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Sylvain Grangeon ® ' <, Mathieu Debure ® '0<, Valerie Montouillout?, Erik Elkaim?®, Catherine Lerouge’,
Nicolas Maubec’, Nicolas Michau*, Xavier Bourbon*, Christelle Martin*, Benoit Cochepin* & Nicolas Marty'

In the present study, the chemical composition, mineralogy, and mechanisms of alteration of a
cementitious grout based on a CEM IlI/C with addition of smectite, hydrotalcite, and silica fume, are
studied using a combination of chemical and physical methods. This material was designed in the
context of geological repository of radioactive wastes, with a twofold aim: first, to fill the technical voids
left by drilling operations at the interface between the geological formation and the disposal galleries.
Second, to neutralize a potential acidic transient due to pyrite oxidation, and to create an environment
that favors low corrosion rates of carbon steels. The grout is mainly composed of calcium silicate
hydrates having a Ca/Si ratio of ~0.8, incorporating Al in the bridging site of the Si chains (C-A-S-H),
and accounting for 29-36 wt.% of the sample. It also contains silica fume (38-48 wt.%), smectite with

interlayer Na (11-17 wt.%), hydrotalcite with interlayer CO3*" (3—4 wt.%), and lower amounts of
portlandite, calcite, and possibly gibbsite and gypsum. Upon alteration by water in a flow-through
reactor, the main modifications affecting the sample are calcite and gypsum dissolution, hence
releasing aqueous Ca?* that is adsorbed in smectite interlayer by replacing Na*, and stoichiometric C-
A-S-H dissolution. The evolution of solution chemistry and of the solid phase composition are

reproduced successfully using a thermokinetic model.

In France, intermediate-level long-lived waste and high-level waste are
foreseen to be disposed in a deep underground geological repository, within
a clayey formation from the Callovian-Oxfordian age. In the design under
study, the vitrified waste is poured in a stainless steel container, itself putin a
carbon steel overpack to facilitate handling and to avoid exposing the glass to
water while temperature is above 50 °C. The whole assembly is slid into a
carbon steel casing. A detailed description of the disposal concept and in
particular of the different barriers protecting the waste can be found in a
publication by Diler et al.". During the drilling operations in such clayey
formations, the formation of an excavation damaged (fractured) zone that
extends from the drilled zone to a few tens of centimetres in the clayey rock
cannot be avoided. Fractures lead to partial rock desaturation and poten-
tially to oxygen diffusion, which in turn oxidizes pyrite contained in the
clayey rock. The empty space left in between the clayey rock and the carbon
steel liner favors such mineral and chemical changes. Pyrite oxidation is
accompanied by pore water acidification. This acidification is buffered by
dissolution of carbonate minerals (mainly calcite) contained in the clay rock.

This leads to production of CO, in the disposal galeries and potentially
transitory pH decrease. Both pore water acidification and presence of O, are
susceptible to react with the engineered structures, and in particular with the
carbon steel. To limit these unwanted chemical reactions, Andra (French
national radioactive waste management agency) has been developing a
cementitious grout, with the objective of filling the technical voids left
between the carbon steel casing and fractured host rock®. This material must
fulfill several requirements. This includes: to provide a pH neutralization
capacity during the operation period, a pore water pH ranging between 9.5
and 12.5, a pH after neutralization of the acidic plume close to 9.5, a Mg
content close to that of the Callovian-Oxfordian clayey rock, no residual
alkaline reserve to avoid enhanced glass corrosion, and negligible content of
organic species’. The material must also have a good injectability’.
Goethals et al.’ previously investigated the interaction of a cementitious
grout with carbon steel, under anoxic and spatially heterogeneous conditions,
and at 80 °C, with the cementitious grout having a different composition than
the one studied here (based on a 600/600/160/40 mass ratio of CEM III/A/
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Table 1 | Chemical composition of the hydrotalcite, bentonite,
silica fume and CEM IlIl/C components used to produce the
cementitious grout

Element Component
Hydrotalcite Bentonite Silica fume CEMIIIl/C
—~ Bentonite Major elements
S SiO, (Wt.%) <Q.L. 475 95.3 30.5
B Al,Os (Wt.%) 18.3 17.0 <Ql. 101
> ) MgO (wt.%) 36.8 36 <Ql. 5.6
7 Hydrotalcite
c CaO (wt.%) <QlL. 3.2 0.9 422
g : LOlos (WE.%) 435 18.8 2.2 2.3
- Trace elements
it CEM11/C Na,O (wt.%) 1.7 2.70 <QL. 0.60
K20 (wt.%) <Q.L. 0.62 0.36 0.38
MnO (wt.%) <Q.L. 0.04 <Q.L. 0.25
Silica fume P,0s (Wt.%) <QL. 0.12 0.07 <QL.
N L ! i f i it TiO, (wt.%) <Q.L. 0.63 <QL. 0.46
10 20 30 40 50 60 70 80 e
. Total Fe;0 Wt.%)  <Q.L. 4.30 0.16 0.77
Position (ozec uKa) Fe(l/Fewr (@t.%)  <QL. 28 <aL. 40
Fig. 1 | Experimental (black solid line) and modeled (red solid line) XRD patterns Carbon
of, from top to bottom, bentonite, hydrotalcite, CEM III/C, and silica fume. Crot (W.%) 220 0.79 1.45 0.57
.Intensity scale multiplied Py 5 for the 25-80 °260 intérv;.il as compared to Fhe 5-25°20 Corg W.%) QL. QL. 145 QL.
interval for the hydrotalcite patterns. The gray solid line below bentonite and
hydrotalcite patterns are the difference between experimental and modeled patterns. Sulfur
S(-1l) (wt. %) <Q.L. 0.10 <QL. 0.80
S(VI) (wt.%) <Q.L. <Q.L. <Q.L. 2.70
Silica fume/Bentonite/Hydrotalcite). The interaction induced the formation S0) Wt.%) <L s e P

