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ABSTRACT

Carbon steel and compacted bentonite have been proposed as candidate materials for the overpack and buffer,
respectively, of the multi-barrier system of a geological high-level radioactive waste repository. Carbon steel
corrosion may impair bentonite properties. The interactions of corrosion products and bentonite are analyzed
with laboratory corrosion tests. Here coupled thermo-hydro-chemical-mechanical (THCM) models of two types
of heating and hydration tests performed on compacted bentonite in contact with Fe powder are presented to
study the iron-bentonite interactions at representative repository conditions. Tests on small cells (SC) were
performed under unsaturated non-isothermal conditions in 25 mm long columns containing 21 mm of bentonite
and 4 mm of Fe powder. Tests on medium-size cells (FB) were performed under unsaturated non-isothermal
conditions in 99.8 mm long columns containing 86.8 mm of bentonite and 13 mm of Fe powder. Model re-
sults for the SC tests showed that magnetite and Fe(OH)2(s) were the main corrosion products which compete for
FeZ" precipitation. Computed corrosion products precipitate mainly in the Fe powder, penetrate a few mm into
the bentonite and reproduce the measured iron weight data. Model results of the FB tests showed that magnetite
precipitates throughout the Fe powder interface and reproduce the main trends of the corrosion products. Model
results of these corrosion tests will be of great relevance for the performance assessment of engineered barriers of
radioactive waste repositories.

1. Introduction

Carbon steel and compacted bentonite have been proposed as
candidate materials for the engineered barrier system (EBS) of a deep
geological repository (DGR) for high-level radioactive waste (HLW). The
geochemical interactions at the steel/iron-bentonite interface have been
studied in laboratory and in situ experiments in underground research
laboratories and have been quantified with reactive transport models
(Montes et al., 2005; Bildstein et al., 2006; Hunter et al., 2007; de
Combarieu et al., 2007; Martin et al., 2008; Pena et al., 2008; Wilson
et al., 2006; Wersin et al., 2008; Samper et al., 2008; Savage et al., 2010;
Marty et al., 2010; Lu et al., 2011; Bildstein et al., 2012; Ngo et al., 2014;
Wersin and Birgersson, 2014; Schlegel et al., 2014; Ngo et al., 2015;
Wilson et al., 2015; Bildstein et al., 2016; Cuevas et al., 2016; Samper
et al., 2016; Balmer et al., 2017; Mon et al., 2017; Necib et al., 2017;
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Smart et al., 2017a, 2017b; Wilson, 2017; Fernandez et al., 2019; Hadi
et al., 2019; Kaufhold et al., 2019, Kaufthold et al., 2020; Reddy et al.,
2020; Samper et al., 2020a, 2020b; Chaparro et al., 2021; Leupin et al.,
2021; Wersin et al., 2021). Detailed compilations of laboratory tests and
numerical models of iron-clay interactions are reported by Savage
(2012), Bildstein and Claret (2015), Samper et al. (2016), Mon et al.
(2017), Claret et al. (2018), Bildstein et al. (2019) and Deissmann et al.
(2021).

The following corrosion products have been reported in corrosion
tests performed under aerobic unsaturated conditions and temperatures
above 90°: goethite, lepidocrocite, akageneite, hematite and maghemite
(Cuevas et al., 2002; Ben Lagha et al., 2007; Torres et al., 2007; Torres
et al., 2009; Torres, 2011; Gaudin et al., 2013; Liu et al., 2017; Padovani
et al., 2017; Smart et al., 2017a). On the other hand, the corrosion
products often found in anaerobic corrosion tests include magnetite,
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siderite and non-swelling Fe-phyllosilicates (Wersin et al., 2003; Azka-
rate et al., 2004; Kursten et al., 2004a, 2004b; Smart et al., 2004; Torres
et al., 2007; Smart et al., 2017a, 2017b; Necib et al., 2017, 2019). The
protective corrosion product layers are generally thin (thickness < 1 pm)
and made mainly of magnetite (Deissmann et al., 2021).

Leupin et al. (2021) presented a conceptual model in which the iron
released by anaerobic steel corrosion may precipitate as Fe(II)-
oxyhydroxides, interact with smectite, get oxidized to Fe>* and pre-
cipitate as Fe(IIl)-oxyhydroxides. Wersin et al. (2021) studied the in-
teractions of corroding iron with eight different bentonites exposed to
temperatures up to 130 °C for 5 years in the ABM2 borehole at the Aspo
Hard Rock Laboratory. A conceptual model with three phases was pro-
posed by Hadi et al. (2019) based on a Fe diffusion model. The char-
acterization of iron oxides and oxyhydroxides is a great challenge
because they are exceedingly fine-grained both in nature and in the
laboratory, and consequently hard to differentiate (Navrotsky et al.,
2008). Maghemite and magnetite can form a continuous solid solution.

CIEMAT performed heating and hydration laboratory column
corrosion tests on unsaturated FEBEX bentonite samples in contact with
Fe powder under non-isothermal conditions to study iron corrosion and
the interactions of corrosion products and bentonite under repository
conditions (Torres et al., 2008). The tests on small cells (25 mm long SC
tests) were designed to reproduce the repository conditions prevailing
3000 years after waste emplacement when the bentonite is fully satu-
rated. Corrosion tests on medium-size cells (99.8 mm long FB tests)
aimed at representing the operational and early post-closure transient
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phases of the repository before achieving full saturation (Turrero et al.,
2011).

