in the host rock.

It is not within the scope of this paper to summarize these effects
for different radionuclides. The main message is that, based on a
quantification of the above mentioned changes, the effects on
radionuclide fate and mobility can be assessed in a quantitative
way using the same or similar model concepts and tools as
discussed in Section 4. Similar to modelling the geochemical
evolution of materials, process understanding, models, parameters
and thermodynamic data are crucial. This has been or is still an
important research subject.

Without being exhaustive, we guide the reader to the following
information:

• Cementitious system: information on speciation of
radionuclides during different ageing stages of concrete,
together with processes regarding the sorption or
immobilization processes, is summarized in Ochs et al.
(2016). Results of the CEBAMA project are summarized in
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Grambow et al. (2020). Altmaier et al. (2021) provides
additional references including the interaction with
organics as well.

• Clay and Crystalline rocks: The theoretical background of
sorption on clay minerals is given in many textbooks
(Appelo and Postma, 2005); the reader is also referenced to
Borisover and Davis (2015). Finally, the state-of-the-art report
by Maes et al. (2021) and Maes et al. (2024) contains a large
bibliographic review to many aspects of radionuclide fate
and mobility.

6 Concluding summary

The safety and performance of deep geological disposal
systems of intermediate and high level radioactive waste have to
be assessed for long-time frames (several tens-of-thousands to
hundreds-of-thousands of years). Inevitable, geochemical
alterations will occur in the disposal system which may affect
different aspects related to safety and performance. Part I of this
series (Neeft et al., 2024) discussed the state-of-the-art of our
knowledge on geochemical processes that occur at interfaces
between materials in the engineered barriers and the host rock
and presented a narrative of the geochemical evolution. Part II of
this state-of-the-art presented (i) how information on the
geochemical evolution can be obtained (experimental studies,
archaeological or natural analogues and through modelling) and
(ii) gave examples how it can be used to evaluate consequences of
geochemical alteration.

Clay host rocks and granitic host rocks are both alumina-
silicate bearing rocks. Detailed investigation and understanding
of the processes taking place in Maqarin (Jordan) elucidated the
potential sequence of secondary mineral formation by interaction
with alkaline fluids and alumina-silicate bearing rocks: C-S-H
phases, low in Ca C-S-H phases, C-A-S-H, low Si/Al zeolite and
high Si/Al zeolite as a function of pH. The low permeability in
clay host rocks ensures that the mineralogical alteration is
minimal in a period of 100,000 till 1 million years. The
secondary mineral formation takes place within the fractures
of granitic host rocks.

Formation of an alteration layer on the surface of steel takes
place when steel is in contact with pore water. It takes some time to
form this alteration layer and to achieve a constant alteration rate in
a laboratory setup, especially if samples are prepared to obtain a
well-defined initial condition for example, polishing of steel and acid
etching. In practice, there is always a metal-oxide layer present on
steel before disposal.

An alteration layer is a passivating layer with the smallest
possible alteration rate in that medium. Another word for
alteration layer in the literature is ‘dense product layer’. A
constant alteration rate is representative for the long-term.
This alteration rate is a steady state between the dissolution of
the alteration layer interfacing a porous medium and the
formation of the alteration layer from the virgin material. The
concentration of dissolved species is in equilibrium with the
formed minerals in the alteration layer for example, magnetite in
case of steel. Dissolved species migrate away from the interface by
diffusion in porous media to areas with a smaller concentration

in these dissolved species. This migration from the interface can
be enhanced by sorption of these dissolved species in porous
media. Sorption by porous media can therefore result into larger
alteration rates.

Like steel, formation of an alteration layer on the surfaces of glass
takes place when glass is in contact with pore water, except that the
alteration layer is composed of a diffusion gel layer and secondary
mineral precipitates such as clay minerals and zeolites. Like steel, it may
also take some time to form this alteration layer and to achieve a
constant alteration rate in a laboratory setup. Relevant alteration rates
have been obtained from natural analogues and depend on the silicon
concentration in porous media. In a laboratory set-up, the liquids to
which a simulant of the vitrified waste form is exposed can be chosen to
be depleted in dissolved silicon. This set-up will not lead to an alteration
rate that is representative for disposal since all porous media are
saturated in silicon. After fracture of the carbon steel overpack, glass
in the vicinity of steel can have higher alteration rates. The radionuclides
dissolved as cationic complexes are, however, incorporated in the
alteration layer of glass. Consequently, the containment of these
radionuclides has been transformed from the engineered waste form
into the naturally formed secondary mineral precipitates.
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