of corrosion pits measuring up to 160 um after 147 days of interaction at
80 °C, and the corrosion rate dropped after 1 year of interaction, indicating
potential passivation. The corrosion led to the formation of magnetite, with
further transformation to Fe-silicates and Fe-sulfides. This evolution was
attributed to the presence of HS™ and residual O, in the cementitious grout. In
addition, a preferential release of Ca and dissolution of the silica fume from
the cementitious grout was observed at the cathodic zone, leading to inter-
action between Fe and calcium silicate hydrates (C-S-H in cement nomen-
clature). Overall, this study highlighted the need to quantify the mineralogy
and geochemistry of the cementitious grout to allow for a sound thermo-
kinetic modeling of the cementitious grout reactivity and of its evolution with
time. Indeed, during the operation period, the pore water diffusion through
the cementitious grout will induce a number of dissolution, recrystallization,
and (or) precipitation reactions. Ensuring the medium-term performance
during this period and knowing the long-term behavior of this material after
closure of the repository requires that the geochemical and mineralogical
evolution, including reaction kinetics, can be predicted with a high degree of
confidence. Such knowledge can be gained from a sound description of the
mineralogy and geochemistry of the filling material and from the analysis and
modeling of its mineralogical and geochemical evolution in response to
geochemical perturbations. Here, we characterized the mineralogy and
geochemistry of a specifically designed cementitious grout, previously
investigated for its evolution as a function of temperature’ and its influence on
microbially-influenced steel corrosion'. By combining several laboratory and
synchrotron experiments, we quantified and modeled its in situ mineralogical
and geochemical evolution during its alteration by water. This allowed
developing a geochemical model, based on a sound understanding of the
mineralogy, which will be valuable for the prediction of the long-term fate of
this cementitious grout, in particular in the context of geological waste dis-
posal. Since this cementitious grout was mainly composed of cement phases
(e.g. calcium silicate hydrates incorporating Al - C-A-S-H in cement
nomenclature), present results could also be of interest for the modeling of
cement material evolution upon alteration by water.

LOl4g25, Fetot, Ciot, and Corg respectively stand for weight loss upon heating the sample at 1025 °C,
total Fe, total C, and organic C. QLsioz, A203, Mgo, Na20, svi) = 0.2 Wt.%, QLcao, s, Gtot, Gorg = 0.1
wt.%, Qlkzo, p20s, Tioz, s) = 0.05 Wt.%, QLyvino = 0.02 wt. %, QL = 0.16 wt. %, where QL stands
for “quantification limit of element XX”.

Results and discussion

Characterization of the grout and of its components

Initial anhydrous grout components. The XRD patterns of the silica
fume, CEM III/C, bentonite, and hydrotalcite components are shown in
Fig. 1, and their chemical composition is provided in Table 1. Informa-
tion concerning grain size distributions can be found in Supplementary
Fig. 1.

Since the hydrotalcite component had no significant content of any
anion but had a weight loss at 1025 °C (LOI,,5 in Table 1) equal to 43.5
wt.%, it could be assumed that hydrotalcite interlayer anion was CO5”". Such
interpretation was confirmed by calcimetry from which it could be deter-
mined that the sample contained 13 wt.% CO5’", in close agreement to the
theoretical value of 13.3 wt.% that is expected in case of an hydrotalcite
containing interlayer CO5*~ (Mg4Al,(OH),,CO3-2H,0). The 43.5 wt.% loss
at 1025 °C was certainly due to hydrotalcite transformation to MgO and
Al, 05, as such reaction would in principle induce a 47.7 wt.% loss.

Thessilica fume and CEM III/C XRD patterns were not refined, because
of a high content of amorphous phases. In addition, these two components
undergo significant mineralogical transformation during grout hydration,
hence limiting the usefulness of the mineralogical quantification, since
comparison of phase abundance before and after components mixing and
hydration would provide no useful information. From qualitative data
examination, the silica fume component mainly contained amorphous silica
and minor amounts of quartz and cristobalite. The CEM III/C was also
mainly composed of an amorphous component, associated with minor
amounts of hatrurite, anhydrite, larnite, calcite, aragonite, C;A, gypsum,
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Table 2| Cation exchange capacity (CEC) of the bentonite component, and cations and SO, extracted after contacting the solid

with a cobaltihexamine solution

CEC (meq 100g ') Cations (meq 100g )

S0, (meq 100g )

Na K Mg

Ca NH, b

76.0(19) 78.4(11) 1.6(1) 7.78)

6.3(18) 0.4(0) 94.2(24) 6.1(1)

Number under brackets are the uncertainty of the last digit (standard deviation, n = 3). £ stands for “sum of cations”.

CSH+-Cal !

Intensity (a.u.)

Position (°260 ; A=0.58221 A)

Fig. 2 | Main panel: XRD pattern of the dry sample (black solid), prior to sub-
mitting it to the alteration experiment, modeled XRD pattern (red solid line),
and difference plot (gray solid line). Main diffraction peaks in the 4-15 °26 are
indexed following Ht hydrotalcite, CSH C-S-H, Sme smectite, Crs Cristobalite, Cal
Calcite. The inset (top right) is a magnification of the 10.5-11.5 °20 region, to
highlight the presence of both C-S-H and calcite diffraction maxima.

and brownmillerite. The hydrotalcite component contained 55 wt.%
hydrotalcite sensus stricto (i.e., having a R-32/m space group’), 44 wt.%
quintinite (same layer structure as hydrotalcite, but P-62 m space group®),
and 1 wt.% quartz. Finally, the bentonite component contained 76 wt.%
smectite, 8 wt.% albite, 5 wt.% calcite, 3 wt.% sanidine, 3 wt.% quartz, 1 wt.%
kaolinite, 1 wt.% talc, 1 wt.% dolomite, and traces (<1 wt.%) of gypsum,
magnesite, and anatase.

