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The interaction between concrete/cement and swelling clay (bentonite) has been modeled in the context of
engineered barrier systems for deep geological disposal of high-level radioactive waste. The geochemical
transformations observed in laboratory diffusion experiments at 60 and 90 °C between bentonite and
different high-pH solutions (K-Na-OH and Ca(OH),-saturated) were reconciled with the reactive transport
code CrunchFlow. For K-Na-OH solutions (pH=13.5 at 25 °C) partial dissolution of montmorillonite and
precipitation of Mg-silicates (talc-like), hydrotalcite and brucite at the interface are predicted at 60 °C, while
at 90 °C the alteration is wider. Alkaline cations diffused beyond the mineralogical alteration zone by means
of exchange with Mg?" in the interlayer region of montmorillonite. Very slow reactivity and minor alteration
of the clay are predicted in the Ca(OH),-bentonite system. The model is a reasonable description of the
experiments but also demonstrates the difficulties in modeling processes operating at a small scale under a
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1. Introduction

Concrete and compacted bentonite are being studied as compo-
nents of engineered barrier systems to isolate high-level radioactive
waste in geological disposal. These materials should conserve the
physical and chemical characteristics for what they have been
designed until the radioactive waste and the spent nuclear fuel
decrease their radioactivity levels to near the natural background.
However, both materials will evolve over time due to their different
compositions. The high-pH (13-14) fluids emanating from OPC-type
concrete will interact with the bentonite barrier where these two
materials will be placed in direct contact. The initial composition of
the concrete porewater is dominated by K* (0.2-0.5 M), Na™ (0.05-
0.2 M) and OH™ (0.3-0.7 M), and will evolve to Ca-(OH), solutions
after the alkali-leaching period [1-3]. At laboratory scale these
situations are simulated with two types of synthetic alkaline
solutions: an early cement water, mainly Na-K-OH with pH ~13.5
at 25 °C, used to simulate early repository conditions, and an Evolved
Cement Water, saturated with respect to portlandite (pH ~12.5, at
25 °C), that represents the conditions expected to prevail for a very
long time in a repository. The duration for which the barrier should
conserve its retention properties for radionuclides is 10° to 10®years.
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Numerous laboratory experiments [4-13], natural analogues [14-19]
and modeling studies [20-26] confirm and detail the alteration of clays by
interaction with alkaline fluids. These studies agree on the following
processes related to cement/bentonite systems:

1. Concrete or cement (Ordinary Portland Cement: OPC) reacts
initially with bentonite due to the high-pH porewater. Montmo-
rillonite dissolves under hyperalkaline conditions, precipitating
zeolites and leaving a Mg-rich residual clay.

2. Bentonite is able to buffer the hyperalkaline pH (13.6-13.0, for
OPC) to pH<12.5. Portlandite is then slowly dissolved at the
interface, forming C-S-H gels (Ca-Si-hydrate). Crystalline C-S-H
gels of tobermorite-type form at temperature higher than 80 °C at
laboratory time scales.

3. Some of the dissolved Ca®* is incorporated in the exchangeable
complex of bentonite, displacing Mg+, which precipitates as
brucite [Mg(OH),] or hydrous magnesium silicate and hydrotalcite
depending on the temperature of reaction.

Diffusion experiments with alkaline solutions and compacted
bentonite columns show the coupling between the changing porosity
due to cementation processes at the interface, and the retardation of
alteration in the cemented layer, as well as the decrease in the cation
exchange capacity of bentonite due to montmorillonite dissolution as
the main geochemical reactions [27]. The reactive transport geo-
chemical code CrunchFlow is used in this study to investigate
numerically the same system, with the aim to reproduce the
alteration reactions observed experimentally with special focus on
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cation exchange and mineralogical transformations in order to
confirm and clarify key processes, and provide insight into expected
system behaviour over long periods of time. In order to achieve
relevant results that permit the interpretation of the experimental
observations, some of the key parameters were selected based on
available published data but some others were adjusted to obtain
numerical convergence (reaction rates, diffusion coefficients, etc.).

2. Experimental conditions and main results

The experimental system consists of a cylindrical compacted
bentonite column in contact with a 0.6 M MgCl, solution at one end
and a synthetic alkaline solution at the other end of the column
(Fig. 1). To maintain an almost constant source of alkalinity, the
alkaline solution is constantly circulated from a 0.5 L solution
reservoir by a peristaltic pump. No circulation was applied to the
MgCl, solution since the only objective was to maintain saturated
conditions during the course of the experiment. A set of 12
experiments were performed under these conditions over 6, 12 and
18/24 months, applying a constant temperature of 60 °C (6, 12,
24 months) and 90 °C (6, 12, 18 months), and using 2 different
alkaline solutions: Young Cement Water (YCW) and Evolved Cement
Water (ECW).

The clay material was pre-treated to saturate the exchangeable
complex of montmorillonite in Mg?*; but the mineralogical compo-
sition of bentonite was not modified. Most soluble salts, such as
gypsum or halite, were washed out from the bulk clay during the
saturation process but some calcite remained in bentonite after Mg-
saturation. This pre-treatment permits to study the mineralogical
transformations in the first millimeters of the alkaline interface since
exchangeable Mg?™" is displaced from the interlayer of montmoril-
lonite under alkaline conditions, precipitating as brucite or incorpo-
rating itself in the internal structure of silicates in a non-exchangeable
form [7,13,28].

At 60 °C, diffusion of the hyperalkaline plume (YCW: K/NaOH
solution) through compacted bentonite (1.6 g/cm>® dry density)
produced a domain of mineralogical alteration characterized by a
cemented rim of 2 mm thickness, developed in 6 months. The
thickness of alteration did not evolve thereafter despite the nearly
constant input solution composition owing to an increased surface
area and reduced porosity that caused a strong retardation of
diffusion. Montmorillonite was partially dissolved and formation of
brucite, Al- and Mg-chlorite-type silicates were observed within this
domain. XRD diffraction suggests intercalation of hydroxides and
hydrotalcite-type structures (7.5 A). Zeolites were not observed.

