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Pierre Frugier , Nicole Godon & Yves Minet

TheMOSmodel (acronymcoming from the FrenchMOdèleSimplifié)was born from the desire to have
a simple tool that can quantify the contribution of the diffusive reactive environment to the alteration of
a vitrified nuclear waste package in deep geological disposal conditions. In the model, this
environmental contribution consists partly of the ability of iron,metallic casing corrosion products, and
argillite to consume silicon, and partly of the brake on diffusive transport provided by silicon through
the successive layers of environmental material. It is a modeling tool serving as an intermediary
between operational modeling for the calculation of the source term from the glass, mathematically
more simple and giving higher uppermargins, andmodels that use geochemistry and transport, giving
greater accuracy for the interactions between glass and its environment. The goal of theMOSmodel is
to calculate the possible impact of silicon reactive diffusion on the alteration rate within the different
layers of material surrounding nuclear glass. This article lists the simplifying hypotheses on which the
MOS is based, presents the digital resolution method for an environment consisting of several
successive layers with different reactivity and transport properties, and explains the model’s
implementation.

The non-recyclable residues from spent fuel reprocessing that are produced
by the electro-nuclear industry account for the bulk of French High Level
waste. To contain this type of waste, France uses a vitrification process. The
country has also carried out research studies into ways of managing the
resulting vitrifiedwaste. These studies led to the 2006 decision to implement
a deep geological repository, and the French National Nuclear Waste
Management Agency (ANDRA) was entrusted with further investigations
into this subject.

During the preparation of the file accompanying the Creation
Authorization Request for the repository site1,2, preliminary work was car-
ried out by ANDRA in order to establish the release models used in the
performance calculations. The release model decided on for R7T7 type
High-Level glasses was based on the Operational Model (MOP) V0→Vr

developed by the CEA in 20043,4. It is a very simplified representationwhere
the glass source term dominates in repository conditions. It gives a global
value for the release of radionuclides from the vitreous matrix through time
(“glass term source”), and from which the “package lifetime” can be
deduced, i.e., the time necessary to release the entire radioactive inventory
contained in the package. In the MOP V0→Vr, the alteration rate is
assumed to be equal to the initial alteration rate (maximum rate measured
for a given glass composition, temperature, and solution composition),

while the surrounding medium is reactive and does not allow the devel-
opment of conditions appropriate for the rate to decline. It then drops
immediately to the residual rate value (several degrees of magnitude lower
than the initial rate) when the medium’s reactivity is exhausted. Two frac-
turing ratios associated with each of the rate regimes enable the associated
reactive surface to be taken into account5.

In an approach even closer to the real situation, the CEA developed a
geochemical model for glass alteration, called GRAAL6–8. It was imple-
mented in a reactive transport code and coupled with behavior models
describing the environmental materials (iron, argillite). This enabled the
model to describe themain physical and chemical mechanisms that govern
glass alteration at a macroscopic scale. Compared to short-term laboratory
experiments, and used to identify the dominant long-termmechanisms, the
GRAAL model has been useful in confirming simplifications and in giving
the best margin options in operational release models7–16.

This article presents a new modeling tool with a simplification level
between those of the MOP V0→Vr and of the GRAAL model. The mod-
eling tool is calledMOS, for (inFrench)MOdélisation Simplifiée (Simplified
Modeling). The MOS was designed to meet the need for an easy to use tool
able to quantify the contribution from a diffusive reactive environment to
glass alteration. The focus was on:

CEA, DES, ISEC, DPME, University of Montpellier, Marcoule, F-30207 Bagnols-sur-Cèze, France. e-mail: pierre.frugier@cea.fr

npj Materials Degradation |            (2024) 8:91 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-024-00496-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-024-00496-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-024-00496-0&domain=pdf
mailto:pierre.frugier@cea.fr
www.nature.com/npjmatdeg


– the ability of iron, corrosion products, and argillite to consume silicon,
whose concentration in the vicinity of the glass controls the glass
alteration rate.

– the diffusive transport of silicon through the successive layers of
material in the environment and the way the resulting flux decreases
over time. This slowing of matter exchanges decreases glass alteration.

The brake on transport means that only materials present in the
immediate vicinity of the glass will be able tomaintain a high alteration rate.
The currentANDRAdesign for thedisposal ofHigh-Levelwaste foresees the
existence of different materials surrounding the containment glass (Fig. 1).
Moving outward from the glass, we find (1) a stainless steel container into
which the glass was poured, forming the primary package, (2) the storage
container in non-alloy steel, which constitutes the storage overpack, (3) a
tunnel liner, a long non-alloy steel tube inserted into a storage tunnel dug
through the rock, (4) an alkaline filling material injected between the liner
and thehost rock, calledAnnular SpaceFillingMaterial (in French,Matériau
deRemplissage de l’EspaceAnnulaire orMREA), (5) the host rock (Callovo-
Oxfordian clay). During the repository’s operation period, air oxidation of
iron sulfate in the clay closest to the liner will free sulfuric acid. The MREA
will neutralize this acidic transition to avoid it accelerating steel corrosion.

Whenwater in liquidor gaseous formeventually arrives in contactwith
the glass, the materials surrounding it will have evolved and interacted, in
particular forming corrosion products, oxides, carbonates, sulfurs, and iron
silicates. Each successive layer of transformed and/or newly formed residual
materials will have its own ability to consume the silicon coming from the
glass and slow its transfer into the environment by diffusion. These two
properties, consumption in a broad sense and diffusion, are at the heart of
the MOS.

The “Theory and Equations” section of this article is divided into two
sub-sections. The first part gives the hypotheses regarding the dominant
alteration mechanisms in the long term within a reactive environment.
These simplifying hypotheses in chemistry and physics are intended to
contribute tomodeling that does not require the use of a calculation code by
finite elements to solve the system of equations, as is the case in imple-
menting the GRAAL model. Thus the MOS hypotheses lead to a simple
analytical equation in the case of a semi-infinite homogeneous diffusive
environment. This is explained in the second part.

In the “Results” section, themodel’s functioning is shown. The section
illustrates the behavior of the equations and gives the magnitudes of
alteration rates on the vitrified waste package and its lifetime, depending on
the selection of the parameters to be used.

The “Discussion” gives a summary of the main conclusions and per-
spectives concerning the contributions and the uses of such a model.

The last part includes i) the method for equation resolution in the
general case of several successive layers with different reactivity and trans-
port properties, ii) the input parameters, iii) the implementation of the
calculations. The article is followed by two appendices, one concerning the

analytical demonstration of the resolutionmethod and the other describing
the entire digital resolution.

Theory and equations
MOS hypotheses
In a repository situation, and when water arrives in contact with themetallic
materials in the near vicinity, the corrosion of iron maintains a dihydrogen
pressure that slows saturation of the medium. The time necessary for com-
plete saturation may well reach several hundreds of thousands of years2,17.

