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ABSTRACT

The assessment of the long-term performance of the engineered barrier systems of high-level radioactive waste
(HLW) repositories requires the use of reactive transport models. Here a non-isothermal reactive transport model
of the long-term geochemical evolution of a HLW disposal cell in a granitic host rock is presented. The model
includes the vitrified waste (40 cm in diameter), the carbon-steel canister (5 cm thick), the saturated FEBEX
bentonite buffer (75 cm thick) and the reference granitic rock. The model accounts for the thermal transient stage
and assumes generalized steel corrosion under anaerobic conditions with a corrosion rate equal to 1.41 m/y.
Canister failure is assumed to occur when the remaining canister thickness is equal to 3.5 cm at t = 25,000 years.
Canister corrosion caused an increase in pH. The computed pH in the canister just before canister failure (t =
25,000 years) was equal to 9.25 and ranged from 7.82 to 9.25 in the bentonite. Magnetite, the main corrosion
product, precipitated in the bentonite and especially in the canister. The thickness of magnetite precipitation
band in the bentonite was ~ 1 cm. Siderite precipitated at both sides of the canister/bentonite interface. The
precipitation front penetrated >1 cm into the bentonite. Nuclear glass started dissolving after canister failure (¢
> 25,000 years). The concentration of dissolved silica increased in the inner part of the glass until t = 30,000
years and decreased in the outer part of the glass due to the out diffusion of dissolved silica into the canister and
the bentonite. This diffusive flux caused the precipitation of greenalite at the glass/canister and canister/
bentonite interfaces. The pH at the end of the simulation (¢t = 50,000 years) ranged from 7.93 to 7.89 in the glass,
from 7.89 to 8.66 in the canister and from 7.87 to 8.6 in the bentonite. Magnetite precipitated in the canister
while there was carbon steel to corrode. Once the canister was fully corroded, magnetite redissolved near the
glass/canister interface. Greenalite precipitated in the canister and the bentonite, especially at the glass/canister
interface and siderite precipitated at the canister/bentonite interface. The simulation results should be useful for
the performance assessment of engineered barriers of radioactive waste repositories in granitic host rocks.

1. Introduction

showed that most of the physical and chemical reactivity in a DGR is
concentrated at the interfaces of different materials (vitrified waste,

The disposal of high-level radioactive waste (HLW) in a deep
geological repository (DGR) is based on a multi-barrier concept, which
includes the host rock and the engineered barrier system (EBS). The EBS
in a HLW disposal cell in a granitic formation includes the vitrified
waste, the canister and the compacted bentonite. Assessing the perfor-
mance of the EBS requires the use of reactive transport models to
simulate the reactions at the interfaces of these reactive materials (De
Windt and Spycher, 2019; Claret et al., 2022). Bildstein et al. (2019)
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steel/iron, bentonite, cement/concrete, and the granite or clay host
rock). According to these authors, it is necessary to predict: (1) The
alteration extent and the distance at which the perturbations will
progress into the barriers; and (2) The material properties evolution in
these barriers resulting from their alteration and to assess the impact on
the overall performance and safety of the repository.

Deissmann et al. (2021) presented a compilation of the existing
knowledge on relevant processes occurring at the interfaces between the
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different materials relevant for the chemical evolution of intermediate-
level radioactive waste (ILW) and HLW disposal cells in several Euro-
pean repository concepts. The geochemical interactions at the steel/
iron-bentonite interface have been studied in laboratory tests and in
situ experiments in underground research laboratories and have been
quantified with reactive transport models. Detailed compilations of
steel/iron-clay interactions have been reported by Marty et al. (2010),
Savage et al. (2010), Savage (2012), Bildstein and Claret (2015), Samper
et al. (2016), Mon et al. (2017), Claret et al. (2018), Bildstein et al.
(2019), Deissmann et al. (2021) and Mon et al. (2023).

Bildstein et al. (2019) presented a comprehensive review of the
reactive transport models of the iron-clay interface at different scales.
They concluded that: (1) Magnetite is the main corrosion product. Other
corrosion products include Fe-phyllosilicates such as greenalite, ber-
thierine and cronstedtite and Fe-carbonates such as siderite; (2) Model
predictions are very sensitive to the corrosion rate; and (3) The thickness
of the clay alteration is predicted to be a few cm (up to 20 cm). Dei-
ssmann et al. (2021) presented an in-depth compilation of the main
assumptions, corrosion rates, main corrosion products, secondary min-
erals, maximum perturbation extent and other relevant results of recent
reactive transport models of the steel/iron-bentonite interface at the
disposal scale.