At 90 °C, the alteration zone had a larger extent, and this was
observed as a hardening of the bentonite column and partial occlusion
of the connected porosity, retarding the diffusion of alkaline cations.
Only traces of analcime were detected at the interface with the YCW.

The pH was buffered efficiently by montmorillonite dissolution at
60 and 90 °C as evidenced by only small amounts of brucite
precipitation. Brucite would be the main secondary phase if pH was
maintained at the initial value. Disturbance of the ion exchange
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Fig. 1. Experimental set-up of diffusion experiments.

complex extended deeper than the mineralogical alteration; substi-
tution of Mg?* by K* was detected even at 60 °C and after 6 months
along the entire column of bentonite (2.1 cm).

Further details of the experiments are reported in [27].

3. Physical model and approach

Modeling was carried out using the geochemical computer code
CrunchFlow [29-31] that can be operated in two modes: using the
Sequential Iteration Approach (SIA) which solves the transport and
chemical equations sequentially, or the Direct Substitution Approach
(DSA) which solves the transport and chemical equations simulta-
neously. Geochemical evolution in CrunchFlow is modeled using user-
defined kinetic rate laws for mineral reactions, and chemical
equilibrium for aqueous speciation and surface reactions. The code
takes into account aqueous speciation, mineral dissolution/precipita-
tion, surface complexation, ion exchange, and transport processes.
Transport in the system may optionally be coupled to or decoupled
from the evolving porosity when minerals precipitate or dissolve.
Aqueous species can be constrained by mineral or gas equilibrium and
charge balance. Reactions given in the database are temperature
dependent extending up to 300 °C but several inconsistencies had to
be resolved and supplementary data supplied (see details below).

In analogy to the laboratory experiments, the model considers an
alkaline solution (either YCW or ECW; Table 1) diffusing through the
bentonite column, which is divided into 21 cells of 1 mm each, with
the same initial mineralogical composition and porewater composi-
tion (Table 2). The alkaline solution is located outside the column,
adjacent to the bentonite domain. At the end of the column, 2 cells of
1 mm are added for a 0.6 M MgCl, solution. The transport is limited to
diffusive interaction between the infinite source of alkalinity and the
bentonite and MgCl, domains. Mineral dissolution/precipitation,
aqueous speciation and ion exchange selectively associated to
montmorillonite are the geochemical processes included in all
scenarios. The DSA mode was used in this study which will allow
for larger time stepping and better performance.

3.1. Initial considerations

A model in one dimension was preferred due to the approximate
homogeneity of the domains involved in the system and for simplicity
in order to express the results as a function of distance from the
alkaline interface.

Watson et al. [32] performed predictive modeling of the diffusion
of cementitious water in bentonite with a sensitivity study of input
parameters, using the code Raiden-3 [33]. They observed different
behaviours in the system as a function of the size of the alkaline
reservoir. The larger the reservoir, the longer it took for montmoril-
lonite dissolution to start, but when it did it was at a faster dissolution
rate. For an infinite reservoir, montmorillonite dissolution started
before other cases examined and was more rapid. A dependency on
the alkaline reservoir size is also observed in this study with
CrunchFlow; but the alkaline fluid has been considered an infinitely
large reservoir out of the domain. This fact disagrees with the

Table 1

Synthetic concrete porewater compositions (mol/kg solution).
Aqueous species YCW ECW
OH™ (charge balance) 4.27E—2 4.00E—2
K* 3.54E—1
Na*t 1.02E—2
cat 7.36E—4 2.00E—2
Nerm 1.53E—2
05(aq) 1.00E—8 1.00E—8
pH 12.4 (60 °C) 11.447 (60 °C)

11.8 (90 °C)
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Table 2
Mineralogical and chemical compositions of the bentonite column.

Mineral % wt. Aqueous species Concentration
(mol/kg solution)
Albite 1 OH™ 3.1E—7
Calcite 1 K+ 1.2E—5
Cristobalite-c 2 Na* 1.0E—3
Illite 1 Ca** 1.2E—4
K-feldspar 1 Mg?* 6.0E—1
Mg-montmor-FEBEX 92 APT 1.3E—7
Quartz 2 Fe’* 1.0E—8
02(aq) 1.0E—12
Nerm 6.3E—5

Cl~ (charge balance) 7.92E—1 (60 °C)
9.39 (90 °C)
4.08E—1 (60 °C)
2.62E—1 (90 °C)
3.9E—-6

HCO3 (eq. with calcite)

Sioz(aq)

experiment, where the mass of alkaline solution was constrained to
0.5 kg and dissolved species present in the bentonite porewater could
have entered the solution reservoir. While the solution chemistry of
the reservoir was not monitored, pH measurements confirm the
stability of the alkaline solution, showing a performance close to the
infinite reservoir case.

Cation exchange capacity (CEC) is a relevant parameter to study in
the model because it is directly related to the mineralogical alteration.
This property was tied exclusively to the mineral phase Mg-montmor-
FEBEX, and therefore, the partial dissolution of this mineral in the first
millimeters of bentonite at the alkaline side will produce a
proportional decrease in the CEC. Although some minor inconsisten-
cies were detected in the analytical determination of exchangeable
cations (excess of Ca>™ and Mg?™ were measured due to dissolution
of calcite and amorphous phases during extractions), the correlation
of montmorillonite dissolution and CEC decrease was clearly observed
experimentally at the interface. Secondary minerals such as zeolites
and clays, which are often considered as cation exchangers, form a
negligible contribution in this particular system as was demonstrated
by [13], and therefore, they were not considered as exchangers in the
model. Cation exchange coefficients for Mg-montmorillonite were
selected from [34], who studied the ion exchange behaviour of the
smectite used experimentally in this study.