Using the cobaltihexamine adsorption method, the cation exchange
capacity (CEC) of the bentonite component was found to be on average
76 meq 100 g~* (Table 2), in good agreement with literature data (78 meq
100 g™' for the sample “V2” in a previous study’). The interlayer was cer-
tainly saturated with Na, which was the main cation extracted by cobalti-
hexamine, with a concentration (78.4 meq 100 g ') commensurable with
the CEC. Minor amounts of Ca were also extracted, with a concentration
(6.3 meq 100g™" on average — Table 2) close to that of SO, (6.1 meq
100 g ). Assuming that Ca and SO originate from gypsum dissolution, the
calculated gypsum content would be 0.5 wt.%, thus explaining why it could
not be quantified by XRD with the analytical conditions used for this study.
The minor amounts of Mg, K, and NH, that were extracted certainly result
from limited mineral alteration upon contact with the cobaltihexamine
solution.

Mineralogy of the sample before its interaction with water. Based on
the modeling of its XRD pattern (Fig. 2), the cementitious grout sample
used for in situ XRD contained 38 wt.% silica fume, 36 wt.% C-S-H with
an occupancy of Si bridging sites of 0.67 (Ca/Si ratio ~0.85), 17 wt.%
smectite, 4 wt.% hydrotalcite, 2 wt.% calcite, 3 wt.% cristobalite, and
traces of dolomite and feldspars. Total S(-II) content was below the
analytical detection limit of 0.1 wt.%. Grain size distribution is provided
as an electronic annex (Supplementary Fig. 1). Note that since the
cementitious grout was left for curing ~4 years, its mineralogy can be
assumed stable over the experimental time of this study. Ettringite was

not observed in the present study, while its presence was mentioned in
previous works™. This could be due to a combination of no or low
ettringite content in the presently studied cementitious grout, of sample
heterogeneity, or of curing time.

Since this refinement was performed on a small quantity of sample due
to the small size of the synchrotron beam, the mineralogy may differ from
that of the bulk, in particular concerning the proportion of silica fume and
smectite. To assess the relevance of the present quantification, the chemical
composition that corresponds to the mineralogy of the refined sample was
calculated using the molar mass and structural formula of each phase (taken
from the Thermoddem database'®). It was then compared to the bulk
chemical composition deduced from the chemistry and mixing proportions
of the grout components (Table 1 and materials and methods). Results were
in agreement, differing on average by 2 wt.%. Calculations based on XRD
refinement and considering only phases having an abundance of 2 wt.% or
moreled to 63.4 wt.% SiO,, 17.5 wt.% CaO, 10.6 wt.% Al,Os, 7.7 wt.% MgO,
and 0.7 wt.% Na,O. Calculations using the chemical composition of the
grout components led to 59.4 wt.% SiO,, 18.9 wt.% CaO, 6.8 wt.% AL, O3, 3.8
wt.% MgO, and 0.6 wt.% Na,O. Hence, it was considered that the sample
exposed to the X-ray beam had a mineralogical composition representative
of the bulk sample.

XRD did however not allow determining if the C-S-H phase contained
Al in isomorphic substitution to Si, as frequently observed in the literature,
because the scattering factors of Al and Si are little different'". To investigate
this potential incorporation, as well as to gain further insights into sample
mineralogy, Si and *’Al MAS NMR analyses were conducted. The *Si
MAS spectrum of the cementitious grout and its deconvolution are pre-
sented in Fig. 3 and modeling parameters are provided in Table 3.

The resonances at —80.1 ppm and —86.0 ppm correspond to the Q'
and Q’ species in C-S-H. It has previously been established that Al can be
incorporated in the Si Dreierketten chains (i.e., “silicate chains”) of C-S-H by
Si substitution for the bridging sites, in a Q’y site'”. The presence of Al in the
second coordination sphere of Si produces a high-frequency shift of Q
resonances. The signal at —83.4 ppm was hence attributed to Q*(1Al) and,
from now on, C-S-H will be referred to as C-A-S-H. A similar shift is also
observed when Al is in a Q’ site that bridges two tetrahedral chains. The
presence of Q’ units is not unlikely in our case, because the XRD-refined C-
A-S-H has a Ca/Si ~0.85 and because C-A-S-H of low Ca/Si frequently have
Q’ sites. Consequently, the signal at -88.2 ppm was attributed to Q*(1Al), in
agreement with previous characterization of Al substituted 11A
tobermorite”” and C-A-S-H of low Ca/Si'*"". Using the relative abundances
of the different *Si C-A-S-H sites, the mean Si chain length (mean number
of Si connected in the Dreierketten chains — MCL) was calculated'® and
found to be 13.6, which translated in a C-A-S-H Ca/Si ratio of 0.79, coherent
with the value of 0.85 obtained from XRD. The resonances at —93.5, —102.7
and —109.2 ppm were respectively assigned to Q’ Si in smectite'’ and Q” and
Q' units of amorphous silica'. Finally, the assignment of the two last
resonances at —98.5 and —89.4 ppm was ambiguous. They may indicate the
presence of hydrated silica. Although its exact nature cannot be elucidated
from the sole analysis of *Si MAS-NMR data, it can be inferred from
literature information and mass-balance calculations. Cement hydration
leads to the transformation of silica initially present, to form first hydrated
silica, then an amorphous phase that is intermediate between silicaand C-A-
S-H, and finally C-A-S-H. This reaction sequence, which is certainly due to
the presence of large particles of densified silica fume (DSF) that are not
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29Sj chemical shift (ppm)
Fig. 3 | Si MAS NMR spectrum of the hydrated cementitious grout (blue). The
simulated spectra (red) is calculated from the proposed deconvolution (Table 3).

Light blue, orange, purple and green lines are respectively attributed to Si in C-A-S-
H, silica fume, smectite, and hydrated silica phases.