Reactive transport models of the chemical evolution of the glass/
steel interface at the scale and time (100,000 years) of a HLW disposal
cell are scarce (Bildstein et al., 2007, 2012, 2019). De Windt et al. (2006)
assessed the long-term (100,000 years) evolution of nuclear glass in a
HLW repository in clay considering silica diffusion, sorption and pre-
cipitation processes. This performance assessment (PA) study focused on
the geochemical interactions between glass, corroded steel, and the host
rock by using a congruent kinetic dissolution rate law for R7T7 glass.
The kinetic rate law includes a first-order term which depends on the
concentration of silica and a long-term constant residual term. Modeling
the dissolution of the vitrified waste is a critical aspect for predicting the
chemical evolution in a HLW disposal cell in granite. The GRAAL model
(Frugier et al., 2008, 2018; Debure et al., 2013, 2019) couples the pri-
mary glass alteration rate, controlled by a protective layer's thickness,
and the dissolution rate of the protective layer in interaction with the
environment.

Here a non-isothermal multicomponent reactive transport model of
the long-term geochemical evolution in a HLW disposal cell in granite is
presented, which goes beyond the models reported so far by considering
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besides steel corrosion and the interactions of corrosion products and
bentonite, the glass dissolution and the interactions of glass, steel, and
corrosion products. The paper starts with the description of the HLW
disposal cell in granite, the conceptual and numerical models, and the
computer code. Then, model predictions are presented for the base run
for Periods II (0 < t < 25,000 years) and III (25,000 < t < 50,000 years).
Afterwards, the sensitivity analysis is presented. The paper ends with the
main conclusions.

2. Description of the HLW disposal cell in granite

The HLW disposal cell concept in granitic host rock includes: (1) The
vitrified waste (40 cm in diameter) which is explicitly considered in the
reactive transport model and is coupled with the rest of the engineered
barrier components; (2) The canister which is a carbon-steel canister (5
cm thick); (3) The bentonite buffer (75 cm thick) which is composed of
water-saturated FEBEX bentonite with a dry density of 1600 kg/m?; and
(4) The Spanish Reference Granitic (SRG) host rock (25 m) (Fig. 1). This
HLW disposal cell concept in granite is not specific of any country, but
aims at representing several national concepts. This concept is based on
the Spanish spent fuel reference concept in granite, known as ENRESA
2000 (ENRESA, 2001). The main differences between these two con-
cepts are the type of waste (vitrified waste vs. spent fuel) and the di-
mensions of the carbon-steel canister (45 cm in diameter for vitrified
waste and 90 cm for spent fuel). The materials and dimensions of the
nuclear waste form, the canister, the engineered barrier and the host
rock selected for the HLW disposal cell in granite were taken from
Samper et al. (2022).

In ENRESA (2001) the carbon steel canisters wee placed on hori-
zontal disposal drifts with a separation of 2 m from one another. Can-
isters were surrounded by high-density blocks of bentonite which were
initially unsaturated with a gravimetric water content of 14%. The
disposal drifts of 500 m in length and 2.4 m in diameter were located at a
depth of 500 m in the granitic host formation and separated 35 m to
prevent exceeding a temperature of 100 °C in the bentonite. The access
was accomplished by “main drifts” which run perpendicular to the
disposal drifts. The main drifts met at a central area, which includes the
required underground infrastructure (Fig. 1). The granitic formation
was selected to have a low fracture density, tectonic stability, low
seismicity and appropriate geochemical conditions.

FEBEX bentonite

Glass
———_ Spanish Reference
: Granite
Steel
/ 5 canister
| /
| |
40 cm
-

Fig. 1. Underground installations of a radioactive waste repository in granite according to the Spanish Reference Concept for spent fuel (ENRESA, 2001). Layout of
the representative HLW disposal cell concept in a granitic host rock selected in the ACED Work Package of the EURAD Project (Samper et al., 2022) which includes
the vitrified waste (40 cm diameter), the steel canister (5 cm thick), the FEBEX bentonite buffer (75 cm thickness) and the Spanish Reference Granite.
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3. Conceptual THC model

The non-isothermal multicomponent reactive transport model of the
HLW disposal cell in granite involves the bentonite/granitic host rock,
carbon-steel/bentonite and vitrified waste/carbon-steel canister in-
terfaces. The model considers three successive periods. Period I covers
the oxic transient stage. Period II starts when the bentonite is fully
saturated and anoxic conditions are prevailing. Canister corrosion, the
interactions of corrosion products and the bentonite and the interactions
of bentonite and granite are considered in this period. Finally, Period III
starts after canister failure and considers glass alteration and the in-
teractions of glass with corrosion products and uncorroded iron. Here a
model for Periods II and III is reported.

3.1. Hydrodynamic processes

The bentonite is expected to become fully saturated in <50 years
(Zheng and Samper, 2008). The reactive transport model assumes that
the bentonite is initially water saturated. The hydraulic conductivity of
the bentonite is extremely low. Therefore, advection is negligible and
solute diffusion is the main solute transport mechanism in the bentonite
(Samper et al., 2006). All the water is assumed to be accessible to sol-
utes. Solute transport processes in the granite include molecular diffu-
sion and advection which is assumed to be parallel to the axis of the
gallery.