Porosity is a key parameter to be estimated in the model since it
regulates the solid:solution ratio, the solute concentrations and
therefore also the reaction rates. In smectite-type clays, 3 types of
porosity can be considered for solute transport: (1) free porosity (or
free porewater) is the water without electrostatic interactions that
connect the porosity in the system (these two terms are equivalent
when bentonite is fully saturated, as in this case), (2) interlamellar
water is the porosity available in the interlayer space of smectite, and
(3) space occupied by the diffuse double layer surrounding the
external surfaces of clay particles [35]. These latter two regions are
preferentially accessible for cations that compensate the negative net
charge of clay surfaces. CrunchFlow does not differentiate between
these types of porosity; but it is able to allow diffusive transport of
aqueous species at species-specific rates while conserving electro
neutrality by imposing electrochemical migration terms. Water
vapour adsorption/desorption isotherms, together with c-lattice
spacing determinations performed on bentonite indicate that most
of the water resides in the interlayer [36], particularly at dry densities
higher than 1.4 g/cm? [37]. In this study cation migration through the
montmorillonite interlayer is dominant due to the high degree of
compaction (1.65 g/cm? dry density). Initial total porosity is assumed
as 40% of the total volume based on water-content measurements and
the sum of minerals as 60% by difference. Diffusion of all species is
dependent on the available porosity at any time, and therefore, a
decrease in porosity caused by precipitation of secondary minerals

produced a decrease in diffusive transport of aqueous species. The fast
movement of exchangeable K and Na™ along the column observed
experimentally can only be predicted by forcing cations to migrate
faster than anions.

Two types of parameters have been modified at 90 °C with respect
to the model at 60 °C: (1) the diffusion coefficient of aqueous species
and (2) the dependency of reaction rate on pH.

3.2. Diffusion coefficients

Specific diffusion coefficients have been considered for each
aqueous species, calculated based on the diffusion coefficients for
ions in free water [38,39] but reduced by several orders of magnitude
to obtain pore diffusion coefficients compatible with measurements in
bentonite compacted at high density (reduction of free porewater,
increase of tortuosity, etc.). These coefficients agree with [9], who
established that, for a given clayey material, effective diffusion
coefficients (De) for the cations K™, Ca®>*, Na™ and Cs™ are in the
same order of magnitude, but De for CI~ is one to two orders of
magnitude lower. This is a simplification of a more mechanistic
treatment of anion exclusion effects (e.g., [35]).

The diffusive fluxes (J) for aqueous species increase with
temperature according to the 1st Fick law:

J= _D(%) D = D,sel Pl 1)

where D is the diffusion coefficient of each species at the working
temperature and D,s is the diffusion coefficient of the aqueous species
at 25 °C. D,s values have been specified for the relevant species,
assigning a generic value for all other species (Dop). Increase of
temperature takes implicitly an increase of diffusion coefficients into
account except for the generic value that was manually adjusted
upwards, from 60 to 90 °C, by a factor of 3 to better fit the
experimental observations (Table 3).

4. Thermodynamic and kinetic data

27 aqueous species (Table 4) and 20 minerals (Tables 5 and 6)
have been taken into account in this study. Most of the aqueous
species of interest are included in the default database of CrunchFlow
(datacom), which is an adaptation of the EQ3/6 database in the
required format. However, due to the absence of some relevant
species at high pH and inconsistencies found in comparison with
other databases for a few other species (work in progress), the
program SUPCRT92 in addition to its updated default database SLOP98
was used to estimate the equilibrium constants at the required
temperatures for CaHSiOF, CaOH™, COy(aq), CO3~, KOH, MgOH™,
NaHSiO; and NaOH. Equilibrium constants and their temperature
dependence for the species H,SiO7~ and NaSOz;, which had no

Table 3

Diffusion coefficients at 25, 60 and 90 °C in bentonite porewater.
Aqueous species Dys Deo Dgg
H* 931E—-11 2.26E—10 4.22E—-10
Na* 1.33E—11 3.23E—11 6.03E—11
K+ 1.96E—11 4.76E—11 8.88E—11
Mg?+ 0.71E—11 1.71E-11 3.20E—11
S 0.79E—11 1.93E—11 3.59E—11
AP 0.56E—11 1.36E—11 2.53E—11
c- 1.10E—12 2.67E—12 4.99E—12
50%7 1.07E—12 2.60E—12 4.85E—12
HCO5 1.18E—12 2.87E—12 5.35E—12
Si02(aq) 2.20E—12 5.34E—12 9.97E—12
Generic (Do) 1.00E—11 243E—11 -
Generic (Do) 3.00E—11 - 1.36E—10
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Table 4
Aqueous reactions and equilibrium constants used in this study.

selectivity coefficients applied for cation exchanges in the interlayer
region of montmorillonite were considered as in [40], using the
Vanselow convention.

