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a b s t r a c t

The Glass Reactivity with Allowance for the Alteration Layer Model (GRAAL) was proposed in 2008 to
describe borosilicate nuclear glass alteration based on coupling an affinity law with the formation and
dissolution of a passivating reactive interface. It is examined here in a simplified form in which only
the affinity with respect to silicon is taken into account with a concentration at saturation Csat, and the
precipitation of neoformed phases is described by an affine relation for silicon above a precipitation
threshold C0sat. This simplified ‘‘analytical GRAAL” model is capable of predicting the quantities of altered
glass and the silicon and boron concentration variations in analytical or semi-analytical form, and
thereby identify the main characteristic quantities of the system. The model was tested against a series
of laboratory experiments lasting from a few days to a few years; its sensitivity to the parameter values
was examined, and the model was validated with respect to SON68 glass alteration in initially pure
water. It was then applied to the alteration of a glass package in a repository over periods of up to a mil-
lion years, by means of exploratory calculations comprising a sensitivity study of the internal model
parameters and extrapolation to the temperatures expected in a geological repository in order to identify
the parameters and mechanisms having the greatest impact on the residual alteration rate. Alteration is
controlled by the precipitation of neoformed phases in every case. The transient conditions are of very
limited duration with respect to either silicon or boron (no more than a 100 years, with less than
0.01% alteration of the package). In the precipitation law used in the model, the residual alteration rate
and total package lifetime are determined primarily by two parameters: k0 (the precipitation kinetics)
and r0 (the precipitate surface area per unit volume in the geological barrier). The package lifetime is
about 3 � 105 years at 30 �C assuming a reasonable value for r0 (106 m�1), and would be increased by
a factor 3–6 if precipitation in the barrier were disregarded. This cursory description of precipitation will
be validated and refined through specific laboratory tests at 50 �C and lower temperatures, coordinated
with the development of the ‘‘geochemical GRAAL” model and with integral tests in contact with clay and
canister corrosion products.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The safety demonstration of a geological disposal for long-lived
nuclear wastes implies predicting the waste package evolution
over hundreds of thousands of years, and more precisely the evo-
lution of the source term, i.e. flow of radionuclides released from
the confinement material over time. In France the long-lived
wastes resulting from the spent nuclear fuel reprocessing are con-
fined within a borosilicate glass matrix [1]. Their disposal is set to
lay inside the Callovo-Oxfordian argillites of the northeastern Paris
Basin [2,3]. The mitigation of the radiological risk associated with
the radioactive decay of those wastes occurs on time scales of
thousands of years. Direct experimental validation is impossible
ll rights reserved.
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at such time scales. Establishing the source term therefore requires
the use of a model coupling nuclear glass chemistry and the trans-
port of species in the environment, applied to vitrified waste pack-
ages in their repository site. Modeling involves establishing
relations describing glass alteration as a function of system param-
eters (especially the temperature, chemical composition, and solu-
tion pH at the reaction interface, the glass chemical composition,
etc.). These relations are postulated, then validated by laboratory
observations (observing the alteration of a glass sample over time
under specified conditions) or on natural analogs (studies of
alteration on a geological or historical time scale [4–6]). They
make it possible to discern the mechanisms controlling glass
alteration—at least under controlled conditions (for example glass
leaching under static conditions in initially pure water). Some of
these controlling mechanisms are responsible for the residual rate
regime observed in the laboratory during tests under static
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conditions or with very low flow rates. It is not easy to obtain pre-
cise measurements of the characteristics of this regime (alteration
rates and their variations according to the glass composition and
operating conditions), and yet it is the design basis regime for
the long-term package evolution in a geological repository [7].

In the case of R7T7-type glass designed for containment of nu-
clear waste from French light water reactors, our growing under-
standing of these controlling mechanisms and especially of those
governing the residual rate regime has recently led to the develop-
ment of a model known as Glass Reactivity with Allowance for the
Alteration Layer (GRAAL). This model is described in [8,9] and in
Fig. 1; applicable to nuclear borosilicate glasses and initially ap-
plied to SON68 glass (inactive R7T7 reference glass, which chemi-
cal composition is given in Table 1), it assumes glass alteration is
controlled by an amorphous layer consisting of glass no longer
containing any mobile elements (alkalis, boron, etc.) and known
as the ‘‘passivating reactive interphase” (PRI). The term highlights
the diffusion barrier role of this layer with respect to the transport
of water to the glass and of solvated ions from the glass into solu-
tion. The dissolution of the PRI outer face is controlled by an affin-
ity term with respect to its constituents: silicon, aluminum,
calcium, zirconium, etc. However, the existence of a passivating
barrier protecting the glass by retarding the contact of water,
had already been observed on simplified borosilicate glasses
[10,11]. The observed effect has been explained by dissolution/
recondensation phenomena involving glass network formers, nota-
bly silicon, using Monte-Carlo models at an atomistic scale.

As it is based on a main controlling mechanism, the GRAAL
model uses simplified hypotheses about the alteration products
by describing only the passivating zone of the glass alteration layer
(the PRI). The properties of the PRI are described by a single diffu-
sion coefficient governing both water diffusion and the transport of
Pristine glass PRI
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Fig. 1. Simplified diagram of the predominant mechanisms of nuclear borosilicate
glass alteration taken into account in the GRAAL model.

Table 1
SON68 glass composition in oxide wt%.

Oxide wt% Oxide wt% Oxide wt%

SiO2 45.85 MoO3 1.78 CdO 0.03
Al2O3 5.00 Cs2O 1.12 SnO2 0.02
B2O3 14.14 NiO 0.43 TeO2 0.23
Na2O 10.22 P2O5 0.29 BaO 0.62
CaO 4.07 SrO 0.35 La2O3 0.93
Li2O 1.99 Cr2O3 0.53 Ce2O3 0.97
ZnO 2.53 Y2O3 0.20 Pr2O3 0.46
ZrO2 2.75 MnO2 0.39 Nd2O3 2.04
Fe2O3 3.03 Ag2O 0.03
mobile species. In other words, water diffusion through the PRI and
diffusion of mobile elements towards the outer solution, are as-
sumed to have similar magnitude and opposite directions. The
other elements are assumed to dissolve and, under suitable condi-
tions, precipitate in secondary phases, distinct from the glass alter-
ation layer (the latter being named ‘‘gel”).

Through these simplifications, the model seeks mainly to de-
scribe glass alteration for time durations in which the transient
mechanisms due to the complexity of the glass/solution interface
have little impact. This is the case for the durations relevant to geo-
logical disposal; nevertheless, some limited disagreements with
laboratory-scale experimental data are expected, and are to be
analysed.

This paper describes an implementation of the GRAAL model
based on an additional simplifying hypothesis with respect to
chemistry, under which the PRI reactivity, as well as the precipita-
tion of neoformed phases, are assumed to depend only on silicon.
This hypothesis, leading to numerous models [12,13], is based on
the fact that silicon is the main glass network former. With such
basis, however, this model will not assess realistically the conse-
quences of pH variations on the glass alteration [14].

Based on analytical or semi-analytical solutions for the equation
system, this approach should make it possible to discern the prin-
cipal characteristic quantities of the system, not only to describe
laboratory tests under static or dynamic conditions, but also for
application to alteration of the glass package in a geological repos-
itory (assuming that the chemical, thermal and hydrodynamical
conditions imposed to the glass could be determined in addition
with enough precision). This work proposes, via a sensitivity study,
to evaluate the impact of the main model parameters at both
space-time scales.

The ‘‘analytical GRAAL” model is described in Part 2 together
with the values assigned to its fundamental parameters. The mod-
el predictions are compared in Part 3 with the results of labora-
tory tests of SON68 glass leaching under static and dynamic
conditions, notably including the tests used to validate the ‘‘geo-
chemical GRAAL” model described in [9]. This approach not only
validates the analytical model, but also demonstrates the sensitiv-
ity of the predictions to the parameter values at laboratory—i.e.
centimeter—scale over time periods ranging from a few days to
a few years.

Part 4 discusses the application of the ‘‘analytical GRAAL” mod-
el to the alteration of a glass package in a geological repository. The
calculations were initially performed at 90 �C, i.e. a temperature at
which the model can be validated with respect to laboratory tests,
first of all in a reference configuration then considering the sensi-
tivity of the parameters in terms of their impact on the long-term
behavior of the package and especially its residual alteration rate.
The model was then applied to temperatures more representative
of glass alteration in a repository, i.e. 30 and 50 �C, based on
hypotheses concerning the temperature-dependence of the mech-
anisms having long-term impact—especially the secondary phase
precipitation kinetics.

It is important to note that these calculations applied to a geo-
logical repository are not actual package performance assessment
calculations, which are now carried out using operational models
[15,16]. The main purpose of these calculations is to determine
the long-term validity range of the GRAAL model and identify areas
in which further research is necessary to reduce the uncertainties
on the impact of some controlling phenomena. For example, sec-
ondary phase precipitation appears to have a major role in this re-
gard, and yet the parameters describing these phenomena are
either difficult to measure on the basis of laboratory leach test re-
sults—especially at repository temperatures (20–50 �C)—or are
likely to be poorly described by an analytical approach compared
with a more detailed chemical approach.
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2. The analytical GRAAL model

The analytical GRAAL model simplifies the description of nucle-
ar borosilicate glass alteration by assuming the predominance of
only two elements: silicon describing the glass matrix evolution,
and boron as a mobile element. The equations in this model were
given in [8] for glass alteration in a homogeneous medium. The five
basic equations describe:

(1) the PRI dissolution kinetics,
(2) the PRI formation kinetics,
(3) the neoformed phase precipitation kinetics,
(4) the silicon mass balance, and
(5) the boron mass balance.

The following nomenclature lists the parameters used in these
equations.

2.1. Nomenclature for nuclear glass alteration in a homogenized
aqueous solution

� Observable quantities
– e(t), m: PRI thickness at time t
– E(t), m: dissolved PRI thickness at time t
– Etot(t) = E(t) + e(t), m: total altered glass thickness at time t
– CSi(t), mol m�3: silicon concentration in the aqueous solution

at time t
– CB(t), mol m�3: boron concentration in the aqueous solution

at time t
– Mpr(t), mol: quantity of precipitated silica at time t
� Leaching and operational conditions

– S, m2: reactive surface area of the glass
– X, m3: reactor volume
– Q, m s�1: solution volume flow rate
– Minit, kg: initial glass mass
� Intrinsic glass parameters

– CvSi, mol m�3: silicon content in the glass
– CvB, mol m�3: boron content in the glass
– qglass, kg m�3: glass density
� Model parameters

– Csat, mol m�3: silicon concentration at saturation in equilib-
rium relation between PRI and aqueous solution. The effect
of silicon speciation is not described here

– C0sat, mol m�3: silicon concentration at the onset of
precipitation

– rhydr, m s�1: hydrolysis rate of soluble glass constituents
(boron, alkalis) during creation of the PRI

– rdisso, m s�1: PRI dissolution rate in pure water
– DPRI, m2 s�1: water diffusion coefficient in PRI
– k0, m s�1: precipitation rate parameter for secondary silica

phases
– S0, m2: surface area on which secondary phases precipitate
– q0, mol m�3: silica density of secondary phases

Note: only a single type of secondary phase is considered here.

2.2. Analytical GRAAL model equations in a homogenized aqueous
solution

The equations from [8] are included below with a brief descrip-
tion of the modeled mechanism.

2.2.1. Eq. (1): Dissolution of the passivating reactive interphase
The PRI is assumed to dissolve as a result of the affinity of sili-

con (Eq. (1)), where rdisso corresponds to the PRI dissolution rate
and Csat to the total silicon concentration at which dissolution
ceases:

dE
dt
¼ rdisso 1� CSiðtÞ

Csat

� �
ð1Þ
2.2.2. Eq. (2): Formation of the passivating reactive interphase
The PRI is assumed to form by water diffusion at the interface

with the pristine glass, which hydrolyzes the most soluble glass
elements, especially boron. The diffusion coefficient DPRI is about
10�22 m2 s�1 for the SON68 glass. Moreover, hydrolysis of the
B–O–Si bonds is theoretically limited by kinetics expressed as a
rate, rhydr. This gives the following equation, in which the water
diffusion profile in the PRI is assumed linear in the interval
[E(t),E(t) + e(t)]:

de
dt
¼ rhydr

1þ erhydr
DPRI

� dE
dt

ð2Þ
2.2.3. Eq. (3): Secondary phase precipitation kinetics
In the analytical GRAAL model, secondary phase precipitation

concerns only silicon by a sink term; it is assumed that only a sin-
gle phase is formed. The precipitate mass formed over time is as-
sumed in this model to follow an affine relationship described by
the following equation, in which the rate term k0 is applicable to
a precipitation surface area S0 for a precipitate of density q0, which
precipitates as soon as the total silicon concentration is above a
threshold concentration C0sat:

dMpr

dt
¼ q0k0S0

CSiðtÞ
C 0sat

� 1
� �

ð3Þ

Note that Eq. (3) differs from the equation proposed in [8] using a
linear term, without threshold. An affine first-order law is more
realistic, corresponding to a precipitation kinetics driven by sursat-
uration, which application to silica precipitation is given in [17].
This equation is algebraic, in the sense that the neoformed precipi-
tates redissolve as soon as the silicon concentration CSi(t) is less
than C0sat. However, redissolution occurs under the condition that
the total mass of precipitate Mpr(t) remains positive:

If MprðtÞ ¼ 0 and CSiðtÞ < C 0sat; then
dMpr

dt
¼ 0 ð4Þ
2.2.4. Eq. (4): silicon balance
The silicon concentration variation in the reactor volume, X , is

determined by the algebraic sum of the following three terms:

� the silicon contribution (source term) due to dissolution of the
PRI, with a surface area S and a silicon mass concentration equal
to CvSi

� the sink term corresponding to the mass of silicon precipitated
in the reactor, given by Eq. (3)
� the sink term due to silicon removal by the volume flow rate Q

This gives the following equation:

X
dCSi

dt
¼ SCvSi

dE
dt
� QCSiðtÞ �

dMpr

dt
ð5Þ
2.2.5. Eq. (5): boron balance
The boron balance (boron is an overall glass alteration tracer) is

obtained in a similar manner to the silicon balance, except that
boron does not precipitate and the source term is specified from
the total quantity of altered glass, E(t) + e(t):

X
dCB

dt
¼ SCvB

dðEþ eÞ
dt

� QCBðtÞ ð6Þ



Y. Minet et al. / Journal of Nuclear Materials 404 (2010) 178–202 181
2.2.6. Initial conditions
Inasmuch as Eqs. (1)–(6) describe the alteration of a pristine

SON68 glass sample in initially pure water, the following initial
conditions were selected for the remainder of this study:

Eð0Þ ¼ 0 ð7Þ
eð0Þ ¼ 0 ð8Þ
Mprð0Þ ¼ 0 ð9Þ
CSið0Þ ¼ 0 ð10Þ
CBð0Þ ¼ 0 ð11Þ

Although the GRAAL model could describe other boundary condi-
tions, we chose to limit the scope to these values because most lab-
oratory experiments relevant to this model concern pristine glass
samples in initially pure water.