When the block is submerged in water, the hypothesis made in the
MOS is that the glass alteration can be controlled by the diffusion of silicon
in the package environment and by its consumption in contactwith reactive
minerals. The central role of silicon in the silicate glass alteration process is
generally agreed upon: it is themain element in the glass and in themore or
less passivating gel that develops on its surface during alteration. It is also
one of themost soluble elements among all the poorly soluble elements that
precipitate to form the gel. It must be present in solution in sufficient
quantities for a passivating gel to form, and for the alteration rate to decrease
by several magnitudes18–21. Silicon’s major role is exploited in the MOS to
simplify process modeling. The objective of the MOS is to quantify the
consumption of silicon by the environment and, from this to deduce, in a
first approximation, the effect it can have on glass alteration.

A matter balance for silicon is written for the interface between the
package and its environment. This involves writing the flux equality
between the silicon from the glass and the silicon consumed by its envir-
onment (Fig. 2). The simplifiedmodel shows the link between the alteration
rate and the distances between the package and the reactive materials. It
highlights the reactivity limitation of materials in the vicinity depending on
their nature and on their distance from the glass package.

The hypotheses of the MOS calculation tool had to be validated to
enable this tool to be used. They came from previous operational modeling
approaches3,4 and from simplifications necessary for the calculation reso-
lution, which is the subject of this document. The hypotheses enabled the
listing of the mechanisms explicitly not to be taken into account before
justifying this choice and the way in which the calculation is intentionally
somewhat overestimated. They are summarized in Table 1.

A number of these hypotheses could be proved and validated with a
more sophisticated chemistry-transport modeling. Table 2 summarizes the
mechanisms simplified in theMOScompared to themechanisms taken into
account via the couple formed by a geochemical model for glass alteration,
i.e., the GRAAL model8, and a chemistry-transport calculation code22.

The equation for a homogeneous environment
A spherical geometry is used in the MOS for equation resolution
(Hypothesis G1, Table 2). The use of a cylindrical 2D geometry would lead
to an underestimation of the ability of the environment to removematter, as
one removal direction would be forgotten. Furthermore, 3D modeling
would require the use of a reactive transport code, given the complexity of
the equation resolution. For a spherical medium, the equation resolutions
are simple.

For a spherical, homogeneous, and semi-infinite medium, the equality
of the flux between (i) the quantity of matter coming from the glass dis-
solution (taking into account the retention of silicon in the alteration film)

Glass
Stainless Steel Glass Packaging
Non-alloy Steel  Overpack
Steel Liner
MREA
Callovo-Oxfordian Clay

Fig. 1 |Cross-section view of thematerials surrounding vitrified waste in the current
storage design27.

Glass

Glass Si flux Diffusive Barrier Si Flux

Diffusive Barrier

Fig. 2 | In the MOS, a matter balance for silicon is written for the interface
between the package and its environment. The diagonal dash-dotted line repre-
sents a linear concentration profile in the diffusive barrier.
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and (ii) the quantity of silicon diffusing into the environment leads to Eq. 1.
This equation includes:
• t (s) is the time
• V tð Þðgglass m�2s�1Þ, is defined as the glass alteration rate per surface

unit of the reactive glass/water interface. This reactive surface is
assumed to be the developed surface of the glass package accessible to
renewed water under initial-rate conditions (Sacc¼ S0Tx0). This

surface area is greater than the geometric surface area of the package
(S0) but less than the total surface area of the cracks (S0Txf ). The
majority of these cracks, namely (S0ðTxf�Tx0)), are assumed to be
already altered under residual rate condition (Vf ) at the initial time of
alteration.

• xSiðgSi � gglass�1Þ, the mass fraction of silicon in the unaltered glass,
• Tret

xSi, the silicon retention ratio within the alteration film,
• MSi (28:1 g � mol�1), its molar mass,
• Dðm2 � s�1Þ, its effective diffusion coefficient in the environment,
• ωðSUÞ, the porosity of the medium,
• Csatðmol � m�3

solutionÞ, the silicon concentration in contact with the
package,

• C1 mol � m�3
solution

�
, the silicon concentration in the medium,

• R0ðmÞ, the package radius,
• AndTx0ðSUÞ, the effective fracturing ratio under initial rate condition,

a ratio between the package glass surface accessible to renewed water,
basedon thegeometric surface areaS0 ¼ 4πR2

0 of the interfacebetween
the package and its environment, and on which the matter balance is
written.

Writing the equation in spherical geometry leads to the addition of a
one-dimension equation of the term in 1=R0 (Eq. 1). The details of Eq. 1 are
provided in Supplementary Information Note 1.

VðtÞ ¼ D Csat � C1
� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ω 1þRð Þ
πDt

r
þ 1
R0

 !
MSi

xSi 1� Tret
xSi

� � 1
Tx0

ð1Þ

The reactivity coefficientRðSUÞ expresses the way the medium reac-
tivity maintains the difference in the chemical potential of silicon, accel-
erates its transport, and slows theprogressionof the silicon frontdissolved in
themedium.R is a partition coefficient for silicon between solid and liquid.
This formalism is necessary for the equation to preserve a mathematical
form that is simple to solve. R is the ratio between the maximal con-
centration in the solid after the chemical reaction and the maximal con-
centration in the solution that can be found in contact with the
glass (Cf. 5.2).

Equation 1 is a function of time that describes reactive transport in the
semi-infinitemedium.There is no analytical resolution in the general case of
several successive layers with different properties (different reactivity, por-
osity, and diffusion coefficients). Meshing must therefore be used. Digital
resolution for a heterogeneous medium is the main difficulty solved by the
MOS. This is presented in detail in the “Method” section. This section also
examines the question of water arrival, in water vapor or liquid form.

Example of the results
The objective here is to show the model’s functioning, to illustrate the
behavior of the equations, and to give orders ofmagnitude. The values of the
parameters presented in the “Method” section constitute a basic case used as
a reference in this article. Certain values are known with high precision,
others involve uncertainties. Thus in spite of the model’s potential, work
remains to be done before this tool can be used to quantitatively predict the
lifetime of vitrified waste packages: (i) Validate the MOS hypotheses with
the help of modelings dedicated to each hypothesis. For example, the
GRAAL model coupled to a reactive transport code would enable the
qualification of numerous effects linked to chemistry and transport, (ii)
enter relevant, substantiated values for the input parameters and give their
uncertainties, and (iii) qualify the propagation of these uncertainties
throughout the package lifetime.

