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ARTICLE INFO ABSTRACT

The interactions between cementitious materials and a clayey deep formation were investigated by
studying the specific in situ context of the Tournemire Underground Research Laboratory (URL) of the
French Institute for Radioprotection and Nuclear Safety and by reactive transport modelling using the
HYTEC code. The study forms part of the safety assessment framework for the deep geological disposal
of high to intermediate level long-lived radioactive waste. The in situ context investigated in the Tourne-
mire URL corresponds to an engineered cemented borehole crosscutting the Toarcian argillite formation.

The argillite/CEM 1l cement paste contacts have been in place over 18 a and were sampled in

a saturated

context outside the excavated disturbed zone (EDZ). Studies of the mineralogy (XRD, carbonatometry,
SEM and TEM), petrophysical properties (BET) and geochemistry (TOC, Sr contents, C, 0 and Sr isotopes,
EDS analyses) were carried out both on the argillite and on the cement paste in contact. Alteration of the
cement paste is clearly expressed by decalcification and the opening of macroporosity. These modifica-
tions are mainly due to the dissolution of portlandite. The neoformation of C-S-H phases was identified
in the first few micrometre next to the argillite interface, along with secondary carbonates at the outer-
most contact, Geochemical measurements argue for the introduction of a sedimentary fluid into the

macroporosity of the cement paste to explain the formation of part of these seco
hypothesis is considered and tested using the HYTEC code, which indicates that suc

ndary phases. This
h transport could

have occurred near the argillite/cement paste contact at a very early stage. After this stage, the transport

was reversed and ‘cementitious’ fluids flowed from the cement paste to the argillite. The chan,

ges brought

about by these fluids are observed over a thickness of 11-13 mm in a so-called ‘black rim’, in which car-
bonates and C-5-H secondary phases are identified in the matrix of the sediment. An illitization process

may also be observed in this altered rim, reaching its maximum development towards th

e inner part.

Geochemical analyses show that the argillite disturbances are strictly confined to the black rim. Theoret-
ical mineralogical profiles based on thermodynamic equilibria defined by the HYTEC code are in good
agreement with the observations, and are used to achieve a better understanding of transport processes.

1. Introduction ing medium and, in particular, the argillaceous barriers, must be
evaluated and understood in any safety assessment analysis. Given
In France, the concepts of geological disposal facilities for high the importance of the issue, numerous studies have been under-

and intermediate-level long-lived radioactive wastes involve the taken on the interactions between argillaceous and cementitious
use of argillaceous and cementitious materials. Owing to their materials. For instance, laboratory experiments have focused on
composition, hardened cement paste and concrete will generate this topic (e.g. Eberl et al., 1993: Bauer and Berger, 1998; Adler
alkaline to hyper-alkaline plumes (with pH values that can reach et al, 1999; Read et al., 2001; Ramirez et al.,, 2002; Cuevas et al.,
12-13, Berner, 1992). The impact of these plumes on the surround- 2006; Devol-Brown et al., 2007; Dauzéres et al,, 2010). The results

have supplied input data for predictive modelling (e.g. Savage

* Corresponding author. Tel.: +33 (0)4 66 70 99 73; fax: +33 (0)4 66 70 99 89.
E-mail address: Isabelle.techer@unimes.fr (1. Techer).