Aqueous reaction log k log k log k

(25°C) (60 °C) (90 °C) Albite, calcite, cristobalite-a, illite, K-feldspar and quartz were
AlO3 +4 H* = AP+ +2 H,0 22.88 19.57 16.83 included as accessory minerals. Soluble minerals were not considered
AIOH** +H* =AP* + H,0 496 4,00 3.32 due to the pre-treatment performed, where it is assumed that these
Al(OH)F +2 li*:Ai*+2 H,0 10.59 8.75 7.32 minerals dissolved. Thirteen secondary minerals were taken into
CaC0s(aq) +H " =Ca”" +HCO3 7.00 645 6.05 account as possible results of mineralogical transformations, seven of
CaHCO7 = Ca* +HCO;3 —1.05 —1.16 —1.41 hem i dqf he th d ic database THERMODDEM
CaHSi0F + H* = Ca®* + SiOz(aq) + H;0 358 312 775 them imported from the thermodynamic database .
CaOH* +H* = Ca?* + H,0 12.83 11.42 1036 (http://thermoddem.brgm.fr; see Table 5). Brucite, hydrotalcite, a
CaSO4aq)=Ca®* +503~ —2.11 —2.26 —2.47 chlorite-like phase and gibbsite were experimentally observed as well
Egggm 4}'{ l;le:CHOJ: +HCO3 ] g-g;‘ ] g-g ; g-(z)g as a secondary Mg-enriched-clay for which saponite-Mg and talc were
- ;ioj_ +2_ e _3Si0 +2H,0 23.00 21.64 20.69 considered as a proxy. Additionally, phillipsite has been included as

2: 4 - 2(aq) 2 B . g . . . .

HSiO3 +H* =Si05(sq) + H20 9.95 9.47 9.17 z.eollte, although experlme{ntal eV{deI'lces do not conﬁ'rm its forma—
KCl(aqy=K* +CI~ 1.49 1.22 1.00 tion. C-S-H gels, portlandite, ettringite and tobermorite-11 A were
KOH(ag) ++H* = lg +Hx0 14.44 1331 12.50 considered as secondary cement phases.
KSOq =K® +503" =g =(se =1Llg The rate equations for the dissolution/precipitation of all minerals
MgCl* = Mg?* +Cl 0.13 0.05 —0.12 idered in thi K appl h s h described
MgCO5(aq) + H =Mg?* + HCO3 735 6.93 659 considered in this work apply to the transition state theory, describe
MgHCO5 =Mg?* + HCO5 —1.04 —1.16 —1.33 by [45,46] and [47] as:
MgOH* +H* = Mg?* +H,0 11.68 10.50 9.60
MgS04(aq) =Mg?* + 505~ —2.41 —2.84 —3.17 n Q
NaCl a1 o oss 0% = Ak |1-(32) @)
NaCO3 +H* =Na* +HCO35 9.81 10.07 10.39 m
NaHCO3(5q)=Na* -+ HCO3 —0.15 0.11 0.34 ) ] ) S .
NaHSiO3(aq)+H* =Na™ + Si0;(sq) + H20 7.76 7.77 7.76 where r, is the dissolution/precipitation rate of the mineral m
NaOHﬁaq)+lf=Ngj+Hzo 14.21 13.21 12,51 (mol-m~3-s71), Ay, is the specific mineral surface area (m? mineral
INER(OE =INEI™ -3(07 =@ =07 —is m~3 porous medium), k(T) is the temperature dependent rate
OH™ +H*=H,0 14.00 13.03 1235

Values at 25 °C are given as reference but not used in the models.

temperature dependence in the default database, were taken from the
database of PHREEQC.

Seven primary minerals were selected to define the initial
composition of bentonite. Mg-montmor-FEBEX (92% in weight) has a
composition based on the phase FEBEX-montmorillonite [40] where the
exchangeable cations Na*, K* and Ca?* were all replaced by Mg,
assuming the same chemical stability. Exchangeable reactions and

Table 5

constant (mol-m~2-s~ 1), (ay.)" is the proton activity raised to the
power n (which is a value experimentally determined), K, is the
equilibrium constant for the dissolution reaction of the mineral m,
and Qy, is the ion activity product for this reaction.

The dependence of the rate constant on temperature is defined as:

k(T) = kys exp [_TEa (% - 29;715>} 3)

where k5 is the rate constant of mineral m at 25 °C (mol-m~2-s™ 1),
E, is the activation energy of reaction (kcal-mol~!), R is molar gas
constant (kcal-K~'-mol™ ') and T is the absolute temperature (K).

Thermodynamic data and dissolution reaction of the selected minerals adopted in the models.

Mineral Reaction log k log k log k Molar volume
(25°C) (60 °C) (90°C) (cm®-mol 1)
Albite NaAlSizOg +4H™ — AP +Na™ + 3Si03(aq) + 2H20 2.76 1.57 0.63 100.25
Calcite CaCOs+H* — Ca?* + HCO3 1.85 1.33 0.91 36.93
Cristobalite-o Si05 < SiO3(aq) —345 =2,88) —2.67 25.74
lllite Ko.sMgo25Al335i5.5010(0OH), + 8HT — 0.25Mg?* + 9.03 5.56 2.75 138.94
0.6 K* +23AP* +3.55i0,(aq) + 5H,0
K-feldspar KAISiz0g + 4H™ — AP* +K* +3Si05(aq) + 2H,0 —0.28 —0.96 —156 108.87
Mg-montmor-FEBEX Mgo.32(Al 545 M80.425) (Sis.56Al0.145)010(OH)2 + 6.26 423 2.56 134.88
6.56H" — 0.745Mg?* + 1.69A1> " + 3.865i05(aq) +4.28H,0
Quartz Si0, < SiOa(aq) —4.00 —347 —3.15 22.69
Brucite Mg(OH), +2H" — Mg?* + 2H,0 16.30 14.27 13.20 24.54
Chlorite®” (Mg3.964F€1.927Al1116C30.011) (Siz.633Al1 367) 010(OH)s + 59.41 4821 40.06 211.92
17.253H" — 0.053750,4) + 2.483A1" +0.011Ca?* +
1.927Fe?" +2.964Mg?" + 12.6265H,0 + 2.6335i05(aq)
CSH 0.8* CapgSi0y5:1.54H,0 + 1.6H™ — 0.8Ca*" + 2.34H,0 + 1Si03(aq) 11.05 10.19 9.58 59.29
CSH 1.2 Ca;55i032:2.06H,0 + 2.4H" — 1.2Ca®* 4 3.26H,0 + 1Si03(aq) 19.30 17.70 16.33 71.95
CSH 1.6 Cay 605i03,6:2.58H,0 + 3.2H" — 1.6Ca>" + 4.18H,0 + 15i0,aq) 28.00 25.59 23.94 84.68
Ettringite? CagAl3(S04)3(0H)12:26H,0 + 12HT — 2A1P* + 3503~ + 6Ca>* + 38H,0 57.01 49.89 4454 71032
Gibbsite Al(OH)3 +3H" — AP + 3H,0 7.76 5.83 4.29 31.96
Hydrotalcite-CO5* Mg,Aly[(OH);2(C05)(H20),] + 13HT «— 2A1 T + 1HCO3 +4Mg?* + 14H,0 61.20 51.77 45.26 301.51
Phillipsite KoNag7Cay 1(Als 6Si12.4)052:12.6H,0 + 14.4H* — 0.7 K* +0.7Na* + —6.76 —9.87 —11.72 609.20
1.1Ca%" + 3.6AP" + 12.45i0(aq) + 19.8H,0
Portlandite Ca(OH), +2H" « 1Ca** +2H,0 22.56 20.20 18.73 33.06
Saponite-Mg? Mg3Si4010(OH), +6H™ — 3Mg?* + 4H,0 4 45i0(aq) 30.66 25.40 2127 150.59
Talc Mg3Sis010(OH), + 6HT — 3Mg? ™ + 4H,0 + 4Si05(aq) 21.14 18.11 15.76 136.25
Tobermorite-11 A CasSigH11022.5 + 10HT — 5Ca®* + 6Si0(aq) + 10.5H,0 65.61 59.91 56.04 230.05