The potentials of the model are illustrated by the sensitivity of three
different responses to two parameters: on the one hand, the silicon diffusion
coefficientD0 through themetallic envelopes, andon theother, the reactivity
ℜ of these metallic envelopes with silicon. These two parameters have been
chosen among those least easy to estimate. As the uncertainty of their values
is high, they are, therefore, likely to have a high impact on the calculation

Table 1 | Summary of the base hypotheses for the MOS

Intrinsic behavior (without the presence of water)

I1 The long-term evolution of the glass in terms of crystallization is ignored.

I2 The long-term evolution of the glass in terms of self-irradiation is ignored.

I3 The long-term evolution of the glass in terms of fracturing is ignored.

I4 The volatility of radionuclides is ignored.

Transport in solution

T1 Ion transport in the solution within the pores of the package can slow glass
alteration. This is not taken into account. Porewater in theblock saturates in
silicon at the maximum rate.

T2 Convection (solvent movement) in the package environment is ignored.

T3 Silicon is the only element whose diffusion in the package environment is
taken into account.

T4 The porosity of each surrounding material is input data for the calculation.
Its evolution through time is not taken into account.

T5 The diffusion coefficient within the pores of each surrounding material is
input data for the calculation. Its evolution through time is not taken into
account.

T6 The reactive diffusion calculation is intentionally an overestimation, using
simplifying hypotheses presented in this article.

Physico-chemistry in solution

C1 The chemistry of the dissolved ions is not described: the acid-base,
complexation, and oxido-reduction reactions are not taken into account.

C2 Temperature is constant in time and space.

Geometry

G1 The diffusive fluxes are calculated in spherical 1D geometry outward from
the package radius.

G2 The exterior surface geometry of the package is input data.

G3 Thepositions and thicknessesof thedifferent layersof surroundingmaterial
are input data. Their evolution through time isn’t taken into account.

Chemical reactivity of materials in the environment

R1 The chemical reactivity of the surrounding materials is taken into account
via the silicon partition coefficients. These coefficients, specific to each
material, are the ratio between the maximal concentration in the solid after
chemical reaction and the maximal concentration in solution that can be
found in contact with the glass. This mathematical formalism is very useful
to simplify the resolution of the diffusive transport equations and is relevant
if the silicon consumption reaction is rapid compared to its diffusive
transport.

Glass reactivity in the vapor phase

V1 The alteration rate during the vapor phase is input data, and its evolution
through time isn’t taken into account.

V2 The fraction of the package altering in the vapor phase at a givenmoment is
input data.

Glass reactivity in aqueous phase

A1 The total andmaximal concentration of silicon in solution in contactwith the
glass is input data.

A2 The maximal glass alteration rate is input data.

A3 The minimal glass alteration rate is input data.

A4 The glass block fracturing ratio is input data. The “effective” fracturing ratio
of the glass block under initial rate condition is input data.

A5 The silicon retention ratio in the glass alteration products under initial rate
condition is input data. The silicon retention ratio in the glass alteration
products applicable in all other rate regimes is input data.
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result. The three responses retained are: (1) The time necessary for the glass
alteration rate to reach V0/10 (one-tenth of the initial glass alteration rate),
(2) the timenecessary for the glass alteration rate to reach thefinal alteration
rateVf, and (3) the package lifetime (time necessary for 100%of the package
to be altered).

Before all else, the first calculation result consisted of validating the
digital resolution method.

Validation of the resolution method for reactive transport
The resolutionmethod used in the basic casewas validated in twoways (Fig.
3): (i) By the analytical model, as a solution exists when the medium is
homogeneous (Eq. 1, Equation for a homogeneous environment"), and (ii)
by the use of the HYTEC reactive transport code (Fig. 4). This calculation
code also enabled validation of the resolution method for a heterogeneous
medium (hypothesis T6).

It should be noted that the slight variations in the results obtained with
the code illustrate the imperfections, deliberately created for this illustration,
of the meshing applied here: overly-large meshing underestimates the
gradient and limits thediffusiveflux.Thephenomenon is illustrated inFig. 3
by the underestimation (given the mesh size used) of the alteration rate
calculated by the reactive transport code in the first moments when the flux
is highest. To avoid this, it is necessary for themeshing to become finer as it

approaches the package, as illustrated in Fig. 4. In theMOS, the meshing in
space adapts to the calculation conditions. The size of the reference mesh
node depends on all the calculation parameters, including the distance from
the center of the package. Themesh node sizes enlarge automatically as they
move away from the package. They also adapt to the value of the glass’s
initial alteration rate.

We have validated hypothesis T6, but numerous other hypoth-
eses remain to be confirmed in the coming years. The hypotheses
related to chemistry and reactivity will be explored as a priority. On
the one hand, they are prominent, and on the other hand, they can all
be investigated using a glass alteration model coupled with a reactive
transport code. These hypotheses include: T3, C1, C2, G1, R1,
A1, and A5.

The time necessary for the glass alteration rate to reach V0/10
A sensitivity study was carried out in order to evaluate the waiting time
before the glass alteration rate drops by one order of magnitude. The digital
conditions and values retained for the parameters of this calculation, for
example, the temperature set at 50 °C and a completely water-saturated
medium from the beginning of the calculation, are described in detail in the
“Method” section.

Figure 5 shows the number of years necessary for the glass alteration
rate to be 10 times less than the initial alteration rate V0. In most cases, the
time before the rate drops by one order ofmagnitude is very short compared
to the geological times of interest for CIGEO, the future French deep geo-
logical repository. This means it is very difficult for the silicon provided by
the glass package to be removed quickly enough into the surrounding
environment to maintain the glass alteration at the maximal initial rate.
Given the conditions of transport and reactivity in the environment, dis-
solved silicon accumulates in contact with the glass and causes a con-
siderable drop in the alteration rate. This calculation shows to what extent
the initial rate is a parameter that somewhat overestimates the alteration rate
in repository conditions.

The upper limit for R of silicon corresponds to the improbable
situation where all the iron in the metallic envelopes reacts exclusively with
the silicon in the glass rather than with that in the clay, forming an iron
silicate iso-stoichiometric in iron and silicon rather than forming sulfur
oxides or carbonates.

By thus quantifying the environment’s retroaction on the glass
alteration rate, the calculation contributes to the following safety demon-
stration: it is sufficient to have only slightly reactive materials (a situation
where R < 103) and diffusion coefficients typical of the surrounding clay
(D(20 °C) < 10−11 m2·s −1) for the drop in the glass alteration rate to be
very fast.