2.3. Analytical GRAAL model parameter values for SON68 glass

The parameter values for the analytical GRAAL model were
determined from physical and chemical considerations and on
the basis of a few experimental comparisons. They are indicated
here for SON68 glass for leaching in initially pure water at 90 �C.
Under these conditions, the progressive enrichment of the aqueous
solution results in an increase in the pH toward slightly basic val-
ues (between 8 and 9.5 depending on the conditions). Strictly
speaking, the effect of the pH on the model parameters should be
taken into account since even though the pH quickly reaches an
equilibrium level, its value depends on the test conditions. In the
analytical GRAAL model, however, this effect is not taken into ac-
count because it does not radically modify the parameter values,
and in particular those describing the residual kinetics, and be-
cause allowing for this effect would entail additional complexity.

The parameter values for the model are the following:

� Csat = 2.0 mol m�3: This parameter is interpreted as the PRI sol-
ubility limit. Its value is determined by the silica concentration
limit in the reactor for dynamic tests at low flow rates per unit
area (Q/S) or for tests under static conditions. In the analytical
GRAAL model, this represents the solubility limit for total sili-
con and not for H4SiO4 as in the geochemical GRAAL model [9].
� C0sat ¼ 1:9 mol m�3 is the secondary phase solubility limit. Since

the analytical GRAAL model simplifies the chemistry such that
the precipitates are reduced to one single phase, and the sec-
ondary phase precipitation is the sole mechanism capable of
accounting for long term constant (or nondecreasing) rates
under static conditions, the C0sat value must be less than Csat.
This is a preliminary value; more thorough experimental fitting
would be necessary to determine an accurate value. This issue is
discussed in the context of the sensitivity calculations.
� rhydr = 1 � 10�11 m s�1 is always interpreted as the kinetic

parameter of the pristine glass to hydrated glass conversion
reaction at the PRI internal interface. The hydration kinetics
parameter rhydr, must be distinguished from the initial glass
alteration rate measured in pure water (generally designated
r0). rhydr corresponds to the upper limit of the tracer release rate,
which otherwise would initially be infinite because the release
follows a diffusion process. The rationale for an upper limit lies
in the reactive nature of this diffusion [18]. No maximal value
can be inferred from the state-of-the-art knowledge. Therefore,
a reference value of 10�11 m s�1 is selected, so that the forward
initial rate is not limited by this hydration phenomenon. It will
be shown below that the value of rhydr has negligible impact on
the predictions of the model.
� rdisso = 1.7 � 10�12 m s�1: This is the kinetic parameter for the

PRI dissolution rate on the outer face. According to the GRAAL
model, rdisso is the asymptotic rate of release of tracer elements
and silica during experiments at high solution renewal rates. It
is also the initial silica release rate (but not that of the tracers, at
least during the initial instants of alteration); rdisso is therefore
assigned both by silica concentration measurements in the
reactor for tests at high Q/S ratios, and by equilibrium rate mea-
surements for tests at high Q/S values (for which this rate is
dominated by the PRI dissolution kinetics). The proposed value
corresponds to the initial rate values (r0) measured at 90 �C and
neutral pH (0.15 lm d�1) [12,19].
� DPRI = 3 � 10�22 m2 s�1 is the constant for water diffusion in the

PRI. Its value can be fitted on the boron concentration peak values
obtained during tests at low flow rate. This value is within the
range Chave et al. determined by analyzing boron profiles in the
PRI [20].
� k0 = 2 � 10�14 m s�1 and S0 = S: Secondary phase precipitation is

expressed as the product of the kinetic term k0 by the precipitate
surface area S0. In the analytical GRAAL model compared with
glass leach tests in homogeneous media, the product k0S0 can
be determined (with an uncertainty higher than an order of mag-
nitude) by the residual rate value for the static tests or dynamic
tests at low flow rates (for which the residual rate is dominated
by the secondary phase precipitation kinetics). Moreover, alter-
ation tests performed at various S/V values showed that the
residual rate was relatively independent of the glass surface area
S [21,22]. In such conditions, the product k0S0 can be considered
as proportional to rresS (Eq. (5) applied to a zero flow rate and a
stationary concentration), rres being the apparent glass alteration
residual rate measured in the static experiments and shown to
be independent of the glass surface area. Since the S0/S ratio
can be incorporated in the value of k0, this is equivalent to consid-
ering that S0 is equal to S. In other words, one can infer from the
observations of long-term alteration rates for nuclear borosili-
cate glasses under static conditions, that the secondary phase
precipitation mechanism, in terms of explaining the observed
glass behaviour, needs only the determination of the product k0S0

and does not need to discriminate between both terms. In this
scope, a precipitate with low surface area and high precipitation
rate is isomorphic to a precipitate with high surface area and low
precipitation rate. However, if additional precipitation were
taken into account far from the glass, in a surrounding medium
with known precipitate surface area, such as an engineered or
geological barrier (see Section 4.1.3), then the individual value
of k0 would matter again.
� q0 = 2 � 104 mol m�3 corresponds to a silica content in the pre-

cipitate comparable to its concentration in SON68 glass; this is a
reasonable order-of-magnitude hypothesis corresponding to
the values found in neoformed phases in contact with clay
[9,23]. In any event, this parameter affects only the product
q0k0S0, and the uncertainty on this product is dominated by k0.

Finally, the intrinsic parameters of SON68 glass—its silicon and
boron content—are respectively equal to CvSi = 2.07 � 104 mol m�3

and CvB = 1.10 � 104 mol m�3 [9,22].
All the input parameters of the analytical GRAAL model are sum-

marized in Table 2, which indicates the reference value together
with the minimum and maximum values used in the sensitivity
study for each parameter. The choice for the latter values is dis-
cussed in this study (Section 3.3), within the subsections pertaining
to the relevant parameters (Section 3.3.1, 3.3.2, 3.3.3, 3.3.4, 3.3.5).

2.4. Solution of analytical GRAAL model equations: Main characteristic
quantities

Eqs. (1)–(6), with initial conditions (7)–(11), can be solved purely
analytically for the silicon concentrations, the dissolved PRI thick-
ness (E(t)), and the precipitate mass. The boron concentrations



Table 2
Analytical GRAAL model input parameter values for SON68 glass altered in initially
pure water.

Parameter Notation/
unit

Reference Min. Max.

Total Si concentration
at saturation

Csat

(mol m�3)
2.0 1.0 4.0

Si precipitation
threshold

C0sat

(mol m�3)
1.9 0.95a 3.8a

Rate of pristine glass
hydration forming
the PRI

rhydr

(m s�1)
10�11 3 � 10�12 10�7

PRI dissolution rate rdisso

(m s�1)
1.7 � 10�12 1.0 � 10�12 9.0 � 10�12

Diffusion coefficient
in the PRI

DPRI

(m2 s�1)
3 � 10�22 6 � 10�23 6 � 10�22

Neoformed phase
precipitation rate

k0 (m s�1) 2 � 10�14 5 � 10�15 10�13

Precipitation to glass
surface area ratio

S0/S 1 – –

Si content of
neoformed phases

q0

(mol m�3)
2 � 104 – –

Si content of SON68
glass

CvSi

(mol m�3)
2.07 � 104 – –

B content of SON68
glass

CvB

(mol m�3)
1.10 � 104 – –

Density of SON68
glass

qglass

(kg m�3)
2.74 � 103 – –

a When the C0sat concentration is modified proportionally to Csat.

Table 3
Characteristic time values of analytical GRAAL model. The numerical values given in
this table are based on the reference parameter values from Table 1 (Section 2.3).

Characteristic time/quantity Definition

tkin ¼
XCsat

SCvSirdisso
¼ ð5:7� 107 s m�1ÞX

S
Characteristic time
for solution
saturation under
static conditions,
neglecting
precipitation

treac ¼
X
Q

Characteristic
residence time of
inert elements in the
reactor, taking the
flow rate into
account

tprec ¼
XC0sat

q0k0S0
¼ ð4:8� 109 s m�1ÞX

S
Characteristic time
for precipitation of
silicon in the reactor

tc1 given by :
1

tc1
¼ 1

tkin
þ 1

treac

Characteristic time
for the evolution of
the silica
concentration in the
system in the
absence of
precipitation, taking
into account the
silica saturation and
the flow rate

tc2 given by:
1

tc2
¼ 1

tkin
þ 1

treac
þ 1

tprec

Characteristic time
for the evolution of
the silica
concentration in the
system after the
onset of
precipitation, taking
into account the
silica saturation and
the flow rate

Csat1 ¼ Csat
tc1

tkin
¼ Csat

1þ ð5:7� 107 s m�1ÞQ=S

Steady-state silica
concentration in the
reactor in the
absence of
precipitation, taking
into account the
effect of the flow rate

topr ¼ �tc1 ln 1� C0sat

Csat1

� �
Time to the onset of
precipitation, if
precipitation occurs,
assuming C0sat < Csat1

(thus, Q/
S < 9.2 � 10�10 m s�1)

tPRI1 ¼
DPRI

r2
disso

1þ SCvSirdisso

QCsat

� �2

¼ ð102 sÞ 1þ ð1:75� 10�8 m s�1ÞS=Q
� �2

Characteristic time
for formation of the
PRI in the absence of
precipitation

tPRI2 ¼
DPRI

r2
disso

1þ SCvSirdisso þq0k0S0

QCsat
þq0k0S0

Csat

C0sat
�1

� �� �2 Characteristic time
for formation of the
PRI in the presence of
precipitation
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and PRI thicknesses (e(t)) are calculated numerically using a
Fortran program based on Eulerian stepwise calculations, or from
semi-analytical approximations. The complete equation system is
indicated in Appendix A; its solution reveals the main characteris-
tic quantities of the model (Appendix A.2). These characteristic
quantities are used to develop the analytical or semi-analytical
expressions for the concentrations, alteration rates, and total
altered thickness in Appendix A.3.

The characteristic time values are indicated in Table 3; the units
are specified in the nomenclature of Section 2.1. Using the model
parameters defined in Section 2.3, numerical values are proposed
according to the S/V ratio (designated here S/X) and the flow rate
per unit area (Q/S), expressed in SI units (time in seconds, S/X in
m�1 and Q/S in m s�1).

The existence of a precipitation threshold in Eq. (3), results in
two successive glass alteration regimes: before and after the begin-
ning of precipitation, if it occurs—which requires that the equilib-
rium silicon concentration without precipitation (Csat1, see Table 3)
be higher than the precipitation threshold C0sat. This can be ex-
pected under static conditions or for sufficiently low flow rates
per unit area (Q/S), below 10�9 m s�1 using the model parameter
values specified in Section 2.3. Each regime defines two character-
istic time values, one for silicon concentration variations (tc1 and
tc2), and the other for the evolution of the PRI and thus the boron
concentrations (tPRI1 and tPRI2). The values of tc1 and tc2 are gener-
ally a few days except at very low S/V ratios (designated here S/X),
whereas tPRI1 and tPRI2 can be very high at very low flow rates per
unit area. Under static conditions, tPRI1 is infinite (the PRI grows
according to an asymptotic square-root-of-time relation t1/2 with-
out precipitation), and tPRI2 is determined by the effect of precipi-
tation (about 9 years).

Finally, precipitation of a silicated secondary phase implies the
existence of a nonzero asymptotic residual glass alteration rate, rf,
i.e. congruent alteration at a rate given by the following expressions:

rf ¼ rf 1 ¼ rdisso 1� Csat1

Csat

� �
¼ rdisso

QCsat

SCvSirdisso þ QCsat
¼ 1

SCvSi
QCsat
þ 1

rdisso

ð12Þ
if the flow rate is sufficient that the asymptotic concentration Csat1

does not exceed the precipitation threshold C0sat,

rf ¼ rf 2 ¼ rdisso

QCsat þ q0k0S0 Csat
C0sat
� 1

� �
SCvSirdisso þ QCsat þ q0k0S0 Csat

C0sat

� Q
S

Csat

CvSi
þ q0

CvSi

S0

S
k0

Csat

C 0sat

� 1
� �

ð13Þ

if the flow rate is low enough for precipitation to occur Csat1 > C0sat

� �
.

There will therefore always be a minimal alteration rate—about
10�15 m s�1 at 90 �C—at very low flow rates. Such rate is three or-
ders of magnitude lower than rdisso and nearly four orders of magni-
tude lower than the forward dissolution rate for SON68 at 90 �C and
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pH 9. At higher flow rates per unit area, Q/S the alteration rate is
roughly proportional to the Q/S ratio. Finally, at very high flow rates
per unit area, i.e. when Q

S
Csat
CvSi

is of the order of magnitude of rdisso, the
residual rate becomes independent of Q/S, and approaches rdisso.

Under these steady-state conditions the PRI thickness is then
equal to kPRI = DPRI /rf, or about 300 nm for the minimum value of
rf (10�15 m s�1), and the formation of the PRI will continue under
steady-state conditions for a time exceeding tPRI ¼ DPRI=r2

f : about
10 years if rf is equal to 10�15 m s�1, i.e. longer than the time nec-
essary to reach a steady-state silicon concentration. In other words,
in this time period alteration will not be congruent because of the
time required to reach a steady-state boron concentration.

Applying the analytical GRAAL model to leach tests on initially
pristine glass in initially pure homogenized water will therefore al-
ways give a rising silicon concentration curve because of the
expression for the precipitation kinetics versus the concentrations.
This not only excludes the possibility of a resumption of alteration
(which would require a decrease in the silicon concentration at the
PRI/solution interface) but also any redissolution of the precipitate.
With these hypotheses it is therefore impossible to reproduce the
observed resumption of alteration [24,25]. However, these phe-
nomena occurred at very high pH (greater than 10) which are
not observed for R7T7-type glass and are outside the validity range
of the analytical GRAAL model, which assumes a constant concen-
tration at saturation (Csat). Conversely, the geochemical GRAAL
model, which allows for the precipitation of a number of phases,
could account for such phenomena.
Table 4
Static and low flow rate experiments performed on SON68 glass at 90 �C, from [9].

Expt Duration (days) S/V (cm�1) Q/S (m s�1) Powder siz

1 550 3.3 0 63–125
2 2800 80 0 40–100
3 110 200 0 Centered a
4 3000 2000 0 5 à 40
5 59 4700 1.7 � 10�12 Centered a
6 59 2100 6.6 � 10�12 Centered a
7 90 4600 1.5 � 10�11 Centered a
8 70 1200 4.4 � 10�11 Centered a
9 91 820 1.5 � 10�10 Centered a

10 70 100 5.7 � 10�10 Centered a
11 90 85 1.5 � 10�9 Centered a
12 70 28 5.9 � 10�9 Centered a

Table 5
List of moderate flow rate experiments performed on SON68 glass at 90 �C.

Expt Duration (days) S/V (cm�1) Q/S (m s�1) Powder
size (lm)

Spe
area

13 16 9.7 6.9 � 10�9 100–125 4.2
14 16 9.7 6.9 � 10�9 100–125 4.2
15 7.9 9.7 1.2 � 10�8 100–125 4.2
16 40 9.7 1.2 � 10�8 100–125 4.2
17 40 9.7 1.6 � 10�8 100–125 4.2
18 40 9.7 3.3 � 10�8 100–125 4.2
19 40 9.7 4.7 � 10�8 100–125 4.2
20 12 9.7 1.1 � 10�7 100–125 4.2
21 12 9.7 1.1 � 10�7 100–125 4.2
22 310 220 5.2 � 10�10 2 4.5
23 310 70 1.7 � 10�9 5 1.4
24 310 29 3.9 � 10�9 12 5.8
25 310 15 7.2 � 10�9 20 2.9
26 60 0.47 1.2 � 10�8 Coupon 4.1
27 60 0.47 5.0 � 10�8 Coupon 4.1
28 60 0.47 6.9 � 10�8 Coupon 4.1
29 60 0.47 1.2 � 10�7 Coupon 4.1
30 130 0.61 1.6 � 10�8 Coupon 6.3
31 110 0.61 3.0 � 10�8 Coupon 6.9
3. Comparing the analytical GRAAL model with laboratory
alteration tests on SON68 glass

3.1. List of tests

The predictions of the analytical GRAAL model can be compared
with the results of SON68 glass laboratory alteration tests at 90 �C
in initially pure water under static or dynamic conditions at differ-
ent S/V ratios and different flow rates per unit area, Q/S. Two series
of tests were selected for comparison:

� 12 tests under static conditions or at low flow rate per unit area,
which were compared with the results predicted by the geo-
chemical GRAAL model in [9]. These tests are listed in Table
4; the experimental details are discussed in [9].
� 19 other tests at moderate flow rates per unit area, listed in

Table 5.