Table 3 | NMR parameters and assignment of the different
components of the »Si MAS-NMR signal

Component Proportion (%) Chemical Width Assignment
shift (ppm) (ppm)

1 3.8 —80.1 4.1 Q'C-S-H

2 63 —83.4 3.0 Q*(1Al) C-A-S-H

3 10.0 —86.0 2.6 Q?C-S-H

4 3.9 —88.2 3.0 Q*(1Al) C-S-H

5 15.5 —93.5 7.0 Smectite

6 31.5 —109.0 12.4 Q* Silica

7 2.0 -102.7 741 Q° Silica

8 16.8 —98.5 7.5 Hydrated silica

9 11.2 —-89.4 6.6 Hydrated silica

All components fitted with a Gaussian-like shape®.

fractioned during the synthesis process of the grout’, was frequently
observed here using EPMA and manifested itself by the presence of grains
having a SiO, core while, when going from this core to the outside, a
progressive incorporation of Ca was observed (Fig. 4).

It is proposed here to attribute the resonance at —89.7 ppm to the
reacted silica and (or) to the amorphous intermediate phase. This is
supported by mass-balance calculations: with the resonance at —89.7
ppm attributed to silica, the proportions of the different *’Si MAS-
NMR sites, and using C-A-S-H, smectite, and SiO, molar masses, the
relative proportions of C-A-S-H/smectite/SiO, could be calculated to
be 41/17/42, in good agreement with quantification based on XRD data
(39/19/42).

LS |
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Il Hydrotalcite )
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CIc-A-s-H R
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Fig. 4| EPMA analysis of a hydrated cementitious grout. a Mineralogical mapping
obtained from the EPMA analysis of a pristine hydrated cementitious grout. Iden-
tification performed based on a ternary diagram provided in Supplementary Fig. 2.
Pixel size is 1 x 1 um. The two white arrows point out to two profiles along reacted
silica fume. The inset at the bottom is the back-scattered electron map of the same
area. Ca/Si atomic ratios over these profiles are shown in (b).

Further investigation of sample mineralogy was done using *’Al MAS
NMR. The spectra obtained for the cementitious grout and the three
anhydrous grout components containing Al (Table 1) are presented in Fig. 5.

The 7Al MAS NMR signal of the hydrated cementitious grout had
three main components, two located between 0 and 15 ppm and attributed
to aluminum in octahedral coordination (Aly;) and one dissymmetric broad
signal centered at around 60 ppm and corresponding to aluminum in tet-
rahedral coordination (Alyy). The deconvolution of the spectrum from the
cementitious grout is presented in Fig. 6, and associated NMR parameters
are provided in Table 4. Deconvolution was done by performing com-
plementary 2D MQ-MAS experiment (Supplementary Fig. 3 and Supple-
mentary Table 4). The sharp Aly; signal at §;s, = 10.2 ppm may correspond
in principle to several hydrated phases (e.g. AFm or hydrotalcite). However,
the similarity with the signal found in the spectrum of the hydrotalcite used
to produce the sample (Fig. 5) and the fact that XRD did not detect phases
such as AFm (see above) allowed assigning the resonance at 10.2 ppm to
Aly; incorporated in hydrotalcite. The similarity with the peak observed for
pure hydrotalcite indicated the absence of significant structure modification
during the grout hydration process. The wide resonance at d;s, = 7.4 ppm
was attributed to smectite Alyy, with this mineral originating from the
bentonite component. The smectite Al observed in the bentonite spec-
trum was too weak to be observed in the spectrum of the hydrated
cementitious grout. Two Alpy resonances were observed at 85, = 59.2 ppm
and d;, = 67.1 ppm. These resonances were observed previously in Al-
substituted tobermorite'’ and C-A-S-H with Ca/Si ratios of 0.75 and 0.83".
Sun et al.” reported that, when sample Ca/Si is 1.25 or more, these reso-
nances are associated to additional ones at ~75 ppm and attributable to Aly,
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Aly,

Al

Cementitious grout

Hydrotalcite

Bentonite

CEM Il /C

110 100 90 80 70 60 50 40 30 20 10 d -10
27Al chemical shift (ppm)

Fig. 5|”’ Al MAS-NMR signals of, from top to bottom, the hydrated cementitious
grout, and the hydrotalcite, bentonite, and CEM III/C components. The chemical
shifts intervals in which tetrahedral Al (Alyy) or octahedral Al (Aly;) resonances can
be observed are approximate.

10.2

80 70 60 50 40 30 20 10 0 -10
27Al chemical shift (ppm)

Fig. 6 | A1 MAS NMR spectrum of the hydrated cementitious grout (blue). The
simulated spectra (red) is calculated from the proposed deconvolution. Light blue,
pink and purple lines are respectively attributed of aluminum in C-A-S-H, hydro-
talcite and bentonite phases.

and Aly;. The absence of such additional resonances in the present data
further supports the conclusion that the C-A-S-H in the hydrated cemen-
titious grout has a low Ca/Si. However, it must be noted that the nature of
these additional resonances is unclear, as C-A-S-H Ca/(Si + Al) atomic ratio
cannot exceed values significantly higher than ~1.3. Above this value, the
increase in bulk Ca/Si is due to the presence of additional discrete phases,
such as nanocrystalline portlandite'®**”'. Finally, in the presently studied
sample, there was no signal attributable to a slag remnant.

Table 4 | NMR parameters and assignment of the different
components of the Al MAS NMR spectrum

Component Proportion Siso Ca Width Assignment
(%) (ppm)  (MHz)  (ppm)
1 22.8 67.1 5.8 - Alyy C-A-S-H
2 41.2 59.2 3.6 - Aly C-A-S-H
3 18.4 10.2 1.3 Aly,
hydrotalcite
4 17.6 7.4 4.9 - Aly;, Smectite

Hydrotalcite resonance was fitted with a Gaussian-Lorentzian-like shape whereas the three other
lines were simulated using the Czsimple model implemented in the Dmfit software®, adapted to the
case of disordered phases.
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Fig. 7 | Time-resolved XRD of the cementitious grout upon alteration by water.
a Time-resolved XRD of sample evolution when contacted with double distilled

water. Time increases in the order pink to orange to black. One pattern was collected
every 12 min. b Detailed view of the 1.2-2.3 °28 region. c evolution of the area of the
calcite (104) reflection as a function of time. The dotted gray line is a guide to the eye.