2 Minerals imported from the database Thermoddem (http://thermoddem.brgm.fr/) compiled by BRGM.

> Thermodynamic properties published in [41].
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Table 6
Kinetic constants used with each mineral.

Mineral Reactive log k n n E. Ref.

surface (25°C) (60°C) (90°C) (kcal/mol)

area

(m*-m~?)
Primary minerals
Albite 100 —156 —0.57 0 16.97 [42]
Calcite 100 -6 0 0 8.46 [42]
Cristobalite-ot 100 —1231 0 0 15.53 [42]
lllite 100 —-11 0 0 15 b
K-feldspar 100 —12.7 0 0 10 [43]*
Mg-montmor-FEBEX 100 —12.67 —-05 —03 5.42 [40]
Quartz 100 —16.29 —0.55 0 25.88 [42]
Secondary minerals
Brucite 100 —6 0 0 14.34 [44]
Chlorite 100 -8 0 0 10 b
CSH_0.8 100 =7 0 0 10 [40]
CSH_1.2 100 -7 0 0 10 [40]
CSH_1.6 100 =7 0 0 10 [40]
Ettringite 100 -8 0 0 10 [40]
Gibbsite 100 —10 0 0 15 b
Hydrotalcite-CO5 100 -8 0 0 10 D
Phillipsite 100 —10 0 0 15 b
Portlandite 100 -8 0 0 10 [40]
Saponite-Mg 100 —1lil 0 0 15 15
Talc 100 —-11 0 0 15 b
Tobermorite-11 A 100 —10 0 0 10 [40]

The units of the kinetic constant (k) are given in mol-m~2-s~ .

¢ Kinetic parameters optimized from the given reference.
b Kinetic parameters assumed in this study.

The same specific surface area is assumed for all minerals (100 m?
mineral-m~> porous medium). Watson et al. [32] observed that the
large relative abundance of montmorillonite minimized the depen-
dency of modeling results on the surface area of other minerals. The
model has an important kinetic component and the rate constants and
exponents n have considerable leverage on the reactivity. These
parameters are taken from experimental studies that include
implicitly the contribution of the high surface areas of smectites.
Dependency of reaction rates on pH at 60 °C has been considered for
Mg-montmor-FEBEX, albite and quartz, and at 90 °C only for Mg-
montmor-FEBEX (Table 6).

Against a general consensus that the dissolution rate of montmo-
rillonite increases with increasing temperature, the justification for
the chosen modification of the pH dependence from 60 to 90 °C is
based on the observed decrease in the order of reaction in the
transformation of montmorillonite at high pH. Sanchez et al. [13]
described that the behaviour of the alkaline reaction is temperature
dependent; therefore, at moderate temperatures (25-75 °C), the
order of reaction is high (0.7), describing the partial dissolution of
montmorillonite in the presence of precipitation of brucite. In the
range of temperatures 125-200 °C, the order of reaction is lower (0.3)
and montmorillonite transforms to saponite and zeolites. This latter
reaction is complete and leads to the formation of silicate phases that
capture Mg in the structure (i.e. the data represent apparent rates for
the overall reaction, including precipitation). There is some agree-
ment between this fact and our experimental results observed at
90 °C. The overall rate far from equilibrium (excluding the equilibrium
term) at 90 °Cis one order of magnitude smaller than at 60 °C, but also
the pH is almost one order of magnitude lower at 90 °C. Brucite is
scarcely observed but there is a change in the hydro-mechanical
properties of the sample (hardening and clogging of porosity) and
formation of interstratified chlorite-smectite at the interface. The
chlorite-type phases observed experimentally (di-tri-octahedral or
sudoite-type) are not available in the database, but instead a mixed
di-tri-hydroxide (hydrotalcite) and Mg-silicates (talc and saponite)
have been considered as a proxy.

At 90 °C, dependency of reaction rate on pH has only been
considered for Mg-montmor-FEBEX. This assumption did not affect
computed mass transfers but provided better numerical stability. It is
emphasized that the montmorillonite dissolution rate is a rate-
limiting parameter for the overall reaction progress, and the
sensitivity of the system behaviour on the rates of secondary phases
or minor primary phases is subordinate.