Steel canister corrosion may induce two-phase water flow due to the
water consumption by corrosion and hydrogen gas pressure build-up
(Xu et al., 2008). As pointed out by Ortiz et al. (2002), it is assumed
in the model that Hy(g) migrates through cyclic opening and closure of
discrete preferential pathways. Therefore, partial desaturation of the
bentonite due to the formation of a gas phase is disregarded in the HLW
disposal cell in granite. The model considers the diffusion of dissolved
hydrogen, Hy(aq).

3.2. Thermal processes

The reactive transport model considers the thermal transient stage
and the cooling of the vitrified waste. The time evolution of the tem-
peratures was calculated by assuming a storage time, which ranges from
100 to 170 years, during which the fuel elements are kept releasing heat
and radioactivity to acceptable levels. These calculations were based on
the requirement that the temperature in the bentonite does not exceed
100 °C and correspond to (Neeft et al., 2020): 1) Vitrified waste (0.42 m
of diameter), 2) Stainless steel (5 mm thick), 3) Air gap (13 mm thick), 4)
Carbon-steel canister (7.5 cm), 5) Bentonite (75 cm); and 6) Granitic
rock (100 m long). The temperature at the interface carbon-steel/
bentonite reaches the host rock ambient temperature of 32 °C at t =
3000 years (Fig. 1 in Supplementary Material, SM).

3.3. Chemical processes

The conceptual geochemical model includes: 1) Carbon-steel canister
corrosion, 2) Vitrified waste dissolution, 3) Aqueous complexation; 4)
Acid/base; 5) Redox; 6) Mineral dissolution/precipitation; 7) Cation
exchange of Ca?", Mg?*, Fe?>*, Na* and K™; and 8) Surface complexation
of HY and Fe?* on strong sites, SSOH, weak #1 sites, S*'OH and weak #2
sites, SY20OH. Cation exchange and surface complexation reactions occur
only in the bentonite.

The geochemical system is defined in terms of H,0, H', Os(aq),
Ca%t, Mg?*,Na®, K*, Fe?t, AI**, 17, SO, HCO3, H4SiO4(aq), B(OH)z,
39 secondary aqueous species, 11 minerals, 5 exchanged cations and 13
surface complexes (Table 1 and Table 2 in SM). The Gaines-Thomas
convention is used for cation exchange reactions (Appelo and Postma,
1993). Surface complexation reactions in the bentonite were modelled
with the non-electrostatic triple-site sorption model of Bradbury and
Baeyens (1997, 2005).
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All the reactions are assumed at chemical equilibrium, except for
carbon-steel corrosion and smectite dissolution which are kinetically
controlled. The kinetic rate is given by:

T = ke | (Qf —1)" | ¢h)

where ry, is the dissolution/precipitation rate (mol/mz/s), km is the ki-
netic rate constant (mol/mz/s) at 25 °C, Ea is the activation energy, R is
the gas constant (J/K-mol), T is the absolute temperature (K), Q,, is the
saturation index which is equal to the ratio of the ion activity product to
the equilibrium constant (dimensionless), and 6 and 5 are kinetic
parameters.

3.3.1. Carbon steel corrosion

The available oxygen in the HLW disposal cell in granite is consumed
soon after its closure, and anaerobic conditions are expected to prevail in
the long term. The canister is treated as a porous material made of
metallic iron, Fe(s). Under anaerobic conditions, HyO is the oxidizing
agent of Fe(s) (Lu et al., 2011; Samper et al., 2016; and Mon et al., 2017)
according to:

Fe(s) +2H" +0.50,(aq) & Fe*" 4+ H,0 @)

Carbon-steel corrosion is kinetically controlled. The base run as-
sumes a constant corrosion rate. The corrosion rate is equal to 1.41 pm/
year (Samper et al., 2016; Mon et al., 2017). Period II is assumed to last
25,000 years. The density of the canister is equal to 7600 kg/m°.

3.3.2. Vitrified waste dissolution

A simplified version of the composition of the vitrified waste was
adopted by using the ISG (International Simple Glass) (see Samper et al.,
2022). The ISG has a chemical composition like the French reference
glass, SON-68. These glasses differ only on minor components such as
Ba, Ln or Mo (Debure et al., 2012; Gin et al., 2015). The main component
of the chemical composition (in weight %) of the ISG is SiO2 with a
56.2%, followed by B2O3 with a 17.3%, NapO with a 12.2%, Al,O3 with a
6%, CaO with a 5% and ZrO with a 3.3%. The very low Zr content of the
ISG was, however, skipped for the sake of improving the convergence of
the iterative calculations. This is a simplified ISG composition in which
radioactive elements have been neglected. The calculated molecular
weight of the ISG is 19.25 g/mol and its molar volume is 7.70 cm®/mol.