Mineralogical evolution during percolation by water

When the cementitious grout was flowed with double distilled water, the
change in XRD signal as a function of time and hence the evolution of the
solid phase was limited (Fig. 7). The two significant modifications that could
be observed were the appearance and increase in intensity of a diffraction
maximum at ~1.75° 26 (~19 A, Fig. 7b) attributable to smectite and the
weakening of calcite diffraction maxima, down to negligible intensity after
1.5h of experiment (Fig. 7c). These two evolutions are diagnostic for,
respectively, progressive saturation of smectite interlayer with Ca™* hydra-
ted by three H,O planes in the interlayer, and dissolution of calcite. Since
smectite interlayer was initially saturated with Na* (Table 2), both phe-
nomena were possibly coupled, with calcite dissolution being a source of
aqueous Ca’", which was then adsorbed in smectite interlayer through a Ca/
Na exchange mechanism. In addition, the main C-A-S-H diffraction
maxima seemed to weaken slightly. This would be indicative of slight dis-
solution, but the evolution remained within uncertainties.

XRD data were transformed to PDF (Fig. 8a) to gain better insights into
the chemical evolution of the system as a function of time. Such transfor-
mation could not be done for the two data collected after 1.2 and 1.4 h of
contact time because of too intense preferential orientation effects. In the
PDF data, the correlations at ~1.6 A and ~2.4 A, assumed attributable to Si-
O and Ca-O correlations, were used to estimate the evolution of the Ca/Si
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molar ratio of the whole sample as a function of contact time. This Ca/Si
ratio was found to be constant during the experiment with a mean value of
0.10(3) mol mol " (Fig. 8b). This value was commensurable with the value of
0.19 mol mol' that can be recalculated using the quantitative mineralogical
composition determined from the modeling of the XRD patterns, including
C-A-S-H refined Ca/Si atomic ratio (see above), and using molecular masses
and structural formula from the Thermoddem database'’. The slightly lower
Ca/Si value certainly results from an uncertainly in the estimation of the
amorphous silica content by XRD and (or) from sample heterogeneity. Yet,
this allowed concluding that no significant evolution of bulk Ca/Si, and
hence certainly C-A-S-H Ca/Si, occurred during the experiment. Hence, if
limited C-A-S-H dissolution occurred, it was certainly congruent, consistent
with our currently knowledge of the mechanisms of C-A-S-H alteration,
with congruency being only observed for Ca/Si ratio close to 0.83 (i.e. close
to the presently studied C-A-S-H), while a preferential release of Ca is
observed for C-(A-)S-H of higher Ca/Si ratio™*.
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Fig. 8 | Time-resolved X-ray PDF of the cementitious grout upon alteration

by water. Time-resolved (a) PDF of sample evolution when contacted with double
distilled water and (b) Ca/Si ratio calculated from areas of Ca-O and Si-O peak areas
(see text for details). Same color coding as in Fig. 7.

To conclude, from a mineralogical point of view, the transformations
that were observed upon leaching with double distilled water was calcite
dissolution, a change in smectite interlayer composition, from Na-saturated
to Ca-saturated, and possibly a slight and congruent dissolution of C-A-S-H.

A mechanistic and thermokinetic model for grout degradation
The mineralogical characterization performed above evidenced that the
cementitious grout has a complex mineralogy made of crystalline, crypto-
crystalline, and amorphous phases, with a however relatively limited
mineralogical evolution during alteration with double distilled water (see
previous section). To build a thermokinetic model, not only the miner-
alogical evolution, but also the changes in solution chemistry as a function of
sample alteration must be quantified and modeled satisfyingly. For this
purpose, flow-through experiments were carried out by contacting the
cementitious grout with double distilled water equilibrated with given CO,
partial pressures. These experiments had two purposes: first, evaluate the
kinetics of reactivity of the different phases building up the cementitious
grout and, second, build a quantitative and predictive model taking into
account phase evolution (dissolution, precipitation, recrystallization). The
optimized mineralogical assemblage, which allowed the best reproduction
of solution chemistry data, is presented in Table 5. The relative amounts of
C-A-S-H, silica fume, and smectite were 32/53/15 and compared well with
XRD (39/42/19), ¥Si NMR (41/42/17), and amounts deduced from the
proportion of each anhydrous component (47/44/9), hence demonstrating
the coherency of the different characterization techniques. Minor differ-
ences must however be noted, especially with regards with minor phases. In
particular, the presence of a sulfate-bearing phase (gypsum was selected here
based on trace amounts detected by XRD in the initial products and on
indirect evidence from the CEC experiment, see above) was mandatory to
model satisfyingly aqueous data. The fact that it was not detected during
mineralogical analyses is probably related to its low abundance (see dis-
cussion relative to gypsum above) and (or) to sample heterogeneity.