et al,, 2002; De Windt et al., 2004, 2008; Pfingsten et al., 2006;
Trotignon et al., 2007; Fernandez et al., 2010). Natural systems
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have also been investigated that are appropriate for the under-
standing of alkaline fluid propagation in a clayey medium, even
though there are few published results (see Savage, 2011). The
most well known analogue sites are located in Jordan, at Maqarin
and Khushaym Matruk (Khoury et al, 1985; Alexander et al,
1992: Steefel and Lichtner, 1998; Smellie et al., 2001; Baker
et al., 2002; Techer et al., 2006; Elie et al., 2007; Fourcade et al.,
2007). Different studies over the last few years have focused on
what are known as “engineered analogues” [termed “industrial
analogues” by Savage (2011)], which correspond to cementitious
material emplaced artificially in contact with an argillaceous for-
mation. As an example, the Tournemire experimental platform
(IRSN, Aveyron) is of great interest, since it makes use of engi-
neered analogues with various cementing materials in contact
with an argillite formation at depth. A 15-a-old engineered
analogue consisting of a concreted borehole — the DM borehole -
was initially studied by Tinseau et al. (2006), who gave a descrip-
tion of the mineralogical modifications induced in the argillite at a
concrete contact. This study was backed up by modelling and dis-
cussed by De Windt et al. (2008). Gaboreau et al. (201 1) and Techer
et al. (2012) also applied petro-physical and geochemical ap-
proaches to characterize the DM borehole to investigate the origin
and extent of the modifications, as well as their imprint on the con-
finement properties of the argillite. All the samples studied in the
DM borehole were collected in a saturated zone, close to an exca-
vated tunnel and thus in the excavated disturbed zone (EDZ) of this
tunnel. The discontinuities in this EDZ have been clearly identified
as preferential pathways for the propagation of alkaline fluids in
the argillaceous formation (De Windt et al., 2008; Techer et al,,
2012). Nevertheless, in a deep storage facility, saturation of the
clayey formation is expected in the final stages of operations at
the depth of the storage cell, or during the post-closure period,
mainly in the environment around cementitious cells used for
Intermediate Long Lived Waste. During these stages, the imprint
of the EDZ could be less pronounced due to self-sealing. To obtain
better constraints on these conditions, a second engineered ana-
logue is being investigated in the Tournemire experimental station.
This analogue is provided by the CD-borehole, which contains a
hardened cement paste that has remained for 18 a in contact with
the argillite formation in a saturated zone far from the EDZ. The
present study provides a post-mortem characterization of both
the cementitious and argillaceous materials of the CD-borehole,
combined with reactive transport modelling using the HYTEC code.
Two main topics are discussed: (i) the evolution of the hardened
cement paste over 18 a in the saturated zone, (ii) the propagation
and imprint of an alkaline plume on the saturated argillite in the
absence of structural discontinuities. The duration of contact, the
constant saturation conditions and the absence of influence from
a mechanically disturbed zone, give rise to a singular type of con-
tact that has never been reported before in the literature.

2. Engineered analogues at the Tournemire experimental
station

The experimental station of Tournemire has been described in
many studies (Boisson et al., 2001: Tinseau et al., 2006; Matray
et al., 2007; Gaboreau et al., 2011; Techer et al., 2012). It consists
of a disused tunnel (excavated between 1882 and 1888) and recent
lateral galleries (excavated between 1996 and 2008) located at
depth in a 200-m thick Toarcian formation. Many studies and
experiments have been carried out at the station by the Institute
for Radioprotection and Nuclear Safety (IRSN), some involving
the emplacement of cement pastes or concretes in contact with
the argillite. These engineered analogues of argillaceousfcementi-
tious contacts have evolved over various time durations, ranging

from a few to nearly 20 years, and under various conditions. In this
way, a relatively large panel of interactions can be observed and
modelled in order to achieve a better assessment of a potential nu-
clear waste storage. In 1991, the CD vertical borehole was drilled
down into the tunnel substrate to carry out hydro-geological mea-
surements. After the experiments, the borehole was filled with a
hardened cement paste described in more detail below.

3. Methods
3.1. Sampling

In 2009, the CD borehole was over-cored in the uppermost 10 m
with an internal coring diameter of 20 cm (Fig. 1). For technical
reasons, the coring was carried out with water drawn from the
channel located under the tunnel foundation raft. To avoid poten-
tial contamination effects, the external part of the argillite crown
was not included in the sampling. After drilling, the CD-core was
described, left to dried and conditioned in Al bags on site. Four sec-
tions were selected for analyses, at depths of 3.18m, 7.00m,
854m and 9.94 m, respectively, which are labelled as CD318,
CD700, CD854 and CD994. The CD318 section is located in the low-
er part of the Tournemire tunnel EDZ, whereas the three other sec-
tions (CD700, CD854 and CD994) are clearly outside the EDZ (Fig
1). Macroscopic observations highlight the occurrence of a black
rim about 10 mm thick in the argillite at the cement paste inter-
face. The thickness of this rim varies slightly with depth of sam-
pling. The argillite and cement paste were sampled at increasing
distance from the interface in the four studied CD core sections.
A precise micro-saw (Brot@ Technologies) was used to collect a
thin rim of material by cutting 1-mm-thick sections at increasing
distance from the interface, allowing the acquisition of sampling
profiles in both the argillite and the cement paste.