5. Results

The simulations have been performed at 60 and 90 °C, with YCW
and ECW solutions for 360, 540 and 720days (~12, 18 and
24 months).

5.1. YCW at 60°C

Partial dissolution of Mg-montmor-FEBEX is observed in the first
3 mm of bentonite from the alkaline interface after 360 days and
precipitation of secondary minerals in the same thickness (hydro-
talcite, talc and brucite; Fig. 2). Tobermorite-11 A precipitates <1%
vol. in the first millimeter of the interface.

After 720 days dissolution of Mg-montmor-FEBEX increases at the
interface with significant precipitation of the secondary minerals
observed previously, however, the thickness of alteration remains (3-
4 mm). This is related to the decrease of porosity in the altered area
(Fig. 3).

While the mineralogical alteration is observed only in the first
few millimeters from the alkaline interface, cation exchange
processes are observed over the entire column of compacted
bentonite. Exchangeable Mg?" is displaced from the interlayer
mainly by K* but also by Na™ (Fig. 4). The total cation exchange
capacity decreases as a function of time in the first 2-3 mm due to the
partial dissolution of montmorillonite. Excess of Ca>* and Mg? " was
measured experimentally in the medium of extraction of exchange-
able cations (ammonium acetate at pH=7), due to dissolution of
calcite and Mg-hydroxides or Mg-amorphous phases. A correction
for this measurement was performed considering that no exchange-
able Ca?™ is present in bentonite in the YCW experiments and
calculating the Mg2"eyen as CEC— 3" [Natexen + K exen]. In the
experiment there is no evidence for an increase of porosity in the
first millimeters because bentonite at high density would swell to
occupy any void space in the column.

5.2. YCW at 90°C

Mineralogical results after 540 days show less alteration in the first
millimeters compared to 60 °C and less montmorillonite dissolution
(Fig. 5). Precipitation of secondary minerals extends to 10-11 mm.
Brucite is the main product of reaction. A bit of hydrotalcite
precipitates close to the reaction front (11 mm), and calcite and
portlandite (<1% vol.) form in the first millimeter from the interface.

With the increase of temperature from 60 to 90 °C, the diffusion
rates increase but the mineral dissolution rate of montmorillonite
decreases (effect of n that dominates over the activation energy
term). The net effect on the reactivity is observed as a more extended
region of alteration with less geochemical transformations. This
agrees with our hypothesis that at 90 °C the reaction is volumetrically
more widespread but locally less intensive.

Hydrotalcite-CO3 is a mixed hydroxide with the ideal formula
Mg4Al,[(OH)12(C0O5)(H20),] that precipitates at the alteration front.
In the model, it represents an interim phase that conserves parts of
aluminum octahedral layers of montmorillonite. The model predicts
almost exclusively precipitation of brucite at 90 °C, which in the
experiment corresponds to the sum of several observed Mg-phases.
Such slight differences between mineral stabilities in the Mg-system
might be beyond what can be predicted from thermodynamic data,
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Fig. 2. Mineralogical distribution in the bentonite column interacting with the YCW solution at 60 °C after 360 days.

given their intrinsic uncertainties. Precipitation of brucite is directly
related to cation exchange in montmorillonite. K™ and Na™ displace
Mg?* from the exchangeable region that precipitates as brucite. This
is similar as in the case at 60 °C, but the model does not predict lower
rates of exchange at 90 °C, as observed experimentally (Fig. 6). This is
expected in the model because the rate of exchange depends directly
on the multicomponent diffusion (higher at 90 °C). The experimen-
tally observed textural effect (hardening) which is attributed to a
distributed clogging effect cannot be represented in our numerical
model. Watson et al. [32] obtained similar results as observed in the
experiment at 60 °C for cation exchange by increasing the exchange
rate of K™ in their kinetic model.

The textural effects noted in the experiment may be attributed to
the simulated mineralogical changes. If secondary minerals occupy
more volume, the porosity decreases by the mineralogical transfor-
mation. This is supported by the measured lower BET surface areas in
samples treated at 90 °C compared to 60 °C in regions apparently not
affected by mineralogical alteration far from the alkaline interface. In
the model, porosity at 90 °C decreases at a lower rate than at 60 °C in

100

Volume (%)

5 10 15 20

Distance from the interface (mm)

Fig. 3. Mineralogical distribution in the bentonite column interacting with the YCW
solution at 60 °C after 720 days (legend shown in Fig. 2).

the first millimeters but extends further from the interface (12 mm
after 540 days; Fig. 7).

5.3. ECW at 60 °C

The same physical parameters as in the case with YCW at 60 °C
have been used in this model. The alkaline solution is now Ca
(OH),=0.02 M which is oversaturated at T> 25 °C (saturation index
of portlandite =0.4667 at 60 °C). Mineralogical transformations are
minor even after 720 days (Fig. 8). Mg-montmor-FEBEX dissolves only
in the first millimeter from the interface, precipitating brucite (11%
vol.), calcite (7% vol.), talc and hydrotalcite (~2% vol.), gibbsite and
saponite-Mg (<0.2% vol.). Porosity decreases in the first millimeter
from 40 to 20%. The most notable change predicted by the model is the
ion exchange composition in montmorillonite. Ca®* displaces Mg?™

meq/100 g solid

Distance from the alkaline interface (mm)

——Na'720d. ——Na*360d. (] Na'371d. ® Na'725d.
——K'720d. ——K'360d. K'371d. = K'725d.
——Mg“720d. ——mg"360d. [ Mg”371d. m Mg?725d.
ca”7204. Ca**360 d. ca'’371d. ca”7254d.
——CEC720d. ——CEC360d. [ CEC371d. m CEC725d.