The model presented here relies on the dissolution rate of the R7T7
glass reported by De Windt et al. (2006). The dissolution of the glass is
controlled by two temperature-dependant kinetic terms according to the
conceptual model of Gin et al. (2013). The kinetic dissolution rate in-
cludes an initial dissolution rate, ry, and a long-term residual rate r,. By
assuming a congruent dissolution of the vitrified waste, these two kinetic
terms can be modelled by: (1) A first-order initial dissolution rate (Jol-
livet et al., 2000, 2012) which is chemistry-dependant (pH and dissolved
silica concentration); and (2) A long-term residual dissolution rate
which is chemistry-independent (Gin and Frugier, 2002; Gin et al.,
2015). The kinetic rate law becomes:
d|glass] = —kopn (H+)70.4(7 (1 _ g&) ko 3)

Si

dt

where ko py is the initial kinetic constant (mol/m2~s), (H" )'0'4 is a proton

activity term, o is the glass reactive surface, Cg; is the concentration of
dissolved silica, C;,— is a threshold silica concentration which ensures that
glass dissolution stops when Cgs; > C;i and k; is the residual kinetic rate
constant (mol/m>-s).

The kinetic parameters of Eq. (3) used by De Windt et al. (2006) were
derived from leaching experiments performed at 90 °C in pure water and
in the pH range 6-10. The conditions of the present model in granite
correspond to lower temperatures and more complex aqueous solution.
Therefore, the first-order initial dissolution rate has been updated from
the experiments of Jollivet et al. (2012) performed at 30 °C and 50 °C
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with synthetic claystone porewater. The long-term residual dissolution
rate was estimated from the experiments of Fleury et al. (2014) done in
pure water at 30 °C and 50 °C. It is important to point out that the model
assumes that only the congruent glass dissolution can take place in the
glass subdomain. No other mineral phases are allowed to dissolve or
precipitate in the portion of the model domain occupied by the glass.

According to De Windt et al. (2006), the most critical parameter in
the R7T7 dissolution rate is the threshold silica concentration at satu-
ration Cs;. The impact of the uncertainty in the value of threshold silica
concentration in model predictions has been evaluated with sensitivity
runs. The dissolution rate increases with pH and decreases when the
threshold silica concentration increases (Fig. 1 in SM).

3.3.3. Smectite dissolution

Smectite dissolution is simulated by assuming the chemical formu-
lation of the FEBEX bentonite proposed by Ferndandez et al. (2009) and
by using the kinetic rate law of Eq. (1). The kinetic rate constant, k,, at
25 °C is 1.58-10 1% mol/m?s (Cama et al., 2000; Bildstein et al., 2006;
Chaparro et al., 2021). The activation energy, Ea, is 60 KJ/mol (Cha-
parro et al., 2021). Kinetic parameters ¢ and 5 are equal to 1. The
smectite specific surface area, o, is 10 times smaller than the value
proposed by Fernandez et al. (2009) (250 dm?/L). This value leads to
dissolution rates similar to those of Chaparro et al. (2021).

4. Numerical model
4.1. Finite element grid and time periods

The model was performed with a non-uniform 1-D axisymmetric
finite element mesh with 152 nodes (see more details and Fig. 2 in SM).
Model predictions were performed for Periods II (canister corrosion) and
III (glass dissolution). Period II lasts for 25,000 years before canister
failure. Period III starts at t = 25,000 years and considers glass disso-
lution. The final simulation time is t = 50,000 years.

4.2. Flow and transport parameters

The model assumes that the glass fracture network can be repre-
sented as an equivalent porous medium. Glass porosity was taken equal
to 0.3 and an effective diffusion coefficient D, = 1071% m?/s (De Windt
et al., 2006). The flow and transport parameters are listed in Table 1.
Water flow through the granite is simulated with a constant water flux of
0.1 L/year parallel to the axis of the gallery. The hydraulic conductivity
of the granite is 8.72-107'2 m/s. The effects of the excavation damaged
zone (EDZ) and a larger hydraulic conductivity of the host rock are
evaluated in a sensitivity run. The hydraulic conductivity of the EDZ is
8.72:10 ' m/s (Samper et al., 2022).

Table 1

Thermal and hydrodynamic parameters of the glass, canister, bentonite, exca-
vation damaged zone (EDZ) and granite (ENRESA, 2006; Zheng and Samper,
2008; Zheng et al., 2011; Samper et al., 2016, 2018).