3.2. Analytical methods

Microscopic observations and analyses were carried out with a
scanning electron microscope (SEM, HITACHI $3500N, IRSN Fon-
tenay aux Roses) coupled with a Briicker® EDS-SDD system for
the semi-quantitative chemical analyses, as well as with a trans-
mission electron microscope (TEM, Philips CM20, SCMEM Nancy).
Quantitative measurements of carbonate contents were carried
out on a Méliéres manocalcimeter (MCM, MNHN Paris) on 50 mg
of powder. The isotopic compositions of C (5'3C) and O (8'0) of
carbonates were determined on a gas source mass spectrometer
with a triple collector (VG SIRA 10, Geosciences Rennes) after reac-
tion of around 30 mg of whole rock powder with 100% orthophos-
phoric acid at 50 °C (McCrea, 1950). Long-term standards survey
(NBS 19 and in-lab Prolabo Rennes) allows estimating the analyti-
cal precision at 0.1%. for both C and O isotope systems. The soluble
phases extracted from the argillite and the cement paste were
characterized by analysing their Sr contents and Sr isotope compo-
sitions (87Sr/28Sr). This extraction was carried out by acid acetic
dissolution of 30 mg of powder using a high acid/rock ratio to pre-
vent saturation. The reaction was maintained until the end of CO;
degassing. The leachates were used for Sr separation (Pin et al,
2003) and isotopic measurements. Measurements were performed
by thermal ionization solid source mass spectrometry (Finnigan
Triton TI, GIS Nimes) with an analytical error (26) of about
5 x 10-5. The external reproducibility of the isotopic measure-
ments was checked by repetitive analysis of the NBS987 standard,
yielding a mean value of 0.710258 +2 x 10-% (20). X-ray diffrac-
tion patterns were obtained on whole-rocks and on the <2 pm
fraction using a Siemens D501 instrument (MNHN, Paris). Analyti-
cal procedures are described in detail in Tinseau et al. (2006).
Semi-quantitative proportions were estimated using the EVA®
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Fig. 1. Scheme of the CD borehole implantation in the Tournemire Experimental Platform and comparison with the DM borehole (according to Techer et al., 2012). Location of

the studied samples: CD318 in EDZ, CD700, CD8

54 and CD994 outside EDZ. Image of a CD core sample section showing contact between the cement paste on the inside and

the Toarcian argillite (rim of around 40-75 cm in thickness according to the sample). An approximately 1-cm-thick rim of black coloured argillite (black rim) is observed

systematically at the interface between the two materials.

software, and the PDF2 database of the ICDD. The calcite content
estimated by comparing the X-ray diffraction patterns and the
MCM analysis was introduced as an internal standard. Analyses
of total organic C (TOC) were performed with an ELEMENTAR Vario
Pyro Cube (IRSN, Fontenay aux Roses). Three repeat measurements
were carried out systematically on each sample. The specific sur-
face-area of the argillaceous and cementing materials was mea-
sured by the BET method using a COULTER SA3100 instrument
equipped with version 2.13 of the COULTER software (IRSN, Fon-
tenay aux Roses).

3.3. Modelling strategy

3.3.1. Reactive transport modelling

Two codes were used in this study to model the CD engineered
analogue: (i) the HYTEC code (Van der Lee et al.,, 2003), which is
specifically designed to model reactive transport in saturated and
unsaturated environments. This code takes into account variations
in geochemistry and physical parameters due to mineralogical
changes in the solids; (ii) the CHESS code, which takes into account
geochemical speciation (Van der Lee, 1998) and simulates the
chemical reactions in a given system. Although it carries out calcu-
lations at thermodynamic equilibrium, kinetic parameters can also
be taken into account. In the present case, all the calculations were
performed assuming thermodynamic equilibrium using the New-
ton-Raphson iterative method. All phases of the system are con-
trolled: minerals, solutions, aqueous and gaseous species. The
transport is simulated with the module R2D2, which is coded in fi-
nite elements, to carry out the calculations in 1D and 2D in diffu-
sive andfor convective transport. The transport module is
coupled to the chemistry module with the following equation:

dwC?
a3t (1)

where o is the porosity, C; the mobile concentration of chemical
component i in a fluid phase, C? the immobile concentration of i

B _ di(D'grad - €} - C'U) -

r

(precipitation), D* the diffusion tensor and U is the Darcy velocity
(convection coefficient).

The transport in the argillaceous material is considered as being
totally controlled by diffusion so that the reactive transport equa-
tion can be simplified as follows:

= dw(D grad - C}”’) —th (2)

The transport of fluid containing high concentrations of aque-
ous species can induce several reactions with the solid phase.
These chemical transformations (dissolution and/or precipitation)
induce porosity changes that lead to an evolution of the material
according to the diffusion coefficient. In HYTEC, the effective diffu-
sion coefficient is then related to the porosity evolution according
to Archie's law (3) (Lagneau, 2003):

poce
at

De(e) = De(@0) ((%’—'_%)m

where @y is the initial poresity, @ the calculated porosity, @, the
diffusive percolation threshold and m is the Archie coefficient (or
cementation factor). The value of the Archie coefficient depends
on the material and on the environment, and ranges between 1.3
and 3.5 (fit parameter). In the present case, an Archie coefficient va-
lue of 3 was used for the clayey and cementitious materials (Troti-
gnon et al., 2007).