De Windt and Torres (2009) reported a reactive transport model of
SC tests performed with HYTEC (Van der Lee et al., 2003). They
considered iron hydroxide, goethite, hematite, lepidocrocite, magnetite,
pyrite and siderite. Here, coupled thermo-hydro-chemical-mechanical
(THCM) numerical models of the SC and FB corrosion tests performed
by CIEMAT on compacted FEBEX bentonite are presented to study the
geochemical interactions at the iron-bentonite interface and quantify
the effects of such interactions on bentonite properties. Unlike the model
of De Windt and Torres (2009), the models presented account for two-
phase flow, water evaporation/condensation, bentonite swelling and
iron sorption via cation exchange and surface complexation. The paper
starts with a description of the tests. Then, the reactive transport model
is presented. Next, the main model results are presented together with a
comparison of model results with experimental data. The paper ends
with the main conclusions.

2. Laboratory corrosion tests
2.1. SC cells

The corrosion tests on small cells (SC cells) were performed by
CIEMAT in hermetic cylindrical cells containing 21 mm of compacted

bentonite and 4 mm of Fe powder (Torres et al., 2008) (Fig. 1). Cells
were made of Teflon with external steel cylinders to reduce cells
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Fig. 1. Sketch of the corrosion cells, finite element mesh and boundary conditions of temperature, T, liquid pressure, Pj;q, and displacement, u, used in the THCM

numerical models of the SC (left) and FB (right) corrosion tests.
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deformation. The tests were performed with unsaturated compacted
FEBEX bentonite (ENRESA, 2000, 2006a). The bentonite was compacted
to a dry density of 1.65 g/cm?® with an initial gravimetric water content
of 0.14. The hydration water was injected at the top of the column
through a stainless-steel sinter (0.45 pm) at a pressure of 100 kPa and a
temperature of 22 °C (Fig. 1). The bentonite sample reached saturation
after about 2 weeks. The tests were performed on several columns under
non-isothermal conditions with temperatures of 25°, 50° and 100 °C
imposed at the bottom of the columns. The SC tests lasted 6 months. The
reactive iron source was made of Fe powder with a grain size of 60 pm.
The hydration water was a reduced calcium-bicarbonate granitic water
from the Grimsel underground research laboratory, Switzerland (Tur-
rero et al., 2011).

Bentonite samples were taken at the end of the tests after cooling to
measure dry density, water content, saturation degree and the concen-
trations of exchangeable cations. The following sequence of colours
were found after the dismantling of the cells: white, greenish-blue, or-
ange and black. This sequence is associated with the stages of Fe(OH)2(s)
transformation into magnetite, although not all the coloured iron min-
eral phases could be clearly identified (Torres et al., 2008). Several iron
oxides and oxy-hydroxides such as goethite, lepidocrocite and magnetite
were found in the tests as a result of such transformation. The pene-
tration of the corrosion front into the bentonite was measured by
determining the weight content of Fe(OH)x(s).

2.2. FB cells

The corrosion tests on the medium-size cells (FB tests) were per-
formed by CIEMAT on cylindrical samples (35 mm radius) of unsatu-
rated compacted FEBEX bentonite (ENRESA, 2000, 2006a) with a height
of 86.8 mm in contact with a cylindrical sample of Fe powder with a
height of 13 mm (Fig. 1). The outer cells were made of Teflon to decrease
the lateral heat conduction and framed with clamps to reduce sample
deformation due to bentonite swelling. A temperature of 100 °C was
imposed at the bottom of the column through a plane stainless steel
heater while on the top of the column a hydration system injected
granitic Grimsel water at a pressure of 600 kPa from a stainless-steel
tank at a controlled temperature of 22 °C. The tank was periodically
weighed to quantify the water intake (Turrero et al, 2011). The
bentonite blocks were initially compacted to a dry density of 1.65 g/cm®
with an initial gravimetric water content of 0.14. Fe powder was the
reactive iron source, and the columns were hydrated with the same
reduced calcium-bicarbonate granitic water used in the SC tests.

Six corrosion tests (FB1 to FB6) were performed under anoxic con-
ditions. They started in 2006 and were finished sequentially. Cell FB1
was dismantled after 6 months while FB2 was dismantled after 15
months. The durations of the tests for cells FB3 and FB4 were 4.3 years
and 7 years, respectively (Turrero et al., 2011).

The relative humidity and the temperature were measured online in
two sensors located at 18 mm and 74 mm from the heater. Bentonite
samples were taken at the end of the tests after cooling to measure water
content, dry density, and the concentrations of soluble salts and
exchangeable cations.

Goethite was detected after dismantling FB1 cell. Goethite and he-
matite precipitates were found in FB2 cell (after 15 months). The
corrosion sequence found at the bentonite-iron contact in the FB3 and
FB4 cells includes lepidocrocite, goethite, akaganeite, Cl-green rust,
hematite/maghemite and magnetite (traces).