Fig. 4. Distribution of experimental exchangeable cations (squares) in bentonite at
60 °C after 12 and 24 months (YCW solution) and model prediction (lines).
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Fig. 5. Mineralogical distribution in the bentonite column interacting with the YCW
solution at 90 °C after 540 days (legend shown in Fig. 2).

significantly over the first 5 mm of bentonite (Fig. 9). The experimental
observations show qualitatively exchange of Ca?" for Mg?™ at the
interface, but an excess of both cations (Ca?>* and Mg?*) is measured
in the medium of extraction for exchangeable cations. Since the same
correction as performed for the YCW experiments is not valid in this
case (Ca’Texen cannot be neglected), a detailed comparison of
experimental and modeling data is not possible.

6. Discussion

The models predict that cation exchange in montmorillonite is the
dominant process, which agrees with the experimental observations.
Cation diffusion in the montmorillonite interlayer is favoured due to
the high compaction of bentonite that reduces the fraction of free
porewater and, therefore, the anion migration. Dead-end pores may
have been formed in the system (porosity excluded from further
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Fig. 6. Distribution of experimental exchangeable cations (squares) in bentonite at
90 °C after 12 and 18 months (YCW solution) and model prediction (lines).
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Fig. 7. Evolution of porosity in bentonite as a function of time (YCW solution at 90 °C).

reaction). As there is no advective transport, anion migration is
subdued. There is enhanced ion migration in the region close to the
alkaline interface, where montmorillonite is dissolving. If dissolution
of primary minerals and precipitation of secondary minerals were
considered in two sequential stages, aqueous species would be
available and micropores connected when montmorillonite dissolves,
creating an advective domain. However, precipitation of secondary
phases reduces the porosity in the same region, decreasing the
connection between the external alkaline fluid and the bentonite
porewater. This inhibits the ionic diffusion in the column, mainly
anionic (OH™), able to dissolve montmorillonite. At 60 °C, a short
altered region is observed at the interface (~2 mm) and the
mineralogical alteration does not advance with time.

Since the dissolution rate of montmorillonite decreases with an
increase of temperature (see further discussion), the mineralogical
alteration at the interface is less at 90 °C than at 60 °C. Consequently,
the porosity reduction is less pronounced and the alkaline plume
extends farther. The model predicts the precipitation of brucite over
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Fig. 8. Mineralogical distribution in the bentonite column interacting with the ECW
solution at 60 °C after 720 days (legend shown in Fig. 2).
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Fig. 9. Distribution of modeled exchangeable cations in bentonite at 60 °C after
720 days (ECW solution).

11 mm, but experimentally a hardening of the entire bentonite
column was observed attributed to cementation processes. X-ray
diffraction did not show significant changes in sequential samples
taken parallel to the alkaline interface to study the mineralogical
alteration, but this method may not be sensitive enough to indicate
very minor transformations.

Applying Eq. (1) with E, =5 kcal-mol ™', the diffusion coefficients
for aqueous species increase as a function of temperature (Table 3).
These diffusion coefficients are comparable to the effective diffusion
coefficients used in similar studies with compacted bentonite, in the
range 10~ 1°-10~ ""m?-s~ ! according to the temperature applied 25-
100 °C [48,49]; however, these coefficients consider implicitly
retardation effects (tortuosity, surface adsorption, etc.) that are
unknown a priori in the system and can only be estimated as a
whole. One order of magnitude higher and lower diffusion coefficients
were tested for this study; the results increased or decreased the
reactivity significantly, loosing consistency with the experimental
observations.

Precipitation of secondary minerals in bentonite needs to be
interpreted coherently with the experimental results. Secondary
mineral phases observed experimentally do not have a defined
crystalline composition, and therefore, precipitation of talc, brucite
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and hydrotalcite must be considered as the result of Mg displacement
from the exchange region in montmorillonite, with the eventual
dissolution of montmorillonite and availability of Si, Al and other
elements to form more stable phases in the specific geochemical
conditions of reaction.

The alkaline alteration of bentonite in YCW experiments is
heterogeneous and patches of unaltered bentonite have been
detected at the interface, so Mg?"exen is still present at the interface.
Exchange reactions are predicted by the model, but total displacement
of Mg " by K* and Na* is calculated in the first millimeters from the
interface. At higher temperature the exchange reactions are predicted
to be more effective, in contrast with the experimental observations.
This is mainly due to the faster diffusion, but again, the heterogeneity
of bentonite has not been taken into account by the model.
Obstruction of connected porosity, not exclusively at the interface
but more distributed over the entire column of bentonite is suggested
to explain the disagreement.

Another source of uncertainty, in addition to the lack of some
thermodynamic data, is related to the kinetic parameters. Experi-
mental studies on the rates of smectite dissolution at neutral or
alkaline conditions disagree by several orders of magnitude (Table 7).
These studies have been performed with high liquid (alkaline
solution)/solid ratio, while the porewater/solid ratio for compacted
bentonite is very low, and therefore, the kinetic constant for
montmorillonite at the conditions of this experiment could be
lower. In addition, it is remarkable that to better fit the model with
the experimental results, the dependency of pH was decreased with
the increasing temperature, based on the experimental observation
reported by Sanchez et al. [13]. However, based on the Eq. (3), the
montmorillonite dissolution rate increases with the increasing
temperature, but the decrease of n offsets this effect, which is in
disagreement with the general consensus. As observed in Table 7,
reaction rates, activation energies and pH dependency may differ as a
function of the experimental conditions used, and there are not yet
validated kinetic parameters for the conditions used in the diffusion
experiment modeled in this study. Therefore, a certain degree of
flexibility was permitted to the kinetic values in order to achieve a
model able to reproduce more closely the experimental results and
support the interpretation of relevant processes. In this sense, the
multicomponent diffusion process was a limiting factor to reach
numerical convergence, and therefore, no sensitivity analysis could be
performed on selected key parameters (such as the dissolution rate of
montmorillonite). The modeling results and experimental evidences

Table 7
Literature data on kinetic of smectite dissolution in neutral and alkaline conditions (k in mol-m~2-s~").