Table 2 | Comparison of the mechanisms taken into account in the MOS and in the GRAAL glass alteration model+ reactive
transport code couple

Mechanism GRAAL+Chemistry-transport code MOS

Chemistry (pH, speciation, geochemistry) Yes No

Passivation Yes No

Diffusion in the environment Yes Yes, for silicon only

Convection Possible No

Temperature gradient Possible No

Coupling between dissolution and
transport in the glass block

Yes No

Block fracturing Yes Average fracturing, and without taking into account
internal transport within the block

Glass–(iron & corrosion products)
interaction

Yes, using a corrosion model Consumption term via a partition coefficient

Glass-clay interaction Yes, using a Callovo-Oxfordian Clay model Consumption term via a partition coefficient

Vapor phase Provided a biphasic reactive transport code and a vapor phase
alteration model are available

Emerged/submerged fractioning taken into account
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Fig. 3 | Comparison of MOS, HYTEC, and analytical calculations of the glass
alteration rate. The HYTEC reference case (labeled “ref.”) uses a 20 × 100 node
mesh for mapping the glass block, cell diameter is 1.3 cm at the glass/barrier
interface. The “spaced” case uses a 10 × 50 node mesh for the glass block, cell
diameter is 2.6 cm at that interface.
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The time necessary for the glass alteration rate to reach Vf

Figure 6 shows the number of years necessary for the glass alteration rate to
decrease to the final rateVf. This corresponds to the low rate value retained
for the glass and applies in operational modelings once the reactivity of the
surroundingmaterials is exhausted. It comes from ratemeasurementsmade
in laboratories over relatively long periods, during glass alteration in non-
renewed solution and in the absence of any interaction with surrounding
materials23,24.

The waiting time before reaching this drop in the rate is much longer
than that in the previous calculation for V0/10. This illustrates the fact that
while it is easy to guarantee that the alteration rate does not exceed V0/10,
guaranteeing lower rates down to V0/10

4, the order of magnitude for the
ratioV0/Vf, requires a bettermastery of the uncertainties associatedwith the
modeling parameters.

The greater the reactivity of the materials to silicon, the longer the
alteration rate takes to equal the final rate for a given diffusion coefficient.
ForR < 103 regardless of the value ofD, and forD ≤ 10−11 m2 s−1 regardless
of the value ofR (case 1: ascending left side of the curve), thewaiting time to
reach Vf increases with the diffusion coefficient. For R ≥ 103 and
D ≥ 10−11 m2 s−1 (case 2: decreasing right side of the curve), the model gives
an illustration of a phenomenology that is difficult to foresee. The waiting
time to reach Vf decreases when the diffusion coefficient increases in the
metallic envelopes. This is actually due to fact that in case 1 the diffusive
barrier consisting of the metallic envelopes alone is enough to slow the
transfer of matter and impose Vf. In this situation, the diffusion front goes
no further than the thickness of the metallic envelopes. In case 2, the

diffusion front extends beyond themetallic envelopes, and it is the diffusive
mediumoutside the envelopes that enablesVf to be obtained. The right side
of the curve, therefore, indicates that the brake on transport in the zone
outside the metallic envelopes is established all the more rapidly when the
diffusion coefficient in the metallic envelope zone is high. By only slightly
slowing the arrival of thematter in the zone that enablesVf tobe reached, it is
filled more quickly. This means Vf can be reached more rapidly, but it also
means a greater quantity of altered glass.

In a situation where themedia are extremely diffusive and reactive, the
model highlights a special mathematical feature that distinguishes diffusion
in a three-dimensionalmedia fromdiffusion in one or even twodimensions.
After a sufficiently long period of time, the flux of matter removed by
diffusion can no longer decrease, and the glass alteration rate tends
asymptotically towards a minimal value. This is simply due to the fact that
the matter diffuses in a corona whose volume grows at the rate of the
diffusion length cubed. The model then allows a comparison between the
value of this asymptotic rate and that of the final alteration rate of the glass.
With these parameters retained, it can be seen that the asymptotic rate is
several orders of magnitude lower than the final rate Vf. In the case of a
homogeneous medium, this rate is given by Eq. 1 (Equation for a homo-
geneous environment) when t tends towards infinity.

Package Lifetime: Time necessary to alter the entire package
Figure 7 gives the results concerning the package lifetime. For these para-
meter values, it can be seen that even when the metallic envelopes have a
reactivity at 105, thepackage lifetime is almost always greater thanor equal to
2 × 105 years, and that it varies very little depending on the diffusion coef-
ficient. This means that the transition from V0 to Vf occurs sufficiently
rapidly to have little impact on the package lifetime. In these conditions, the
final rate regime therefore sets the lifetime.

Discussion
With the MOS, the goal was to calculate the impact that the reactive dif-
fusion of silicon within the different layers of material surrounding glass
could have on the alteration rate. This alteration rate potentially evolves
between the initial hydrolysis rate (a situation where silicon diffuses extre-
mely rapidly in the media) and the final alteration rate (a situation where
silicon only diffuses very slowly in the media until reaching the Vf value).

The first application exercises have led to the following general
conclusions:
• The ability of the materials in the immediate vicinity of the package to

consume the silicon coming from glass alteration has a high impact on
the glass alteration rate. This consumption, which essentially occurs
through theprecipitationof secondary silicatedphases, could in turnbe
limited by the clogging that inevitably accompanies the transformation
of dense primary materials into newly-formed hydrated or oxidized
minerals.
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Fig. 5 | Time before the alteration rate drops by one order of magnitude. Sensi-
tivity to the diffusion coefficient D and to the reactivity of the medium are here at
20 °C. The MOS automatically recalculates the D value to the calculation tem-
perature, which is 50 °C.

Fig. 4 | Example of silicon concentration gradients
in a HYTEC calculation, in spherical geometry
(axial symmetry). The concentration decrease is
more pronounced as one moves farther away from
the glass block (colored in dark red, with the lowest
concentrations illustrated in dark blue). The envir-
onments surrounding the block can be schemati-
cally represented by adapting the mesh at the
interfaces.
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• The initial rate V0 enables the alteration to be somewhat over-esti-
mated, but it is not a realistic parameter for package alterations in their
repository environment. Even a very reactive environment does not
enable the glass block to be altered atV0 for significant durations. This
is particularly true when the package temperature is high because the
activation energy associated with the surface reaction is higher than
that associated with the transport mechanisms. Just the simple thick-
ness of a container in stainless steel, or the long-term of its corrosion
products, is enough to account for a rate drop of at least one order of
magnitude.

Two major groups of perspectives are open at this stage in the model
design. The first concerns all the studies associated with reinforcing the
robustness of the MOS model. They consist of confirming the relevance of
the model hypotheses listed in Table 1. Some of these hypotheses (T1, T3,
R1, A1, A3, A5) are related to a simplification approach for reactive
chemistry-transport codes. They could be explored using a glass alteration
model coupled to a reactive transport code (e.g., GRAAL model/HYTEC
code). As well as increasingMOS robustness, these studies will also provide
arguments that can enable the identification and, consequently, the decrease

of unnecessarily high conservative margins associated with certain
hypotheses.