3)

3.3.2. The database

The present study makes use of the “cemdata07” thermody-
namic database (Lothenbach et al., 2008). This database (Table 1)
describes all the minerals likely to be present in the cementitious
materials at 25 °C and supposed to form during alteration. The
equilibrium constants are recalculated using the basic set of spe-
cies from CHESS. All mineral species in the argillite that are likely
to be formed in the clay/concrete interactions are added to the
database (source: chess.tdb). However, with regard to the experi-
mental results (this study and that of Tinseau et al., 2006) that




D. Bartier et al.//

Table 1

Thermodynamic database used in the numerical simulations.
Phase Structural formula LogKf (25 °C)
Calcite Ca’™ + HCO3 — CaCOs(s) +H* -1.85
Anhydrite Ca®™ +S0%~ — CaS04(s) 4.36
Gypsum Ca’* + 503~ — CaS04,2H;0(s) 458
Portlandite Ca¥* + 2H,0 — Ca{OH), + 2H" -228
C-5-H 1.65 1.65CaZ* + Si0y(aq) + 3.3H,0 — 1.65Ca0 - Si0; - 1.65(H,0) + 3.3H7 -28.56
C-5-H 15 1.5Ca%* + Si0{aq) + 3H0 — 1.5Ca0 - Si0z - 1.5(H;0) + 3H™ -25.15
C-5-H 14 1.4Ca%" + SiOz(aq) + 2.8H,0 — 1.4Ca0 - Si0; - 1.4(H70) +2.8H" -22.91
C-5-H 1.3 1.3Ca?* + Si0{aq) + 2.6H;0 — 1.3Ca0 - §i0z - 1.3(H20) + 2.6H" ~20.71
C-5-H 12 1.2Ca%* + $i03(aq) + 2.4H;0 — 1.2Ca0 - Si0z - 1.2(H;0) + 2.4H7 -18.57
C-5-H 11 1.1Ca%* + Si02(ag) + 2.2H;0 — 1.1Ca0 - Si0z - 1.1(H20) + 2.2H” -16.4
C-S-H1 Ca®* -+ 5i02(aq) + 2H;0 — 1€a0 - 5i0,.(H20) + 2H” -143
C-5-H 038 0.8Ca?* + Si0,(aq) + 1.6H,0 — 0.8Ca0 - Si0; - 0.8(H,0) + 1.6H” -10.43
5i0, amorphous §i0z{aq) — S5i0;(am) 27
Ettringite 6Ca? + 2A1 + 3502 + 38H;0 — CagAla(SO4)3 (OH)yz - 26H0 + 12H” ~56.87
Tricarboaluminate 3HCO; + 6Ca%" + 2A1>" + 38H;0 — CagAl)(C05)(OH)1 2.26H,0 + 15H7 -86.25
Thaumasite 25i0(aq) + 2503 + 6Ca%~ + 2HCO3 -+ 32H,0 — Ca5(5i03);(S04); {C03),.30H;0 + 6H™ ~18.88
Katoite silicated 0.85i0;(aq) + 3Ca>" + 2AI° + +10.4H,0 — 3Ca0 - Al;0; - 0.85i0, -4.4H;0 + 12H" -68.54
Monocarboaluminate 4Ca? 4 2A1* + HCO3 + 17H;0 — 4Ca0 - Al 05 - COz - 11H,0 + 13HT -80.62
Hemicarboaluminate 4Ca%* + 2A1" + 0.5HCO3 + 18.5H;0 — 4Ca0 - Alz03 - 0.5C0; - 12H;0 + 1 3.5H" -91.8
Hydrotalcite 6Mg2™ + 2817 4 16H;0 + HCO3 (] — Mg - Al - CO3.(0H);6 + 17H" -99.56
Brucite Mg?* + 2H;0 — Mg(OH); + 2H* -16.98
Kaolinite 241 4+ 25i0; + 5H30 — AlySip0s(O0H), + 6H™ -7.2
Illite 025Mg2" + 0.6K* -+ 2.3AP" + 3.55i0; + 5H;0 — Ko sMgg 25 Al2 3513 5010(0H), + 8H” -9.03
Montmorillonite-Ca 0.165Ca%* +0.33Mg2" + 1.67AI" +45i0;(aq) + 4H20 — Cag 155 Mgo.33Al1 57514010(OH); + 6HT ~-2.49
Quartz 5i0z(aq) — 5i0;z(s) 4
Pyrite Fe?* +0.2550%" + 1.75HS™ +0.25H" — FeS; + H20 2465

never displayed zeolites neoformation, all zeolite phases were re-
moved from the database. In this framework, the C-5-H system
of the “cemdata07” database was modified to include seven new
C-S-H phases already used by Codina (2007) and validated by
comparison with experimental data (Fig. 2). These new phases
are described with the following ratios: 165, 1.5, 1.4, 1.3, 1.2,
1.1, 1, and 0.8. They supplement the database that initially consid-
ered only jennite and tobermorite as C-S-H. This discrete model

is also in agreement with the experimental data of Chen et al.
(2004).