Reference Experimental conditions log k E, (Kcal/mol) n Remarks

Hayasi and Yamada [50] Wyoming bentonite —11.49
80 °C
pH=10.5
Na,COs5 solution

Bauer and Berge [51] Ceca and Ibeco bentonites —13.1 log k extrapolated to 13 °C
35-80°C pH=10
pH=11.5-13.9
KOH 0.1-0.4 M solutions

Cama et al. [52] FEBEX bentonite —11.8 log k extrapolated to 25 °C
80 °C pH=13
pH=8

Huertas et al. [53] FEBEX bentonite —11.39 7.29 —0.34 at pH<8.0
20, 40 and 60 °C —1231 at pH>8.5
76<pH<8.5

Sato et al. [54] Kunipia P® bentonite —13.52 9.05 —0.27 70 °C
30, 50 and 70 °C —13.85 15.26 —0.24 50°C,pH=38
pH=28-13
[1=0.3 M (NaOH/NaCl — KOH/KCI) —13.58 —0.15 30°C,pH=13

Sanchez et al. [13] FEBEX bentonite —12.12 —0.7 75 °C
75-200 °C —11.60 —0.5 125°C
pH=8.5-12.5 —11.38 —03 200 °C
NaOH 0.1-0.5 M solutions —12.67 542 —0.5 log k extrapolated to 25 °C; n fitted




R. Ferndndez et al. / Cement and Concrete Research 40 (2010) 1255-1264 1263

suggest, however, that the pH dependence of the montmorillonite
dissolution rate controls the mechanism of reactivity. In this respect,
the alteration of bentonite by low-pH cements must be investigated
within the framework of engineered barrier systems for deep
geological disposal of radioactive waste.

Presently, kinetic parameters of reaction at alkaline conditions are
still uncertain [15,23], so that a range of values must be assumed. In
general, high rates of dissolution/precipitation can be assumed for
simple minerals and those with less crystalline structures (carbo-
nates, hydroxides and cement phases) and low reaction rates for
those minerals with more complex and crystalline structures (clays
and silicates). Large values have been assigned for minerals with fast
reaction rates (ks =10"%-10"""mol-m~2-s~ ') and low values for
minerals with slower reaction rates (ks =10 ''-10" '°; see Table 6).
These constants were used by Fernandez et al. [40] to model long term
alkaline alteration in FEBEX bentonite (except for illite, gibbsite,
phillipsite, talc, chlorite and hydrotalcite).

Taking into account the model simulations performed by [32,40]
and this study for a compacted FEBEX bentonite, it can be argued that:

1. The montmorillonite dissolution rate and the resultant precipita-
tion of secondary minerals are temperature dependent.

2. The region of strong mineralogical transformation of bentonite is
<5 mm,; this region is reduced to 3 mm with the increase of dry
density from 1.4 to 1.65 g-cm™>.

3. The increase of temperature from 60 to 90 °C favours the extension
of the reaction but does not produce a stronger mineralogical
transformation.

4. Precipitation of zeolites at the interface has only been observed at
pH >12 (measured at 25 °C) and temperatures over 90 °C.

5. Reactivity with Ca-OH fluids is not significant at the time scale
used in the experiments. Mineralogical alteration is small but
confirms cation exchange at the interlayer of montmorillonite.

7. Conclusions

The geochemical reactive transport models predict correctly, as
seen experimentally, a porosity reduction within a mineralogical
alteration zone of 2-3 mm when a highly concentrated alkaline
solution (K-Na-OH) diffuses through a Mg-saturated compacted
bentonite column.

The multicomponent diffusion model with higher coefficients for
cations than for anions simulates the anion exclusion effect in
compacted smectite-type clay materials and predicts that K* and
Na*t will diffuse rapidly from the alkaline source into bentonite
displacing the exchangeable Mg?", that will be expelled from the
montmorillonite interlayer to be incorporated in a non-exchange
silicate.

The montmorillonite dissolution rate, which is temperature
dependent, is an important factor in the overall reactivity. Extensive
mineralogical alteration associated with porosity reduction is pre-
dicted in the first 2-3 mm from the interface at 60 °C. At 90 °C the
dissolution rate for montmorillonite is lower and mineralogical
transformations are less extensive but are more spread out in the
column. Ca-OH fluids produce little alteration in the mineralogy of
bentonite but exchange reactions are predicted in the interlayer of
montmorillonite.

Textural effects observed in the experiment cannot be modeled
but can be interpreted as precipitation of secondary minerals with
larger molar volumes that reduce porosity. Also swelling effects are
not considered that are a result of changing cation occupancy in the
interlayers.

Bentonite alteration by high-pH solutions is a complex geochem-
ical process operating at different scales controlled also by texture,
and not the result of uniform reaction fronts as normally predicted by
reactive transport models based on a homogeneous porous medium

approach. We tried to reconcile the major mass transfer and mineral
alteration processes by constraining the model with the experimental
observations. While this has been reasonably successful it is also clear
that one has to be careful in extrapolating such models to very long
time scales. A significant aspect of this work is that the interlayer
region may be modified to a significant depth, while the high-pH front
is buffered effectively as generally accepted. While it is possible to
further resolve the details of mineralogical transformations by
carefully analyzed experiments, longer experimental times are clearly
required to scale the results to repository conditions (time, dimen-
sions, gradients, etc).
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