3.2. General comparison of test results with analytical GRAAL model
predictions

The comparison concerns the evolution of the silicon and boron
concentrations. The total altered glass mass can be computed from
the boron concentration. The model predictions and experimental
findings are compared in Fig. 2, where the mass calculated from
measured values is plotted along the X-axis and the mass predicted
by the analytical GRAAL model on the Y-axis. Two series of points
e (lm) BET specific surface
area (m2 g�1)

Powder
mass (g)

Initial pure water
volume (mL)

0.052 1.6 250
0.097 25 300

round 1.5 4.5 0.67 150
0.58 52 150

round 1.5 4.5 30 290
round 1.5 4.5 8.0 170
round 5 1.4 100 300
round 5 1.4 25 300
round 5 1.4 10 170
round 5 1.4 2.5 350
round 5 1.4 1.0 170
round 5 1.4 0.25 120

cific/BET surface
(m2 g�1)

Powder or coupon
mass (g)

Initial pure water
volume (mL)

Reference

� 10�2 2.6 110 [26]
� 10�2 2.6 110 [26]
� 10�2 2.6 110 [26]
� 10�2 2.6 110 [26]
� 10�2 2.6 110 [26]
� 10�2 2.6 110 [26]
� 10�2 2.6 110 [26]
� 10�2 2.6 110 [26]
� 10�2 2.6 110 [26]

5.0 1000 [27]
5.0 1000 [27]

� 10�1 5.0 1000 [27]
� 10�1 5.0 1000 [27]
� 10�4 14 120 [27]
� 10�4 14 120 [27]
� 10�4 14 120 [27]
� 10�4 14 120 [27]
� 10�5 680 700 [28]
� 10�5 680 770 [28]
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are shown, corresponding to tests under static or low flow rate
conditions (Table 4), and tests at moderate flow rates (Table 5).
All the experimental data points in each test are compared, except
for those corresponding to a high altered glass fraction (>70%) since
the latter cannot be corrected to the shrinking core effect and
therefore may alter the interpretations.

The overall comparison appears to be satisfactory, and the dif-
ference between the predicted and measured altered glass mass
is less than a factor of 3. More precisely, the root mean square devi-
ation from zero, calculated from the quantity log10(Mexp/Mcalc), is
equal to 0.185 for all the tests, to 0.248 for the tests 1–12 (static
and low flow rate) and to 0.148 for the tests 19–31 (moderate flow
rate). The overall statistics show a deviation between experimental
and predicted values lower than a factor 2 for 92% of all points, and
lower than a factor 1.5 for 71% of all points. This is a good result
considering the large number of experimental data reproduced
using a single set of input parameters—particularly since the model
is based on simplified hypotheses concerning the nature of the pas-
sivating barrier: it is reduced to the action of the PRI, without
allowing for diffusion barrier effect of the rest of the alteration
gel, which also contributes to diminishing the glass alteration rate.
As this effect becomes increasingly prominent as the thicknesses of
the alteration gel increases, GRAAL can be expected to overesti-
mate the altered glass mass with thicker gels. This is apparent in
Fig. 2, regardless of the flow rate.
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Fig. 3. Comparison of the experimental and predicted silicon concentrations at
steady-state (CSi), versus the flow rate (Q/S), for nonstatic experiments.
Another area of agreement between the analytical GRAAL mod-
el and the experimental findings is found for flowing tests by com-
paring the predicted and measured steady-state silicon
concentrations, i.e. over time periods much longer than tc1 (with-
out precipitation) or tc2 (with precipitation), as in Fig. 3. It is to
be noted however that this figure shows an agreement on the
trends but not in all detail. The disagreements is due to the choice
of a unique value for Csat (total Si concentration at saturation) in
the analytical GRAAL model, without taking into account silicon
speciation in solution. If the latter is taken into account, the equi-
librium pH and thus Csat, is expected to depend on the flow rate
and have higher values for lower flow rates. This corresponds to
the experimental values on Fig. 3. However, taking into account
this approximation, the model-experiment comparison can still
be considered as satisfactory over a range of flow rates per unit
area spanning more than four orders of magnitude.

The residual alteration rates are also compared for flowing tests
in Fig. 4. Once again, the result is satisfactory. However, this figure
displays a predicted boron release rate near 6 � 10�15 m s�1 for
very low flow rates, a factor 6 above the residual alteration rate
due to precipitation (1.0 � 10�15 m s�1). That can be explained by
the durations of these tests (experiments 5 and 6), much shorter
(60 days) than the equilibrium time of the PRI under such condi-
tions (10 years for DPRI = 3 � 10�22 m2 s�1 and rf = 10�15 m s�1).
Therefore, the PRI has not yet reached its equilibrium thickness,
though the system is in equilibrium regarding silicon. If this effect
is taken into account, as well as the choice of rdisso as the forward
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Fig. 4. Comparison of the experimental and predicted alteration rates with respect
to boron (VB), versus the flow rate (Q/S), for nonstatic experiments.
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dissolution rate in pure water at pH 7, one can explain why the
predicted rates displayed in Fig. 4 do not exceed a factor 300 be-
tween the highest and the lowest flow rates. On the other hand,
at pH 9–9.5 (pH range observed under stationary conditions at
low flow rates for SON68 glass alteration), the ratio of the initial
to the final rates is around 104.

3.3. Sensitivity study by comparison with selected tests

The objective of this study is to identify the sensitivity of certain
model input parameter by examining a few characteristic tests:

� Test 4, under static conditions at 2000 cm�1.
� Test 6, at a low flow rate (Q/S = 6.6 � 10�12 m s�1) and a high S/

V ratio (2100 cm�1).
� Test 31, at a high flow rate (Q/S = 3.0 � 10�8 m s�1) and low S/V

ratio (0.61 cm�1).

This sensitivity study is designed to evaluate the robustness of
the model parameters with regard to the available experimental
data. This is done using comparisons with experiments in trend
but not necessarily in all details, due to the nature of the approxi-
mations made in the GRAAL model and especially in its analytical
implementation: PRI described as an homogeneous diffusive layer,
external gel layer not taken into account, solution chemistry based
solely on silicon neglecting moreover the effects of pH, precipita-
tion of a single neoformed phase.

The sensitivity study concerns each of the major parameter of
the analytical GRAAL model:

� the PRI dissolution rate, rdisso;
� the glass network hydration rate, rhydr;
� the diffusion coefficient of water and the mobile elements in the

PRI, DPRI;
� the Si concentration at saturation, Csat; and
� the precipitation law, represented by k0 (precipitation kinetics
parameter).

The study was performed using the basic values of the model
parameters. Each of them was tested between a minimum and
maximum value, the choice of which is discussed within the
respective section (3.3.1, 3.3.2, 3.3.3, 3.3.4, 3.3.5) with all other
parameter values held constant. This, with the exception of the
sensitivity of Csat, for which the C0sat parameter (precipitation
threshold) was modified proportionally; in other words, in this
case the precipitation kinetics were assumed to remain constant
near Csat.

The minimum, maximum and reference values for each param-
eter are listed in Table 2 (Section 2.3).

3.3.1. Sensitivity to the PRI dissolution rate (rdisso)
The model sensitivity to rdisso was tested for a maximum PRI

dissolution rate of 9 � 10�12 m s�1 corresponding to a value near
rhydr (set constant at 10�11 m s�1 in the exercise) and not far from
the initial dissolution rate of SON68 glass (r0) experimentally mea-
sured at pH 9 in Ref. [19]. The minimum value of 1 � 10�12 m s�1

for rdisso corresponds to the lower bound on r0 at neutral pH. The
results for experiments under static conditions at high S/V ratio
(Experiment 4), under low flow rate (Experiment 6) and under high
flow rate (Experiment 31) are shown in Fig. 5 (respectively 5a, b
and c).

As expected, a significant difference is observed for the tests at
high flow rates. Decreasing the value of rdisso appears to account for
the smaller quantitative difference with the measured concentra-
tions, at least during the initial phase of rising concentrations.
The value of rdisso could be more closely fitted on the basis of these
comparisons, but this was not the main objective of this study—
especially since the detailed evolution of the concentrations,
especially the diminishing values observed after the longest time
periods, are due to transient phenomena (evolution of a relatively
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nonprotective gel) that the GRAAL model was not designed to de-
scribe in detail.

3.3.2. Sensitivity to the glass hydration rate (rhydr)
The sensitivity to rhydr was evaluated for a maximum hydration

rate of 10�7 m s�1 largely exceeding rdisso, and a minimum rate of
3 � 10�12 m s�1 near rdisso (rdisso = 1.7 � 10�12 m s�1). The results
for the static, low flow rate and high flow rate experiments (4, 6
and 31) are shown in Fig. 6.

In each case (static, low flow rate, and high flow rate), the effect
of rhydr is negligible. This is not surprising because the sensitivity of
the Si and B concentrations to this parameter concerns an altered
thickness of no more than about DPRI/rhydr, or a maximum of 1
angström when DPRI = 3 � 10�22 m2 s�1 and rhydr = 3 � 10�12 m s�1.
To obtain a measurable effect within a reasonable time frame
would require a high value for DPRI (>10�20 m2 s�1) and a low value
for rhydr (near rdisso). Of course these considerations do not dimin-
ish the importance of this parameter as rate-limiting for the release
of the most highly mobile elements, although it would theoreti-
cally be more pertinent to use a separate value per element or
per class of elements (boron – alkalis). This refinement is not re-
quired at this stage of development, however.

3.3.3. Sensitivity to the diffusion coefficient in the PRI (DPRI)
The sensitivity to DPRI was evaluated for a minimum value of

6 � 10�23 m2 s�1 and a maximum value of 6 � 10�22 m2 s�1, corre-
sponding to the expected variation of the diffusion coefficient at
90 �C between pH 7 and 10, based on the values determined by
tests at different S/V ratios analyzed by Chave [20]. The results
for the static, low flow rate and high flow rate experiments are
shown in Fig. 7.

As expected, DPRI has a major impact on the boron concentra-
tions in solution for the tests under static conditions and at low flow
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fitted proportionally – Comparison with static (a, Exp. 4, 2000 cm�1), low flow rate (b, E
Q/S = 3.0 � 10�8 m s�1) tests. The reference, low and high value for Csat are respectively
rates, but is negligible at high flow rates because glass alteration is
controlled by the solution flow rate. However, a comparison be-
tween static and low flow rate tests shows that it is difficult to fit
the DPRI parameter closely: the experimental boron concentrations
were closer to the model predictions with the reference value
(3 � 10�22 m2 s�1) for short time periods, and with the minimum
value (6 � 10�23 m2 s�1) for longer time scales. This difference is
probably attributable to the diffusion barrier effect of the relatively
nonprotective gel, resulting in less alteration than would be ex-
pected from the PRI formation and dissolution mechanisms alone.

3.3.4. Sensitivity to the silicon concentration at saturation (Csat)
The sensitivity to Csat was evaluated for a low value of 1 mol L�1

(the concentration at saturation for neutral pH at 90 �C) and a high
value of 4 mol L�1 to allow for the higher pH (about 9.5) likely to
occur if the glass composition leads the chemistry of the surround-
ing media [29]. For both values the precipitation threshold for neo-
formed phases C0sat

� �
was fitted proportionally so the precipitation

kinetics remained constant at saturation, in order to assess the spe-
cific effect of varying Csat: thus C0sat ¼ 0:95 mol m�3 when Csat = 1
mol m�3 and C0sat ¼ 3:8 mol m�3 when Csat = 4 mol m�3. The results
for the static, low flow rate and high flow rate experiments are
shown in Fig. 8.

If the precipitation kinetics are assumed constant at saturation,
the impact of Csat is very limited on the boron concentrations under
static or low flow rate conditions, when alteration is dominated by
precipitation. At higher flow rates, however, the effect of Csat is sig-
nificant and can be proportional to Csat at intermediate flow rates,
low enough for the silicon concentrations to remain near satura-
tion, but high enough so the impact of precipitation is negligible.
For high flow rates (experiment 31) the solution is undersaturated
with respect to the PRI, and thus the impact of Csat is therefore less
significant.
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3.3.5. Sensitivity to precipitation kinetics
The effect of taking precipitation into account was evaluated

in terms of the k0 parameter, with a minimum value of 5 � 10�15

m s�1 and a maximum value of 10�13 m s�1 corresponding to the
uncertainty on the order of magnitude of the phenomenon. The
results for the static, low flow rate and high flow rate experi-
ments are shown in Fig. 9.

In all three cases (static, low flow rate, and high flow rate), the
difference between the boron concentrations at the reference value
of k0 (2 � 10�14 m s�1) and at the minimum value, lower by a factor
of 4 (5 � 10�15 m s�1) was minimal. The impact on the boron con-
centration became greater for a high k0 value (10�13 m s�1), but
only for the tests under static conditions (the difference was minor
for the low flow rate test). This indicates that there was too much
noise in the experimental comparison to discriminate among the
various forms or values of precipitation kinetic laws that could
have a major long-term impact in a repository.

3.3.6. Discussion and summary
The sensitivity studies identified the parameters affecting glass

alteration to varying degrees for laboratory tests. The impact on
tests of longer duration, especially under static conditions, is also
indicative of the long-term importance of a parameter, even
though cumulated short-term effects, such as the pH evolution or
the development of an external gel layer, not taken into account
in the analytical GRAAL model, could complicate the interpretation
of the results and can account for the overestimation of the boron
concentrations for the high S/V (2000 cm�1) static test (Exp. 4).

Unsurprisingly, the rhydr and rdisso parameters have little impact
on alteration (except in the case of rdisso for high flow rate tests,
which are rather irrelevant for a repository except in certain
accident situations). Since the precise value of rhydr is very difficult
to obtain experimentally, this very low sensitivity allows to
disregard its impact. It is thus sufficient to select a rhydr value high
enough with respect to rdisso (e.g. 10�11 m s�1 relatively to 1.7 �
10�12 m s�1).

The value of Csat also has little impact on alteration under static
conditions or at low flow rates, at least if the precipitation kinetics
are assumed constant at saturation, i.e. if the value of C0sat is fitted
proportionally to Csat. This is due to the fact that glass alteration is
controlled by precipitation of a silicated secondary phase at suffi-
ciently low flow rates. On the other hand, if C0sat is kept constant
(corresponding to a particular secondary phase dominating the
precipitation phenomenon), the value of Csat has an important im-
pact, proportionally to the term Csat=C0sat � 1.

The DPRI parameter has greater impact on alteration at low flow
rates or under static conditions because it controls the PRI forma-
tion phase with a duration of about tPRI2 ¼ DPRI=r2

f 2 as long as alter-
ation is not yet controlled by precipitation. However, the value of
this parameter is based on independent measurements, which al-
lows to constrain its variation range.