Parameter Glass Canister Bentonite EDZ Granite

Porosity 0.3 0.3 0.407 0.005 0.005
Efective 1071 272107 407107  50210'* 5021071
diffusion

coeficient

(m?%/s)

Solid density 2513 2513 2700 2700 2700
(kg/m%)

Thermal 1 50 1.15 1.5 1.5
conductivity

of the solid

(W/m °C)
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4.3. Chemical parameters

The initial chemical compositions of the bentonite, EDZ and granite
porewaters were taken from Samper et al. (2016) (Table 3 in SM). As an
educated guess, the initial porewater compositions of the glass and
canister porewaters were taken equal to that of the bentonite porewater.
The initial accessory mineral volume fractions in the bentonite include
calcite (1%) and smectite (57%). The initial mineral volume fraction of
calcite in the granite is 5%. The initial volume fraction of Fe(s) in the
canister is 0.99 and the initial volume fraction of ISG in the glass is equal
to 0.7.

Kinetic and parameters of the ISG were derived from De Windt et al.
(2006) (see Table 2). The cation exchange capacity (CEC) of the
bentonite is 102 meq/100 g (Fernandez et al., 2004). Cation selectivity
coefficients for exchanged Ca%t, Mg, K* and Fe™ were taken from
Samper et al. (2008) and Tournassat et al. (2008) (Table 2 in SM).
Surface complexation reactions in the bentonite are modelled with the
triple sorption site model of Bradbury and Baeyens (1997, 2005). The
total concentration of sorption sites is 0.322 mol/L.

4.4. Computer code

Model simulations were performed with the finite element reactive
transport code CORE?P V5 (Molinero et al., 2004; Zhang et al., 2008;
Samper et al., 2009; Fernandez, 2017; Aguila et al., 2020). CORE?" v5
relies on several thermodynamic databases. ThermoChimie v10.a (Gif-
faut et al., 2014) was used for the model presented here. CORE?" V5 is
based on the sequential iteration approach, considers the changes in
porosity due to mineral dissolution/precipitation reactions and their
feedback effect on the flow and transport parameters (Samper et al.,
2009; Aguila et al., 2020). The code has been benchmarked against
other reactive transport codes (Poonoosamy et al., 2018; Aguila et al.,
2021).

5. Model results for Period II

Period II started when the bentonite was fully saturated and anoxic
conditions wee prevailing. Canister corrosion, the interactions of
corrosion products and the bentonite, and the interactions of bentonite
and granite were considered in this period. Period II was assumed to last
25,000 years which coincides with canister failure when which the
remaining thickness of the canister is 1.5 cm.

Canister corrosion caused an increase in pH (Fig. 2) in the canister
and the bentonite near the bentonite interface. The computed pH at the
end of Period II (25,000 years) was equal to 9.25 in the canister and
ranges from 9.25 to 7.82 in the bentonite. The concentration of dissolved
Fe increased in the first 1000 years and later decreased (Fig. 2). The time
evolution of the computed pH and the concentration of dissolved Fe was
controlled by: 1) The dissolution/precipitation of Fe minerals in the
canister and in the bentonite near the canister interface, 2) Fe exchange,
and 3) Fe and proton surface complexation reactions.

Magnetite precipitation took place mostly in the canister and pro-
ceeded as long as the canister was corroding (Fig. 3). The thickness of

Table 2

Initial and residual kinetic constants, kopy and k,, threshold silica
concentration, C;-, specific surface, o, and effective diffusion coefficient
of the ISG (De Windt et al., 2006).

Parameter Value
kopsr [mol/m?/s] 1.810 "
k, [mol/m?/s] 6-10° 11
C; [mol/L] 1072

o [dm?/L] 29.2

D, [m?/s] for 0 < t < 25,000 years 102

D, [m?/s] for t > 25,000 years 10710




L. Montenegro et al.

0~ e s s B
i Period I. pH |
L e TS0 i
)| A 1 = =200y i
. — t=1000y -
N e 1=10,000 y :
I — t=25,000y 1
2 osf .
7+ A —
I 5 G
[ Glass S Bentonie
6L = | IR T RS | o
10— R A R
[ Period III. pH 1
3 — t=25,000y 1
9 I a —= (=30,000y &
[ 7 --- 1=40,000y ]
L 1=50,000 y i
% 8_ e 7]
i ~—
L N
Us o
[ 2} 2]
[ Glass 5 Bentonite G} ]
6 YRS VO VO LA | PV N SR | U SN TOSOOS) (S| | S O T L
0 2 4 6 8 10

Radial distance (dm)

Concentration (mol/L)

Concentration (mol/L)

Applied Clay Science 242

(2023) 107018

2x10™

5%107

107

UL R RN e
Period II. Fe*
sessese l=()
t=200y
1=1000y
t=10,000y
1=25,000 y

P TR (ST VR Y| NOT YO VA UV SR | AN TR Y YT

4x10™

3x107

2x10™

10

Period IIl. Fe**
— (=25000y 1
—=  t=30,000y 7]
S-- 1=40,000y ]
— t=50,000y ]
Bentonite :'5: ]
-l 1 L
6 8 10
Radial distance (dm)

Fig. 2. Spatial distribution of the computed pH (left) and dissolved Fe concentration (right) at selected times of Periods II (top) and III (bottom).