3.3.3. Geometry and meshing

The numerical simulations are based on a geometrical system
defined with two successive rectangles of 10 cm in length and
4cm in height (cement paste on left and argillite on right).
Considering that the disturbed zone is very thin relative to the
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Fig. 2. Representation of the discrete C-S-H model used in the numerical simulation (Codina, 2007 ); comparison with the data of Chen et al. (2004). (A) [Si0z] = fiCa0}: (B)

pH = f]Ca0}; (C) Ca0/si0z =flca0].
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large thickness of cementitious and argillaceous materials, the left
and right boundaries are considered as chemically constant and a
1D horizontal grid is imposed with a mesh size of 1 mm.

3.3.4. Data selection

It was difficult to obtain the composition of the cement paste
used in 1991 to fill the CD-borehole due to the absence of a quality
control procedure in the 1990s. In an attempt to determine its
composition, an EDS-SEM analysis was performed in the unaltered
zone of the CD hardened cement paste. The results were compared
with chemical data for different cements provided by the LAF-
ARGE® Company, and a good agreement is obtained with the ce-
ment CEM IIfA-LL 42,5N CE CP2 NF (84% of clinker) from the Séte
works, which was the cement production site that supplied the
experimental station of Tournemire during the 1990s.

The mineralogical composition of the hardened cement paste
(Table 2) is the result of a numerical simulation after total hydra-
tion of the clinker. Several assumptions are applied for the forma-
tion of hydrates during clinker hydration: (i) C3S and C2S are the
source of portlandite and C-S-H, (ii) gypsum reacts totally with
C3A and partly with C4AF to form ettringite, with S being the lim-
iting reactant in the reaction, (iii) the remaining Al imposes forma-
tion of a carboaluminate phase, (iiii) the remaining carbonate
content imposes the formation of calcite. The mineralogical system
is considered to be invariant, with each mineralogical component
controlling one chemical species: C-S-H controls Si, portlandite
controls Ca, ettringite controls S, hemicarboaluminate controls Al
and calcite controls the carbonate. The water/cement ratio (w/c)
used in the 1990s is not known. An intermediate w/c ratio of
0.45 is imposed in the modelling. The mineralogical composition,
its stability and the abundances of mineral phases are all defined
at thermodynamic equilibrium with the CHESS code. A strong con-
centration of KOH is imposed in the pore solution to obtain a pH
equal to 13.4, representative of the very high pH in this type of
material. The mineralogical composition (Table 2), as well as the
physical and transport properties of the Tournemire argillite, are
extracted from De Windt et al. (2008). The mineralogical composi-
tion of the argillite is as follows: calcite, quartz, montmorillonite-
Ca, illite, kaolinite and pyrite. The CO, partial pressure is imposed

in the argillite zone, using a value of 1 x 1072 atm as against
3.4 x 10~ atm in the atmosphere. All the calculations are simply
carried out at thermodynamic equilibrium. Only quartz is con-
trolled by a kinetic law of dissolution and precipitation. The kinetic
formulation implemented in HYTEC is described by De Windt et al.
(2008). The imposed kinetic parameter is equal to 1 x 10~'7 mol/
m?/[s (De Windt et al., 2008). As regards the pore solution (Table 2)
controlled and generated by the modelled mineralogical composi-
tion, the SOZ~ and Cl- concentrations are imposed to fit the
post-mortem measurements. In the same way, the electrical charge
balance is adjusted by the Na concentration.

