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Modeling glass corrosion with GRAAL
Pierre Frugier1, Yves Minet1, Natarajan Rajmohan 1, Nicole Godon1 and Stéphane Gin 1

Computational codes are necessary tools for geochemical modeling of the alteration of minerals due to their ability to handle key
mechanisms, such as dissolution, precipitation, diffusion, and convection at many temporal and spatial resolutions. Modeling glass
corrosion specifically requires a description of the amorphous layer that forms on the surface of the glass and its effect on glass
alteration kinetics. The objective of the GRAAL model (glass reactivity in allowance of the alteration layer) is both to provide a
simple implementation of the passivation process in a reactive transport code and to provide data relative to the composition and
the solubility of the amorphous layer. The size and properties of the protective amorphous layer drives the glass alteration rate, with
regard to passivation; the greater the quantity of the protective amorphous layer, the lower the dissolution rate of the primary
mineral. Here, concepts, equations, and implementation of GRAAL are reported. Simple glass alteration experiments are used to
apply the model and measure parameters. The International Simple Glass used for nuclear glass long-term behavior studies is at the
center of the glass compositions studied.
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INTRODUCTION
Whether addressing global cycling of elements or the transport of
groundwater nutrients and contaminants, research in the field of
water-rock interactions relies on the description of mineral
surfaces to understand the mechanisms involved. Many multi-
oxide mineral surfaces exposed to aqueous solutions exhibit
metal-depleted proton-enriched compositions.1 A large number of
multi-oxide minerals are affected by this mechanism, including
labradorite feldspar2–5 and forsterite.6 Oelkers et al.7 reported that
metal-depleted proton-enriched layers can play a major role in
controlling the alteration kinetics of many multi-oxide silicate
minerals, including glasses. Theoretical considerations based on
Monte Carlo simulations led Zhang and Luttge8 to assert that an
interfacial dissolution–reprecipitation mechanism dominates feld-
spar dissolution. The role of precipitation mechanisms on mineral
dissolution kinetics is increasingly reported.5,7,9–11

In the field of glass alteration, condensation mechanisms
forming amorphous layers have also long been a subject of
interest.12–15 Today it is considered that a saturation state can only
be expressed with respect to a hydrated layer.16 That layer may
passivate the underlying fresh glass.16–19 This passivation is rarely
fully effective and, consequently, transport by diffusion must be
added to classical affinity laws20 to accurately model glass
alteration. Without taking this transport into account, it is
impossible to explain the dependence of sodium and boron
concentrations on the surface area to solution-volume ratio, and
therefore impossible to account for pH.21

Coupling transport within a passivating layer with dissolution of
this layer is the objective of a model named GRAAL (glass
reactivity in allowance for the alteration layer).22 The GRAAL
model has been implemented within the CHESS/HYTEC reactive
transport code.23 The interesting point is that the GRAAL
equations do not explicitly model the nanometer-scale transport
phenomena within the amorphous layer but only the resulting
continuum flux. This simplification enables the code to focus on

mass balance and fluid chemistry. Early implementation of GRAAL
was proposed in ref. 21, but both the implementation of GRAAL
and the amorphous layer’s chemistry were very simple at that
time. Describing the reasons and methods behind subsequent
improvements to both the implementation of the code and the
amorphous layer’s chemical and physical description is the aim of
the present paper.
Geochemical models describing glass alteration have been

proposed in the past.14,24–31 In contrast to simple analytical
models,32 geochemical models are able to describe a detailed
chemistry. Their main difficulty is to take account of the
compositional variations of the alteration products of glass, i.e.,
secondary crystalized minerals and the amorphous layer.
Secondary crystallized phases can precipitate but their pre-

cipitation is generally limited by the availability of key elements,
pH, redox potential, or simply their precipitation kinetics.22 For
example, the precipitation of smectite requires elements such as
Mg, Zn, Ni, Mn, or Fe in addition to Si and potentially Al;22 zeolites
and hydrated calcium silicates may require pH above 10 at 90 °C
or higher temperatures;33–37 and quartz and kaolinite are
examples of minerals whose precipitation can be extremely slow
at room temperature.
In case of ISG containing only Si, B, Na, Al, Ca, and Zr, altered in

initially pure water for which pH is eventually close to 9 at 90 °C,
the alteration layer is entirely amorphous after >15 years of
alteration.38 Amorphous and low crystalline alteration layers have
been shown to exist for millions of years: they are termed
“palagonites” when observed on natural basaltic glasses.39,40 In
alignment with the purpose of modeling simple glass alteration
experiments, the current state of the art is relative to the
amorphous alteration layer and the application of the GRAAL
model to account for variation in rate with time and conditions.
There are few chemical and thermodynamical data for

amorphous hydrated silicates. These layers are difficult to
characterize: they are thin and can have various compositions,
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and have aspects of both glass and fluid compositions. In batch
experiments, their average composition can also change with
time: the longer the duration, the more elements reach an
apparent steady state in the fluid and are incorporated in the
amorphous layer. Some authors21,31 reported that, in simulations,
steady-state fluid compositions meant to be in equilibrium with
the amorphous layer are oversaturated with respect to crystallized
phases available in their databases. Therefore, modeling experi-
mental fluid compositions requires the way in which the
amorphous layer can control the fluid chemistry to be defined.
When the fluid composition eventually reaches a steady state

and a dense amorphous layer can form, the glass dissolution rate
is shown to dramatically decrease, typically by four orders of
magnitude for French nuclear reference glass, relative to the
forward rate measured in deionized water.22 From a mathematical
point of view, the affinity law formalism can account for that rate
decrease. Therefore, one simple way to model fluid chemistry is to
attempt to define a solubility product for the amorphous layer.16