To model pH and Ca and Si concentration, the initial Ca/Si ratio of C-
S-H had to be set to 0.86 using a modified version of the SiO,/C-S-H/
Ca(OH), model of Walker et al.”, in agreement with XRD and NMR data
(see above). The evolution of pH, alkalinity and Ca concentration were
simulated satisfyingly whereas the experimental and modeled Si con-
centration had minor discrepancy, mainly at early stages of alteration (Fig.
9). The minor difference between experimental and calculated Si evolution,
in particular at the early stages of alteration, may be attributed to hetero-
geneities regarding the grout composition, the reactive surface area of Si-
bearing phases, and (or) the exact nature of the amorphous silica. For
example, silica fume and hydrated silica fume certainly have different
solubility, but the absence of thermodynamic and kinetics data relative to
hydrated silica precluded inclusion of this potential effect in the model. As
expected from previous studies that showed that C-S-H dissolution is
congruent when structural Ca/Si ratio is close to 0.8*, and coherent with
the PDF analysis above, the modeled Ca/Si ratio of the C-S-H remained

Table 5 | Mineralogical assemblage considered for the modeling of flow-through experiments

Name in THERMOCHIMIE Amount (mol I) Kinetics Remarks

CSHO0.8% 8.010°° Yes End-member of an ideal solid solution (modified from Walker et al.?)
Portlandite® 5.010* Yes End-member of an ideal solid solution (modified from Walker et al.*)
Hydrotalcite-CO3 2110 Yes Anionic exchange no taken in account (see main text for details)
Calcite 15107 Yes

SiO,(am) 3.010°2 Yes

Montmorillonite-BCNa 1.210° Yes Cationic exchange from (Tournassat et al.*®)

Gypsum 8.010* No

Gibbsite 2.010°* No

“Actual Ca/Si ratio modified by introducing “portlandite”.
“Does not occur as a discrete phase. Used to set the C-S-H Ca/Si ratio.
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Fig. 9 | Effect of the CO, partial pressure on the alteration of the cementitious
grout interacting with double distilled water at ~25 °C. Green, blue and red lines
and symbols refers to experiments conducted by using double distilled water

equilibrated with atmospheric partial pressure, with a 9% CO,/91% N, gas mixture,
and with a 30% CO,/70% N, mixture.

almost constant during the experiments (~0.8). The SO, evolution stemmed
from the instantaneous dissolution of gypsum (CaSO4:2H,0) during the
flooding of the reactor, while the Na evolution was due to Na/Ca exchange in
smectite interlayer. The change in smectite interlayer composition from Na-
saturated to Ca-saturated was promoted by both gypsum and (or) calcite
dissolution, the latter mechanism being observed by in situ XRD experi-
ments (see above). Except for the cationic composition of the exchanger, the
smectite was stable along the experiment in both experiments and models.
Hydrotalcite is in principle an anionic exchanger”. However, the affinity for
carbonate anions is high and sorption appears to be hardly reversible once
the interlayer is saturated with CO5*~*. In agreement, the anion exchange
reactions were tested but finally discarded in the models because, in the best
case, they did not allow improving the quality of data modeling. Al and Mg
were released due to hydrotalcite dissolution. Note that hydrotalcite
alteration could possibly be accompanied by the formation of a gibbsite
passivation layer at pH > 4. Such a secondary phase formation, which would
be hardly detectable by in situ XRD due to low amounts precipitated and to
potential amorphous or nanocrystalline nature of the Al-rich phase, would
drastically decrease the dissolution rate of hydrotalcite”**. In this study, a
congruent dissolution was considered and was sufficient to reproduce well
enough Al and Mg variations during the experiments. Hydrotalcite

dissolution was visible by XRD once submitted to a water that contained 30
vol.% of CO, (40 wt.% lost—Fig. 10), otherwise it remained close to the
initial concentration within uncertainties. In any case, experiments and
models agreed on the remaining quantities at the end of the experiment
(Fig. 10). One of the most significant changes from a mineralogical point of
view was the decrease of the C-A-S-H content that initially represented one
third of the material and decreased down to ~5 % once submitted to a water
highly enriched in CO, (30 vol.%). Sample dissolution was related to the
experimental conditions: the more the CO, in solution, the more the dis-
solution. Indeed, upon lixiviation 22 wt.% of the material were lost in
atmospheric condition, 31 wt.% with a partial pressure of CO, of 9 vol.% and
34% with a partial pressure of CO, of 30 vol.%. The water used was highly
corrosive toward C-A-S-H and calcite, and therefore, the mass loss was
mostly due to the decreased abundance of those two phases. Finally, the
quantities of each mineral at the end of the modeling compared well with
XRD analyses (Fig. 10) and the cement degradation sequence (including C-
A-S-H carbonation) was well captured by the model.

Concluding remarks
The aim of this study was twofold: First, determining the mineralogical
and geochemical composition of a cementitious grout designed to
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Fig. 10 | Comparison of the relative mineral abundances determined from XRD
and thermokinetic modeling. a Relative abundance of minerals initially present in
the cementitious grout and after experiments. Circles, squares, diamonds and tri-
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conducted at atmospheric CO, conditions, 9% CO,, and 30% CO,. Open symbols:
quantities estimated from thermokinetic modeling. Full symbols: quantities esti-
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buffer perturbations induced by excavation and subsequent claystone
desaturation and oxidation in the fractured zone that occurs in the
close vicinity of the drilling area. Second, building a thermokinetic
model for this cementitious grout’. It could be observed that upon
leaching with double distilled water, pH always remained lower than
10.5, with increasing alteration time and increasing CO, partial pres-
sure both decreasing pH.

The thermokinetic model developed here, grounded on a sound
mineralogical description of the solid phase, allowed reproducing satis-
fyingly the evolution of the cementitious grout on short time scale. In
addition to thermodynamic equilibrium, this model also quantitatively
described the kinetics dissolution of the primary minerals composing the
cementitious grout. The model is useable for modeling of long-term
experiments with more complex geometries. However, as the concept of
high-level waste disposal relies on multi-material barriers, the modeler has
to keep in mind that to accurately describe the interactions between those
materials it is necessary to understand the alteration of each material, their
crossed interactions and in particular, the nature and abundance of sec-
ondary phases formed due to these interactions. Therefore, specific
experiments involving all the materials of the multi-barrier design where
diffusion is the driving force of the transport of aqueous species have to be
carried out and modeled to be able to extrapolate this model beyond the
time and space scales of the laboratory (e.g. to the scale of a waste canister
or a disposal site). In addition, it must be reminded that the experiments
were conducted here with double distilled water, which is strongly
aggressive, in order to obtain kinetics laws of dissolution. In actual geo-
logical storage conditions, its leaching behavior will certainly be impacted
by numerous parameters including sample microstructure, pore water
composition, or temperature, for example. These aspects should be
investigated as well in future works.