L75 T J T T T T T T T —
S Period II. Magnetite ]
E ‘g — = 1,000y E
g 125F g B = t=10,000y E
2 F © — 1=25000y ]
g f :
= b ]
o b ]
E 0.75 =
Q E ]
~ osf f .
0.25F _ 7
E' Glass cnlonile ]
1) 1 ) 1 ]
2S5 —T—T— T+ TF % T
r Period III. Magnetite ]
2F — (=25000y
r —= £=30,000y ]
8 + === (=40,000y -
-,é 1.5 - — t=150,000y -
a f ]
5 | ]
E 4F b
CHE ]
0.5F i b
L i P ]
b Glass i k Bentonite i

0 L 1 L L 1 " | L 1 L
1 1.5 2 25 3 35 4

Radial distance (dm)

025 ——7T—— 71— T T T ]
[ Period II. Siderite 1
02F 5 -
r — t=1000y z ]
g [ -— t=10000y = ]
& gasp— t=2000y. O 1
< - 4
& r ]
Qé B ]
=2 0.1 C .
2 I ]
0.05F \ ]
e \l o
E Glass \ Bentonite E

0 L | L N \ 1 L 1
05F T d T ¥ % T T T =
- Period III. Siderite
Fo— 1=25000y 5 1
04 20 - 30,000y =z ]
= [ --- t=40,000y & 1
2 [ — (=s0000y © 1
g 03F <l
& N N
[} L 4
g B ]
= 02 _
=" 1
o1f .
E Glass Bentonite E

0 L 1 L s> 1 " |
1 1.5 2 25 3 345 4

Radial distance (dm)

Fig. 3. Spatial distribution of the computed volume fraction of magnetite (left) and siderite (right) at selected times of Periods II (top) and III (bottom).



L. Montenegro et al.

magnetite precipitation band in the bentonite was about 1 cm at t =
25,000 years. Siderite precipitated at both sides of the canister/
bentonite interface (Fig. 3). The precipitation front penetrated in the
bentonite about 1 cm. Goethite did not precipitate.

The greenalite volume fraction increased with time in the canister,
especially near the bentonite interface and in the bentonite. The thick-
ness of the greenalite precipitation band in the bentonite was larger than
those of magnetite and siderite. Greenalite was the main corrosion
product in the bentonite (Fig. 4). Smectite dissolution increased with
time and was largest near the canister interface (Fig. 4). Smectite
dissolution triggered the precipitation of a small amount of Mg-saponite
in the bentonite at t = 25,000 years (not shown here). Mg-nontronite did
not precipitate. Calcite precipitated in the canister near the bentonite
interface, in the bentonite and in the granite (Fig. 3 in the SM). Gypsum
did not precipitate.

The concentration of Cl~ decreased with time in the bentonite due
solute diffusion from the bentonite into the granite because the initial
Cl” concentration in the granite porewater (3.95-10’4 M) is much
smaller than the initial concentration in the bentonite (2.75-10"" M)
(Fig. 4 in SM). The profiles of the concentration of C1” showed very small
gradients because the solute transfer from the bentonite into the granite
is not controlled by solute diffusion through the bentonite, but by solute
advection and diffusion in the granite. The computed concentrations of
dissolved Ca?*, Mg2+, Na® and K* decreased with time due to solute
diffusion into the granite (not shown here). On the other hand, the
computed concentration of dissolved aluminum in the bentonite
increased with time due to smectite dissolution (Fig. 5 in SM). Glass
dissolution was disabled in Period II until canister failure.

The concentrations of exchanged Ca?" and Mg?" were the largest
with values around 43 and 37 meq/100 g, respectively (Fig. 6 in SM).
The concentration of exchanged Na' was 22 meq/100 g while that of
potassium was equal to 1.6 meq/100 g. The concentration of exchanged
Fe?t was largest near the canister interface and decreased with distance
from the canister interface. The spatial distribution of the concentration
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of exchanged Fe?* is like that of the concentration of dissolved Fe?*. The
concentration of S°OFet was the largest in the strong sorption sites
(Fig. 7 in SM). The concentration of SSOFeOH in the strong sorption sites
showed a clear peak near the canister interface. The concentration of
S"10~ in the weak #1 sorption sites was largest near the canister
interface and decreased with distance from such interface while the
concentration of S"'OH increased. The concentration of S"'OFe* in
weak #1 sorption sites showed also a maximum near the canister
interface. The concentrations of the surface complexes in weak #2 sites
showed small changes because Fe was not sorbed on these sites.

6. Model results for Period III

Period III started after canister failure at 25,000 years and considered
glass dissolution and the interactions of glass with corrosion products
and uncorroded carbon steel. The final time of simulation of this period
was 50,000 years.