The task of defining the temperature-dependent solubility of a
multi-elemental solid solution is significant. Daux et al.29 used a
“hydrated basaltic glass” (HBG) containing Si, Al, and Fe in the
same proportions as their original glass. The HBG glass solubility
product was calculated using the fluid composition at an apparent
steady state. Munier et al.30 built various solid solutions with Al,
Na, Ca, Zr, and Si. The end-members were chosen among minerals
available in the database. The best agreement was often achieved
when hydroxides were chosen as end-members along with
chalcedony for Si. Although it is appealing to use available data
and to compare fluid saturation states with respect to minerals in
a database, the potential for secondary phases to be chosen as
end-members should be considered since potential secondary
phases may precipitate over geological timescales. Gysi and
Stefansson31 also approximated the amorphous layer by a sum of
amorphous SiO2 and Al(OH)3.
Though the definition of a solubility for the amorphous layer is

mathematically quite efficient, many questions have been raised
regarding that modeling assumption. Indeed, defining a solubility
assumes the existence of a backward precipitation reaction.
However, the formation of the amorphous layer is more complex
than a simple precipitation from the bulk aqueous species. The
amorphous layer arises both from the underlying glass structure
to which it is intimately related and from dissolution and
condensation reactions that may occur locally. Researchers41–45

have tried to understand which bonds are inherited from the glass
structure and which undergo the dissolution and condensation
process. Defining steady-state conditions can be challenging if
activities slowly but continually increase over extensive time-
scales.38 Si transport processes in the amorphous layer has been
proposed as a mechanism for explaining rising Si concentra-
tions.46 Frugier et al.21 proved that speciation could explain a
significant component of the Si concentration increase. The
increase in remaining Si in the long term is not yet well
understood.38 It could be due to reorganization of the amorphous
layer,45,47 either from a physical point of view, that is homo-
genization by transport from the inner part of the layer toward the
outer part of the layer, or from a chemical point of view due to
preferential chemical interactions breaking apart the homogeneity
of the amorphous layer and changing the fluid concentrations
accordingly.
Describing the thermodynamics of the amorphous layers is a

first step, whichever kinetic model of glass dissolution is to be
used. However, glass alteration models often consider the kinetics
first. Regarding modeling, the debate lies in the role played by the
alteration layer on the glass alteration kinetics. What makes the
amorphous layer protective? What is the link between its structure
and its transport properties? Does its structure depend more on
the initial glass structure or on the condensation processes? What
are the criteria to shift from a non-protective residual skeleton to a

dense protective layer? Which of these properties need to be
modeled, at least from a kinetic point of view?
The complexity of the amorphous layer problem has led to

diverse terminology. A low density, highly silica-depleted, and
zirconium-rich amorphous layer can form in a solution that is far
from saturation.22 To avoid ambiguity, it should be named
differently to the high density, silica-rich amorphous layer that
eventually forms under steady-state conditions. The first can be
considered as a sink of matter with no passivation properties,
much like any crystallized secondary phase; in this paper, it is
referred to as a “depleted gel.” The second may passivate the
glass; within the GRAAL paradigm, the place where transport
limitation occurs is known as the “passivating reactive interphase”
(PRI).21 The whole amorphous layer can therefore be described by
the summation of a non-protective depleted gel and a protective
layer (PRI). Dividing the amorphous layer in two could appear a
little over-simplistic but experiments inform this choice: in case of
an alteration in a saturated solution, the amorphous layer is a
nanometer-thick protective layer; in the case of alteration in
almost pure water, the amorphous layer is typically several
microns thick and consists of a depleted gel, in addition to an
extremely thin PRI. The PRI does not address the mechanisms
underlying the passivation process.
In common with many others, the GRAAL model focuses on

bulk solids and fluids and assumes that once steady-state
conditions are achieved, the activity of elements in solution
reflects a thermodynamic equilibrium between the amorphous
layer and the solution. In ref. 21, the model is rudimentary: a
juxtaposition of simple pure phases (SiO2, AlO(OH), Ca(OH)2, and
ZrO2). Such a model is only suitable for SON68 glass within ±0.5
units of the pH value imposed by SON68 glass dissolution in
initially pure water (about pH 9.0 at 90 °C). It is unsuited to
modeling other pH values or other glass or fluid compositions as
the chemical description of the amorphous layer needs to be
improved.
Being able to distinguish the potentially protective amorphous

layer from the non-protective crystallized secondary phases or
depleted gel has always been a cornerstone of the GRAAL
model.22 Within that paradigm, predicting glass corrosion can be
achieved if chemical descriptions (compositions and solubilities)
and transport properties of both the crystallized and amorphous
phases are known. Precipitation of crystallized secondary phases
can drive glass dissolution, as has been demonstrated for
phyllosilicates48–52 and zeolites.33,34,36,37,53 Thus, the ability of a
model to describe whether the elements are meant to be trapped
in the amorphous layer or the crystallized secondary phases is a
key point for the prediction of composition effects. A higher
quantity of an element that tends to precipitate in crystallized
secondary phases will generally lead to a higher degree of glass
alteration. This is true, regardless of whether the element is
supplied by the glass or the fluid. Conversely, the greater the
number of elements that are retained in the amorphous layer, the
denser is the amorphous layer and the slower is the transport of
reactive species.12 Although water transport through the dense
amorphous layer has never been measured, evidences have been
provided to explain how a porosity-closure mechanism in the
amorphous layer can account for the diminishing alteration
rate.17,45,54,55 Secondary crystallized phases grow on a glass
surface, like trees on the ground. In contrast, precipitation within
amorphous layers leads to densification and may eventually lead
to porosity closure.
At the time of writing, a decade has passed since the GRAAL

concept was introduced22 and first implemented.21 The following
sections of the paper provide the detailed presentation of the
model: the kinetic equation, its implementation in a reactive
transport code, a description of the chemistry of the amorphous
layer, and eventually parameter selection. The last section is a
discussion of the efficiency and limitations of the model.
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RESULTS
Equations for passivation
Two approaches can be considered to model a passivation
process (Fig. 1). The first involves meshing the space for the
explicit modeling of transport mechanisms. While useful for a
deeper understanding of the transport process, such modeling
becomes numerically complex when transport mechanisms in the
fluid are taken into account. Indeed, the concentration profiles in
the solid for each fluid cell position in space have to be held in
memory by the code. The second approach only describes the
transport flux arising in the fluid. Since it is numerically simpler, it
enables computational effort to be focused on the effect of the
transport flux on the fluid chemistry and the way in which that can
drive the dissolution of the protective layer, which is the key long-
term mechanism. Including the transport through the layer is
essential for modeling glass dissolution experiments effectively as
it has a major influence on both the evolution of pH as a function
of time and glass surface area to solution-volume ratio.
In the GRAAL model, the glass alteration rate is a function of the