The second group of perspectives relates to potential uses for the
model: sensitivity studies, mastery, and propagation of the uncertainties. To
assist with this, theMOSwas coded inC++ so that it could be accessible for
digital and statistical processing tools (URANIE platform, developed by the
CEA25). It will then become possible to determine preciselywhat constraints
concern the intrinsic and relative valuesof theparameters, in order tomeet a
satisfactory package performance level (source term, fraction of the package
altered at the end, lifetime…).

Methods
Resolution method for a heterogeneous environment
Equation 1 (Equation for a homogeneous environment) is a functionof time
that describes reactive transport in a semi-infinite media. There is no ana-
lytical resolution in the general caseof several successive layerswithdifferent
properties (different reactivity, porosity, and diffusion coefficients). Mesh-
ing must be used.

The complexity of the calculation given inEq. 1mainly comes from the
fact that transport and reactivity are simultaneous.The silicon is transported
and consumed at the same time, whether it is saturating the solution in the
pores or saturating the reactivity of the surroundingmaterials. Thus the idea
behind the simplified resolution of the MOS for an environment that is
heterogeneous in reactivity and in transport properties was to decouple
chemistry and transport. This idea is supported by the following points:
– The reactivity of silicon with the environment is fast, compared to its

diffusive transport. This hypothesis, though over-estimating somewhat,
is consubstantial with the simplifying hypothesis R1 (Table 1). If the
reactional kinetics are fast, decoupling transport can be considered.

– Decoupling is justified by the large number ofmesh nodes used, similar
to what occurs in a reactive transport calculation code where the
solution composition is homogeneous within a calculation mesh node.

In practice, the idea is:
1. to calculate the time necessary to fill and saturate the reactivity of a

mesh node. This includes the quantity of dissolved silicon plus the
quantity of silicon retained in newly formed solids.

2. to take into account the brake on diffusive transport created by amesh
node once its reactivity is exhausted, before filling the next mesh node.

This idea is illustrated in Fig. 8. In this diagram, the firstmesh node fills
at amaximal rate imposed by themaximal initial dissolution rate of the glass
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package (V0). Later, the silicon removal rate becomes controlled by the
diffusion of silicon through the mesh nodes whose reactivity has already
been saturated. As the reactivity has ceased, it is then possible to use the
simple diffusive transport equation through a limited spherical wall, in the
permanent regime given in Mathematics of diffusion, page 8926. This
equation leads to Eq. 2 for the alteration rate controlled by diffusion through
a spherical wall with internal and external radii R1;R2

� �
at concentrations

within the limits C1 and C2.

V tð Þ ¼ 4πD C2 � C1

� � R1R2

R2 � R1

� �
MSi

xSi 1� Tret
xSi

� � 1
Tx0S0

ð2Þ

This equation no longer includes the time, given that it concerns a
permanent regime, nor themedia reactivityR, since it is exhausted, nor the
porosity ω. It is applied iteratively between the internal radius R1 and an
external radius R2 that increases with the number of mesh nodes whose
reactivity has been saturated. The concentrations at the limitsC1 andC2 are
respectively the concentration of silicon in contact with the package
(C1 ¼ Csat) and the concentration in the distant medium (C2 ¼ C1).

The approximation for a transitory regime using the equation for a
permanent regime is classical in diffusive transport. In Cartesian 1D, it
consists in approximating the concentration profile with a linear profile. For
the diffusive flux, the approximation gives a systematic error that is a con-
stant close to 1. In this calculation, however, a second approximation is
added compared to the analytical equation. It concerns the choice of mesh
node size. Overly large meshing would artificially maintain alteration
throughout the time needed to saturate the entire volume of themesh node
before taking into account its diffusive braking. Inversely, overly-small
meshing could lead to under-estimation of the diffusive flux, as the per-
manent regime equation corresponds to theweakest concentration gradient
vertical to the package. An appropriate choice of mesh sizes is, therefore,
important.

There is a special mesh size able to remove the same silicon flux as that
coming from the packagewhen glass is altering at the initial rate. This size is
notedΔL0, and depends on the radius.ΔL0 is the size of the referencemesh
with inner radius R1 and outer radius R2 that verifies Eq. 3, where ΔL0 ¼
R2 � R1 :

V0 ¼ 4πD C2 � C1

� � R1R2

R2 � R1

� �
MSi

xSi 1� Tret
xSi

� � 1
Tx0S0

ð3Þ

Considering that for the current mesh, C1 ¼ 0 and C2 ¼ Csat , ΔL0 is
given by Eq. 4:

ΔL0 R1

� � ¼ 4πDCsat
R1 R1þΔL0ð Þ

V0

	 

MSi

xSi 1�Tret
xSið Þ

1
Tx0S0

¼
4πDCsatMSi

V0Tx0S0xSi 1�Tret
xSið Þ *R

2
1

1� 4πDCsatMSi

V0Tx0S0xSi 1�Tret
xSið Þ *R1

≈ DCsatMSi

V0xSi 1�Tret
xSið ÞTx0

R1
R0

	 
2
ð4Þ

R0 is the radius of the glass block (Equation for a homogeneous
environment).

The size 4L0ðR1Þ given by the approximate expression of Eq. 4
becomes smaller as the diffusion coefficient of the porous medium lowers,
the concentration gradient becomes weaker, and the glass alteration
speeds up.

Having a first meshing smaller than 4L0 presents no interest: the
medium is not thick enough to slow the glass alteration, which is controlled
by the initial rate. Two successive meshings with sizes of 4L0 enable the
alteration rate to be slowed by a factor of 2 compared to the initial rate.With
ten thousand meshes of this size, it is, therefore, possible to describe a rate
drop of up to four orders of magnitude, i.e., the order of magnitude of the
difference between the initial rate and the smallest final rate that may be
proposed as input parameter in the MOS. The meshing adapts itself, as it
presents the sizes of elements depending on the local physical parameters.
The less diffusive media close to the package have finer meshing. An ana-
lytical demonstration of the resolution method is given in Supplementary
Information Note 2.

It is necessary to calculate the brake on transport created by the dif-
ferent successive layers within which the reactivity has already stopped. In
Mathematics of diffusion26 we find the solution for a Cartesian 1D medium
(Eq. 5), which gives the equivalent diffusion coefficient Deq, for a layer of
thickness Leq corresponding to the summation of the thicknesses of the
layers having their individual diffusion coefficient.