Of all the model parameters, the precipitation law postulated in
the analytical GRAAL model as dMpr

dt ¼ q0k0S0 CSiðtÞ
C0sat
� 1

� �
(Eq. (3) and

Section 2.2.3) not only has the greatest long-term impact, but is
also difficult to fit with the available experimental data. Only an
upper bound can be assigned to the kinetic parameter k0 by com-
parison with tests under static or very low flow rate conditions:
with reasonable confidence we can infer from the data that for
SON68 glass altered at 90 �C in initially pure water, k0 is less than
10�13 m s�1 (or more precisely, the product k0 Csat=C0sat � 1

� �
is less

than 10�14 m s�1). However, this constraint alone is insufficient to
predict the quantity of altered glass over the long term, particularly
since the simplified precipitation law (by comparison with the pre-
cipitation laws used in the geochemical GRAAL model) must still
be validated and will also impact the sensitivity with respect to
the Csat parameter. The latter parameter has little impact as long
as the precipitation kinetics are assumed to remain constant at sat-
uration and the value of C0sat is fitted accordingly.
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In sum, the sensitivity study demonstrates that, provided
the approximations made in the analytical GRAAL model and the
expected discrepancies with the experimental observations, the
parameter values proposed for the analytical GRAAL model
(Table 2) are validated except for the precipitation law, for
which experimental comparisons can only establish an upper
limit on the kinetics at saturation, more precisely on the product
k0 Csat=C0sat � 1
� �

. In other words the laboratory tests considered in
this work cannot discriminate between a low precipitation rate
combined to a low precipitation threshold (typical to the quartz)
and a higher precipitation rate combined to a threshold nearer to
the value of Csat. Future work, based on modeling and specific tests,
is necessary for assessing realistic values for both k0 and C0sat.
4. Application to a geological repository

The analytical GRAAL model is applied to a geological repository
through a 1D Cartesian description of the package–barrier system
that is justified not only for reasons of simplicity, but also by the
convective–diffusive flow conditions prevailing in an actual repos-
itory. These conditions are illustrated in Fig. 10, in which Usite is the
Darcy velocity for solute transport in the geological formations of
the site, shown here, in this generic case, parallel to the package
lengthwise direction. In this configuration the diffusion boundary
layer depends in strict logic on the distance x from the bottom of

the package, according to the relation zðxÞ ¼ Dbarrx
Usite

� �1=2
.

In this application exercise, package alteration is described in a
simplified manner by assuming the package is surrounded by a
uniform and purely diffusive barrier of constant thickness L. With-
in this framework, the container and overpack corrosion product
layer is not taken into account as a distinct medium. Moreover,
the effect of geometry is disregarded, as it does not exceed the
Glass Block Diffusive porous medium

z

Silica-rich water-saturated 
zone, with precipitation of 
secondary phases 

Q

H
block

U
site

PRI

Fig. 10. Schematic representation of silica and boron plume around a glass package
of height H subjected to alteration in an infinite permeable porous medium under
convective–diffusive conditions in which the flow direction is parallel to the
package. Note that z is the horizontal coordinate with respect to this figure, and x is
the vertical coordinate.
same order of magnitude as the effects of this simplification. Given
the expected values for Dbarr (effective diffusion coefficient in the
barrier, about 10�11 m2 s�1 [30]) and Usite (10�11 m s�1, see [3], p.
468), the value of L does not exceed 1 m, corresponding to the
thickness of the boundary layer at a distance from the bottom of
the package equal to its height, Hblock (1.1 m). The mean thickness

to be taken into account is equal to Leq ¼ 2
3

DbarrHblock :

Usite

� �1=2
or about

70 cm. This becomes the reference value for L, and a sensitivity
study will be performed to take into account the differences in
the thickness and the other package dimensions—especially its
diameter 2Rblock equal to 42 cm—which must be considered in
the case of flow at an oblique or right angle to the package.

For a package–barrier system described in 1D Cartesian coordi-
nates with a barrier of finite thickness, the system of equations is
comparable to Eqs. (1)–(5) for a homogeneous medium, except
that the barrier is described as a diffusive and reactive medium
and the precipitation of neoformed phases is taken into account
both at the glass/barrier interface and within the barrier. This gives
a total of eight equations, detailed in Appendix B:

� Five equations concerning silicon:

(1) an equation describing the PRI dissolution kinetics,
(2) an equation describing the precipitation kinetics of neo-

formed phases at the glass–barrier interface,
(3) an equation describing the precipitation kinetics of neo-

formed phases in the barrier,
(4) an equation for the silicon mass balance at the glass–

barrier interface, and
(5) an equation for silicon transport in the barrier.
� Three equations concerning boron:

(6) an equation describing the PRI formation kinetics,
(7) an equation for the boron mass balance at the glass–bar-

rier interface, and
(8) an equation for boron transport in the barrier.

The boundary conditions are assumed to be constant silicon and
zero boron concentrations outside the barrier, and the initial con-
dition is a constant silicon and zero boron concentration in the
barrier.

The equations are solved with a focus on silicon because the
primary objective of the analytical GRAAL model applied to a
repository is to predict quantity of altered glass and the overall
alteration rate. For this purpose, only the Eqs. (1)–(6) are to be
considered..

The parameters used in the analytical GRAAL model applied to a
repository are those of the model itself, which have already been
described in Part 2. The additional parameters describing the pack-
age and the repository are indicated below (Section 4.1.1).

4.1. GRAAL equations and solutions in the case of a diffusive barrier
with precipitation in the barrier and no constant final rate (1D
Cartesian)

4.1.1. Nomenclature
Description of the glass block:

� Hblock, m: height of the glass block
� Rblock, m: radius of the glass block
� Xblock ¼ pR2

blockHblock; m3: volume of the glass block
� Mblock = qglassXblock, kg: mass of the glass block
� Smono = 2pRblock(Hblock + Rblock), m2: monolithic surface of the

glass block
� sF: fracture ratio of the glass block
� S = sFSmono, m2: reactive surface area of the glass block, taking

into account fracturing



Table 6
Additional parameter values of analytical GRAAL model applied to a geological
repository (reference values).

Parameter Notation/
unit

Value

Package radius Rblock (m) 0.21
Package height Hblock (m) 1.1
Package volume Xblock (m3) 0.15
Monolithic package surface area Smono (m2) 1.7
Package fracture ratio sF 40
Glass block surface area taking fracturing into account S (m2) 68
Barrier thickness L (m) 0.7
Barrier porosity x 0.2
Effective Si diffusion coefficient in the barrier Dbarr

(m2 s�1)
10�11

Barrier cross section facing glass block R (m2) 1.7
Free volume of water between glass block and barrier X (m3) 0
Ratio of precipitation surface area at the glass/barrier

interface to glass surface area
S0/S 1

Precipitation surface area per unit volume in the
barrier

r0 (m�1) 106
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Description of the barrier system:

� z, m: distance inside the barrier
� CSi(z, t), mol m�3: silicon concentration profile in the barrier at

time t
� CB(z, t), mol m�3: boron concentration profile in the barrier at

time t
� mpr(z, t), kg m�3: profile of precipitate in the barrier at time t
� zpr(t), m: position of the precipitation front at time t after the

onset of precipitation (topr)

� lðtÞ ¼ pDbarrt
x

� �1=2
, m: position of the diffusion front in the barrier

at time t (linearized silicon profile)
� CSi_opr(z): silicon concentration profile in the barrier at the onset

of precipitation (topr)
� r0, m�1: surface of precipitation in the barrier per unit volume
� x: porosity of the barrier
� Dbarr, m2 s�1: effective diffusion coefficient of Si in the barrier
� Usite, m s�1: Darcy velocity for solute transport in the geological

formations of the site
� L, m: thickness of the barrier. A reasonable value of L can be

estimated by taking into account the diffusion in the barrier
and convection around the barrier
� X, m3: free volume of water between the glass block and the

barrier (X! 0)
� R, m2: section of the barrier ahead of the glass block

4.1.2. Equations
The equations for PRI dissolution and formation, for silicon and

boron material balance at the glass/barrier interface, and for silicon
and boron transport in the barrier are given in Appendix B. The equa-
tions for the precipitation of neoformed phases are the following:

� Precipitation at the glass/barrier interface:

@Mprð0; tÞ
@t

¼ q0k0S0
CSið0; tÞ

C 0sat

� 1
� �

if Mprð0; tÞ > 0 or CSið0; tÞ > C 0sat; 0 otherwise ð14Þ

� Precipitation in the barrier:

@mprðz; tÞ
@t

¼ q0k0r0 CSiðz; tÞ
C 0sat

� 1
� �

if mprðz; tÞ > 0 or CSiðz; tÞ > C 0sat; 0 otherwise ð15Þ

In other words, the same precipitation threshold, C0sat, is used at the
glass/barrier interface and in the barrier.
4.1.3. Input parameter values for application to a repository
The reference values for the additional parameters concerning

the geological repository are indicated in Table 6. The other param-
eters are the same as for a homogeneous medium, and are indi-
cated in Table 2 (Section 2.3).

� The package geometric parameters are the same for any R7T7-
type package, and the fracture ratio is the value adopted for
the models used to date (V0 ? Vr model [31]).
� The barrier transport parameters (Dbarr,x) are determined from

measurements in clay. The barrier thickness was estimated for a
flow velocity Usite of 10�11 m s�1, corresponding to the range of
the Darcy velocity values for solute transport in the French dis-
posal site at Bure (102–103 m Myr�1, see [3], p. 468).
� As in the comparison with laboratory tests, the precipitate sur-

face area at the glass/barrier interface is assumed equal to the
total package surface area (68 m2) which implies that precipita-
tion occurs in the immediate vicinity of the reaction interface.
� Precipitation in the barrier is dealt with by assuming a precipitate
surface area per unit volume r of 106 m�1; this is a realistic value
for compact clays such as FoCa7 bentonite [32]; for this value, the
precipitation of a significant mass occurs within the barrier com-
pared with precipitation at the package/barrier interface. The
proposed value is lower than that would be obtained by taking
into account the maximum possible area (the developed pore
surface area [32]), i.e. a value of 4 � 107 m�1. Note that lower val-
ues of r

0
, around 104 m�1, have been used as a base for chemis-

try–transport studies in the barrier [33].
� The value of the constant silicon concentration in the barrier

taken as an initial value and a boundary condition is set to zero,
as a simplification in this modeling exercise. This assumption
remains realistic with respect to the French repository site since
the in-situ measurements provide silicon concentrations
around 0.14 mol m�3 [34], compatible with a model solution
reference value of 0.18 mol m�3 at 25 �C [35]. Even when
extrapolating the model solution to 90 �C, the silicon concentra-
tion would not exceed 0.85 mol m�3. This is much lower than
both the saturation value (Csat = 2.0 mol m�3) and the precipita-
tion threshold C0sat ¼ 1:9 mol m�3

� �
considered in this study.

4.1.4. Solution of equations – main characteristic quantities
The detailed solution of the equations is described in Appendix

B for the PRI formation and dissolution rate, the silicon profile in
the barrier, and the altered thickness. Alteration occurs in three
phases:

� An initial phase during which the alteration rate diminishes
without any precipitation, as long as the silicon concentration
at the glass/barrier interface remains below C0sat. This phase is
very brief.
� The onset of precipitation (topr) marks the beginning of a phase

during which the alteration rate diminishes with precipitation
at the glass/barrier interface and in the barrier (the model
assumes a single precipitation threshold equal to C0sat). During
this phase, the zero concentration boundary condition outside
the barrier implies the existence of a precipitation front, zpr(t),
progressing within the barrier.
� After a time equivalent to the diffusion time through the barrier

(tpbarr), a steady-state profile is established and steady-state
alteration conditions are reached with a final rate, rf.

Theoretically, the system of equations concerning silicon can be
solved analytically before the onset of precipitation (t < topr),
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whereas once this threshold is exceeded a numerical solution is re-
quired to take into account the precipitation front in the barrier.
However, an approximate analytical solution is possible if a
quasi-steady state diffusion profile is assumed in the barrier with

a thickness equal to the diffusion length: lðtÞ ¼ pDbarrt
x

� �1=2
. The sil-

icon concentration is therefore assumed equal to zero for z = l(t). A
Table 7
Characteristic times and quantities for the analytical GRAAL model applied to the
alteration of a glass package in a geological repository with a diffusion barrier.

Characteristic time/quantity Definition

tpbarr ¼
xL2

pDbarr

Diffusion time through
the barrier

tibarr1 ¼
xDbarr

pr2
disso

RCsat

SCvSi

� �2

¼ xd2
1

pDbarr

Characteristic time of
inflexion of glass
alteration rate, due to
silicon diffusion in the
barrier, in the absence
of precipitation

tibarr2 ¼
xDbarr

p
RCsat

SCvSirdisso þ q0k0S0 Csat
C 0sat

0
@

1
A

2 Characteristic time of
inflexion of glass
alteration rate, due to
the silicon diffusion in
the barrier, taking into
account the
precipitation at the
glass/barrier interface

topr ¼
tibarr1

Csat
C 0sat
� 1

� �2
Time to onset of
precipitation

d1 ¼
RDbarrCsat

SCvSirdisso

Characteristic length of
diffusion of the silicon
in the barrier, in the
absence of precipitation

d2 ¼
RDbarrCsat

SCvSirdisso þ q0k0S0 Csat
C 0sat

Characteristic length of
diffusion of the silicon
in the barrier, taking
into account the
precipitation at the
glass/barrier interface

d00 ¼
CsatDbarr

q0k0r0

� �1=2 Characteristic length of
the precipitation layer
in the barrier under
steady-state conditions

p0 ¼ q0k0r0

CsatDbarr

� �1=2
RDbarrCsat

SCvSirdisso þ q0k0S0 Csat
C0sat

Ratio d2=d
0
0 of

characteristic lengths of
diffusion to
precipitation in the
barrier, indicative of the
importance of the
precipitation
phenomenon

rf ¼ rdisso 1� C0sat

Csat

1þ F � D1=2 � p02
1� p02

 !
Final rate, taking
account diffusion and
precipitation in the
barrier and around the
glass block, for a finite
barrier

where D ¼ ðFp0Þ2 þ d2
2

L2 ð1� p02Þ

F ¼ d2

d1

Csat

C0sat
� 1

� �
¼

SCvSirdisso
Csat
C 0sat
� 1

� �
SCvSirdisso þ q0k0S0 Csat

C0sat

rf 0 ¼ rdisso 1� C0sat

Csat

1þ F þ p0
1þ p0

� �
¼ rdisso 1� C0sat

Csat

� �
H

Final rate, taking
account diffusion and
precipitation in the
barrier and around the
glass block, for an
infinite barrier

H ¼
q0k0S0 Csat

C 0sat
þ q0k0r0DbarrCsat
� �1=2

R

SCvSirdisso þ q0k0S0 Csat
C 0sat
þ q0k0r0DbarrCsat
� �1=2

R

tPRI ¼
DPRI

r2
f

; kPRI ¼
DPRI

rf

Characteristic time of
formation,
characteristic thickness
of the PRI
steady-state diffusion profile then exists in the barrier; it is nonlin-
ear between 0 and zpr(t) (precipitation front), and linear between
zpr(t) and l(t). By taking into account the flow boundary conditions
at the precipitation front and at the glass/barrier interface it is then
possible to determine the diffusion profile, the progress of the pre-
cipitation front zpr(t), and to compute the PRI dissolution rate. This
approximation of steady-state conditions can be justified by com-
paring the approximated and exact approaches to the PRI dissolu-
tion rate before the onset of precipitation (see Appendix B, Section
B.3.3).