protective layer’s transport properties, that is, its thickness and
apparent diffusion coefficient. The thickness of the protective
layer is function of a creation term, r1, at the interface between the
primary solid and the protective layer and a dissolution term, r2, at
the external face of the protective layer (Fig. 2). The coupling
between these terms was solved analytically by ref. 32. A first
simplification is discussed in ref. 21, but it does not allow for any
feedback effect of the advancing glass hydration front on the ion
diffusion rate within the protective layer. Equations and numerical
resolutions are presented in the next sections.
Experiments on borosilicate glasses show that the thicker the

protective layer (PL) is, the slower is the alteration rate of the
primary solid (PS)56 and that, consequently, the protective layer
grows with the square root of time when not undergoing
dissolution at its surface. This simple experimental observation is
expressed as (Eq. 1). r1 is the primary solid alteration rate
controlled by diffusion (m s−1), xPL is the protective layer’s
thickness (m), and A is a constant of proportionality (m2 s−1).

r1 ¼ A
xPL

: (1)

Equation 2 defines r1, thus:

r1 ¼ dxPL
dt

: (2)

Combining Eqs. 1 and 2, considering x= 0 at t= 0, and assuming
no dissolution at the outer surface, Eq. 3 can be stated as:

xPL ¼
ffiffiffiffiffiffiffi
2At

p
: (3)

This equation is to be compared with the resolution of Fick’s
second law (Eq. 4) with the following hypotheses:

(H1) diffusion of a glass mobile element of concentration C (g/
m3),
(H2) in a semi-infinite media defined on one side by the glass/
fluid initial interface and on the other side by the infinite glass,
(H3) considering that the driving force is the concentration
gradient between the mobile element concentration in the
pristine glass C0 (g/m3 of glass) and zero at the interface with

the fluid,
(H4) considering a constant diffusion coefficient in the semi-
infinite media D (m2 s−1).

∂C
∂t

¼ D
∂2C
∂x2

: (4)

With those initial conditions, Eq. 5 is the solution of Eq. 4.

C x; tð Þ ¼ C0 erfc
x

2
ffiffiffiffiffi
Dt

p
� �

: (5)

Following Fick’s first law, derivation of Eq. 5 with respect to x and
multiplication by −D enables the flux of the mobile element to be
calculated. Integration with time of the flux taken in x= 0, gives
the concentration in the fluid Cf(t) (g/m

3 of solution) of the mobile
element going through the external surface S (m2) and diluting in
a perfectly steered solution of volume V (m3) (Eq. 6).

CfðtÞ ¼ S
V
2 C0

ffiffiffiffiffi
Dt
π

r
: (6)

The “equivalent thickness of alteration,” with respect to a glass
constituent, is given by a simple mass balance (Eq. 7). It is the
thickness of glass that has been altered to explain the concentra-
tion Cf of a glass constituent in solution.

Eth ¼ CfV
C0S

: (7)

Equation 8 follows from Eqs. 6 and 7:

Eth ¼ 2ffiffiffi
π

p ffiffiffiffiffi
Dt

p
: (8)

Equations 8 and 3 are equivalent. However, the proportionality
constant, D in Eq. 8, is more meaningful than A in Eq. 3, in
agreement with hypotheses H1 to H4. Therefore, Eq. 8 is preferred
for the GRAAL model. In agreement with Eq. 8, Eq. 1 becomes Eq.
9.

r1 ¼
D π

2

xPL
: (9)

According to Eq. 9, the time required to create a protective layer
from glass when its thickness is zero, is infinite. However, there is
no physical reason for the dissolution rate of mobile ions to be
infinite. Therefore, a constant kinetic, rh, known as the hydration
rate, is added in order to limit the creation kinetics of the
protective layer (Eq. 10). This rate is meant to be higher than the
initial dissolution rate in agreement with the higher dissolution
rate of mobile ions in comparison to silicon ions.

r1 ¼ rh
1þ xPL

rh
Dπ
2

: (10)

The hydration rate is negligible as soon as xPL>
Dπ
2

rh
, and more so if

xPL>
Dπ
2

r0
. Whatever the pH and temperature, numerical modeling

using nuclear glass parameters shows that the hydration rate is
largely negligible for a 1 nm thick layer. The conclusion is that the
parameter is not measurable on nuclear glasses: whatever the

Primary solid Protective Layer FluidNon Protective Layer

1
2

Fig. 1 Two possible approaches to modeling passivation: defining a
meshing space for an explicit transport model (1) or simply
modeling the flux of elements arising in the fluid (2)

Primary solid Protective Layer FluidNon Protective Layer

Primary Solid Alteration 
Rate controlled by 
protective layer’s thickness

Protective Layer’s Dissolution Rate

Thickness of the 
Protective Layer

Fig. 2 Kinetics relative to the protective layer: Creation kinetic (r1)
and dissolution kinetic (r2) of the protective layer (PL)
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value of rh > r0, modeling results after a few seconds of alteration
do not change. However, the parameter is useful from a numerical
point of view as it avoids the error that arises from dividing a
number by zero.
Equation 11 expresses the pH and temperature dependence of

the dissolution rate of the protective layer, and the exponential
rate drop when the concentrations approach saturation, following
the formalism proposed by Aagaard and Helgeson.20

r2 ¼ kþ Hþð Þne�Ea
RT 1� Q

K

� �
; (11)

where, k+ is the dissolution rate of the protective layer in pure
water (forward rate) (m d−1), n is the pH-dependence coefficient
of the initial rate, Ea is the apparent activation energy at the initial
rate (J mol−1), Q is the activity product of the protective layer, K is
the activity product at saturation of the protective layer, and R is
the ideal gas constant (J mol−1 K−1).
Case of r1 » r2: the thickness of the diffusion zone increases with

the square root of tine and the flux of mobile species released
from the glass decreases with the inverse square root of time. This
occurs at initial time and once concentrations of elements
belonging to the protective layer approach saturation in the fluid.
Case of r1 ≥ r2: once r2 is significantly different from 0, r2

approaches r1 resulting in a roughly constant thickness xPL, then r1
has no time dependence except due to pH variations.