4. In situ investigations of cement paste and argillite in contact
in the CD-borehole

4.1. Mineralogical and petrophysical evolutions

4.1.1. In the cement paste

In the CD borehole close to the contact with the argillite, the ce-
ment paste shows a macroscopically homogeneous alteration front
with a thickness of about 1 cm. The Ca and C mapping of this zone
carried out by SEM-EDS microprobe suggests an opening of
macroporosity linked to decalcification (Fig. 3A). In fact, an enrich-
ment in C is observed in the alteration zone (40 at.% as against
15 at.% in the unaltered zone); it seems moreover that carbonation
is maximal in contact with the clayey rock. As the content of C is
linked both to the embedding resin (polished section preparation)
and the degree of carbonation of the cement material, it provides
qualitative information about the macroporosity: close to the argil-
lite, in the alteration front, the macroporosity is higher. In parallel
with the C enrichment, the Ca concentration decreases (7-8%
atomic weight in the alteration front as against 15% in the unal-
tered zone). In the same way, the Ca0/Si0, ratio decreases over
the first 100 pm of the alteration front (Fig. 3B). The XRD patterns
(Fig. 3C) clearly show the total or partial dissolution of portlandite
over a distance of 3-4 mm away from the rim in contact with the
argillite. SEM observations corroborate these mineralogical ten-
dencies, so the decrease in Ca content is well related to portlandite
dissolution. The remaining Ca is associated with C-S-H and Ca

Table 2
Data used for the numerical simulations.
Hardened cement paste (DM and CD) Hardened cement paste Argillite
Mineralogical composition (mol/L of pore solution)
Portlandite 19.1 Calcite 325
C-5-H 1.65 16.2 llite 11.2
Ettringite 0.5 Quartz 79.9
Hemicarboaluminate 08 Kaolinite 038
Calcite 13 Montmorillonite-Ca 79
Pyrite 0.1
Porosity 0.3 Porosity 01
De (m?fs) 5x10 " De (m?(s) 1x10 M
Pore solutions (mmaol/L)
Modelling Maodelling Measurements
Kinetics rate for quartz (dissolution and precipitation): 1 x 107 mol/m?/s at 25 °C
Na - 235 235
K 500 0.7 0.8
Ca 0.9 19 15
Si 51x10° 0.1 0.03
Mg = 0.1 0.7
S50, - 95 95
cl 4.5 4.5
HCO5 - 5.2 4.6
pH 13.4 74 29
pCO; (atm) - 1x10? 1x102

In bold: imposed data in the modelling.
2 Bensenouci (2010),
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in red; (B) Ca0/Si0; ratio profile; (C) XRD mineralogical profiles; (D) specific area profile obtained by BET analyses; (E} TOC, TIC and % carbonate: (F} evolution of Sr isotope

composition (®7Sr/*Sr ratio) in samples CD318 and CD854.

carbonates. The portlandite dissolution is total within a distance of
500 um from the alteration front, linked to the intense decalcifica-
tion near the interface. The outermost edge of the front shows the
presence of Ca carbonates, mainly calcite but also vaterite in rela-
tively high quantities (8% near the interface). Calcium silicate hy-
drates (C-S-H) reported as a non diffracting phase, have a
relative abundance of about 40% in the unaltered zone and be-
tween 50% and 60% in the altered zone. The BET analyses allow
determining the specific surface of samples from the alteration
front (Fig. 3D), with values increasing in the cement paste, from
50 m?/g in the unaltered zone to 75 m?/g near the interface of
the alteration front. This result is in good agreement with the
XRD semi-quantitative analyses, highlighting an increase in C-5-
H abundance that can explain the increase in specific surface.
Two kinds of analytical approach help to determine the content
of carbonate phases in the studied samples. The MCM measure-
ments define the quantity of carbonate in the samples, while the
TOC-METRE analyses discriminate between organic and inorganic
carbonate content. The results are compared in Fig. 3E. The MCM
results clearly reflect the formation of carbonate in the cementi-
tious material over a distance of 4 mm, which is supported by

the large increase of inorganic C content. By comparing these re-
sults with the XRD analyses discussed above, the affected thickness
fits perfectly with the formation of calcite and vaterite.

4.1.2. In the argillite

Macroscopic observations of all the deep samples of the CD
overcore (CD700-CD994) reveal the presence of a black rim at
the interface with the cement paste, resembling the structures pre-
viously described by Tinseau et al. (2006) and Techer et al. (2012).
The thickness of this black rim varies slightly according to the sam-
pling depth, being 12, 13 and 11 mm for samples CD700, CD854
and CD994 (coming from the outside-EDZ), respectively. For sam-
ple CD318, the black rim is slightly thinner (10 mm thick) and
comparable to that of the DM-engineered analogue, both type of
samples being located in the tunnel EDZ (Tinseau et al., 2006;
Gaboreau et al., 2011; Techer et al., 2012). It has been demon-
strated that in this EDZ argillite alteration was not only restricted
to the black rim, but also extended further, over a thickness twice
that of the black rim. Changes were identified at two scales: (i) in
the black rim, in which they were attributed to a propagation of a
cementitious fluid through the argillite matrix, (ii) over this rim,

Pi
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where disturbances were linked to propagation along EDZ
discontinuities.