The main characteristic quantities concerning package alter-
ation in a geological repository are indicated in Table 7.

The analytical expressions of the alteration rates and altered
thicknesses are given in Appendix B, Section B.4. It can be shown
that in most cases, the PRI dissolution rate decreases in t1/2 from
the time tibarr2 (characteristic time of inflexion for the alteration
rate due to silicon diffusion in the barrier), until the final alteration
rate (rf) is reached.
4.2. Results

4.2.1. Calculations with reference values at 90 �C
The additional parameter values relative to the geological

repository are indicated in Table 6 (Section 4.1.3). The other
parameters are the same as for a homogeneous medium, and are
indicated in Table 2 (Section 2.3).

With these reference parameter values, the principal character-
istic quantities are indicated in Table 8. The evolution of the altered
glass thickness (E(t) + e(t)), the PRI thickness (e(t)) and the glass
alteration rate (r(t)) are indicated in Fig. 11.
Table 8
Values of main characteristic quantities obtained with the reference parameters.

Diffusion time through the barrier tpbarr (yrs) 9.9 � 101

Time of inflexion without precipitation tibarr1 (yrs) 4.1 � 10�8

Time to onset of precipitation topr (yrs) 1.5 � 10�5

Time of inflexion with precipitation at the glass/
barrier interface

tibarr2 (yrs) 4.0 � 10�8

Diffusion length in the barrier with precipitation
at glass/barrier interface

d2 (m) 1.4 � 10�5

Precipitation length in the barrier d00 (m) 2.2 � 10�4

Precipitation/diffusion length ratio in the barrier p0 6.3 � 10�2

Final rate (finite barrier) rf (m s�1) 6.0 � 10�15

Final rate with an infinite barrier rf0 (m s�1) 6.0 � 10�15

Characteristic time of PRI formation tPRI (yrs) 2.7 � 10�1

Maximum PRI thickness kPRI (m) 5.0 � 10�8

1.E-15

1.E-14

1.E-13

1.E-12

1.E-02 1.E+00 1.E+02 1.E+04 1.E+06
t  (years)

A
lte

ra
tio

n 
R

at
e 
r(t
)  

(m
•s

-1
)

1.E-08

1.E-07

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02
Th

ic
kn

es
s 

(m
)

Glass Alteration Rate
Altered Glass Thickness
PRI Thickness

Fig. 11. Altered glass thickness (E(t) + e(t)), PRI thickness (e(t)), and glass alteration
rate (r(t), m s�1) versus time for a glass block altered in the presence of a diffusion
barrier, with the reference parameters. Alteration of the whole package is equivalent
to a total altered thickness of 2.2 mm (ratio of the block volume to the initial glass
surface area accessible to water, taking into account a fracture ratio of 40).
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With the reference values, the onset of precipitation (topr) is
reached very quickly (about 10 min); the phase before C0sat is
reached at the reaction interface is therefore always of very short
duration. The diffusion time through the barrier (tpbarr) is reached
after about 100 years; this is due to the effect of the useful barrier
thickness, limited to 70 cm, beyond which convection imposes
‘‘zero silicon concentration” boundary conditions. However, it can
be seen that the final alteration regime is reached within less than
a year, much shorter than the diffusion time through the barrier.
This indicates that under these conditions precipitation is the driv-
ing mechanism of glass alteration, much more than silicon diffu-
sion through the barrier.

The PRI effect predominates for up to a few months, and con-
cerns an altered glass fraction of about 0.01% of the block mass. Sil-
icon dissolution thereafter predominates in the package alteration
process, and decreases at a rate roughly equal to t1/2 until a final
rate of about 6 � 10�15 m s�1 (i.e. 3 � 10�3 rdisso) is reached after
about 1 year.

Beyond 1 year the system is under residual rate conditions con-
trolled by the precipitation kinetics of the silicated phase. This
stage proceeds until alteration of the whole package, equivalent
to a thickness of 2.2 mm, is reached after 11,000 years at 90 �C,
when the precipitation in the barrier is taken into account.

4.2.2. Sensitivity calculations
The sensitivity study concerns:

� the model physical parameters: hydration rate rhydr, initial PRI
dissolution rate rdisso, precipitation rate k0, diffusion coefficient
in the PRI DPRI, silicon concentration at saturation Csat, and
� the repository parameters: precipitate surface area in the bar-

rier r0 (precipitate surface area per unit barrier volume) and
the barrier thickness L.

The parameters examined are listed in Table 9.
The comparison is done for each parameter in the following dis-

cussion and illustrated in Figs. 12–15). It concerns the glass alter-
ation rate r(t), the altered glass thickness (E(t) + e(t)) and the PRI
thickness (e(t)).

Unsurprisingly, the comparison demonstrates that the parame-
ters describing the initial alteration kinetics (rhydr and rdisso), have
very little influence outside the initial instants of alteration (a
few seconds to a few minutes) except, in the case of rdisso, if the
precipitation surface area in the barrier is very high, in which case
the final alteration rate approaches rdisso 1� C0sat=Csat

� �
and thus de-

pends on the value of this parameter.
The effect of the diffusion coefficient in the PRI (DPRI) is propor-

tional to the PRI thickness. It has a significant effect as long as the
PRI thickness is an appreciable fraction of the total altered glass
thickness, i.e. for about a year and for altered thicknesses up to about
a hundred nanometers, corresponding to altered glass fraction of up
to 0.01% (in this study, package core alteration corresponds to an al-
tered glass thickness of 2.2 mm because of fracturing). Beyond these
thicknesses, the impact of the PRI is negligible.
Table 9
Reference, minimum (or intermediate) and maximum parameter values of GRAAL model

Parameter Notation/unit

PRI dissolution rate rdisso (m s�1)
Rate of pristine glass hydration forming the PRI rhydr (m s�1)
Diffusion coefficient in the PRI DPRI (m2 s�1)
Total Si concentration at saturation (C0sat ¼ 0:95Csat) Csat (mol m�3)

Total Si concentration at saturation (C0sat constant at 1.9 mol m�3) Csat (mol m�3)
Kinetic parameter for neoformed phase precipitation k0 (m s�1)
Precipitation surface area per unit volume in the barrier r0 (m�1)
Barrier thickness L (m)
The silicon concentration at saturation (Csat) has little effect on
the initial and intermediate alteration regimes, but affects the final
alteration rate. This effect is significant if Csat varies while maintain-
ing a constant precipitation threshold value C0sat (Table 10 and
Fig. 12), but is much smaller if C0sat is fitted proportionally to Csat.

The magnitude of this effect is expected because the final alter-
ation rate, given here for an infinite barrier (see Table 7) by the
expression:

rf 0 ¼ rdisso 1� C0sat

Csat

� � q0k0S0 Csat
C0sat
þ q0k0r0DbarrCsat
� �1=2

R

SCvSirdisso þ q0k0S0 Csat
C0sat
þ q0k0r0DbarrCsat
� �1=2

R

ð16Þ

depends mainly on the value of Csat=C0sat � 1, or 1� C0sat=Csat accord-
ing to the extent of precipitation in the barrier. As in the reference
case Csat=C0sat � 1 ¼ 1=19, the final rate can increase significantly as
soon as Csat deviates from the reference value of C0sat, 1.9 mol m�3.
On the other hand, if C0sat=Csat is constant, the final rate is at most
proportional to C1=2

sat should the precipitation term in the barrier
be predominant, and independent from Csat in the other cases.

The precipitation kinetics parameter (k0, Fig. 13) as expected, has
a negligible effect on the initial and intermediate alteration re-
gimes, and a major effect on the final alteration rate, also illustrated
by the expression for rf0 in Eq. (16). Depending on the extent of pre-
cipitation in the barrier, its effect will be proportional to the value of
k0 or to the square root of this parameter. Given the reference val-
ues, the second case is applicable here: the final rate varies by a fac-
tor of 5 (from 2.9 � 10�15 to 1.4 � 10�14 m s�1 for a k0 value varying
by a factor of 20 (from 5 � 10�15 to 1 � 10�13 m s�1).

The effect of precipitation in the barrier, which is tested by
varying the precipitation surface area per unit volume r0

(Fig. 14), also has a significant influence on the final alteration re-
gime and is negligible for the initial and intermediate regimes.
When this effect is significant with respect to precipitation at the
glass/barrier interface, the final rate rises above the minimum va-
lue of 1.0 � 10�15 m s�1 obtained by assuming precipitation occurs
at the glass/barrier interface alone, then increases proportionally to
the square root of r0 to the maximum value of rdisso 1� C0sat=Csat

� �
equal to 8.5 � 10�14 m s�1. Given the reference values, the final
rate increases from 1.2 � 10�15 to 3.3 � 10�14 m s�1 when r0

ranges from 103 to 108 m�1.
The effect of the barrier thickness (L, Fig. 15), becomes apprecia-

ble only after the diffusion time through the barrier tpbarr, although
only barriers less than about 1 cm thick induce a significant effect.
This is due to the effect of precipitation, which imposes a final
alteration rate higher than the rate induced by the diffusive flow
through the barrier except for very small thicknesses: with a
3 mm barrier the final rate is only twice that if an infinite diffusion
barrier. In fact it is possible to estimate the barrier thickness L for
which the diffusive flow is of the same order of magnitude as the
flow arising from the precipitation sink term:

Lcrit ¼
R
S

Dbarr

rf 0

Csat

CvSi
ð17Þ
applied to glass package alteration in a repository at 90 �C.

Reference value Minimum or intermediate value Maximum value

1.7 � 10�12 1.0 � 10�12 9.0 � 10�12

10�11 3 � 10�12 10�7

3 � 10�22 6 � 10�23 6 � 10�22

2.0 1.0 4.0

2.0 3.0 4.0
2 � 10�14 5 � 10�15 1 � 10�13

106 103 108

0.7 0.003 1.0



1.E-15

1.E-14

1.E-13

1.E-12

1.E-11

1.E-02 1.E+00 1.E+02 1.E+04 1.E+06

t  (years)

A
lte

ra
tio

n 
R

at
e 
r(
t)

 (m
•s

-1
)

1.E-09

1.E-08

1.E-07

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

Th
ic

kn
es

s 
(m

)

Rate Reference
Rate intermediate Csat

Rate high Csat

Alt. Thickness Ref.
Alt. Thick. interm. Csat

Alt. Thick. high Csat

PRI Thickness Ref.
PRI Thick. interm. Csat

PRI Thick. high Csat

Fig. 12. Altered glass thickness, PRI thickness, and glass alteration rate (r(t), m s�1) versus time for a glass block altered in the presence of a barrier, for different silicon
concentrations at saturation (Csat), assuming a precipitation threshold C0sat equal to 1.9 mol m�3. The reference, intermediate and high value for Csat are respectively 2.0, 3.0
and 4.0 mol m�3.
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Fig. 13. Altered glass thickness, PRI thickness, and glass alteration rate (r(t), m s�1) versus time for a glass block altered in the presence of a barrier, for different secondary
silica phase precipitation rate parameter values (k0). The reference, low and high value for k0 are respectively 2 � 10�14 , 5 � 10�15 and 1 � 10�13 m s�1.
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For the reference values of the analytical GRAAL model at 90 �C,
the critical thickness is 4 mm; at the minimum residual rate
obtained by disregarding precipitation in the barrier (rf0 =
1.0 � 10�15 m s�1), Lcrit becomes 2.5 cm, a value much lower than
the effective thicknesses under convective–diffusive conditions
(several tens of centimeters). However, because the residual rate
rf0 is expected to be much more temperature-dependent than Dbarr

and Csat, it is possible that at temperatures more representative of
a repository (30–50 �C) the critical thickness Lcrit becomes compa-
rable to or even exceeds the effective barrier thickness. This issue
is discussed in Section 4.2.4 with regard to low temperature
applications.
4.2.3. Discussion and summary concerning application of the model to
a repository at 90 �C

For the application of the analytical GRAAL model to glass pack-
age alteration in the presence of a diffusion barrier at 90 �C, not
only the calculations with the model reference values (Section
4.2.1) but also the sensitivity study (Section 4.2.2) indicate that:

1. Most of the package alteration takes place under final rate con-
ditions, which are reached after a few years with a total altered
glass fraction of less than 0.1%.

2. The final rate regime is controlled by secondary phase precipi-
tation both at the glass/barrier interface and in the barrier. A
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simplified expression of this final rate is proposed, assuming an
infinite barrier, by the relation:
rf 0 ¼ rdisso 1� C0sat

Csat

� � q0k0S0 Csat
C0sat
þ q0k0r0DbarrCsat
� �1=2

R

SCvSirdisso þq0k0S0Csat
Csat

0 þ ðq0k0r0DbarrCsatÞ1=2R

ð18Þ

In the reference case, the final rate is equal to rf0, or 6.0 �
10�15 m s�1. This corresponds to alteration of the whole package
(an altered thickness of 2.2 mm) after 11,000 years at 90 �C.

3. The parameters describing the initial stages of alteration (rhydr

and rdisso) have very little influence on alteration after a very short
time—a few minutes—unless precipitation in the barrier is mas-
sive enough to impose a concentration at the reaction interface
near C0sat and thus an alteration rate near rdisso 1� C0sat=Csat

� �
4. The PRI has a significant effect during the initial and inter-
mediate stages of alteration, but is limited by the PRI thick-
ness at the final rate kPRI0 = DPRI/rf0. Assuming the minimum
value for rf0 (10�15 m s�1) and the maximum value for DPRI

(6 � 10�22 m2 s�1), it would be 600 nm thick, equivalent to an
altered glass fraction of less than 0.03%.

5. The effect of the barrier thickness is negligible because the
alteration rate due to precipitation is faster than the rate due
to diffusive flow through the barrier unless it is very thin (less
than 1 cm).

6. The parameters related to precipitation (precipitation kinetics
k0, precipitation surface area in the barrier r0, precipitation
threshold C0sat) as well as the concentration at saturation Csat,
have a significant effect on package alteration that can be
quantified by their impact on the final rate rf0 in relation



Table 10
Final alteration rate (rf) versus silicon concentration at saturation (Csat) and
precipitation threshold C0sat

� �
.

Csat (mol m�3) C0sat (mol m�3) rf (m s�1)

1.0 0.95 4.6 � 10�15

2.0 (ref) 1.9 (ref) 6.0 � 10�15

4.0 3.8 7.9 � 10�15

3.0 1.9 5.5 � 10�14

4.0 1.9 9.1 � 10�14
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(18). In particular, if precipitation in the barrier has little
impact the package lifetime increases from 11,000 to
60,000 years at 90 �C.

As a result of this study, it may be assumed as a first approxima-
tion that the package is altered at rf0, after a brief initial phase
dominated by a rate drop as a function of t1/2 during which the
PRI dissolution rate is near rSi(t) � rdisso(tibarr2/t)1/2, and at the same
time by the creation of a PRI with a maximum thickness of
kPRI0 = DPRI/rf0. These are the essential results obtained by applying
the simplified GRAAL model, and are summarized in Tables 11–13
according to the model parameter values. They include:

� The characteristic time of PRI formation:
Table 1
Simplifi

rdisso

DPRI

Csat (
Csat

�
k0 (m
r0 (m

Table 1
Simplifi
dissolve

rdisso

DPRI

Csat (
Csat

�
k0 (m
r0 (m
tPRI ¼
DPRI

r2
f 0

ð19Þ
Table 13

� The equivalent altered glass fraction corresponding to the max-

imum PRI thickness:

Simplified calculation of the impact of GRAAL model parameters on the total package
lifetime at 90 �C.