Implementation in a reactive transport code
The CHESS/HYTEC computational code (from versions 3.7 to 5.2)
developed by MINES ParisTech was chosen for implementing the
GRAAL model. One interesting feature is that the GRAAL code
does not require any software improvement: the input file that
describes the experimental conditions is to be written taking into
account GRAAL equations. How the model equations translate
into code equations is described in Table 1 and with the help of
the thickness–concentration relationship and the mass balance
relationship described in the following paragraphs.
The requirements for the code to handle GRAAL equations, are

the availability of the Monod type equation (cf. Table 1), the ability
to use the concentration of a solid as a variable of the equation,
and an adaptive timescale (available in CHESS/HYTEC code since
version 3.7): the time step has to be small at the beginning of the
calculation when the protective layer is thin in order to prevent its
dissolution within a single time step.
A spherical shrinking-core model is used to describe the

reduction in surface area due to the reduction in the glass grain
size, although it does not have any effect in the experimental
conditions discussed in this paper.
CPL (mol m−3) is defined as the concentration of the protective

layer within a calculation cell. The thickness of the protective layer
xPL is proportional to CPL (Eq. 12).

xPL ¼ CPL
ρPLS=V

; (12)

where, ρPL is the protective layer’s density in mol m−3 of the
protective layer, S is the protective layer’s surface area in the

modeling cell (m2 m−3); the layer being thin and protective, is by
definition equal to the surface area of the primary solid. V is the
volume of the water in the calculation cell (m3 m−3).
The surface area to solution-volume ratio can also be written as

the product of the specific surface area SSA (m2/mol) and the
concentration CPS (mol m−3) of the primary solid (Eq. 13).

xPL ¼ CPL
ρPLSSA CPS

: (13)

A mass balance can be written for each element belonging to the
primary solid and the protective layer (Fig. 3 and Eq. 14).

Fi ¼ iPLρPL xPL
iPSρPS xPx

; (14)

where, Fi is the fraction of element i coming from the primary solid
and recovered in the protective layer, ρPS is the primary solid’s
density in mol m−3, iPS is the molar fraction of element I in the
primary solid, iPL is the molar fraction of element i in the protective
layer, xPS is the thickness of primary solid that has been altered,
and xPL is the thickness of protective layer (Fig. 3).
Measuring the composition and the structure of the protective

layer enables the calculation of iPL and ρPL. Fi can be calculated by
applying the condition of mass balance in the experiment
between the fluid, the non-protective layer, and the protective
layer. Then, the ratio of the thickness of the protective layer to the
thickness of the primary solid being altered can be deduced from
Eq. 14.
Identifying the two equations of Table 1 and using equations

Eqs. 13 and 14 enables the code’s parameters km (Eq. 15) and Kin
(Eq. 16) to be calculated as a function of the model’s parameters.

km ¼ rh: (15)

Kin ¼ D π
2

rh
Fi
iPS
iPL

ρPSSSA CPS: (16)

If reaction 2 is a classical dissolution reaction, then reaction 1
occurring at the interface between the primary solid and the
protective layer is a reaction that converts one solid into another
plus dissolved elements. Therefore, two simple reactions occurring
at the same rate are required to produce reaction 1: a congruent
dissolution of the primary solid and a backward precipitation of
the protective layer.

Composition of the amorphous layer
Prediction of the amorphous layer’s solubility is a priority for
understanding the long-term behavior of glass as that determines
the stability of the glass. Solubility is measured by fluid analysis
under steady-state conditions; “apparent steady-state” refers here
to the concentrations required for a reduction of at least three
orders of magnitude in the alteration rate.
The former approach using separate simple end-members: SiO2,

Ca(OH)2, AlO(OH), and ZrO2
21 had the major limitation of not

including the chemical interactions between the elements. A
richer and more complex model requires new experimental data.
Rajmohan et al.57 enumerated a variety of phenomena directly
derived from experimental data from simple glasses containing Si,
B, Na, Al, Ca, and Zr. These phenomena are useful for improving

Table 1. From GRAAL model to reactive transport code

Model Code

Parameter’s
dimension

Thickness x (m) Concentration of protective
layer
CPL (mol m−3)

Dissolution rate r1 (m/s) rm (mol/m²/s)

Kinetic equation r1 ¼ rh
1þx

rh
Dπ2

rm ¼ km
Kin

KinþCPL
; Monod type

equation (inhibition)

Altered PSPS

PLPS NPL

Fig. 3 Mass and volume balance in the alteration layer. PS primary
solid, PL protective layer, NPL non-protective layer
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the choice of end-members stoichiometry and defining the
minimum number of end-members required to model those
experiments (Table 2).
The composition of the amorphous layer is not only a function

of the composition of the glass but also a function of the fluid
composition, volume, and renewal rate. Therefore, it is meaningful
to build a model applicable to any fluid or glass composition.
Consequently, a single model is proposed for the six glasses
studied by Rajmohan et al.,57 which is then applied to the thirty
oxide glasses and the SON68 glass (Table 3) in order to verify
whether it is possible to neglect the influence of minor elements.
Figure 4 represents the composition of the end-members used

to describe the amorphous layer. The polyhedron defined by the
end-members must, therefore, include the glass compositions
being modeled. In confined media, the Si/Al/Ca/Zr stoichiometry
of the amorphous layer tends toward the stoichiometry of the

initial glass. This model is not a solid solution model but simply a
concatenation of end-members.
The proposed model is intended to be applied to experimental

data in order to check the utility of the end-members to account
for glass compositions and fluid pH variations of all available
experiments and then to infer the missing parameters, mainly the
logK values and diffusion coefficients of the end-members.