3. THCM reactive transport models
3.1. Conceptual model
The thermo-hydro-mechanical model of the bentonite in SC and FB

tests is based on the model reported by Zheng et al. (2010), Samper et al.
(2018) and Samper et al. (2020a, 2020b) for other similar heating and
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hydration bentonite column tests.

The conceptual geochemical model of the SC and FB corrosion tests
includes: 1) Fe powder corrosion, 2) Aqueous complexation; 3) Acid/
base; 4) Redox; 5) Mineral dissolution/precipitation; 6) Cation exchange
of Ca%", Mg?*, Na*, K™ and Fe?*" and; 7) Surface complexation of H" and
Fe?" on strong, S°OH, weak #1, S"'OH, and weak #2, S*?0OH, sorption
sites.

The geochemical system is defined in terms of the following 12 pri-
mary species: Hy0, Oy(aq), H", Na™, Kt, Ca®", Mg?*, Fe?*, HCO3, CI,
SO%~ and SiO2(aq). The chemical system includes 39 secondary aqueous
species, 9 mineral phases, 5 exchanged cations, and 13 surface com-
plexes (Table 1). Cation exchange reactions take place only in the
bentonite and are modelled with the Gaines-Thomas convention (Appelo
and Postma, 1993). Surface complexation reactions are assumed to take
place in the bentonite and are modelled with the triple-site sorption
model of Bradbury and Baeyens (1997, 1998, 2003). For the sake of
convergence, sorption was also assumed in the Fe-powder zone with the
same parameters as in the bentonite. The model accounts for the tem-
perature dependence of the logK constants of aqueous and mineral
species.

The mineral reactions are assumed at chemical equilibrium, except
for Fe powder corrosion and magnetite precipitation which are
kinetically-controlled according to:

I = ke | (Q0 —1)" | ¢h)

where rp, 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), Qp, is the
saturation index which is equal to the ratio of the ion activity product to
the equilibrium constant (dimensionless) and © and 1 are empirical ki-
netic parameters.

Fe powder is treated as a porous material made of metallic iron, Fe
(s). HO is assumed to be the oxidizing agent of Fe(s) under anaerobic
conditions (Mon et al., 2017). The corrosion rate of Fe(s) is assumed to
be constant. The model considers the diffusion of dissolved Hy(aq) and
disregards Hy(g) transport through the gaseous phase.

3.2. Numerical model

The numerical models of the SC and FB corrosion tests were per-
formed with 1-D grids with a uniform grid size for the SC tests of 0.23
mm in the bentonite and 0.4 mm in the Fe powder (Fig. 1). A uniform
grid size of 1 mm was used for the grid of the FB tests.

The numerical model simulates the heating and hydration during
180 days for the SC tests, 1593 days (4.3 years) for the FB3 test and 7
years for the FB4 test. A 2-days cooling phase was considered at the end
of the tests during which hydration was stopped and the temperature
was decreased linearly to ambient temperature.

The liquid pressures were prescribed at the top of the cells in the
hydration system with a prescribed temperature of 22 °C. The liquid
pressure is 100 kPa for SC tests and 600 kPa for FB tests. The tempera-
ture of the heater at the bottom of the column was equal to 25°, 50° and
100 °C for the SC cells and 100 °C for the FB cells. The vertical
displacement was disabled at the top of the cell. The total stress was
fixed to 250 kPa for both tests.

Bentonite parameters were taken from previous bentonite heating
and hydration models (Zheng et al., 2010; Samper et al., 2018).
Bentonite has an initial porosity of 0.4 and a gravimetric water content
of 0.14, which corresponds to a saturation of 57%. The initial temper-
ature of the SC and FB corrosion tests is equal to 22 °C (see Tables 1 to 4
in SM). The initial gas pressure is equal to the atmospheric pressure.

Fe powder parameters were taken from the numerical models of the
corrosion cells reported by Mon (2017). As an educated guess, the
retention curve, the gas and liquid relative permeabilities and the solute
diffusion of the Fe powder were assumed equal to those of the bentonite.
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Table 1

Chemical reactions and equilibrium constants for aqueous complexes and min-
erals (Wollery, 1992), protolysis constants for surface complexation reactions
(Bradbury and Baeyens, 1997) and selectivity coefficients for cation exchange
reactions (ENRESA, 2006b) at 25 °C considered in the THCM models of the SC
and FB corrosion tests.

Aqueous complexes Log K
CaCOs(aq) + H & Ca%t + HCO3 7.0017
CaHCO3 « Ca*" + HCO3 —1.0467
CaSO4(aq) « Ca®* + SOF~ —2.1111
CaOH' + H' & Ca®" + H,0 12.850
CO,(aq) + H,0 & H* + HCO3 —6.3447
CO3™ + H™ & HCO3 10.3288
KSO7 & K' + S0%~ —~0.8796