Whole-rock XRD patterns obtained from various samples of the
black rims display a mineralogical assemblage similar to that
determined for a reference Toarcian sample, as published in Tin-
seau et al. (2006) and Techer et al. (2012). Samples are character-
ized by predominant phyllosilicates (illite, micas, kaolinite and
chlorite), carbonates (calcite, dolomite), K and Na-Ca feldspars
and pyrite. The clay mineral assemblage (Fig. 4) determined after
air-dried and ethylene glycol treatment is also similar for all
samples, and is characterized by chlorite, non-expandable diocta-
hedral layers (illite or mica) and kaolinite. In all samples, decom-
position of the patterns from the ‘air-dried illite + illite/smectite
mixed layer minerals (MLM) zone' requires the combination of
five elementary peaks to obtain a good fit. These peaks are as-
signed to a well crystallized illite (WCI) or mica at ~10 A, a poorly
crystallized illite (PCI at ~10.1 A), two MLMs with a high propor-
tion of illite layers [MLM1 more than 90% (~10.6 A) and MLM2
more than 75% (~12.3A)] and a chlorite (~14.3 A). As observed
with the air-dried treatment, decompositions of the ‘glycolated il-
lite + MLM zone’ patterns reveal the predominance of PCI + MLM1
(~109 A and ~10A) and MLM2 (~12.5 A and ~9.4 A), as well as
the occurrence of WCI and chlorite. The clay fractions of the CD
samples collected “outside-EDZ” display very small variations
compared to the published data for the ‘within-EDZ' samples of
the DM borehole and CD318. A slight increase in MLM is only ob-
served far away from the contact, in the outer part of the black
rim (between 10 and 12 mm, Fig. 4A), which is correlated with
a slight increase of the width of the peak at half height of the
MLM1 and a slight decrease of the MLM/PCI ratio (Fig. 4B). The
TEM observations can help to explain slight variations. First, the
outermost edge of the black rim also displays a specific pattern
with a very well developed newly-formed illite phase expressed
as laths overgrowing mixed-layer illitefsmectite (Fig. 5A). Unfor-
tunately, the laths are so fine and small that count rates during
EDS analysis are very low, and combined with the effects of beam
damage, in particular ionization of K (Van Der Pluijm et al., 1998)
the newly-formed illite composition remains uncertain. Outside
the black rim, in undisturbed samples, the calculated structural
formula of the MLM is comparable to the phase described in Char-
pentier et al. (2004) using the Harvey (1943) method based on 11
oxygen atoms per half unit-cell. The MLM particles of the black
rim samples are poorer in Si than the MLM particles of the unal-
tered samples (3.3-3.4 versus 3.5-3.6). Most analyses of both
samples indicate contents of 0.2 Fe and 0.15 Mg. The Al content
in octahedral sites is more significant in black rim samples than
in undisturbed samples (1.6-1.7 versus 1.5-1.6). In both samples,
the interlayer occupancy of MLM particles is dominated by K,
which ranges from 0.2 to 0.8 atoms with a mode at 0.3-0.4 for
unaltered samples and a mode at 0.5 for black rim samples. The
Ca content is also more significant in black rim samples than in
undisturbed samples (0-0.2 versus 0-0.09); the Na content is
variable (from 0 to 0.06). In summary, MLM from black rim sam-
ples are enriched in Al and K and are poorer in Si. Such an evolu-
tion could likely involve illitization. Illitization of MLM is also
evidenced by specific surface-area measurements. In fact, the val-
ues of specific surface-area in the black rim, ranging from about 7
to 2m?/g at the extreme part of the black fringe (Fig. 3D), are
clearly lower than those measured in the reference Toarcian argil-
lite far from the interface, which yields a value of around 22 m?/g.
Such a drastic decrease of the specific surface-area, reflecting a
reduction of the ion exchange capacity of the clayey rock,
could be consistent with an illitization process. In this context,
illitization could be considered as maximal at the actual interface
between the black rim and the supposedly undisturbed clayey
rock.