Parameters determination
This section presents all the parameters required in the input file
of the model, starting with the experimental conditions, the glass
composition, or the kinetic parameters already available in the
literature. It also describes the method for determining new
parameters values from the modeled experiments.
Six glass compositions were studied. The procedures for glass

synthesis and preparation are described in ref. 57. Experiments

Table 2. Influence of reaction phenomena on the choice of end-members

Observed phenomena Effects on the stoichiometry or solubility of end-members

Sodium is retained with aluminum and zirconium present in the gel.65,72,77–
79 Retention occurs with precise stoichiometry: 1 Na for 1 Al, 2 Na for 1 Zr.
Aluminum and zirconium are present in the gel as AlO4

- and ZrO6
2−

entities, and therefore require respectively one and two positive charges
for compensation

Na/Al ratio of SiAlNa
Na/Zr ratio of SiZrNa end-members

Calcium is retained as a charge compensator for aluminum and zirconium
present in the gel.12 This compensation occurs with precise stoichiometry:
1 Ca for 2 Al, 1 Ca for 1 Zr

Ca/Al ratio of SiAlCa and Ca/Zr ratio of SiZrCa end-members

Calcium is retained preferentially over sodium.12 If calcium is present in
sufficient quantities, it may be assumed that sodium retention is practically
nil. Potassium is also capable of replacing sodium, but insufficient
experimental data are available to quantify the competition between
potassium and sodium for charge compensation

Relative solubilites of SiAlCa and SiAlNa end-members
Relative solubilites of SiZrCa and SiZrNa end-members

Sodium and boron do not condense with amorphous silicon at pH90 °C

values in the 7–10 range and in the concentration ranges concerned here
No need for SiB, SiNa, or SiBNa end-members

Aluminum significantly diminishes the steady-state silicon activity in
solution.80–82

Zirconium does not significantly affect the steady-state silicon activity in
solution (for the Zr/Si ratios of the glass compositions studied here)

Need for a Si-rich end-member containing Al

The condensation of a pure silica gel results in activities in solution equal
to the solubility of amorphous silica

Pure Si end-members is amorphous silica as defined in the database

Calcium condensation with silica can occur without aluminum. pH around
9 at 90 °C is required but higher pH drives hydrated calcium silicates
precipitation. (see ref. 57 case of CJ8 glass)

Need for a SiCa end-member

Silicon is required to form of a protective layer: it is not only the major
constituent of the amorphous layer, but also the most soluble of all the
elements subject to condensation. Alteration rates significantly lower than
the initial rate are therefore observed only in the case of high silicon
activity under steady-state conditions in a closed system

The silica-rich phase that accounts for Si steady-state in solution is
appropriate to define the thickness of the protective layer and enable
mass balancing (Eq. 14)

Table 3. Glass compositions (oxide wt.%/mol%)

Glass SiO2 B2O3 Na2O Al2O3 CaO ZrO2

CJ2 61.2 64.9 18.9 17.3 13.3 13.6 6.6 4.1

CJ3 58.1 61.2 17.9 16.3 12.6 12.9 6.3 3.9 5.2 5.8

CJ4/ISG 56.2 60.1 17.3 16 12.2 12.6 6.1 3.8 5 5.7 3.3 1.7

CJ7 59.1 63.8 18.2 17 12.8 13.4 6.4 4.1 3.5 1.8

CJ8 62 63.7 19.1 16.9 13.4 13.3 5.5 6.1

CJ9 59.8 62.5 18.5 16.7 13 13.2 5.3 5.9 3.5 1.8

SON68a 45.5 50.5 14 13.4 9.9 10.6 4.9 3.2 4 4.8 2.7 1.5

aSON68 contains other minor elements
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were carried out in a static system at 90 °C with a glass surface
area to solution-volume (S/V) ratio of 20 cm−1 (except CJ9:
48 cm−1) and with various imposed pH values (7, 8, 10) at 90 °C
for ~150 days. For pH 7 and 8, 0.2 mol of tris (hydroxymethyl)
aminomethane (TRIS) buffer solution was prepared. Potassium
hydroxide solution was used as a buffer for pH 10 experiments.
Experiments in initially pure water at free pH (near 9) and S/V=
80 cm−1 were initiated by Jegou58 and by Gin and Jegou59 and
have been running since November 1996. These have been
updated by Gin et al.38 Solutions were ultra-filtered to 10,000 Da
before analysis. Twenty-four experiments are available for analysis:
six glass compositions at four pH values (7, 8, ~9, 10).
The stoichiometry of the glasses is based on the composition of

the French SON68 inactive reference glass, following the
procedure initiated by Jégou, et al.58 In order to understand the
effect of Ca, Al, and Zr, glasses were prepared by adding these
oxides to the three major oxides of Si, B, and Na (Table 3). CJ4 is
also known as the International Simple Glass ISG.60

r2 values are measured in pure water based on Si and B almost
congruent release. For those glasses in those experimental
conditions, protective layer’s thickness is very small compared to
altered glass thickness and non-protective layer’s contribution to
Si release is negligible. Therefore, Si and B release are almost
congruent.
They were measured on each simple glass by Jégou et al.58 at

90 °C, and pH 9.0; n and Ea (Eq. 11) are assumed to have the same
values as those measured for SON68 glass.61 This is justified here
as the forward rates have a negligible effect under the
experimental conditions discussed in this paper. The k+ values
are calculated from rdiss pH 9, 90 °C to fit equation (Eq. 11) in order to
have k+ expressed in m s−1 (Table 4).