MgCO5(aq) + H & Mg?t + HCO3 ~ 7.356

MgHCO3 < Mg?" + HCO3 -1.0357
MgSO4(aq) & Mg>* + S03~ -2.4117
MgOH"' + H" & Mg?* + H,0 11.785
NaHCOj3(aq) < Na* + HCO3 —0.1541
NaSO; < Na™ + SO3~ —0.8200
NaCO3 + H" & Na* + HCO3 9.8156
NaOH(aq) + H" & Na™ + H,0 14.180
OH™ + H' & H,0 13.9951
H3SiO; + H' & 2H,0 + SiO»(aq) 9.8120
HSO; & H' + SO 1.9791
HS™ + 205(aq) & H' + S0~ 138.31
Fe3* + 0.5H,0 < H" + 0.250, + Fe?" —8.490
FeHCO3$ « Fe*'+ HCO3 —2.050
FeCOs (aq) + H" © Fe*"+ HCO3 ™ 5.5682
FeCl™ & Fe?™+ CI~ 0.1605
FeCI** + 0.5H,0 & Fe?*+Cl™ + H + 0.250, ~7.675
FeOH'+ H' & Fe?"+ H,0 10.895
FeOH?" & Fe?*+ 0.5H,0 + 0.250, —~4.1083

Fe(OH)z(aq) + 2H' & Fe?*+ 2H,0 20.60

Fe(OH)s(aq) + 2H' & Fe?* + 2.5H,0 + 0.250, 3.6834
Fe(OH); + 3H" & Fe?™ + 3.5H,0 + 0.250, 13.109
Fe(OH)$ + H" & Fe?* 4+ 1.5H,0 + 0.250, -2.8185
Fe(S04)3 + 0.5H,0 & Fe?* + 2507 + H' +0.250, -11.703

FeSO, (aq) < Fe?* + S0~ —2.20

FeHSO3"™ + 0.5H,0 « Fe?" + 2H™ + SOF~ + 0.250, ~10.029
Fey(OH)4t & 2Fe®" 4 H,0 + 0.50, -9.699
KOH(aq) + H & K* +H,0 14.46
Ha(aq) + 0.50, < H,0 46.10
NaHSiOs(aq) + H' © H,0 + Na© + Si04(aq) 8.3040
HSiO3 + H* « H,0 + SiO,(aq) 9.9525
MgH3Si04 + H' « 2H,0 + Mg?" + SiOy(aq) 8.5416

Minerals LogK

Calcite + H" & Ca®t + HCO3 1.8487
Anhydrite & Ca>" + SO3~ —4.3064
Gypsum < Ca®" + SO%™ + 2H,0 —4.4823
Quartz < SiOy(aq) —3.9993
Magnetite +6H" < 3Fe*" + 0.50, (aq) + 3H,0 —6.5076
Siderite + H < Fe?" -+ HCO3 —0.1920
Goethite +2H" & Fe?™ + 1.5H,0 + 0.250,(aq) —7.9555
Fe(OH)y(s) + 2H" & Fe®* + 2H,0 13.9045
Fe(s) + 2H' +0.50,5(aq) © Fe?™ + H,0 59.033
Surface complexation reactions LogK
=SS0H3 < =S°0OH + H* —-4.5
=S50~ + H" & S°OH 7.9
=S$°0Fe” + H™ © =S°0OH + Fe?* 0.6
=S°0FeOH + 2H" © =S°OH + Fe?" + H,0 10.0
=S°0Fe(OH); + 3H" & =S°OH + Fe?" 4 2H,0 20.0
=SsW1oH} « =SW'OH + H* —45
=s"10~ + H*e =S"!'O0H 7.9
=S"!0Fe* + H'< =SW'OH + Fe*' 3.3
=SsW20H} < =SW20H + H* —6.0
=s"20~ 4+ H*e =S"20H 10.5
Cation Exchange reactions Kna-cation
Na® + X-K & K' + X-Na 0.1456
Na™ + 0.5X»-Ca 0.5 Ca®" + X-Na 0.3265
Na® + 0.5X,-Mg < 0.5 Mg** + X-Na 0.3766
Na® + 0.5X,-Fe & 0.5 Fe®" + X-Na 0.5
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The intrinsic permeability of the liquid in the Fe powder was assumed to
be 100 times larger than that of the bentonite. The Fe powder was
assumed to have an initial porosity of 0.38 for the FB test and 0.4 for the
SC corrosion tests. No deformation was assumed in the Fe powder.

The SC and FB tests were performed under unsaturated and anoxic
conditions. It was assumed that the initial oxygen in the bentonite
samples was consumed in the early stages of the tests.

A Neuman boundary condition was used for solute transport ac-
cording to which solute flux is equal to the product of water flux times
the solute concentration of the inflow water. The porewater diffusion
coefficients are equal to 2:107° m?/s for all chemical species, except for
Cl~ which has a value of 9-107 ! m?/s (Zheng et al., 2010). The initial
effective diffusion coefficient in the bentonite is equal to 9.45-10712 m?/
s for dissolved CI~ and 4.2:10712 m?/s for the rest of the dissolved
species.

The initial chemical composition of the bentonite porewater at a
water content of 14% at 25 °C was derived from Fernandez et al. (2001).
The chemical composition of the granitic Grimsel hydration water was
taken from Turrero et al. (2011). The initial water chemical composition
of the Fe powder was assumed equal to that of the bentonite (Table 5 in
SM).