Leq

Deq ¼
L1
D1

þ L2
D2

þ . . .
Ln
Dn

ð5Þ

Applied in spherical 1D and expressed under the iterative form
implemented in the calculations, this equation becomes Eq. 6. It gives the
equivalent diffusion coefficient for the diffusive medium with the same

Table 3 | Physic al parameters of the package

Physical parameters of the package Notation Unit Value

Block radius R0 m 0.21

Block height H0 m 1.1

Real geometric surface of the block S0 m2 1.73

Internal porosity of the block ω0 SU 0.06

Effective fracturing ratio at V0 Tx0 SU 5

Total fracturing ratio Txf SU 40

Glass density dv gm−3 2.75 × 106

Mass fraction of Si in the glass xSi gSi � g�1
glass 0.21

Molar mass of Si MSi g � mol�1 28

The values given here are those used for the calculations in Chapter 3.

Fig. 8 |Diagram of the simplifyingmethod principle
for multilayer system resolution.

[Si]

R

1. The first cell fills with a Si flux proportional to V0·S0

2. The time required for Si filling of the entire cell is 
calculated (saturation of pore water and mineral 
reactivity).

3. Once the cell is filled, its transport hindrance is 
considered in the calculation of the flux to fill the next 
cell.

1 3
2
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thickness.

Deq
1 ¼ D1;D

eq
n ¼ R�1

0 � R�1
n

R�1
0 �R�1

n�1

Deq
n�1

þ R�1
n�1�R�1

n
Dn

ð6Þ

This way, it is possible to solve the considered equations for a het-
erogeneous environment composed of several layers with different
properties.

Input parameters
This section presents all the input parameters. The package parameters are
listed in Table 3.

The geometric surface of the cylindrical block is calculated using the
radius and the height. This surface is multiplied by the maximum surface
flux achievable in this geometry. This maximum surface flux is the one
discharged in three spatial directions by a sphere with a radius equivalent to
that of the cylindrical package.Multiplying the surfaceflux froma sphere by
the total external surfaceof the cylinder is the overestimating choicemade in
the MOS. Everything happens as if we were altering three spherical
packages. This assumption overestimates the reactivity of the environment.
Such a significant margin could be reduced through modeling dedicated to
the study of the G1 hypothesis.

It should be noted that the “fracturing ratio” is a parameter that does
not only come from fracturing in the package. It also depends on the flow of
water in the cracks and the initial alteration rate of the glass, and thus on the
temperature. In fact, what is called the “fracturing ratio” is defined as the
ratio between the quantity of altered glass measured and that which would
be obtained if the block was monolithic. It corresponds to a magnitude
measured during the alteration of scale one 400 kg glass block and reflects
the brake on the transport of thematter that iswithin a fractured glass block.
It is a function of the first-order glass alteration and of the ability of the glass
block cracks to remove thematter coming from glass dissolution.When the
solution is said to be saturated with respect to the passivating gel and the
solution composition is no longer the first-order limitation on the alteration
rate, all the surfaces contribute to the alteration in the same way. The
fracturing ratio, which is also the ratio between the surface concerned and
the geometric surface of the package, is then at its maximum level, equal to
the block’s total fracturing ratio Txf ðSUÞ, a factor of approximately 40. In
contrast, for a block of glass submerged in a regularly renewed solution of
pure water, the external surface alters at the maximal alteration rate for the
glass, to which are added the contributions just from the cracks close to the
external surface (in which the solution is sufficiently renewed). The internal
cracks quickly constitute a very confined medium where the solution is
loadedwith elements from the glass alteration. Because of this, the alteration
rate drops by several orders of magnitude, and the contribution from these
internal surfaces to the total quantity of alteredglass is low.The contribution
from the surfaces that apparently alter at the initial rate (external surfaces)
corresponds to approximately 4 times the geometric surface, giving an
effective fracturing ratio of 5 inV0. This figure is the result of the quantity of
altered glass brought to the external geometric surface during the alteration

of a scale one block of glass in constantly-renewedpurewater at 100 °C. This
effective fracturing ratio at V0 Tx0ðSUÞ is the parameter applicable for an
initial rateV0 in glass alteration.The competitionbetween reactive transport
within the block and glass dissolution kinetics is the source of this fracturing
ratio value

Theparameters for the arrival ofwater and of the vapor phase are listed
in Table 4. They are defined from the water arrival time, noted t0, which
concerns liquidwater aswell aswatervapor.After t0, a sectioned linear law is
used to describe the evolution through time of the submerged height of the
package, H tð Þ ¼ 2R0hðtÞ (Fig. 9) where h(t) is the fraction of submerged
height (in the Supplementary Information Note 3, column W).

This gives:

h tð Þ ¼ HðtÞ
2R0

¼ 0 si t ≤ t0; h1
t�t0
t1�t0

si t0 ≤ t ≤ t1; h1

þ h2�h1
� � t�t1

t2�t1
si t1 ≤ t ≤ t2; h2

þ h3�h2
� � t�t2

t3�t2
si t2 ≤ t ≤ t3; h3 si t ≥ t3

ð7Þ

The law h tð Þ is therefore defined based on the parameters of time
(t0; t1; t2; t3) and of the fraction of submerged height (h1; h2; h3; corre-
sponding respectively to the fractions submerged at the times

t1; t2; t3). The package is completely submerged at time t3, i.e., h3 ¼ 1.
During the saturationperiodbetween the times t0 and t3, thepackage is

assumed to alter at the rateVhydr on the surfaces of the package abovewater,
and at the rateV tð Þ betweenV0 andVf on the submerged surfaces. In other
words, the total altered fraction of the package tð Þ, sum of the altered glass

Table 4 | Parameters related to alteration in the vapor phase

Parameters for the arrival of water and of the
vapor phase

Notation Unit Value

Water arrival time t0 an …

Time 1 t1 an …

Fraction of package height submerged at time t1 h1 SU …

Time 2 t2 an …

Fraction of package height submerged at time t2 h2 SU …

Time at the end of saturation t3 an …

Fraction of package height submerged at time s t3 h3 SU 1

Table 5 | Glass alteration parameters

Glass alteration
parameters

Notation Unit Value

Temperature T °C 50

pH pH SU 8

Concentration at
solution saturation

Csat molSi � m�3 1

Silicon retention ratio
at V0

Tret
xSiV0

SU 0.2

Silicon retention ratio Tret
xSi

SU 0.3

Dissolution constant for
the initial rate

kdisso g � m�2 � j�1 1.17 × 108

pH dependence ndisso SU −0.4

Activation energy of the
initial rate

Eadisso kJ � mol�1 76

Initial rate (T, pH) V0 g � m�2 � j�1 Calculated = 0.474

Correction factor for the
solution composition

Rcompsol SU 5

Dissolution constant for
the final rate

kf g � m�2 � j�1 2.21 × 104

Activation energy of the
final rate

Eaf kJ � mol�1 53

Final rate (T) Vf g � m�2 � j�1 Calculated = 5.93 × 10−5

Dissolution constant for
the hydration rate

kh g � m�2 j�1 1.75 × 103

Activation energy of the
hydration rate

Eah kJ � mol�1 40

Glass alteration rate in
the vapor phase

Vhydr g � m�2 � j�1 Calculated = 5.94 × 10−4

The values given here are those used for the calculation described in Chapter 3.
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fractions in liquid water and under the vapor phase, is given by Eqs. 8 and 9:

FTVA tð Þ ¼ FVAvapor tð Þ þ FVAwater tð Þ

FVAvapor tð Þ ¼
Z t

t0

VhydrS0Txf
ΩNon�submðhðt0ÞÞ

πH0R
2
0

dt0

FVAwater tð Þ ¼
Z t

t0

Vðt0ÞS0Tx0
Σsubmðhðt0ÞÞ

2π H0R0þR2
0ð Þ dt

0

ð8Þ

with:

ΩNon�subm hð Þ ¼ H0R
2
0 π þ 2 1� 2hð Þ h� h2

� �1
2 � Arc cosð1� 2hÞ

	 


Σsubm hð Þ ¼ 2 H0R0 þ R2
0

� �
Arc cosð1� 2hÞ � 4R2

0 1� 2hð Þ h� h2
� �1

2

ð9Þ
ΩNon-subm and Σsubm correspond respectively to the non-submerged

internal volume (in Supplementary InformationNote 3, columnY) and the
submerged external surface of the package (Supplementary Information
Note 3, column X), expressed in function of the fraction of submerged
height h.

The glass alteration parameters are listed in Table 5.
The rates V0;Vf andVhydr are calculated depending on the tem-

perature and the pH according to the following laws (Eqs. 10–12):

V0 T;pH
� � ¼ kdisso � 10�ndisso � pH � exp � Eadisso

R � T

� �
� Rcompsol ð10Þ

Vf ðTÞ ¼ kf � exp � Eaf
R � T

� �
ð11Þ

VhydrðTÞ ¼ kh � exp � Eah
R � T

� �
ð12Þ

Rcompsol in Eq. 10 is the correction factor for the solution composition,
equal to 1 in initially pure water and 5 in Bure porewater.

The residual rate for glass alteration in a closed system is called the final
rate. This term was chosen to distinguish it from the residual rate in the
environment, a term that has gainedwider acceptance in recent publications.

The chemical and geometric parameters for the environment are listed
in Table 6.

The name, internal and external radii for each of the zones, their
porosity, and the silicon diffusion coefficient in the pores must be entered.
Care must be taken not to define overly-thin size zones if their diffusion
coefficient is veryhigh: the size of each zonemust be at least greater thanΔL0
(Cf. Equation 4, Resolution method for a heterogeneous environment) to
ensure an accurate if somewhat over-estimated calculation (Cf. in the
Supplementary Information Note 1 and Fig. 10).

The diffusion coefficient for silicon at temperature is calculated with
the value given at 20 °C, using a polynomial law reproducing the Stokes-
Einstein law between 0 and 90 °C (Eq. 13).

D Tð Þ ¼ D 20 °Cð Þ 2:00 × 10�4 T � 20ð Þ2 þ 2:79 × 10�2 T � 20ð Þ þ 1
� �

ð13Þ

The reactivity coefficientR expresses theway inwhich the reactivity of
the medium maintains the difference in the chemical potential of silicon,
accelerates its transport, and slows the progress of the dissolved silicon front
in the media. R is a dimensionless number. It is a partition coefficient
between the solid phase and the liquid phase (Hypothesis R1). This form-
alism is useful because it leads to a simple analytical solution for the reactive
transport equation (Eq. 1, Equation for a homogeneous environment). The
physico-chemical reality of the interaction between silicon and the envir-
onmental materials is probably different depending on the material in the
interaction, and potentially more complex than a partition coefficient.

For example, as concerns an iron silicate precipitation, the following
approach is suggested: R is defined as the ratio between the maximal
concentration in the solid after the chemical reaction and the maximal
concentration in solution that can be found in contact with the glass
(Eq. 14). With this definition, hypothesis R1 must enable a slightly over-
estimatedmodeling of the silicon and iron interaction. A digital application
in the case of metallic iron allows calculation of the maximal possible value
for R: the metallic iron has an iron concentration CFeðmolm�3 of solidÞ
equal to its density divided by its molar mass. Thus, considering (i)
xSi=Fe ¼ 1, (ii) a 10% porosity, and (iii) a silicon concentration at saturation
close to 1molm�3, (iiii) the fact that, due to their respective densities, iron
transformed into iron silicate occupies at least twice the volume of metallic
iron, we arrive at R<106 for iron. This means a maximum acceleration

Table 6 | Chemical and geometric parameters for the environment

N° Designation Internal R External R Porosity Diff Coef (20 °C) Diff Coef (T) Reactivity

Unit m m SU m2 s−1 m2 s−1 SU

Notation Rint Rext ω D0 D R

1 Container 0.21 0.28 0.1 10−12 at 5 × 10−9 Calculated 2 × 10−12 at 10−8 0–105

2 Infill zone Calculated 0–105

3 Overpack Calculated 0–105

4 Infill zone Calculated 0–105

5 Tube guide Calculated 0–105

6 Mortar (MREA) 0.28 0.32 0.1 10−11 Calculated 2 × 10−11 0

7 Oxidized clay 0.32 0.52 0.1 10−11 Calculated 2 × 10−11 0

8 Clay 0.52 1 0.1 10−11 Calculated 2 × 10−11 0

9 … 1 2 0.1 10−11 Calculated 2 × 10−11 0

10 … 2 3 0.1 10−11 Calculated 2 × 10−11 0

The values given here are those used for the calculation described in Chapter 3, and the three metallic layers are associated with a single layer.

�
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Fig. 9 | Diagram showing progressive saturation in liquid water.
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factor of 103 for the alteration rate when it is controlled by reactive diffusion
into the environment. The same factor applies throughout the initial rate
phase. For magnetite transforming into iron silicate, and with the same
reasoning,R is <6× 105.

R¼
1� ωð ÞCFexSi

Fe

ωCsat

ð14Þ

The samepartition calculation between silicon in the solid phase and in
the liquid phase can be applied for reactivity with the clay. For example, for
clay that has a silicon consumption capacity per g of clay
CC ¼ 0:1mmol g�1

, density ρA ¼ 2 kg l�1, and porosity ω ¼ 0:1, the
digital application (Eq. 15) with Csat ¼ 1mmol l�3 givesR ¼ 1800.

R¼ 1� ωð ÞCCρA
ωCsat

ð15Þ

In the absence of chemical interaction,R has a null value.