The interdiffusion coefficient varies with temperature and pH
according to a simple relation (Eq. 17) proposed by Chave et al.56:

D ¼ D0 OH�½ �n0 e�E0a
RT (17)

, where n′ is the pH-dependence factor of the interdiffusion
coefficient (dimensionless), Ea′ is the activation energy associated
with the interdiffusion coefficient (kJ mol−1), and D0 is the
interdiffusion constant (m2 s−1).
In Eq. 17, hydroxide ions are preferred to hydronium ions

because the equation is applied in neutral to basic pH conditions.
Choosing hydronium ions, the minor species, would introduce the
water dissociation constant into the equation, which is also a
function of temperature and would change the numerical value of
the activation energy, accordingly.
Experimental measurement of the diffusion coefficient is based

on the diffusive flux arising in solution once dissolution of the
protective layer by its outer surface has stopped. This flux is
proportional to D/xPL (Eq. 9). The thickness of the protective layer,
xPL, depends on the alteration thickness of the glass, xPS, and the
molar density of the protective layer (Eq. 14). Therefore, knowl-
edge of the molar density of the protective layer is required to
calculate D. However, only the ratio D/xPL is used in the
calculations. As a consequence, the choice is made here to select
the molar density of the protective layer so that xPL= xPS (Eq. 14).
Collapse of the gel, as identified by small angle X-ray scattering62

and modeled by a Monte Carlo method,54 is very limited in silica-
saturated media. Isovolumetric alteration enables D to be
calculated by simply applying Eq. 8 to the experimental data.
Consequently, the diffusion coefficients given in Table 5 are
calculated with this hypothesis of an isovolumetric alteration.
Should the protective layer occupy 90% of the altered glass, then
the diffusion coefficient would be 0.9 of the value given in Table 5.
The measurement of the diffusion coefficient can be

performed at high surface area to solution-volume ratio where
the dissolution thickness due to r2 can be neglected compared
to the diffusion thickness due to r1. At low surface area to
solution-volume ratio, the formation of non-protective end-
members will consume Si, delay saturation of PRI, and sustain
glass dissolution, globally increasing the mass fraction of non-
protective layer (Fig. 2).
The activation energies of the diffusion coefficients of these

glasses are still unknown, though probably close to that of SON68
glass. D0 values (Table 5) are calculated from 90 °C data57

considering the same activation energy as SON68 glass.56

Uncertainties of the diffusion coefficient values come both from
the precision of experimental data and the effectiveness of Eq. 17
in taking pH and temperature variations into account. The value of
the diffusion coefficient from Eq. 17 was applied using the
parameters of Table 5 to calculate D within a factor of two, i.e.,
with a precision on the quantities of altered glass equal to a factor
of √2. Moreover, under these experimental conditions, a value of
2 × 10−21 m2 s−1 is near the measurement limit and should be
considered as a maximum value and not as an accurate
measurement of the diffusion coefficient. The measurements
determined from experiments at pH 10, all of which are below 2 ×
10−21 m2 s−1, were therefore excluded when calculating the
regression to determine the parameters indicated in Table 5.
The calculated values extrapolated to pH 10 are consistent with
the experimental data obtained at pH 10.
Figure 5 to Fig. 6 give representative examples of model results

for the case of ISG glass, the glass that contains all the elements.
The fit-quality is discussed in the next section.
Given the stoichiometry of the elements in the glass and in the

end-members, the operation of the model can be summarized as
follows:

● The solubility products of the SiAlCa and SiAlNa end-members
have a first-order effect on the Al activities in soda-lime glass

Fig. 4 Graphical representation of end-members stoichiometries

Table 4. Dissolution rate parameters determined for the glasses
described in Table 3

Glass CJ2 CJ3 ISG CJ7 CJ8 CJ9 Units Uncertainty

r2
90 °C
pH= 9

1.1 2.4 1.7 1.1 9.5 8.5 gm−2 d−1 ±15%

k+ 3.7 7.8 5.5 3.6 31 27 m d−1 ±15%

n −0.4, not measured (value
estimated from SON68 glass)

Dimensionless Not applicable

Ea 73, not measured (value
estimated from SON68 glass)

kJ mol−1 Not applicable
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and in soda glass, respectively. Al concentrations are lower in
presence of Ca.

● The solubility products of the SiZrCa and SiZrNa end-members
have a first-order effect on the Zr activities in soda-lime glass
and in soda glass, respectively. Given the below-detection limits
concentrations of Zr in solution, the logK values indicated for
these two end-members were chosen in order for the solution
to remain undersaturated, with respect to zirconium oxide.

● The Al/Ca and Zr/Ca stoichiometry determines the calcium
fraction retained in the amorphous layer at pH ≤8. At pH <8,
the SiCa end-member does not form. The solubility of the SiCa
end-member determines the calcium activities for more
alkaline pH values (e.g., pH90 °C= 9).

● The (Al-2Ca)/Na and (Zr-Ca)/Na stoichiometry determine the
sodium fraction retained in the amorphous layer in initially
pure water.

● The SiAl and Si end-members have a first-order effect on the
silicon activities.

The calculations are compared with the results obtained in 18
experiments, i.e., for all six glasses at three different pH values. The
pH and elemental concentrations are measured in solution for Si,
B, Na, Al, and Ca. The model-experiment comparison therefore
covers a hundred curves of concentrations versus time, and a
thousand experimental data points. This comparison is used to
select the logK values corresponding to each of the end-members
indicated in Table 6.
Table 6 indicates the dissolution equations selected for the end-

members, as well as the logK90 °C value for each end-member.
These values are determined by applying the model to experi-
ments at pH 7, 8 and pH free57 and using CTDP database.23

The uncertainty presented in Table 6 gives an overview of the
ability of the model to reproduce experimental data (discussed in
the Results section). It is calculated, so that each available data
point (Si, Al, and Ca concentrations), lies within the modeling
results whatever the glass, pH, or sampling time.
Geochemical calculation code databases contain many mineral

phases, but not all of them are likely to form at temperatures
below 100 °C. Some can only be synthesized at high temperatures
and cannot be observed in these experimental conditions. They
are largely supersaturated in the leaching solutions and taking
them into account without any kinetic limitation in the calcula-
tions would result in extremely low element concentrations in
solution, far below the measured concentrations. Among the
precipitating phases, it is important to discriminate between those
with fast precipitation kinetics—for which the supply of a
stoichiometric element from the glass or from the environment
is a growth-limiting factor—and those with slow precipitation
kinetics.53,63

Precipitation has been allowed for simple oxides and hydroxides
whose precipitation at low temperatures has been established:
aluminum hydroxide, portlandite, zirconium oxide, borax, and
colemanite. However, all these minerals are undersaturated with
respect to fluid experimental compositions and when modeling,
precipitation of the amorphous layer’s end-members prevent their
formation. Even if they do not form and, as a consequence, have
no influence on the modeling results, they do deserve to be taken
into account and cannot be removed from the database.
The secondary minerals selected here are those suitable for

describing the laboratory experiments performed in initially pure
water under oxidizing conditions. In a complex chemical