The bentonite contains initially 1% of calcite, 1% of quartz, 0.08% of
gypsum and 57.92% of non-reactive smectite (Table 6 in SM). The initial
volume fraction of the Fe powder is assumed to be 60-62% of iron
(Samper et al., 2016). The following secondary minerals were allowed to
precipitate: anhydrite, magnetite, goethite, siderite and Fe(OH)(s).
Magnetite was assumed to be the main corrosion product in SC and FB
tests because it is the most thermodynamic stable iron corrosion prod-
uct, although only traces were detected experimentally.

The cation exchange capacity (CEC) of the bentonite is 102.75 cmol
(+)/kg (Fernandez et al., 2004). By using the initial bentonite porewater
concentrations of dissolved Ca?*, Mg?*, Na* and K*, the selectivity
coefficients for exchanged Ca®", Mg and K were adjusted to match
the concentrations of exchanged cations of the FEBEX bentonite re-
ported by Fernandez et al. (2004) (see Table 7 in SM). The total con-
centration of the sorption sites in the bentonite is 0.629 mol/L (Bradbury
and Baeyens, 1997). Strong sites have a strong binding affinity, but a
small concentration of 0.015 mol/L. Weak #1 and #2 sites have binding
constants weaker than those of the strong sites although their concen-
trations (0.307 mol/L) are larger than those of the strong sites (Table 8
in SM).

The kinetic parameters for Fe(s) corrosion and magnetite precipita-
tion at different temperatures were taken from De Windt and Torres
(2009) (Table 2). The magnetite kinetic parameters are consistent with
those reported by Wilson et al. (2015) and Chaparro et al. (2021). The
kinetic parameter 0 for magnetite precipitation was taken equal to 0.1 to
smooth the super-saturation term (thermodynamic dependency) in the
kinetic law of Eq. (1) as suggested by Marty et al. (2010) and Ngo et al.
(2015). The magnetite kinetic rate constant for SC tests was calibrated
by fitting the available measured iron weight data at 50° and 100 °C.

Table 2

Activation energies, E,, kinetic rate constants, k, at 25 °C, 50 °C and 100 °C,
kinetic parameters, 6 and n, and specific surfaces, ¢, of Fe(s) corrosion and
magnetite precipitation used in the THCM models of the SC and FB corrosion
tests (De Windt and Torres, 2009).

Mineral Ea k at 25 °C T k (T) 0 n c
kJ/ (mol/m?*/  (°C)  (mol/m?/ (dm?/L)
mol) s) s)
Fe (s) 11 401071 25 4.0-10710 1 0 9.4110*
50 5.6:1071°
100 9.8.1071°
Magnetite 20 2,010 25 2,010 01 1 4.41.10*

50 3.7.10°11
100 1.0-1071°
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Magnetite precipitation was considered at equilibrium in the model of
the FB tests. The corrosion rates in FB and SC tests were assumed con-
stant and equal to 0.048 pm/year in FB3 and FB4 tests and 0.32, 0.46
and 0.77 pm/year in SC tests performed at 25°, 50° and 100 °C,
respectively. The specific surface of the Fe powder was estimated by
assuming spherical grains of 30 pm radius. The resulting specific surface
is equal to 9.41-10* dm?/L. The specific surface for magnetite was equal
to 4.41-10% dm?/L.

4. Computer code

The models were performed with INVERSE-FADES-CORE V2, a finite
element code for non-isothermal multiphase flow, heat transport and
multicomponent reactive transport in deformable media (Zheng et al.,
2010; Mon, 2017). The code accounts for mass balance of water, air,
solid and enthalpy. It is based on the reactive transport formulation of
CORE?P (Xu et al., 1999; Molinero et al., 2004; Dai and Samper, 2004,
Zhang et al., 2008; Samper et al., 2011; Aguila et al., 2020). The state
variables are liquid and gas pressures, temperature, and concentrations
of chemical species. A sequential iteration method is used to solve
reactive transport equations. INVERSE-FADES-CORE V2 uses the EQ3/6
thermodynamic database (Wollery, 1992). The forward routines of
INVERSE-FADES-CORE have been widely verified with analytical solu-
tions and benchmarked with other codes (Poonoosamy et al., 2018;
Samper et al., 2020a, 2020b).
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5. Model results of SC corrosion tests
5.1. Thermal and hydrodynamic results

The model accounts for 180 days of heating and bentonite hydration
and 2 additional days for cooling. During the two days of cooling, hy-
dration is stopped, and the temperature decreases linearly until the
ambient temperature. The computed water content in the bentonite near
the hydration boundary is larger than in the bentonite near the Fe
powder interface (Fig. 2). The water content decreases near the Fe
powder-bentonite interface at t = 7, 15 and 182 days. The computed
water content reproduces the measured value at t = 182 days for the SC
test at 100 °C. The bentonite becomes nearly saturated after 182 days
while the degree of saturation in the Fe powder is about 70% (Fig. 1 in
Supplementary Material, SM). The computed temperature profile under
non-isothermal conditions reaches steady state in a few minutes (Fig. 2).
The computed porosity is slightly smaller than the measured value at t =
182 days. The porosity is largest at the hydration boundary and de-
creases near the Fe powder (Fig. 2 in SM).