Computed ISG dissolution increased with time from ¢t = 25,000 to t =
50,000 years. Model results showed a dissolution front which moves into
the glass (Fig. 5). Glass dissolution led to an increase of pH with time in
the glass (Fig. 2). The concentration of dissolved silica increased in the
inner part of the glass until t = 30,000 years (Fig. 8 in SM). The con-
centration of dissolved silica in the outer part of the glass decreased with
time due to the diffusion of dissolved silica from the glass into the
canister and the bentonite. This diffusive flux caused the precipitation of
greenalite at the glass/canister and canister/bentonite interfaces. The
pH at t = 50,000 years ranged from 7.93 to 7.89 in the glass, from 7.89 to
8.66 in the canister and from 7.87 to 8.6 in the bentonite.

Magnetite precipitated in the canister after 25,000 years while the
remaining carbon steel corroded. Once the canister was fully corroded,
magnetite redissolved near the glass/canister interface and greenalite
precipitated (Figs. 3 and 4). Greenalite precipitated in the canister and
the bentonite, especially at the glass/canister interface. Siderite
precipitated at the canister/bentonite interface (Fig. 3). Goethite did not
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Fig. 4. Spatial distribution of the computed volume fractions of greenalite (left) and smectite (right) at selected times of Periods II (top) and III (bottom).
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precipitate.
Smectite dissolution kept increasing with time from ¢t = 25,000 to t =

50,000 years and was largest near the canister interface (Fig. 4).
Smectite dissolution triggered Mg-saponite precipitation in the
bentonite (in a small amount) and especially in the canister near the
glass/canister interface (Fig. 9 in SM). Mg-nontronite did not precipi-
tate. Calcite re-dissolved in the canister and in the bentonite/canister
interface at 50,000 years (Fig. 10 in SM).

Porosity in the glass zone did not change in Period II (¢t < 25,000
years) because glass dissolution was disabled (Fig. 5). The porosity of the
glass increased after 25,000 years due to glass dissolution and the
modeling simplification that the precipitation of secondary solid phases
(as silica gel) was prevented in the glass. The calculated porosity in the
canister decreased due to calcite, magnetite, siderite and greenalite
precipitation. Pore clogging was predicted to occur in this location at t =
10,000 years. The porosity in the bentonite at 1 cm from the canister
interface decreased with time due to the precipitation of calcite, siderite
and greenalite, kept decreasing until t = 28,000 years, when reached
clogging due to the precipitation of siderite and calcite and later in-
creases slightly up to 0.05.

The concentration of dissolved Cl™ at the canister, the bentonite and
the granite kept decreasing from t = 25,000 to t = 50,000 years,
reaching a uniform concentration equal to 6.9-10~* M in the three
materials at t = 50,000 years (Fig. 11 in SM). The trends of the computed
concentrations of dissolved AlI®*, Ca®*, Mg2+, Na™ and K* were similar.
The concentrations increased from t = 25,000 to t = 30,000 years and

later decreased (not shown here).

The concentration of dissolved Fe?" in the glass decreased from t =
25,000 to t = 50,000 years (Fig. 2). The concentration of dissolved FeZ*
in the canister, however, increased due to the re-dissolution of magne-
tite. The concentration was largest near the glass interface. The peak of
the concentration of dissolved Fe moved slightly towards the canister/
bentonite interface.

The concentrations of exchanged Ca®*, Mg?*, Natand K* in the
bentonite were uniform (Fig. 12 in SM). The concentration of exchanged
Na in Period III increased from 22 to 26 meq/100 g while that of
exchanged Ca®"increased from 43 to 55 meq/100 g. The concentration
of exchanged Mg?*, however, decreased from 37 to 18 meq/100 g. The
concentration of exchanged K™ showed no major changes. The con-
centration of exchanged Fe?" at t = 50,000 years decreased with dis-
tance from the canister interface in a manner like Period II. The peaks of
the concentrations of SSOFe™ and S°OFeOH in strong sites and SY'OFe™
in weak #1 sites near the canister interface were similar to those
computed at t = 25,000 years (Fig. 13 in SM).

The thickness of the bentonite enriched in Fe increased with time.
The fronts of sorbed and dissolved Fe?* penetrated 0.035 m into
bentonite at t = 25,000 years and 0.174 m at t = 50,000 years. The front
of exchanged iron penetrated 0.03 m and 0.156 m into the bentonite at
25,000 and 50,000 years, respectively. The thickness of the bentonite
affected by corrosion products increased from 0.104 m at 25, 000 years
to 0.174 m at 50,000 years (see Fig. 14 and Table 4 in SM).
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7. Sensitivity cases

Model sensitivity runs were performed to: 1) Evaluate model un-
certainties caused by uncertainties in model parameters; 2) Consider
other model hypotheses, and 3) Evaluate the relevance of model sim-
plifications. The following sensitivity cases were carried out: 1) A
decrease of the threshold silica concentration in the kinetic glass
dissolution rate; 2) An increase in the groundwater water flux in the
granite; 3) A porosity feedback effect; 4) A variable corrosion rate
depending on temperature and Fe(0) saturation index; 5) A reduction of
the time for canister failure from t = 25,000 years to t = 10,000 years,
and 6) A model without smectite dissolution.