Table 5. Diffusion rate parameters: values of the interdiffusion constant, D0, and pH-dependence factor, n’, for the test glasses listed in Table 3

Glass CJ2 CJ3 ISG CJ7 CJ8 CJ9 Units Uncertainty

D0e�
E0a
RT

� �
90�C

1.9 × 10−21 3.2 × 10−24 4.3 × 10−24 3.2 × 10–21 ≤1.4 × 10−23 ≤5.6 × 10−23 m2 s−1 See below

n′ 0.52 0.97 0.86 0.37 0.46 0.32 Dimensionless ±0.2
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environment, or under the reducing conditions expected in a
geological repository, other minerals may have to be considered.
Hydrated calcium silicates and zeolites have been observed in

the experiments at pH 10, at least after 150 days. Therefore,
experiments at pH 10 could not be used to measure the end-
members log K (cf.Table 6). Modeling of these experiments
requires the kinetics of zeolite precipitation to be taken into
account,34 which is beyond the scope of the paper.

Model application
In this section, the model’s usefulness and ability to account for
experimental data at short- and long timescales is presented. An
example of the calculation of the amorphous layer composition is
given.
Below, we discuss the precision of the fit of the model to the

data obtained from the experiments that were used for measuring
the interdiffusion coefficient and the end-member solubilities. An
examination of the results for ISG glass (Fig. 5 through Fig. 7)
prompts the following remarks. These can be generalized to all
the glasses and pH below 10:

1. The model accounts precisely for the pH variations with the
glass composition (refer to the experiments with uncon-
strained pH: Fig. 6). The predicted values of pH lie within the
uncertainty margin of pH measurement (±0.1 unit). Under
these experimental conditions (closed system and high S/V
ratio), the concentrations of B, Na (at all pH values), and Ca
(at pH 7 and 8) depend mainly on the value of the diffusion
coefficient. Variation over time is generally satisfactory,
which supports the relevance of a time-squared model. The
fit between the model and experimental results is related to
the precision of the law describing the variations in the
diffusion coefficient versus the pH (the uncertainties are
discussed in the dedicated section). For example, at pH 8, for
ISG glass, the D= f (pH) law is below the experimental value
(Fig. 8); therefore the modeled B concentrations are
underestimated for the experiment at pH 8 (Fig. 9). At pH
7 (Fig. 5) and pH 9 (Fig. 7), however, the fit is good. B and Na
concentrations are usually known within an uncertainty
margin of a factor of 1.4.

2. Si, Al, Zr, and pH 9-Ca concentrations depend on the
amorphous layer model and on the pH. Uncertainties given
for logK values in Table 6 are given based on the precision
with which the concentrations are predicted by the model:
the ±0.2 uncertainty in SiAl logK is equivalent to an
uncertainty of a factor 1.5 in Si concentration; the ±1
uncertainty in SiAlNa logK is equivalent to an uncertainty of
a factor 5 in Al concentration. This also reflects the
experimental uncertainty of Al measurement, especially in
alkali rich solutions obtained at pH 7.

Figure 7 shows the time-dependent composition of the
amorphous layer. A single experiment is shown here as an
example, at unconstrained pH. Due to the presence of Ca in
sufficient amounts, the SiZrCa and SiAlCa end-members form at
the expense of the soda end-members, SiZrNa and SiAlNa.
Similarly, the presence of Al in sufficient amounts leads to the
formation of the SiAl end-member and the absence of the Si end-
member. Finally, as Ca is in excess with respect to the total Al/2+
Zr, and the pH is high enough, the SiCa end-member can form.
The relative amounts of each end-member vary over time and
thus modify the average composition of the layer (Fig. 7). Si, the
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Fig. 6 Total concentrations in solution at pH 9: comparison between model and experiment for ISG: unconstrained pH, 90 °C, S/V= 80 cm−1

Table 6. End-members: compositions and logK values (90 °C)

End-members Formula log Ka 90 °C Uncertainty

Si SiO2 2.236b NA

SiAl SiAl0.0833O2.125 2.4 ±0.2

SiCa Si2CaO4(OH)2 −8.9 ±0.6

SiAlCa SiAl3Ca1,5O2(OH)12 −28 ±3

SiAlNa SiAlNaO2(OH)4 −8.5 ±1

SiZrCa SiZrCaO2(OH)6 1.6 NA

SiZrNa SiZrNa2O2(OH)6 0.0 NA

aThe basis species are: Al3+, Ca2+, H+, Na+, Zr4+, SiO2(aq)
bTaken from amorphous silica in CTDP database (see 4.2)
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most soluble of the elements that form the amorphous layer,
accounts for an increasing proportion of the amorphous layer over
time, tending toward the initial glass composition ratio.
Experiments at unconstrained pH were initiated several years

ago to demonstrate the evolution of the reactive diffusion
coefficient over time. Over the long-term, the model accurately
accounts for the B concentrations for some glass compositions,
but is conservative for others (e.g., ISG, Fig. 10). Experimental
data55,64 and Monte Carlo models of glasses17,54,62,65 show that it
is not sufficient to reach saturation with respect to Si to observe an
inhibition of alteration: the gel must also reorganize. A decrease in
the diffusion coefficient over time could therefore be due to a
reorganization of the elements within the amorphous layer.
Another hypothesis is that more Ca is incorporated in the
amorphous layer,12 consistent with the slightly increasing pH.
Indeed, an increase in pH causes a strong decrease in the diffusion
coefficient for calcium-containing glass (Fig. 8).