5.2. Geochemical results

The initial value of the pH in the bentonite and in the Fe powder is
7.72. The computed pH in the bentonite-Fe powder interface (15 mm <
x < 21 mm) decreases at early times (see Fig. 3 in SM) due to the thermal
gradient and later it increases in the Fe powder (x > 21 mm) due to iron
corrosion. The computed pH in the bentonite near the Fe powder
interface and in the Fe powder increases during the cooling phase. The
computed final pH in SC tests is nearly uniform and equal to 7.5 in the
bentonite and 9.3 in the Fe powder (Fig. 2).
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Fig. 2. Top left: spatial distribution of the computed volumetric water contents at selected times (lines) and measured value (symbol) after the cooling phase (t =
182 days) in the SC corrosion test at 100 °C; bottom left: spatial distribution of the computed temperatures in the SC corrosion tests performed at 25 °C, 50 °C and
100 °C; top right: spatial distribution of computed pH at selected times after the cooling phase (t = 182 days) of the SC corrosion tests performed at 25 °C, 50 °C and
100 °C and; bottom right: spatial distribution of the dissolved concentration of Fe?* after the cooling phase (t = 182 days) of the SC corrosion tests performed at

25 °C, 50 °C and 100 °C.
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Fig. 3. Spatial distribution of the computed cumulative calcite dissolution/precipitation (top left), Fe powder corrosion (top right), magnetite dissolution/precip-
itation (bottom left) and Fe(OH)(s) weight content (bottom right) after the cooling phase (t = 182 days) of the SC corrosion tests performed at 25 °C, 50 °C and
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The concentration of dissolved Cl™ in the bentonite near the Fe
powder interface increases due to water evaporation near the heater.
The water vapor diffuses into the bentonite and condenses near the
hydration boundary. Dissolved Cl™~ diffuses from the Fe powder into the
bentonite. The computed concentration of dissolved Cl™ at the end of SC
tests is largest in the Fe powder and is smallest near the hydration
boundary (see Fig. 4 in SM). The computed concentrations of dissolved
cations show trends like those of Cl™. In addition to diffusion, these
species are subjected to mineral dissolution/precipitation and cation
exchange reactions.

The computed concentration of dissolved iron at early times (30
days) decreases in the bentonite and the Fe powder due to the precipi-
tation of magnetite and Fe(OH)y(s) (see Figs. 5 and 6 in SM). Later, the
concentration of dissolved iron increases in the middle part of the
bentonite sample (5 < x < 17 mm) and in the Fe powder while it de-
creases at the bentonite-Fe powder interface due to the precipitation of
the corrosion products. The spatial patterns of the computed concen-
tration of dissolved iron at the end of the SC tests are similar for the tests
performed a 50° and 100 °C (Fig. 2). The concentrations of dissolved
iron are largest at the Fe powder and smallest at the bentonite near the
Fe powder interface.

Calcite dissolves in the bentonite, especially near the hydration
boundary and precipitates near the Fe powder interface at 25 °C (19 mm
<x <21 mm), at50°C (19 mm < x < 21 mm) and at 100 °C (16 mm < x
< 21 mm) (Fig. 3). Quartz (not shown here) dissolves in the bentonite,
especially near the Fe powder interface (15 mm < x < 20 mm) and
precipitates in the Fe powder.
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Gypsum dissolves instantaneously in the bentonite while anhydrite
precipitates near the heater after 7 days. Later, it re-dissolves (not shown
here). The corrosion rate of Fe powder releases dissolved Fe®*' and
causes the precipitation of magnetite and Fe(OH)2(s) (Fig. 3). Magnetite
precipitation is kinetically-controlled and takes place in the Fe powder.
The precipitation is largest for the test at 100 °C and smallest for the test
at 25 °C. The kinetic rate constant of magnetite at 25 °C for the SC tests
was estimated from measured iron weight data and is equal to 2.0-1071!
mol/m?/s (Table 2). This value is within the range proposed by De
Windt and Torres (2009). Fe(OH)4(s) precipitates in the SC tests at 50°
and 100 °C in the Fe powder and in the bentonite but not at 25 °C. The Fe
(OH)4(s) precipitation in the test at 50 °C is slightly smaller than that in
the test at 100 °C (Fig. 3). The computed results near the bentonite-Fe
powder interface are like those of De Windt and Torres (2009). How-
ever, the thickness of the band where corrosion products precipitate is
slightly smaller than the thickness of the measured Fe(OH)2(s) data.

Exchanged cations were measured in the bentonite near the Fe
powder interface. The concentrations of exchanged Ca®" and Mg?" in-
crease slightly from the initial values in the bentonite near the hydration
boundary and decrease near the Fe powder interface (Fig. 7 in SM). On
the contrary, computed concentration of exchanged Na*t decreases from
its initial value near the hydration boundary and increases near the Fe
powder interface. The computed concentration of exchanged K show
minor changes. The concentration of exchanged Fe?" decreases from its
initial value. The computed concentrations of exchanged cations after
the cooling phase deviate from the measured data but are within the
20% error bar.
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Fig. 4. Top left: spatial distribution of the computed volumetric water contents at selected times (lines) and measured values (symbols) after the cooling phase in the
FB3 tests; bottom left: spatial distribution of the computed porosity at selected times (lines) and measured values (symbols) after the cooling phase in the FB3 tests;
top right: spatial distribution of computed pH at selected times and; bottom right: spatial distribution of the dissolved concentration of Fe?* at selected times in the