Methods

Synthesis of the cementitious grout

The first step in producing the cementitious grout consisted in mixing
8 kg m ™ hydrotalcite, 33 kg m “Milos” bentonite’, 126 kg m ™ silica fume
and 126kgm™ CEM III/C, all of commercial grade quality, stored as
received, and characterized in the following. The mixing procedure is
described in details by Bonnet et al.’. The volumic solid:liquid ratio was
equal to 30:70. The same grounded and sieved (cut-off diameter of 80 pm)
sample was used for all experiments and characterizations.

Chemical analyses

Total chemical compositions of the solids were determined, following a
triacid attack (HCl, HNO3, HF) on bulk powder, using inductively coupled
plasma atomic emission spectroscopy (ICP-AES, Jobin Yvon) or mass
spectroscopy (ICP-MS, Thermo Fisher Scientific) depending on the element
concentration for trace elements. For the major elements (Al, Ca, Fe, K, Mg,
Mn, Na, P, Ti, and Si, expressed as Al,O3, CaO, Fe,03, K,0, MgO, MnO,
Na,O, P,0s, TiO, and SiO,, respectively) the concentrations were double-
checked by X-Ray fluorescence (XRF, Zétium from Panalytical).

Total S was determined in accordance with NF ISO 15178 by dry
combustion. S(-IT) was determined after leaching of the S(VI) species soluble
in Na,CO; and quantification of the remaining sulfur in the solid using dry
combustion. S(VI) was quantified by precipitation of the S(VI) species
soluble in Na,COj3 as barium sulfate and gravimetric measurement. S(0) was
deduced from the difference between total S and the sum of S(-IT) and S(VT).

Fe speciation was assayed in the solids through a modified 1,10-phe-
nanthroline method”.

Calcite and dolomite were quantified using a Bernard calcimeter.
Briefly, the sample was placed in a test tube and then contacted with HCL
The CO, formed during the reaction displaced water present in a graduated
cylinder from which the quantity of carbonate originally present in the
sample was read.

Total organic carbon was quantified using a Jobin Yvon EMIE 820 V
carbon analyzer after acidic treatment of the sample to remove carbonates.

Solution pH was measured with a Metrohm pH-meter after calibration
with NIST pH 4, 7, and 10 buffers. Inductively coupled plasma atomic
emission spectroscopy (ICP-AES, Jobin Yvon) or mass spectroscopy (ICP-
MS, Thermo Fisher Scientific) was used to measure aqueous Ca, K, Mg, Na,
Sr, Fe, Al and Si concentrations. Cl and SO,, were analyzed by ionic chro-
matography (HPLC, Dionex). The concentrations of elements in solution
were determined with a relative uncertainty of 3%.

Alkalinity was measured using a Titrando 905 and a Dosino 800
equipped with a 5 ml syringe (Metrohm) to gradually inject an HCl solution
(107> mol1™") into the sample. The alkalinity was calculated with the Gran
method™.

Electron microprobe microanalyses

X-ray intensity maps of major elements (Si, Al, Fe, K, Na, Ca, Mg, and S)
were acquired using a Cameca SX Five electron microprobe with an
accelerating voltage of 15kV and a current beam of 30 nA. Na Ka and Mg
Ka peak intensities were monitored on LTAP (Large Thallium Acid
Phthalate) monochromator crystal, Si Ka and Al Ka peak intensities on
TAP crystal, K Ka peak intensity on PET (Pentaerythritol) crystal, Ca Ka
and S Ka peak intensities on LPET (Large Pentaerythritol) crystal, and Fe Ka
peak intensity on LIF (Lithium Fluoride) crystal. The dwell time was 100 ms
per pixel. The background was measured independently and subtracted
from X-ray emission peaks. After the acquisition, no evidence of beam
damage was identified on the mapped area.

In situ synchrotron X-ray diffraction

In situ synchrotron X-ray diffraction (XRD) experiments were performed at
beamline CRISTAL from the SOLEIL synchrotron, using an energy of
21.3keV (A=0.58221 A). The experimental set-up used in this study is
described in details in previous works concerning the reactivity Mn and Fe
(oxy)hydroxides, layered double hydroxides, and cement phases™' ™.
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Briefly, a polyimide capillary (internal diameter: 1.47 mm, wall size: 0.05 mm)
was filled with, successively, 20 mg of glass beads and 20 mg of the cemen-
titious grout that was previously crushed and sieved to a cut-off diameter of
80 pm. It was then sealed on both sides by a frit, connected on one side to a
peristaltic pump and on the other side to an empty recipient. It was exposed to
the X-ray beam and flowed with double distilled water. The glass beads,
located on the side opposite to the peristaltic pump, prevented the cemen-
titious grout from migrating to the frit. In a first step and before flowing the
sample with the solution, several XRD patterns were collected along the dry
capillary with a twofold aim: First, determining the most suitable area for data
collection (defined as an area where all phases from the sample were present
and where sample density was high, to improve signal-to-noise ratio). Second,
collecting a pattern that was used for quantitative analysis of the mineralogical
assemblage. The obtained dried pattern was modeled with the Profex gra-
phical interface to the BGMN software™, after removal of the signal from
abnormally intense peaks resulting from preferential orientation. All phases
used for refinement were those of the BGMN database, except for two cement
phases. The first one was C-S-H, whose structure model was that proposed by
Grangeon et al.”,i.e. a defective, nanocrystalline, and turbostratic tobermorite
in which the occupancy of bridging Si tetrahedra in the dreierketten (silica)
chains was refined. The second was hydrotalcite. It was observed (see below)
that this component of the cementitious grout was composed of hydrotalcite
sensus stricto and of quentinite (having the same layer structure as hydro-
talcite but different layer stacking). However, introducing both hydrotalcite
sensus stricto and quentinite in the modeling led to numerical convergence
issue, probably due to a lack of information (undistinguishable ikl reflection,
with / and/or k#0) in the XRD pattern. Rather, two hydrotalcite (sensus
stricto) structures, differing only by their layer-to-layer distance (7.6 A and
7.8 A), were used for modeling the XRD pattern.