DISCUSSION
Numerical application of the model allows us to draw the
following general conclusion: each degree of freedom originally
given to the model appears to be required in order to represent
the observed phenomena. A simpler model would fail to address
the chemical complexity of these systems. Until now, there has
been no evidence that the precision of the concentration
prediction is inadequate for the purpose of predicting the long-

term behavior of glass. However, the limitations of the model are
explored further in the next sections.
Previous authors have identified the limits of the formalism of

Eq. 11.66–69 Nevertheless, the simplest first-order law was still used
in this study. The amorphous layer’s chemical composition is far
too complex to argue that the inability to account for the drop in
the dissolution rate when conditions diverge from equilibrium is
due to, only the simple formalism of Eq. 11, rather than the
evolution with fluid chemistry of the composition and structure of
amorphous layers with significant solubilities and transport
properties.
One particular hypothesis of the GRAAL model results in a

model for the amorphous layer that is independent of the
composition of the glass and contributes very significantly to the
simplicity of the model. This hypothesis is that the reactivity of the
elements that precipitate in the amorphous layer depends
primarily on their behavior within the solution and thus that the
effect that the initial structure might be disregarded in a first
approximation.
The model is not unique in the choice of the stoichiometry

values of the end-members. More experimental data are required
to improve the choice for this stoichiometry. For example, the
stoichiometry of the Si/Ca end-member was defined as 2, but a
value of 3 combined with a suitable logK value would give equally
satisfactory fitting results. However, the possible variation ranges
of the stoichiometry of the end-members are bounded. For
example, it is advisable for the Si/Ca ratio to be higher than for the
calcium silicate hydrates that form at a higher pH.70,71 It has
therefore not been demonstrated that the model is valid, i.e., that
it describes the reality of Si−Al−Ca−Zr reactivity at a molecular
scale. Instead, however, it accounts for the main macroscopic
effects of these interactions and thus fulfills its objective. If the
predictive capabilities of the model are called into question, then
the construction of a model closer to the actual chemical reality
will be justified. This would require additional experimental data
points in order to improve the chemical description of the
amorphous layer. Finally, atomic theory modeling studies of the
structure of the amorphous layer could help to provide a
theoretical justification for identifying interactions and choosing
the stoichiometry of end-members.72–74 Once the end-member
stoichiometry has been defined, the logK values selected for the
end-members are then imposed by the activities in solution of
their constituent elements.
In this paper (cf. Table 5), each glass is assigned a reactive

diffusion coefficient. However, the theoretical basis of the GRAAL
model states that the diffusion coefficient refers to the protective
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amorphous layer and not to the glass. For the experiments
presented here, in initially pure water at high surface area to
solution-volume ratio, the stoichiometry of the amorphous layer
tends toward the stoichiometry of glass, thus the approximation
to assign each glass a diffusion coefficient is justified.
Chave et al.12 presented experimental evidence that the

diffusion coefficient is related to the amorphous layer and not
the glass, since the apparent reactive diffusion coefficient of a
glass containing no Ca drops by several orders of magnitude
when a sufficient amount of Ca is supplied by the solution,

especially if the pH conditions favors Ca condensation. This result,
as well as the hypothesis discussed in the section relative to
Model-experiment comparisons at long term, demonstrates the
need for the diffusion coefficient to be a function of the
composition of the amorphous layer.75,76

Several interactions are not taken into account in the model
because their effects were considered too weak to justify an
additional model parameter. The interactions not taken into
account, and their consequences for the model, are listed
below:
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● The effect of Zr on the apparent Si solubility was completely
negligible: however, glasses with very high Zr content should
exhibit slightly lower Si activity than what is predicted by the
model.

● The effect of Al on the apparent solubility of Si is taken into
account only via the SiAl end-member, which contains neither
alkalies nor alkaline earth metals; retention of the latter in the
amorphous layer is taken into account via the SiAlCa and
SiAlNa end-members. It might have been justified to create
two silicon-rich end-members, Si+AlCa and Si+AlNa, instead of
a single SiAl end-member, but a simpler model was preferred.

● The behavior of K, Mg, and Fe, elements abundant in natural
environments, warrant specific studies.

● When the pH rises above 9.5, the effect of Ca on the apparent
solubility of Si can no longer be ignored otherwise the Si
activities are overestimated. For a pH above 10, zeolite and
calcium silicate hydrates can precipitate and sustain glass
dissolution by consuming Si. Nucleation and growth kinetics
of these minerals are therefore required for modeling glass
alteration at such high pH values.

A series of scientific questions were raised in the introduction
on the role of the alteration layer on glass dissolution kinetics.
How amorphous layer forms and how passivation occurs at a
molecular level remain open questions whose answers require
molecular models. However, macroscopic geochemical models
relying on measurable bulk concentrations are unavoidable tools
for glass experiments understanding and glass long-term behavior
predictions. This is due to their ability to describe chemical
interactions and mass balances, their ability to explain how
elements split between the amorphous layer and secondary
crystallized minerals, their ability to calculate the fluid composition
and therefore the effect of a fluid renewal. The apparent solubility
of the amorphous minerals is a key parameter: there is still a need
to better understand their precipitation processes at low
temperature (<100 °C) and their ripening in conjunction with
their transport properties in order to better predict the fate of
glass and minerals in natural environments.
Glasses, as well as many multi-element minerals, or even metals,

exhibit non-congruent dissolution. This non-congruent dissolution
is both due to the faster dissolution rates of some chemical bonds,
typically those involved with alkali metals, and the ability of some
elements to precipitate, typically Si and Al metal oxides. It ends up
in the formation of a layer with potential passivation properties.
Moreover, this non-congruent dissolution has major conse-
quences on fluid pH and composition which affects, in turn, the
dissolution of the surface layer.
A simple and very general model has been proposed for

modeling passivation as part of a reactive transport code.
Concepts, equations, and implementation feedback have been
presented. Fluid chemistry can be predicted by the model, thus it
enables us to focus on the modeling of the dissolution-
condensation phenomena in solution in attempt to give a better
description of the composition and solubility of the protective
layer, thereby improving the understanding of chemical interac-
tions at low temperature in an amorphous mineral.
Validation is a key step toward justifying the simplified

assumptions on which the model is based. The usefulness of the
model was demonstrated by applying it to other glasses,
especially the French reference inactive surrogate SON68, and
can be tested further by application to other solution composi-
tions or, more generally, for modeling interactions with other
solids in the glass environment.
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