The results of the sensitivity cases indicated that (Fig. 15 in SM): 1)
Model predictions were sensitive to a decrease of Cgi* from 1073 to
5.10~% mol/L. A decrease in Cg;* led to a decrease in glass dissolution
rate; 2) The larger, the granite flux the larger the decrease of solute
concentrations in the bentonite. The precipitation of corrosion products
was slightly sensitive to the increase in granite flux (Figs. 16 and 17 in
SM); 3) Model results were very sensitive to the porosity feedback effect
(PFE) because the porosity reaches the threshold value in the canister.
Pore clogging prevents further precipitation and decreases solute
diffusion coefficient. Magnetite precipitation stopped when the
threshold porosity was reached. Glass dissolution reduced drastically
when the PFE was considered because the dissolution rate depends on
pH and silica concentration. The glass dissolution rate dropped to the
residual dissolution rate; 4) The corrosion rate and the precipitation of
corrosion products were much smaller than those of the base run when
the corrosion rate was assumed to depend on temperature and Fe(0)
saturation index. Glass dissolution was not affected by the consideration
of a variable corrosion rate; 5) Model results were not very sensitive to
smectite dissolution, and 6) Shortening the duration of Period II from t
= 25,000 years to t = 10,000 years had a significant impact in the glass
dissolution front at t = 50,000 years and led to a decrease of the pre-
cipitation of corrosion products because greenalite precipitated instead
of magnetite and siderite.

8. Conclusions

A reactive transport model of the geochemical evolution of a HLW
disposal cell in granite has been presented. The model considers Periods
II (canister corrosion) and III (glass dissolution).

The concentrations of most dissolved species in the bentonite in
Period II decrease with time due to out diffusion from the bentonite into
the granite because the initial concentrations in the granite porewater
are much smaller than the initial concentrations in the bentonite.
Canister corrosion causes an increase in pH. The computed pH at the end
of Period II (25,000 years) is 9.25 in the canister and ranges from 9.25 to
7.82 in the bentonite. The corrosion products predicted in Period II
include magnetite, siderite and greenalite. The thickness of magnetite
precipitation band in the bentonite at t = 25,000 years is about 1 cm.
Siderite precipitates at both sides of the canister/bentonite interface.
The precipitation front penetrates >1 cm into the bentonite. Greenalite
is the main corrosion product in the bentonite in Period II. Smectite
dissolution triggers the precipitation of a small amount of Mg-saponite
in the bentonite. Calcite precipitates in the canister near the
bentonite/canister interface, the bentonite and the granite.

Period III starts after canister failure at t = 25,000 years. Glass
dissolution leads to an increase of pH. The diffusive flux of dissolved
silica causes the precipitation of greenalite at the glass/canister and
canister/bentonite interfaces. The pH at t = 50,000 years ranges from
7.93 to 7.89 in the glass, from 7.89 to 8.66 in the canister and from 7.87
to 8.6 in the bentonite. Magnetite precipitates in the canister while there
is carbon steel to corrode. Once the canister is fully corroded, magnetite
re-dissolves near the glass/canister interface and greenalite precipitates.
Greenalite precipitates in the canister and the bentonite, especially at
the glass/canister interface. Siderite precipitates at the canister/
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bentonite interface and goethite does not precipitate. Calcite re-
dissolves in the canister and the bentonite/canister interface at t =
50,000 years. The porosity in the glass increases due to glass dissolution.

The porosity in the canister decreases and pore clogging is predicted
at t = 10,000 years due to calcite, magnetite, siderite and greenalite
precipitation. The porosity in the bentonite at 1 cm from the canister
interface continues to decrease from t = 25.000 to t = 28,000 years,
when reaches clogging due to the precipitation of siderite and calcite.
After 35,000 years, the porosity increases slightly and remains smaller
than 0.05 at t = 50,000 years.

The reactive transport model of the geochemical evolution of a HLW
disposal cell in granite presented here has limitations and uncertainties.
The model could be expanded and improved by: 1) Considering a 2D
axisymmetric model; 2) Replacing the assumption of porous canister by
a model of progressive canister corrosion with a dynamic update of
material properties; 3) Considering the initial aerobic corrosion stage
(Period I), the consumption of oxygen and the precipitation of Fe(IIl)
oxides, hydroxides and oxyhydroxides (Mon et al., 2023); 4) Adopting a
more realistic complex glass dissolution model such as the GRAAL model
(Frugier et al., 2008, 2018); 5) Including radioactive elements in the
vitrified waste chemical composition; 6) Adopting a multiple porosity
model with adsorbed, interlayer and free water; and 7) Using different
diffusion coefficients for each dissolved species.
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