Implementing the calculation
Despite the number of parameters, equations, and lines in the calculation
sheet, implementing the calculation is simple as the resolution method
enables each cell to be calculable by an equation. The calculation principle is
explained here:
• Each calculation line represents a mesh node.
• The first columns are used to read the characteristics of the mesh in

question: number, internal radius, and then the number, the external
radius, the porosity, and the reactivity of the zone the mesh node
belongs to. Logic tests using embedded “if” functions are used to
identify these different magnitudes.

• The reference size 4L0 is calculated (Eq. 4, Resolution method for a
heterogeneous environment). This site is specific to each mesh node,
depending on its position and the physico-chemical properties of the
zone. It gives the thickness of the node in question and is used to
calculate the internal radius of the following mesh node.

• Knowing the current diffusion coefficient in themeshnode and its size,
it is possible to deduce the value of the equivalent diffusion coefficient
through the medium consisting of the current node and of all the

previous ones (Eq. 6, Resolution method for a heterogeneous
environment).

• Knowing the equivalent diffusion coefficient for all the previous nodes,
the flow of silicon entering the mesh node can be found (Eq. 2, Reso-
lution method for a heterogeneous environment).

• The volume of the spherical corona corresponding to the currentmesh
node is calculated. From this, the quantity of silicon retained in the
corona can be deduced, both in the solution and othe solids. Given the
spherical geometry, this calculation slightly overestimates the quan-
tities of solution and of reactive minerals effectively contained in the
package periphery. This is hypothesis G1.

• From the flow of silicon entering the mesh node and the quantity
contained in the corona, the time necessary to fill the current node can
be calculated. This indexes the evolution of time in the
calculation sheet.

• From the flow of silicon entering the mesh node, the glass alteration
rate is deduced taking into account the silicon content in the glass and
the silicon retention ratio in the alteration products. This rate is nor-
malized at the geometric surface of the package. It is the alteration rate
in water under the effect of the reactive diffusion of silicon. This is
compared to the initial rate ðV0Þ, to thefinal rate ðVf Þ, and to the rate in
vapor phase ðVhydrÞ. These rates are each normalized at the geometric
surface of the package in order to compare them, as, in fact, they apply
to different surfaces: effective surface in initial rate Sacc¼ S0Tx0

� �
, total

surface in final rate, and vapor phase ðStot¼ S0Txf Þ.
• The quantities of altered glass are calculated, and accumulate in time.

They are deduced from the rates and from the fractions of the package
surface to which they apply: the external surface for a submerged
package for the rate underwater, or the internal above-water surface for
the vapor phase. The sum of the quantities altered under water and
under the vapor phase gives a total quantity of altered glass. Knowing
whether the matter altered during the vapor phase is available to be
transported into the environment is a question that is not dealt
with here.

The Supplementary Information Note 3 gives a complete presentation
of the equations implemented in the Calculation tab of the MOS sheet, line
by line and columnby column. The designations and abbreviations used for

Fig. 10 | “MOS” tab on the calculation sheet.This tab shows the input parameters to be entered and the calculation results: evolution through time of the alteration rates, the
quantities of glass altered, and the position of the diffusion front. The digital values displayed are examples, only intended to illustrate the calculation.
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the variables in the Supplementary Information Note 3 and in the calcu-
lation sheet tabs are identical. The MOS model is resolved in a calculation
sheet. The model is also resolved in a dedicated program written in C
language, in order to simplify studies of uncertainty propagation.

Figure 10 shows the “MOS” tab on the calculation sheet. The upper half
presents the input parameters, while the lower half gives graphs of the
results. The graph on the left shows the rates under water through time
VðtÞð Þ, the hydration rate ðVhydrÞ, and thefinal rate ðVf Þ. All are normalized
at the geometric surface of the package in order to be able to compare them.
The left graph also shows the advance of the diffusion front. The graph on
the right gives the quantities of glass altered under water and in the vapor
phase, as well as the sum of the two contributions. Logarithmic scales are
usedonall the axes, given the amplitudeof the variations. The graphs and, in
particular, the choice of their scales are updated automatically to enable the
preservation of a correct view of the results as soon as the value of a para-
meter is changed. The initial time of the graphical representation is the
moment water arrives at the package (in liquid or in vapor phase).

In the top center of the sheet (pinkish blocks) is a summary of the
calculation in figures. It is possible to select a quantity of altered glass in the
cell «FVA Search”». FVA stands for Fraction de Verre Altéré, the altered
glass fraction. The spreadsheet searches among the thousands of calculation
lines for the closest value below or equal to this. It gives the total fraction
value of altered glass FTVAð%Þð Þ and the time at which it was reached.
Unlike graph representations, this time takes into account the time t0 passed
before the water’s arrival. It also gives the FVA under water (FVAwater) and
in the vapor phase (FVAvapor) at that time.

Figure 11 shows the tab “Viewwater arrival” on the calculation sheet. It
enables a display of the function describing the duration of the vapor phase
depending on the values chosen for the times t1; t2; t3 and the intermediary
fractions of submerged height h1 and h2, knowing that the final fraction for
the submerged height is h3 equals 1.

Conclusions
TheMOSmodel originated in the desire to have a simple tool that explicitly
integrated the contribution from the reactive diffusive environment to the
alteration of a nuclear waste package in deep geological repository
conditions.

The model enables a quantification of the environment’s contribution
to glass alteration. The structure of the model has been presented. At this
stage, its predictive use should remain limited until the key initial steps of
validation through reactive transport code coupled with glass alteration
model, have been accomplished. Nevertheless, themodel already provides a
framework for considering the influence of eachparameter over the relevant
scales of time and space on the predominance of alterationmechanisms. It,
therefore, helps anticipate the consequences of disposal concept choices.
Finally, themodel provides away to quantify the extent ofmargins taken by
simpler safetymodels. TheMOS remains a simple and envelopemodel. It is
not intended to replace best estimate models (reactive transport code+
glass alteration model). It improves the connection between safety models
and scientific models.

Although built for a specific purpose, the proposed model holds gen-
eral significance for assessing the alteration of minerals and materials in
their environment. Its uniqueness lies in the reversal of the classical para-
digm, wherein the focus is on evaluating the long-term evolution kinetics of
a mineral by considering its intrinsic characteristics rather than accounting
for the reactivity and transport properties of its environment. The equation,
derived from a simplemass balance, is formalized and can be easily adapted
to otherminerals. It remains straightforward in the case of a single layerwith
constant transport and reactivity properties.

The original resolution method for reactive transport in the case of
multiple layers has been described in detail. It could be useful for other
corrosion issues when it is a question of whether or not a diffusive medium
can remove the matter in solution by a surface reaction.

Data availability
The authors declare that the data supporting the findings of this study are
available within the article and its supplementary information files.

Code availability
The code generated during the current study is not publicly available due to
confidentiality agreements with third parties. However, it is available from
the corresponding author on reasonable request.
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