Parameter value Glass block lifetime (years)
AGFPRImax ¼
DPRI

rf 0

S
Xblock

ð20Þ
Min Max Param. Min Param. Max

�1 �12 �12 4 4

� The time to reach a steady-state silicon concentration
rdisso (m s ) 1.0 � 10 9.0 � 10 1.2 � 10 1.1 � 10
DPRI (m2 s�1) 6.0 � 10�23 6.0 � 10�22 1.1 � 104 1.1 � 104

Csat (mol m�3) 1.0 4.0 1.5 � 104 8.7 � 103

Csat C0sat ¼ const
� �

2.0 4.0 1.1 � 104 7.5 � 102

�1 �15 �13 4 3
tSi stat � tibarr1
rdisso

rf 0

� �2

¼ xDbarr

pr2
f 0

RCsat

SCvSi

� �2

ð21Þ
k0 (m s ) 5.0 � 10 1.0 � 10 2.4 � 10 4.8 � 10
r0 (m�1) 1.0 � 103 1.0 � 108 5.8 � 104 2.0 � 103
� The altered glass fraction equivalent to the PRI thickness dis-

solved during the transient phase
1
ed calculation of the impact of GRAAL model parameters on the PRI formation time and m

Parameter value tPRI (years)

Min Max Param. Min

(m s�1) 1.0 � 10�12 9.0 � 10�12 2.9 � 10�1

(m2 s�1) 6.0 � 10�23 6.0 � 10�22 5.4 � 10�2

mol m�3) 1.0 4.0 4.6 � 10�1

C0sat ¼ const
�

2.0 4.0 2.7 � 10�1

s�1) 5.0 � 10�15 1.0 � 10�13 1.2
�1) 1.0 � 103 1.0 � 108 6.9

2
ed calculation of the impact of GRAAL model parameters on the steady-state silicon concent
d during the transient phase.

Parameter value tSi_stat(years)

Min Max Param. Min

(m s�1) 1.0 � 10�12 9.0 � 10�12 3.6 � 10�3

(m2 s�1) 6.0 � 10�23 6.0 � 10�22 3.3 � 10�3

mol m�3) 1.0 4.0 1.4 � 10�3

C0sat ¼ const
�

2.0 4.0 3.3 � 10�3

s�1) 5.0 � 10�15 1.0 � 10�13 1.5 � 10�2

�1) 1.0 � 103 1.0 � 108 8.6 � 10�2
AGFSi stat ¼ 2rf 0tSi stat ¼
2xDbarr

prf 0

RCsat

SCvSi

� �2

ð22Þ
� The total package lifetime
ttotal block �
Xblock

Srf0
ð23Þ
The results reported in Tables 11 and 12 confirm that the tran-
sient phases are of short duration, generally a few days for the sil-
icon transient (PRI dissolution) and a few months a or few years for
the formation of the PRI (the time is inversely proportional to the
final alteration corresponding to precipitation in the barrier). The
corresponding altered glass fractions are about 10�4% for the inher-
ent silicon transient and 10�3% to 10�2% for the PRI thickness.

The package lifetime indicated in Table 13, slightly exceeds
10,000 years with this set of parameter values, especially the pre-
cipitation surface area in the barrier, r0, assumed equal to 106 m�1.
With a smaller value (103 m�1), the package lifetime increases to
60,000 years at 90 �C. The choice of the precipitation kinetics
parameter, k0, is also decisive, as is the Csat value, particularly when
it diverges from C0sat (1.9 mol m�3). These results clearly illustrate
that the choice of a precipitation law and the value assigned to Csat

are decisive for package alteration in a geological barrier, as well as
for the effects of the container and overpack metallic corrosion
products (CP) surrounding the package, for which it may be neces-
sary to assess specifically the precipitation parameters (r0CP as well
as k0CP).
aximum altered glass fraction due to the formation of the PRI.

AGFPRImax

Param. Max Param. Min Param. Max

2.4 � 10�1 2.5 � 10�5 2.2 � 10�5

5.4 � 10�1 4.7 � 10�6 4.7 � 10�5

1.5 � 10�1 3.1 � 10�5 1.8 � 10�5

1.2 � 10�3 2.3 � 10�5 1.5 � 10�6

4.7 � 10�2 4.9 � 10�5 9.8 � 10�6

8.5 � 10�3 1.2 � 10�4 4.2 � 10�6

ration onset time and the altered glass fraction equivalent to the PRI thickness

AGFSi_stat

Param. Max Param. Min Param. Max

2.9 � 10�3 6.1 � 10�7 5.5 � 10�7

3.3 � 10�3 5.8 � 10�7 5.8 � 10�7

7.6 � 10�3 1.9 � 10�7 1.8 � 10�6

7.6 � 10�3 5.8 � 10�7 1.5 � 10�7

5.8 � 10�4 1.2 � 10�6 2.4 � 10�7

1.1 � 10�4 3.0 � 10�6 1.0 � 10�7
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4.2.4. Application to package alteration at 50 and 30 �C
The calculations up to this point have concerned a package in a

geological repository at 90 �C, the temperature for which the GRA-
AL model parameters were determined, although the values repre-
sentative of a repository site range from ambient temperature to
50 �C. This is the overpack design reference value, considered as
the maximum package temperature at the moment of first contact
with water. Having performed the calculations at 90 �C, it is there-
fore important to apply the GRAAL model to this temperature
range.

However, although some parameters of the GRAAL model are
accurately known at 50 �C and below (for example, the PRI dissolu-
tion rate rdisso [12,19], the diffusion coefficient in the PRI DPRI [20],
or the silicon concentration at saturation at a given pH [26]), others
such as the precipitation parameters are more difficult to deter-
mine. The kinetic parameter k0 and the threshold value C0sat are in-
ferred from observations of the residual boron release kinetics,
provided test results are available over periods sufficiently long
for to distinguish between the linear rate due to precipitation
and the boron release due to the formation of the PRI. This is the
case for the tests at 90 �C but not at lower temperatures because
of the slower kinetics. Few extended tests have been conducted
above 90 �C, and because of the mechanisms involved in precipita-
tion with significant threshold effects it would be risky to estimate
the kinetics below 90 �C by extrapolation from these tests.

For lack of data, it is therefore assumed here that the precipita-
tion kinetics parameter k0 between ambient temperature and 90 �C
is temperature-dependent according to an Arrhenius law, and
three hypothetical values are postulated for the activation energy:

� a central value equal to the activation energy of the diffusion
coefficient DPRI, i.e. 86 kJ mol�1,
� a minimum value equal to the apparent activation energy mea-

sured for the overall residual rate regime and used in the
V0 ? Vr model, i.e. 53 kJ mol�1, and
� a maximum value of 119 kJ mol�1 corresponding to the sum of

the central value and the difference between the two preceding
values (33 kJ mol�1).

Calculations were performed assuming a 70 cm thick barrier at
50 and 30 �C, for two situations: assuming a notable amount of
precipitation in the barrier (r0 = 106 m�1) and disregarding precip-
itation in the barrier (r0 = 0). To simplify the calculations, the
C0sat=Csat ratio was assumed to be unchanged at 0.95, and the tem-
perature effect on Csat was disregarded by using a single value of
2.0 mol m�3. Table 14 indicates the residual alteration rates with
and without precipitation in the barrier. Tables 15 and 16 indicate
the durations and altered glass fractions of the transient states for
silicon and boron, together with the package lifetime with (Table
15) and without (Table 16) precipitation in the barrier.

In each case the transients are short-lived (no more than
10 years with allowance for precipitation in the barrier, or a
Table 14
Final alteration rate: comparison between rates calculated for a finite barrier (rf) and an i
minimum kinetics rdiff(L) corresponding to diffusive transport through the barrier. Low, refe
energy of the precipitation kinetics parameter k0 .

Temperature/parameter rf0(r0 = 106 m�1) [m s�1] rf0(r0 = 0) [m s�1] rdi

90 �C 6.0 � 10�15 1.0 � 10�15 3.3
50 �C, low Ea 1.3 � 10�15 1.1 � 10�16 3.3
50 �C, ref. Ea 7.6 � 10�16 3.0 � 10�17 3.3
50 �C, high Ea 4.3 � 10�16 7.7 � 10�18 3.3
30 �C, low Ea 3.7 � 10�16 3.0 � 10�17 3.3
30 �C, ref. Ea 2.1 � 10�16 3.6 � 10�18 3.3
30 �C, high Ea 9.2 � 10�17 4.2 � 10�19 3.3
100 years if it is disregarded) for both silicon and boron, and the
corresponding altered glass fractions do not exceed 0.01% of the
package.

Most of the package alteration therefore occurs under residual
rate conditions. The value of rf is determined at 50 and 30 �C by dif-
fusion in the barrier without precipitation (whereas at 90 �C pre-
cipitation at the package/barrier interface determines rf). With
precipitation in the barrier, assuming r0 = 106 m�1, the residual
rate approaches the maximum possible value, rdisso 1� C0sat=Csat

� �
at 30 �C with a low activation energy for the k0 parameter
(53 kJ mol�1).

The maximum package lifetime ranges from 53,000 to
160,000 years at 50 �C, and from 190,000 to 700,000 years at
30 �C with allowance for precipitation in the barrier (r0 = 106 m�1).
Without precipitation in the barrier, it ranges from 1.1 to 2.1 mil-
lion years, except at 50 �C with a low activation energy for k0

(53 kJ mol�1) where it drops to 470,000 years. The latter case can
be compared with the predictions of the V0 ? Vr model, which uses
a constant residual rate with an activation energy of 53 kJ mol�1

and predicts a package lifetime of 31,000 years at 90 �C,
280,000 years at 50 �C and 1.0 million years at 30 �C.

5. Conclusions and outlook

The analytical GRAAL model is a simplification of the hypothe-
ses of the GRAAL model with regard to the secondary phase precip-
itation equations in the form of a first-order precipitation law for a
single siliceous phase. It has been parametered for studying SON68
glass alteration in initially pure water when alteration occurs with-
in a slightly basic pH range (6–9.5) and is dominated by silicon dis-
solution and precipitation.

The model was compared with the results of 31 laboratory
experiments. The comparison is satisfactory with regard to the
quantity of altered glass, the alteration kinetics versus the flow rate
per unit area, Q/S, and the boron concentration variations in the
reactor. The discrepancies observed at high flow rates are ex-
plained by the effect of diffusive barrier of the external gel layer,
not taken into account in the GRAAL model. The comparison be-
tween theoretical and experimental findings shows also discrepan-
cies on the silicon concentrations at equilibrium for different Q/S
values; however, that is likely due to the dependency of the silicon
concentration at saturation (Csat) on the pH value, not taken into
account by the analytical GRAAL model. Namely, the pH values
are higher (9–9.5) for lower flow rates, which may lead to differ-
ences on the Csat value up to a factor 2–3.

The sensitivity study, performed with regard to the laboratory
test results, identified the importance of the kinetic parameters
of precipitation of a silicated secondary phase (k0 and the precipi-
tation threshold C0sat).

Having validated the analytical GRAAL model in the laboratory,
we applied it to the alteration of a SON68 glass package in a geo-
logical repository.
nfinite barrier (rf0), maximum kinetics (rmax) corresponding to rdisso 1� C0sat=Csat
� �

and
rence and high Ea correspond respectively to 53, 86 and 119 kJ mol�1 for the activation

ff(L) [m s�1] rmax [m s�1] rf(r0 = 106 m�1) [m s�1] rf(r0 = 0) [m s�1]

� 10�17 8.5 � 10�14 6.0 � 10�15 1.0 � 10�15

� 10�17 3.8 � 10�15 1.3 � 10�15 1.4 � 10�16

� 10�17 3.8 � 10�15 7.6 � 10�16 6.2 � 10�17

� 10�17 3.8 � 10�15 4.3 � 10�16 4.0 � 10�17

� 10�17 5.8 � 10�16 3.7 � 10�16 6.1 � 10�17

� 10�17 5.8 � 10�16 2.1 � 10�16 3.6 � 10�17

� 10�17 5.8 � 10�16 9.7 � 10�17 3.3 � 10�17



Table 15
Duration of transient phases, altered glass fractions, residual rate, and total package lifetime with precipitation in the barrier (r0 = 106 m�1).

90 �C 50 �C (53 kJ mol�1) 50 �C (86 kJ mol�1) 50 �C (119 kJ mol�1) 30 �C (53 kJ mol�1) 30 �C (86 kJ mol�1) 30 �C (119 kJ mol�1)

topr (yrs) 1.5 � 10�5 7.5 � 10�3 7.5 � 10�3 7.5 � 10�3 3.1 � 10�1 3.1 � 10�1 3.1 � 10�1

tSi_stat (yrs) 3.3 � 10�3 7.2 � 10�2 2.0 � 10�1 6.5 � 10�1 8.8 � 10�1 2.7 13
AGFSi_stat 5.8 � 10�7 2.7 � 10�6 4.5 � 10�6 8.1 � 10�6 9.4 � 10�6 1.6 � 10�5 3.6 � 10�5

tPRI (yrs) 2.7 � 10�1 1.7 � 10�1 4.8 � 10�1 1.5 2.5 � 10�1 7.6 � 10�1 3.6
AGFPRI 2.3 � 10�5 3.2 � 10�6 5.4 � 10�6 9.7 � 10�6 1.4 � 10�6 2.4 � 10�6 5.1 � 10�6

rf (m s�1) 6.0 � 10�15 1.3 � 10�15 7.6 � 10�16 4.3 � 10�16 3.7 � 10�16 2.1 � 10�16 9.7 � 10�17

Lifetime (yrs) 1.1 � 104 5.3 � 104 8.9 � 104 1.6 � 105 1.9 � 105 3.2 � 105 7.0 � 105

Table 16
Duration of transient phases, altered glass fractions, residual rate, and total package lifetime disregarding precipitation in the barrier (r0 = 0).

90 �C 50 �C (53 kJ mol�1) 50 �C (86 kJ mol�1) 50 �C (119 kJ mol�1) 30 �C (53 kJ mol�1) 30 �C (86 kJ mol�1) 30 �C (119 kJ mol�1)

topr (yrs) 1.5 � 10�5 7.5 � 10�3 7.5 � 10�3 7.5 � 10�3 3.1 � 10�1 3.1 � 10�1 3.1 � 10�1

tSi_stat (yrs) 1.1 � 10�1 5.7 30 72 32 90 1.1 � 102

AGFSi_stat 3.3 � 10�6 2.4 � 10�5 5.6 � 10�5 8.6 � 10�5 5.6 � 10�5 9.6 � 10�5 1.0 � 10�4

tPRI (yrs) 8.9 14 72 1.7 � 102 9.1 26 31
AGFPRI 1.4 � 10�4 2.9 � 10�5 6.6 � 10�5 1.0 � 10�4 8.2 � 10�6 1.4 � 10�5 1.5 � 10�5

rf (m s�1) 1.0 � 10�15 1.4 � 10�16 6.2 � 10�17 4.0 � 10�17 6.1 � 10�17 3.6 � 10�17 3.3 � 10�17

Lifetime (yrs) 6.6 � 104 4.7 � 105 1.1 � 106 1.7 � 106 1.1 � 106 1.9 � 106 2.1 � 106
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In each case of this study, the transients related to the forma-
tion of the PRI (boron and alkali release transient) and to its disso-
lution (silicon transient) were found to be of short duration (not
exceeding a few decades to a 100 years) and correspond to very
small altered glass fractions (no more than 0.01% of the package
mass). The maximum PRI thickness is always less than one
micrometer.