FB3 and FB4 corrosion tests.
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The most relevant surface complexation species are SFe™ in the
strong sites, S"1OH in weak 1 sites and S¥20H in weak 2 sites (see Fig. 8
in SM). The concentrations of SSOFet and SSOFeOH decrease from their
initial values. On the other hand, the concentrations of SSOH and S%0~
increase from their initial values. The concentrations of SSOHZ and
SSOFe(OH)Q are much smaller than those of the other species in the
strong sites. The concentrations of S*?OH and S*'OH3Z increase from
their initial values in the middle of the bentonite column. The concen-
tration of SO~ decreases in the middle of the bentonite sample and
increases near the Fe powder interface. The concentration of S"'OFe™
decreases with time. Finally, the concentration of SY20OH3 in weak 2
sites increases in the middle of the bentonite sample and decreases
slightly near the Fe powder interface. The concentrations of S“20H and
S"20~ decrease slightly from their initial values.

Several sensitivity runs were performed on the model of the SC cell at
100 °C to analyse the uncertainties in magnetite precipitation (kinetics
versus local equilibrium). The cumulative precipitation of magnetite
(the most stable iron corrosion product) in the sensitivity run accounting
for magnetite precipitation under chemical equilibrium is larger than
that calculated with kinetic magnetite precipitation (Fig. 9 in SM). Fe
(OH)4(s) does not precipitate in the sensitivity run because all the iron
precipitates as magnetite. The results of the sensitivity runs show that Fe
(OH)4(s) does not precipitate when the corrosion rate is decreased.

Applied Clay Science 240 (2023) 106981

6. Model results of the FB corrosion tests
6.1. Thermal and hydrodynamic results

The volumetric water content in the bentonite and the Fe powder
increases with time, being larger in the bentonite near the hydration
boundary (Fig. 4). The water content near the hydration boundary is
larger than that near the heater because the porosity increases near the
hydration zone. Water evaporates near the heater. The vapor diffuses
and condenses in colder places. The computed volumetric water content
is slightly smaller than the measured data at 1593 days (FB3 test) near
the hydration boundary while near the Fe powder the computed water
content is larger than the measured values. The total amount of water
intake in FB tests is equal to 0.083 L in 7 years (Fig. 10 in SM). Most of
the water (97%) enters during the first year.

The computed porosity increases from 0.4 to 0.488 from the initial
value (0.40) in the bentonite at the hydration boundary while is like the
initial value in the bentonite at the bentonite-Fe powder interface
(Fig. 4). The computed bentonite porosity is smaller than the measured
data at 1593 days (FB3 test).

The computed relative humidity increases from 37% to 100% in the
bentonite near the hydration boundary and to 80% near the Fe powder.
The computed temperature in the bentonite at the hydration boundary is
equal to 25 °C while it remains equal to 100 °C at the Fe powder. The
computed temperatures reach steady values after a day and then remain
constant. The computed relative humidity and temperature at the end of
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Fig. 5. Spatial distribution of the computed cumulative dissolution/precipitation (negative for dissolution and positive for precipitation) of calcite (top left),
anhydrite (top right), magnetite (bottom left) and Fe(s) (bottom right) at selected times in the FB3 and FB4 corrosion tests.
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the tests reproduce the trend of the two measured data of the FB3
corrosion test (Figs. 11 and 12 in SM).

The computed temperature is slightly larger than the measured data
in the sensors. The computed relative humidity in the sensors located
near the hydration boundary reproduce the measured relative humidity
data. The evolution of the computed relative humidity in the sensor near
the heater does not reproduce the measured relative humidity data
(Figs. 13 and 14 in SM). This discrepancy could be due to problems in
the water injection system during the tests or to vapor leakage through
the sensors.

6.2. Geochemical results

The computed pH is equal to 7.5 after the initial chemical equili-
bration. It decreases in the bentonite during the first 10 days, especially
near the bentonite-Fe powder interface. Then, pH increases to become at
the end of the test like the initial pH (7.72), except in the Fe powder
where the pH increases to 9.2 (Fig. 4).

The computed concentration of dissolved Cl™ in the bentonite de-
creases initially. This decrease is especially noticeable near the hydra-
tion boundary because the concentration of dissolved Cl™ in the
hydration water is smaller than that of the bentonite porewater (Fig. 15
in SM). The concentration of dissolved Cl™ near the heater, however,
increases due to water evaporation. The computed concentration of
dissolved Cl™ in the bentonite at later times increases slightly due to
solute diffusion. These results are consistent with those of Torres (2011)
for the FB1 and FB2 tests which lasted 6 months and 15 months,
respectively. Torres (2011) reported that dissolved Cl~ shows a front
which progresses with time. The computed dissolved concentrations of
Na®, K*, Ca®" and Mg?" show similar patterns to those of CI~, but they
are also affected by mineral dissolution/precipitation and cation ex-
change reactions.

The computed total dissolved concentration of iron decreases
initially in the bentonite due to the inflow of water and in the Fe powder
due to magnetite precipitation (Fig. 4). The computed concentration of
dissolved iron at the end of FB3 and FB4 tests increases due to the
combined effect of Fe powder corrosion, magnetite re-dissolution, and
the total exchanged Fe?" mass and total sorbed Fe?" mass decreasing
during the cooling phase.