In a second step, the solution was flowed through the capillary, and 2D
XRD patterns were collected continuously over the 0-120 °20 interval
(equivalent to g values ranging from ~0to 18.7 A™"), with a collection time of
12 min per pattern. XRD data were processed using an in-house developed
software™, and converted to X-ray pair distribution function data (PDF)
using the software pdfgetx3”. For conversion to PDF, background was
removed by subtracting from the data the pattern of an empty capillary filled
with double distilled water, and the g interval was 0.2 to 14 A

Sample Ca/Si atomic ratio was calculated from the PDF data, using the
ratio of the areas of the correlations at ~2.4 A and ~1.6 A, assumed to be
respectively attributable to Ca-O and Si-O atomic pairs. The equation used
to transform the ratio of areas to atomic ratios was derived from the analysis
of the PDF data from Grangeon et al.”', who studied various C-S-H samples
having bulk Ca/Si ratios ranging between 0.57 and 1.47.

#Al and *°Si MAS-NMR

The **Si MAS NMR spectra of about 200 mg of the lyophilized sample were
obtained on a Bruker AVANCE II 400 MHz (B0=9.4T) operating at
79.4 MHz and using a spinning speed of 10 kHz. **Si chemical shifts are
given relative to signal of tetramethylsilane (TMS). Around 6500 scans were
added using a 1/4 pulse and a recycle delay of 30 s, ensuring complete signal
relaxation. The Al high-resolution NMR spectra were obtained on a
Bruker AVANCE III 850 instrument (principal field 20T-850 MHz)
operating at 221.6 MHz, equipped with high-speed MAS probe head
(spinning rate of 30 kHz in Al-free zirconia rotors with diameter 2.5 mm).
The 1D MAS spectra were acquired after a single short pulse (11/18) ensuring
quantitative excitation and quantification of Al central transition. Around
11000 scans were accumulated with a recycling delay of 1 s. *’Al chemical
shifts were referenced relative to the signal of AI(NO;); 1 M solution. All the
spectra were deconvoluted using the Dmfit program™.

Flow-through experiments

The chemical evolution of the cementitious grout upon alteration by double
distilled water was studied using a flow-through reactor previously used to
study the alteration of pure mineral phases (clays”, layered double
hydroxides™, C-S-H*) and rocks". Briefly, ~0.4 g of cementitious grout that

was previously dried, crushed, sieved to a cut-off diameter of 80 um, and
stored in a glove box under N, atmosphere, was introduced in a reactor
having a volume of 84 ml. Double distilled water was flowed in this reactor at
a rate of ~180 mlh™". pH and temperature were continuously monitored at
the output of the reactor. The output solution was collected and sampled
every 10 min. It was then separated in three aliquots: two aliquots were used as
sampled for anion quantification and for alkalinity quantification, and the last
aliquot was acidified to pH < 3 with ultrapure HNO; for cation quantifica-
tion. To better constrain the kinetics of cement phases dissolution, three
different experiments were conducted using double distilled water equili-
brated with different gas phases: atmospheric partial pressure, a 9% CO,/91%
N, gas mixture, or a 30% CO,/70% N, mixture. Those chosen CO, contents
stemed from the measured CO, content on site during an oxidation
experiment (~10 vol%°). The maximum value used in this study is higher
than the highest value measured on site to maximize cementitious grout
reactivity toward carbonation processes. Experiments were modeled using
PHREEQC3"" and THERMOCHIMIE v10 database* following the strategy
described in a previous study”. Briefly, all relevant physical and chemical
parameters were continuously monitored, including temperature and flow
rates, and accounted for in the modeling. For example, temperature was used
to accurately calculate parameters such as activity coefficients. The miner-
alogical composition considered for the modeling was guided by results from
X-ray diffraction. When needed, phase abundance was adjusted to match
measured solution chemistry. It was ensured that difference between phase
abundance considered during the modeling and results from X-ray diffrac-
tion were consistent within 10 wt.% (see “Results and discussion”). Additional
phases as compared to X-ray diffraction were introduced at trace con-
centration when needed, i.e. to reproduce the concentration of elements that
could not be explained by using only the mineralogical assemblage deter-
mined by X-ray diffraction. Gypsum was added to model the sulfate release at
the early stage of the flow-through experiment. Ettringite could have equally
been used but was discarded based on Al NMR data that did not allow
detecting this phase (see “Results and discussion”) and because the NMR
detection limit is equal to a few hundreds of ppm. Amorphous silica con-
tributed in the modeling of Si concentration. Note that several types of
amorphous silica were observed by **Si NMR (see “Results and discussion”)
but could not be accounted for during the modeling due to a lack of ther-
modynamic and kinetic data. The most reactive phases (namely gypsum and
gibbsite) were considered at thermodynamic equilibrium, whereas dissolu-
tion kinetics were taken into account for all other phases. Kinetics were
adjusted to quantitatively reproduce the output concentration of the chemical
elements present in the corresponding phase. When dissolution constants
were available from literature studies, reactive surface areas were adjusted,
and when no data was available from the literature, an overall dissolution rate
(dependent on both surface area and dissolution constant) was determined. A
single model was used for all the experiments, with the sole difference being
the CO, partial pressure of the inlet solutions. Experimental data are available
as Supplementary Data (Supplementary Tables 1-3).

Data availability
Chemical data from the flow-through experiments are available in the
Supplementary Data. Other data available from the corresponding authors
on reasonable request.
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