The total package lifetime is determined by the residual alter-
ation rate, which is controlled by precipitation of secondary phases
in the barrier; the precipitate surface area per unit barrier volume,
r0, is a system design basis parameter. For a reasonably high value
of 106 m�1, the package lifetime lies between 200,000 and
700,000 years at 30 �C, depending on the hypothesis used for the
temperature-dependence of the precipitation kinetics parameter
(an Arrhenius law with an activation energy between 53 and
119 kJ mol�1). For a purely diffusive barrier the package lifetime
would have been increased by a factor of 3–6.

This study clearly underscores the importance of the role played
by the secondary phase precipitation on the glass durability in the
repository. The identification of the phases which could drive the
chemical behaviour of silicon, as well as the determination of their
properties (composition, solubility, kinetic constants, precipitation
surface area) is difficult because of the necessity of taking into ac-
count the different solid phases present in the system (metallic
corrosion products, argillite), water chemical composition and
temperature. Quite a few experimental studies have been under-
taken in the last years and are expected to expand the knowledge
database in this domain. Last, studies of natural and archaeologic
analogues may also contribute to the long term validation of mod-
els based on laboratory studies.
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Appendix A

Analytical GRAAL model: system of equations, list of character-
istic quantities, and solutions for the alteration of initially pristine
SON68 glassin a homogenized, initially pure aqueous solution.

A.1. Equations

dE
dt
¼ rdisso 1� CSiðtÞ

Csat

� �
ðA:1Þ

de
dt
¼ rhydr

1þ erhydr
DPRI

� dE
dt

ðA:2Þ

dMpr

dt
¼ q0k0S0

CSiðtÞ
C0sat

� 1
� �

constrained by MprðtÞP 0 ðA:3Þ

X
dCSi

dt
¼ SCvSi

dE
dt
� QCSiðtÞ �

dMpr

dt
ðA:4Þ

X
dCB

dt
¼ SCvB

dðEþ eÞ
dt

� QCBðtÞ ðA:5Þ

Initial conditions:

Eð0Þ ¼ 0 ðA:6Þ
eð0Þ ¼ 0 ðA:7Þ
Mprð0Þ ¼ 0 ðA:8Þ
CSið0Þ ¼ 0 ðA:9Þ
CBð0Þ ¼ 0 ðA:10Þ
A.2. Characteristic parameters

Note: The input parameters are listed in the Nomenclature gi-
ven in Section 2.1.

A.2.1. Characteristic times

tkin ¼ XCsat
SCvSirdisso

: characteristic time for saturation from first-order
kinetic law under static conditions, neglecting other phenomena
such as precipitation.
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treac = X/Q: characteristic residence time of inert elements in the
reactor, taking the flow rate into account.

tprec ¼ XC0sat
q0k0S0: characteristic time for precipitation of silicon in the

reactor.
tc1 given by t�1

c1 ¼ t�1
kin þ t�1

reac : characteristic time for the
evolution of the silica concentration in the system in the absence
of precipitation, taking into account silica saturation and the flow
rate.

tc2 given by t�1
c1 ¼ t�1

kin þ t�1
reac þ t�1

prec : characteristic time for the
evolution of the silica concentration in the system after the onset
of precipitation, taking into account silica saturation and the flow
rate.

topr ¼ �tc1 ln 1� C0sat
Csat1

� �
: time to the onset of precipitation, if

precipitation occurs, under the condition that C0sat < Csat1 (see
Appendix A.2.2 for the definition of Csat1).

tPRI1 ¼ DPRI
r2

disso
1þ SCvSirdisso

QCsat

� �2
: characteristic time for formation of

the PRI in the absence of precipitation (see Appendix A.2.3 for
the definition of rf1).

tPRI2 ¼ DPRI
r2

disso
1þ SCvSirdissoþq0k0S0

QCsatþq0k0S0 Csat
C0

sat
�1

� �
0
@

1
A

2

: characteristic time for for-

mation of the PRI in the presence of precipitation (see Appendix
A.2.3 for the definition of rf2).

A.2.2. Characteristic concentrations

Csat1 ¼ Csat
tc1
tkin
¼ Csat

SCvSirdisso
SCvSirdissoþQCsat

: steady-state silica concentra-

tion in the reactor in the absence of precipitation, taking into ac-
count the effect of the flow rate.

Csat2 ¼ C0sat þ Csat
tc2
tkin

1 � C0sat
Csat1

� �
¼ Csat

tc2
tkin
þ C0sat

tc2
tprec
¼ Csat

SCvSirdissoþq0k0S0

SCvSirdissoþQCsatþq0k0S0Csat
C0sat

: steady-state silica concentration in the reactor

in the presence of precipitation, taking into account the effect of
the flow rate.

A.2.3. Characteristic alteration rates

rf1 ¼ rdisso 1� Csat1
Csat

� �
¼ rdisso 1� tc1

tkin

� �
¼ rdisso

tc1
treac
¼ rdisso

QCsat
SCvSirdissoþQCsat

:

steady-state dissolution rate in the absence of precipitation, taking
into account the effect of the flow rate.

rf 2 ¼ rdisso 1 � Csat2
Csat

� �
¼ rdisso 1 � tc2

tkin
� C0sat

Csat

tc2
tprec

� �
¼ rdisso

QCsatþq0k0S0 Csat
C0

sat
�1

� �
SCvSirdissoþQCsatþq0k0S0Csat

C0sat

: steady-state (final) dissolution rate in the

presence of precipitation, taking into account the effect of the flow
rate.

A.2.4. Characteristic alteration thicknesses

Ec1 = rdissotc1: characteristic PRI thickness dissolved under the
initial rate regime.

Eopr ¼ EðtoprÞ ¼ Ec1
C0sat
Csat
� 1� Csat1

Csat

� �
ln 1� C0sat

Csat1

� �� �
: PRI thickness

dissolved at the onset of precipitation.

Ec2 ¼ rdisso 1� C0sat
Csat

� �
tc2: characteristic PRI thickness dissolved

under the initial regime after the onset of precipitation.

kPRI1 ¼ DPRI
rf 1
¼ DPRI

rdisso
1þ SCvSirdisso

QCsat

� �
: characteristic thickness of the

PRI in the absence of precipitation.

kPRI2 ¼ DPRI
rf 2
¼ DPRI

rdisso
1þ SCvSirdissoþq0k0S0

QCsatþq0k0S0 Csat
C0

sat
�1

� �
0
@

1
A: characteristic thickness

of the PRI in the presence of precipitation.
A.2.5. Characteristic quantity of precipitate

Mpr2 ¼ q0K0S0 Csat2
C0sat
� 1

� �
tc2: characteristic quantity of precipi-

tated silica at a time of the order of tc2 after the onset of
precipitation.

A.3. Solutions and formulas

Time to the onset of precipitation, if precipitation occurs
C0sat > Csat1
� �

:

topr ¼ �tc1 ln 1� C 0sat

Csat1

� �
ðA:11Þ

Dissolution rate of the PRI (before and after the onset of
precipitation):

rSiðtÞ ¼
dE
dt
¼ rf 1 þ ðrdisso � rf1Þe�

t
tc1 ðA:12Þ

or rf 2 þ rdisso 1� C 0sat

Csat

� �
� rf 2

� �
e�

t�topr
tc2 ðA:13Þ

Silicon concentrations (before and after the onset of
precipitation):

CSiðtÞ ¼ Csat1 1� e�
t

tc1

� �
ðA:14Þ

or Csat2 1� 1� C 0sat

Csat2

� �
e�

t�topr
tc2

� �
ðA:15Þ

Boron concentrations:

CBðtÞ ¼ CBdissðtÞ þ CB PRIðtÞ ðA:16Þ

Boron component from the dissolved PRI (before and after the
onset of precipitation):

CBdissðtÞ ¼
CvB

CvSi
CSiðtÞ ðA:17Þ

or

CBdissðtÞ ¼
CvB

CvSi
C 0sate

�t�topr
treac þ SCvB

X
rf 2treac 1� e�

t�topr
treac

� ��

þ rdisso 1� C 0sat

Csat

� �
� rf2

� �
tkintprec

tkin þ tprec
e�

t�topr
treac � e�

t�topr
tc2

� ��
ðA:18Þ

Boron component from the current PRI:

CB PRIðtÞ ¼
SCvB

X
DPRI

rSiðtÞ
IðHðtÞ;UðtÞ;KðtÞÞ ðA:19Þ

where

IðH;U;KÞ ¼ e�KH
X
nP0

Kn

n!

Unþ1�KHK � Hnþ1

nþ 1�K
HðtÞ ¼ 1� kðtÞ; UðtÞ ¼ 1� rSiðtÞ
rhydr

; KðtÞ ¼ DPRI

treacðrSiðtÞÞ2
kðtÞ verifies : �k� lnð1� kÞ

¼ tðrSiðtÞÞ2

DPRI
� rSiðtÞ

rhydr
� ln 1� rSiðtÞ

rhydr

� �
ðA:20Þ

Back-of-the-envelope expression:

CB PRIðtÞ ¼
SCvBDPRI

X
kðtÞ

rSiðtÞ
� kðt1Þ

rSiðt1Þ

� �
where t1 ¼maxðt � treac; 0Þ

ðA:21Þ

Total altered glass thickness

EtotðtÞ ¼ rf 1t þ ðrdisso � rf1Þtc1 1� e�
t

tc1

� �
þ DPRI

kðtÞ
rSiðtÞ

� 1
rhydr

� �
ðA:22Þ
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or

EtotðtÞ ¼ Eopr þ rf 2ðt � toprÞ

þ rdisso 1� C 0sat

Csat

� �
� rf 2

� �
tc2 1� e�

t�topr
tc2

� �

þ DPRI
kðtÞ
rSiðtÞ

� 1
rhydr

� �
ðA:23Þ

Eopr ¼ rdissotc1
C 0sat

Csat
� 1� Csat1

Csat

� �
ln 1� C 0sat

Csat1

� �� �
ðA:24Þ

Total glass alteration rate:

rtotðtÞ ¼
dEtot

dt
¼ rSiðtÞ

kðtÞ ðA:25Þ

Total altered glass mass, according to the shrinking core model:

MtotðtÞ ¼ Minit 1� 1�
qglassSEtotðtÞ

3Minit

� �3
 !

ðA:26Þ
Appendix B

Analytical GRAAL model: System of equations, list of character-
istic quantities, and solutions for the alteration of initially pristine
SON68 glassin initially pure water in the presence of a diffusion
barrier.

B.1. Equations

The following equations are similar to Eqs. (1)–(5) given for a
homogeneous solution (Section 2.2), and are adapted to a barrier
described as a 1D Cartesian diffusive medium. They are the equa-
tions concerning silicon:

dE
dt
¼ rdisso 1� CSið0; tÞ

Csat

� �
ðB:1Þ

@mprðz; tÞ
@t

¼ q0k0r0 CSiðz; tÞ
C 0sat

� 1
� �

if mprðz; tÞ

> 0 or CSiðz; tÞ > C 0sat; 0 otherwise ðB:2Þ

@Mprð0; tÞ
@t

¼ q0k0S0
CSið0; tÞ

C 0sat

� 1
� �

if Mprð0; tÞ

> 0 or CSið0; tÞ > C 0sat; 0 otherwise ðB:3Þ

x
@CSi

@t
ðz; tÞ ¼ Dbarr

@2CSi

@z2 ðz; tÞ �
@mpr

@t
ðz; tÞ ðB:4Þ

X
@CSi

@t
ð0; tÞ ¼ SCvSi

dE
dt
þ RDbarr

@CSi

@z
ð0; tÞ � @Mpr

@t
ð0; tÞ ðB:5Þ

The initial and boundary conditions for silicon are:

CSiðz;0Þ ¼ 0 ðB:6Þ
CSiðL; tÞ ¼ 0 ðB:7Þ
� Eq. (B.1) expressing silicon first-order law is an adaptation of Eq.
(1) at the glass/barrier interface.
� Eqs. (B.2) and (B.3) express the silicon precipitation, respec-

tively inside the barrier (mpr(z, t)) and at the glass/barrier inter-
face (Mpr(0, t)).
� Eq. (B.4) is the silicon diffusion equation in the barrier.
� Eq. (B.5) is the flow expression for silicon at the glass/barrier

interface. Note that the free volume of water at this interface,
X, can be assumed to tend toward zero.
� The equation expressing the total altered glass thickness is:
de
dt
¼ rhydr

1þ erhydr
DPRI

� dE
dt

ðB:8Þ
The equations concerning boron concern its transport and are as
follows:

x
@CB

@t
¼ Dbarr

@2CB

@z2 ðB:9Þ

X
@CB

@t
ð0; tÞ ¼ SCvSi

dðEþ eÞ
dt

þ RDbarr
@CB

@z
ð0; tÞ ðB:10Þ

The initial conditions and outer boundary conditions for boron are:

CBðz;0Þ ¼ 0 ðB:11Þ
CBðL; tÞ ¼ 0 ðB:12Þ
B.2. Characteristic parameters of the system

tpbarr ¼ xL2

pDbarr
: diffusion time through the barrier,

tibarr1 ¼ xDbarr
pr2

disso

RCsat
SCvSi

� �2
¼ xd2

1
pDbarr

: characteristic time of inflexion of

glass alteration rate due to silicon diffusion in the barrier, in the
absence of precipitation,

tibarr2 ¼ xDbarr
p

RCsat

SCvSirdissoþq0k0S0Csat
C0sat

 !2

¼ xd2
2

pDbarr
: characteristic time of

inflexion of glass alteration rate due to silicon diffusion in the bar-
rier, taking into account the precipitation at the glass/barrier
interface,

topr ¼ xDbarr
pr2

disso

RC0sat
SCvSi

1

1�
C0

sat
Csat

 !2

¼ tibarr1

Csat
C0

sat
�1

� �2: time to onset of

precipitation,

t0i2 ¼
1þp0

p02 topr: auxiliary time for describing the decrease of the
glass alteration rate in the presence of precipitation in the barrier
(p0 defined below),

tprec barr ¼ xCsat
q0k0r0: characteristic time of precipitation of the silicon

in the barrier,
tPRI ¼ DPRI

r2
f

; kPRI ¼ DPRI
rf

: characteristic time of formation, character-

istic thickness of the PRI (rf defined below),

d1 ¼ RDbarrCsat
SCvSirdisso

: characteristic length of diffusion of the silicon in

the barrier in the absence of precipitation,

d2 ¼ RDbarrCsat

SCvSirdissoþq0k0S0Csat
C0

sat

: characteristic length of diffusion of the sili-

con in the barrier, taking into account the precipitation at the
glass/barrier interface,

d00 ¼ 1
W 0

0
¼ CsatDbarr

q0k0r0

� �1=2
: characteristic length of the precipitation

layer in the barrier under steady-state conditions,p0 ¼ d2
d00
¼

q0k0r0
CsatDbarr

� �1=2
RDbarrCsat

SCvSirdissoþq0k0S0Csat
C0sat

: Ratio of characteristic lengths of diffu-

sion to precipitation in the barrier, indicative of the importance
of the precipitation phenomenon,

rf ¼ rdisso 1� C0sat
Csat

1þF� ðFp0 Þ2þ
d2
2

L2ð1�p02Þ
� �1=2

�p02

1�p02

0
B@

1
CA, where F ¼ tibarr2

topr

� �1=2
¼

d2
d1

Csat
C0sat
� 1

� �
¼

SCvSirdisso
Csat
C0

sat
�1

� �
SCvSirdissoþq0k0S0Csat

C0sat

: final rate, taking account diffusion and

precipitation in the barrier and around the glass block, for a finite
barrier,

rf 0 ¼ rdisso 1 � C0sat
Csat

1þFþp0

1þp0

� �
¼ rdisso 1 � C0sat

Csat

� �
H, where H ¼

q0k0S0Csat
C0

sat
þ q0k0r0DbarrCsatð Þ1=2

R

SCvSirdissoþq0k0S0Csat
C0

sat
þ q0k0r0DbarrCsatð Þ1=2

R
: final rate, taking account diffusion

and precipitation in the barrier and around the glass block, for an
infinite barrier,
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rd1 ¼ rdisso
C0sat
Csat

Fp0

1þp0: auxiliary alteration rate for describing the

decrease of the glass alteration rate in the presence of precipitation
in the barrier.