Gypsum dissolves initially in the bentonite and remains constant
while anhydrite precipitates in the bentonite near the bentonite-Fe
powder interface (75 mm < x < 86.8 mm) (not shown here). At 1953
days (FB3 test) and 7 years (FB4 test) anhydrite re-dissolves. Calcite
dissolves in the bentonite, especially near the interface with Fe powder
(85 mm < x < 86.8 mm), but precipitates in the Fe powder (86.8 mm <
X < 90 mm) (Fig. 5).

Magnetite precipitates in the Fe powder while a small amount of
magnetite precipitates in a 2 mm thick band in the bentonite near the Fe
powder interface (Fig. 5). The experimental observations show that
magnetite does not penetrate in the bentonite. Model results show no
precipitation of siderite, goethite and Fe(OH)2(s).

Fe?" sorption is most important in the strong and weak #1 sites
(Fig. 16 in SM). The computed sorbed species on the strong and weak #2
sites do not show relevant changes, except for SSOFe’. The concentra-
tion of SOFe™ decreases from its initial value in the bentonite near the
Fe powder while the computed concentration of S"!OFe™ increases in
the bentonite from its initial concentration in the FB4 corrosion test. On
the other hand, the computed sorbed S"10~ decreases in the bentonite.

The computed concentrations of exchanged Ca?* and Mg?* in the FB4
corrosion test increase slightly from their initial values near the hydration
boundary and decrease near the Fe powder interface (Fig. 17 in SM). On
the contrary, the computed concentration of exchanged Na* decreases
from its initial value near the hydration c boundary and increases near the
Fe powder. The computed concentration of exchanged K" shows minor
changes. The concentration of exchanged Fe?* decreases from its initial
value in the FB3 and FB4 corrosion tests (Fig. 17 in SM).

Applied Clay Science 240 (2023) 106981

7. Conclusions

THCM reactive transport models of the geochemical interactions of
compacted bentonite and Fe powder in the heating and hydration
corrosion tests performed by CIEMAT on small cells (SC tests) and
medium-size cells (FB tests) have been presented. The models presented
here extend the previous model of De Windt and Torres (2009) by
considering bentonite swelling, evaporation and initial unsaturated
conditions in the bentonite, and by improving the assumed geochemical
conceptual model.

The main conclusions of the model of the SC tests are: 1) Fe(s)
corrosion increases with increasing temperature; 2) Iron sorbs in the
bentonite mainly by surface complexation; 3) Magnetite and Fe(OH)2(s)
are the main corrosion products which compete for Fe?* precipitation;
4) Corrosion products precipitate mainly in the Fe powder and penetrate
a few mm into the bentonite; and 5) Model results reproduce the
measured iron weight data. Model sensitivity runs indicate that
magnetite precipitation under chemical equilibrium is larger than that
computed with kinetic magnetite precipitation. Fe(OH),(s) does not
precipitate when the corrosion rate decreases.

The main conclusions of the model of the FB test include: 1)
Magnetite precipitates in the whole Fe powder, but only in a small
amount in the first 2 mm into the bentonite near the bentonite-Fe
powder interface; 2) Although the experimental observations show
that there is no magnetite penetration in the bentonite, some magnetite
precipitation was observed at the interface, which is consistent with the
small amount of magnetite precipitation computed at the bentonite-Fe
powder interface; 3) There is no precipitation of other iron corrosion
products; and 4) Model results do not reproduce the precipitation of
hematite and maghemite observed in the Fe powder near the bentonite
interface.

The reactive transport models of the SC and FB tests have un-
certainties which could be overcome by accounting for: 1) An initial
aerobic corrosion stage with a source of oxygen and the precipitation of
Fe(IIl) oxides, hydroxides and oxyhydroxides; 2) A time-varying corro-
sion rate depending on pH and saturation index; 3) Other corrosion
products such as hematite, maghemite, lepidocrocite, akaganeite and
Fe-phyllosilicates; 4) Kinetic magnetite precipitation for the FB tests
similar to the SC tests; 5) Kinetic smectite dissolution; and 6) Changes in
porosity, permeability and diffusion coefficients caused by mineral
dissolution/precipitation. Other relevant studies include; 1) The cali-
bration of bentonite diffusion coefficient to improve the model fit to
measured Fe(OH),(s) data in SC tests (Garcia-Gutiérrez et al., 2001); and
2) The evaluation of model sensitivity to mechanical processes.

Bentonite swelling is relevant for bentonite hydration and water
redistribution. Failing to account for mechanical processes may lead to
large errors in water content and concentrations and dissolved and
precipitated species (Samper et al., 2020a, 2020b). The relevance of
mechanical processes for SC and FB tests could be evaluated by per-
forming sensitivity runs with models in which mechanical processes
were neglected.

The use of Fe powder in steel/bentonite corrosion tests enhances Fe
(s) corrosion due to its higher reactive surface but introduces other
sources of uncertainty. The heterogeneity of Fe powder favors the for-
mation of preferential pathways for vapor migration with some particles
being more exposed to the oxidizing agent than others (Torres et al.,
2013).
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