B.3. Transformation and solution of the equations

The solution of the equations mainly concerns those regarding
silicon ((B.1)–(B.7)) because the primary objective of the sensitivity
study concerning the repository is to predict the quantity of altered
glass resulting from equations ((B.8), determined on the basis of
Eqs. (B.1)–(B.7)).

The expressions for Eqs. (B.1)–(B.7) reveal that the time to the
onset of precipitation (topr) corresponds to the time necessary to
reach C0sat at the glass/barrier interface. The system is thus reduced
to the following:

x
@CSi

@t
ðz; tÞ ¼ Dbarr

@2CSi

@z2 ðz; tÞ ðB:13Þ

SCvSirdisso 1� CSið0; tÞ
Csat

� �
¼ �RDbarr

@CSi

@z
ð0; tÞ ðB:14Þ

CSiðz;0Þ ¼ 0 ðB:15Þ

CSiðL; tÞ ¼ 0 ðB:16Þ

CSið0; toprÞ ¼ C0sat ðB:17Þ

Precipitation is initiated when C0sat is reached at the glass/barrier
interface, i.e. for t = topr, the silicon concentration profile in the bar-
rier is designated CSi_opr(z). A precipitation front designated zpr(t) is
subsequently established in the barrier, and equations ((B.1)–(B.7))
become:

SCvSirdisso 1� CSið0; tÞ
Csat

� �
¼ �RDbarr

@CSi

@z
ð0; tÞ þ q0k0S0

CSið0; tÞ
C 0sat

� 1
� �

ðB:18Þ

x
@CSi

@t
ðz; tÞ ¼ Dbarr

@2CSi

@z2 ðz; tÞ � q0k0r0 CSiðz; tÞ
C 0sat

� 1
� �

for z < zprðtÞ

ðB:19Þ

CSiðzprðtÞ; tÞ ¼ C 0sat ðB:20Þ

@CSi

@z
zþprðtÞ; t
� �

¼ @CSi

@z
z�prðtÞ; t
� �

ðB:21Þ

x
@CSi

@t
ðz; tÞ ¼ Dbarr

@2CSi

@z2 ðz; tÞ; for z > zprðtÞ ðB:22Þ

CSiðL; tÞ ¼ 0 ðB:23Þ

CSiðz; toprÞ ¼ CSi oprðzÞ ðB:24Þ

The dissolved PRI thickness is given by the following equation:

dE
dt
¼ rdisso 1� CSið0; tÞ

Csat

� �
ðB:25Þ

The equation system (B.18)–(B.24) can be solved by assuming
steady-state conditions for a given thickness l(t) corresponding to
the diffusion depth in the barrier, until the final thickness, L, is
reached after a time corresponding to the diffusion time through

the barrier: tpbarr ¼ xL2

pDbarr
. After calculating the steady-state condi-

tions for long time periods (Appendix B.3.1), this approximate cal-
culation is discussed in Appendix B.3.2.
B.3.1. Steady-State conditions for extended time periods (t > tpbarr)
Steady-state conditions are defined by the following equations,

where C(t) is the silicon concentration for long durations and zpr

the position of the precipitation front:

SCvSirdisso 1� Cð0Þ
Csat

� �
¼ �RDbarr

dC
dz
ð0Þ þ q0k0S0

Cð0Þ
C 0sat

� 1
� �

ðB:26Þ

Dbarr
d2C

dz2 ðzÞ ¼ q0k0r0 CðzÞ
C 0sat

� 1
� �

for z < zpr ðB:27Þ

dC
dz

zþpr

� �
¼ dC

dz
z�pr

� �
ðB:28Þ

CðzÞ ¼ C0sat
L� z

L� zpr
; for z > zpr ðB:29Þ

The concentration condition (B.29) and flow condition (B.28) at
the precipitation front are defined to solve Eq. (B.27) and to express
the concentration C(z) as a function of zpr for z < zpr:

CðzÞ ¼ C0sat 1þ
sinh W 0

0ðzpr � zÞ
� �

W 0
0ðL� zprÞ

� �
ðB:30Þ

where W 0
0 ¼

q0k0r0
CsatDbarr

� �1=2
and sinh is the hyperbolic sine function.

The zpr value is then calculated by applying the boundary con-
dition (B.26) at the glass/barrier interface. It is given by the follow-
ing equation:

q0k0S0 þ SCvSirdisso
C0sat
Csat

� �
sinh W 0

0zpr
� �

þ RDbarrC
0
satW

0
0 cosh W 0

0zpr
� �

W 0
0ðL� zprÞ

¼ SCvSirdisso 1� C 0sat

Csat

� �
ðB:31Þ

The PRI dissolution rate is then determined by the relation:

dE
dt
¼ rdisso 1� C 0sat

Csat
1þ

sinh W 0
0zpr

� �
W 0

0ðL� zprÞ

� �� �
ðB:32Þ
B.3.2. Quasi-Steady state conditions before barrier breakthrough
(t < tpbarr)

For shorter time periods the equation system (B.18)–(B.24) can
be solved by approximation by assuming a quasi-steady state dif-

fusion profile to the diffusion depth in the barrier lðtÞ ¼ pDbarrt
x

� �1=2

in which the silicon concentration is assumed equal to zero. The
silicon profile is then linearized between zpr(t) (precipitation front
in the barrier) and l(t). This gives equations similar to (B.26)–(B.29)
in which l(t) is substituted for L. The value of zpr(t) is given by:

q0k0S0 þ SCvSirdisso
C0sat
Csat

� �
sinh W 0

0zprðtÞ
� �

þ RDbarrC
0
satW

0
0 cosh W 0

0zprðtÞ
� �

W 0
0ðlðtÞ � zprðtÞÞ

¼ SCvSirdisso 1� C 0sat

Csat

� �
ðB:33Þ

and the PRI dissolution rate is then determined by the relation:

dE
dt
¼ rdisso 1� C 0sat

Csat
1þ

sinh W 0
0zprðtÞ

� �
W 0

0ðlðtÞ � zprðtÞÞ

� �� �
ðB:34Þ
B.3.3. Dissolution conditions before precipitation: justification of the
approximation for quasi-steady state conditions for short time periods

The first alteration regime prior to the onset of precipitation
(t < topr) is determined by solving the system of Eqs. (B.13)–(B.17),
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giving exact analytical expressions that can be compared directly
with the expressions obtained by approximating semi-steady state
conditions. It can demonstrated that for a barrier of infinite thick-
ness (i.e. for a time t� tpbarr), the PRI dissolution rate is given by
the following expression:

rSi exactðtÞ ¼
dE
dt
¼ rdissoe

t
ptibarr1 erfc

t
ptibarr1

� �1=2
 !

ðB:35Þ

where erfcðzÞ ¼ 2
p1=2

Rþ1
z e�y2

dy is the complementary error function.

The rate obtained with the approximation of quasi-steady
state conditions is calculated from Eq. (B.14) by postulating
that@CSi

@z ð0; tÞ ¼
CSið0;tÞ

lðtÞ . Hence:

rSi approxðtÞ ¼
dE
dt
¼ rdisso

RDbarrCsat

RDbarrCsat þ SCvSirdisso
pDbarrt

x

� �1=2

¼ rdisso

1þ t
tibarr1

� �1=2 ðB:36Þ

It can then be demonstrated that 2ð1þs1=2Þ
s1=2þðsþ2pÞ1=2 6

rSi exactðsÞ
rSi approxðsÞ

6

2ð1þs1=2Þ
s1=2þðsþ4Þ1=2, where s ¼ t

tibarr1
. The ratio between the two rates is there-

fore between 0.8 and 1.25.
Moreover, for high s values the ratio rSi_ exact(s)/rSi_approx(s) is

very near 1 + s�1/2, or about 1.05 at the onset of precipitation
(t = topr), whereas the rate has dropped by a factor of 20 (based
on the reference values of the C0sat=Csat ratio). This justifies the
approximation of steady-state conditions, as well as the following
expression for the time to the onset of precipitation:

topr ¼
tibarr1

Csat
C0sat
� 1

� �2 ðB:37Þ

After the onset of precipitation, the diffusion front progresses at
a lower rate and the approximation of quasi-steady state condi-
tions is amply justified unless precipitation results in a shorter
characteristic time. The characteristic time of precipitation in the
barrier given by tprec barr ¼ xCsat

q0k0r0 is no less than about 1 day, even

for very high r0 values (108 m�1). It is always much longer than
the inflexion time tibarr1.

B.3.4. Calculating the precipitation front zpr(t) and the PRI dissolution
rate

Eq. (B.33) can be written as follows:

sinh W 0
0zprðtÞ

� �
þ d2W 0

0 cosh W 0
0zprðtÞ

� �
W 0

0ðlðtÞ � zprðtÞÞ
¼ F ðB:38Þ

where

F ¼
SCvSirdisso

Csat
C0sat
� 1

� �
SCvSirdisso þ q0k0S0 Csat

C0sat

and

d2 ¼
RDbarrCsat

SCvSirdisso þ q0k0S0 Csat
C0sat

The precipitation front zpr(t) can be calculated from the follow-
ing expression derived from relation (B.38):

zprðtÞ ¼
1

W 0
0

ln
FW 0

0ðlðtÞ � zprðtÞÞ þ FW 0
0ðlðtÞ � zprðtÞÞ

� �2 þ 1� d2
2W 02

0

� �1=2

1þ d2W 0
0

ðB:39Þ
Relation (B.39) can be used to calculate zpr(t) by iteration from

an initial zero value. It is valid provided FW 0
0lðtÞ

� �2 þ 1�
d2

2W 02
0 P 1þ d2W 0

0 � FW 0
0lðtÞ

� �2, which is equivalent to Fl(t) P d2,

or in other words, lðtÞP d1C0sat
Csat�C0sat

. This corresponds to the onset

threshold of precipitation given by relation (B.37).
Relation (B.39) can be written with the zpr(t)/d2 ratio verifying

p0 ¼ d2W 0
0

� �
:

zprðtÞ
d2
¼ 1

p0
ln

Fp0 t
tibarr2

� �1=2
� zprðtÞ

d2

� �
þ Fp0

t
tibarr2

� �1=2
� zprðtÞ

d2

� �� �2

þ 1� p02
 !1=2

1þ p0

ðB:40Þ

The PRI dissolution rate calculated from relation (B.34) is given
by:

rSiðtÞ ¼
dE
dt
¼ rdisso 1� C 0sat

Csat

1þ F � ðFp0 Þ2 þ
d2

2ð1�p02Þ
ðlðtÞ�zprðtÞÞ2

� �1=2
� p02

1� p02

0
B@

1
CA
ðB:41Þ
B.4. Formulas

B.4.1. PRI dissolution rate
For t < topr:

rSiðtÞ ¼
dE
dt
¼ rdisso

RDbarrCsat

RDbarrCsat þ SCvSirdisso
pDbarrt

x

� �1=2 ¼
rdisso

1þ t
tibarr1

� �1=2

ðB:42Þ

For topr < t < tpbarr, if it is assumed that zpr(t) is small compared
with l(t), which is justified as long as C0sat=Csat is near 1, then l(t)
can be substituted for l(t) � zpr(t) in relation (B.41) to obtain an
analytically integrable expression:

rSiðtÞ¼
dE
dt
� rdisso 1�C0sat

Csat

1þF� ðFp0Þ2þð1�p02Þ tibarr2
t

� �1=2
�p02

1�p02

0
B@

1
CA
ðB:43Þ

rSiðtÞ � rf 0 þ
rd1

1� p0
1þ ð1� p0Þ t

0
i2

t

� �1=2

� 1

 !
ðB:44Þ

where

rf 0 ¼ rdisso 1� C 0sat

Csat

1þ F þ p0
1þ p0

� �
; rd1 ¼ rdisso

C0sat

Csat

Fp0

1þ p0
;

t0i2 ¼
1þ p0

F2p02
tibarr2 ¼

1þ p0

p02
topr

and

F ¼ tibarr2

topr

� �1=2

¼ d2

d1

Csat

C 0sat

� 1
� �

¼
SCvSirdisso

Csat
C0sat
� 1

� �
SCvSirdisso þ q0k0S0 Csat

C0sat

For t > tpbarr:

rSiðtÞ¼
dE
dt
� rdisso 1�C0sat

Csat

1þF� ðFp0Þ2þ d2
2

L2 ð1�p02Þ
� �1=2

�p02

1�p02

0
B@

1
CA¼ rf

ðB:45Þ
B.4.2. PRI thickness

eðtÞ � DPRIkðtÞ
rSiðtÞ

� DPRI

rhydr
ðB:46Þ
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where k(t) is given by:

�k� lnð1� kÞ ¼ tðrSiðtÞÞ2

DPRI
� rSiðtÞ

rhydr
� ln 1� rSiðtÞ

rhydr

� �
ðB:47Þ
B.4.3. Dissolved PRI thickness
For t < topr:

EðtÞ ¼ 2rdissotibarr1
t

tibarr1

� �1=2

� ln 1þ t
tibarr1

� �1=2
 ! !

ðB:48Þ

For topr < t < tpbarr:

EðtÞ ¼ EðtoprÞ þ rf 0ðt � toprÞ þ rd1IðtÞ ðB:49Þ

where

IðtÞ ¼
Z t

topr

1þ ð1� p0Þ t0
i2
t0

� �1=2
� 1

1� p0
dt0

¼ 2t0i2

Z ð t
t0
i2
Þ1=2

ðtopr
t0
i2
Þ1=2

ðv2 þ 1� p0Þ1=2 � v
1� p0

dv ðB:50Þ

Finally:

EðtÞ ¼ EðtoprÞ þ EaddðtÞ � EaddðtoprÞ ðB:51Þ

where

EaddðtÞ ¼ rf 0t þ rd1
�t þ t t þ ð1� p0Þt0i2

� �� �1=2

1� p0

 

þ t0i2 ln
t1=2 þ t þ ð1� p0Þt0i2

� �1=2

t01=2
i2

!
ðB:52Þ

For t > tpbarr:

EðtÞ ¼ EðtpbarrÞ þ rf ðt � tpbarrÞ ðB:53Þ
B.4.4. Glass alteration rate

rtotðtÞ ¼
dEtot

dt
¼ rSiðtÞ

kðtÞ ðB:54Þ
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