TEM observations also indicated the occurrence of C-S-H
phases in the black rim. These phases exhibit mainly two types
of morphology: fibrillar bundles (Fig. 5C) and a foil-like structure
(Fig. 5D). Whatever their appearance, the C-S-H phases show a
gel structure indicated by their diffuse halo XRD patterns as
shown in Fig. 5. Although the sample preparations used for anal-
ysis represent only a negligible proportion of the collected sam-
ples, it would seem that the size and abundance of the C-5-H
phases decrease in the black rim with increasing distance from
the contact. TEM observations argue for a predominant foil-like
morphology of C-S-H in the argillite matrix of the black rim.
Based on TEM-EDS analysis, a Ca Al silicate hydrate mineral
(C-A-5-H) could be used to describe a large number of these Ca
silicate hydrates. Indeed, as in clay minerals, the Al of the C-S-H
can be substituted either in the octahedral sites of Ca, or in the
tetrahedral sites of Si (Hidalgo et al., 2007). Nevertheless, TEM-
EDS analyses of C—(A)-S-H reveal minor traces of K in some cases,
which could suggest a “mixture” containing tiny amounts of clay
minerals (but insufficient to be discriminated in the diffraction
halo). Another explanation could be that the K* measured in
C-S-H is of cementitious origin, being released during the cement
paste alteration. In fact, large amounts of KOH are expected to be
release from this material during alteration. Diffusion of the K*
and OH™ ions in the argillaceous matrix could occur along with
the capture of K in secondary C-S5-H phases. To back up this
hypothesis, Si/Ca ratios are plotted versus Al/Ca ratios (Fig. 6)
measured in C-(A)-S-H displaying only amorphous-type diffrac-
tion patterns: C—(A)-S-H with traces of K cannot be truly discrim-
inated from C-(A)-S-H phases without K. Elemental ratios for
C-S-H from the black rim are comparable with those obtained
from cement pastes. For all samples, it appears that hydrates
formed in the black rim of the argillite close to the cement paste
are significantly enriched in Si (high Si/Ca ratios) compared to
C-(A)-S-H present in the cement pastes. The chemistry of
C—(A)-S-H in the cement pastes is comparable to that reported
in the literature (Richardson, 1999, 2000, 2008; Taylor et al.,
2007). The higher SifCa ratio of C-(A)-S-H in the black rim could
not merely result from a tiny combination with clay minerals. The
best explanation involves an effective decrease in Ca content and
a substitution of Al in C-S-H, together with, as mentioned above,
the capture of K in the C-S-H structure.

A large variety of secondary minerals or mineral dissolution
processes are described in the literature dealing with experimental
cementfrock interactions. Similarities between these data and the
present study can be highlighted by the occurrence of phases such
as C-(A)-S-H and/or calcite (Adler et al., 1999; Claret et al., 2002;
Ramirez et al., 2002; Dauzéres et al., 2010; Fernandez et al., 2010),
and through the illitization of illite/smectite mixed-layer minerals
or smectite (Eberl et al., 1993; Bauer and Berger, 1998; Adler et al.,
1999; Claret et al., 2002; Ramirez et al., 2002; Mosser-Ruck and
Cathelineau, 2004). However, a few discrepancies can be pointed
out concerning (i) quartz and kaolinite dissolution and (ii) zeolite
precipitation. Quartz dissolution was not identified in the CD-ana-
logue, in contrast to the process proposed by Tinseau et al. (2006)
for the DM-analogue. Kaolinite dissolution was not observed in the
present study, whereas it was identified by Bauer and Berger
(1998) and Claret et al. (2002). In these two latter studies, kaolinite
dissolution was observed under “extreme conditions” of high alka-
line water/rock ratios. These conditions do not correspond to those
expected during the propagation of an alkaline plume in an argil-
lite massif, such as assumed in the CD environment at Tournemire.
While zeolite precipitation is sometimes observed during experi-
mental investigations (Bauer and Berger, 1998; Adler et al., 1999;
Vigil de la Villa et al., 2001; Ramirez et al., 2002; Bouchet et al.,
2004; Cuevas et al., 2006), it is not currently highlighted in natural
or engineered analogues studies (Tinseau et al., 2006; Yamaguchi
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decomposition of the clay fraction in the area between 5° and 11° 20.

et al., 2012), with the exception of the very old Magqarin (Jordan)
natural analogue (Baker et al., 2002; Smellie, 1998; Smellie et al.,
2001). In agreement with the results from Magarin, zeolite forma-
tion is obtained in modelling mainly when considering long-term
conditions (De Windt et al., 2004; Trotignon et al., 2006, 2007;
Marty et al., 2009; Fernandez et al., 2010).

Other changes in the black rim involve the carbonate contents
and geochemical properties. Considering MCM data, a significant
increase of the carbonate content is observed in the black rim of

all the CD sections, which contain about 1 wt.% more carbonates
than the reference Toarcian argillite (Table 3) and could corre-
spond to the very small well-formed crystals of calcite observed
by TEM (Fig. 5B). Moreover, the reference values for the argillite
vary according to the stratigraphic level: being around 17-
17.5wt.% in CD318 and at deeper levels (CD854 and CD994), and
14-15 wt.% in CD700. Such variations reveal a degree of strati-
graphic heterogeneity in the sedimentary Toarcian sequence that
has been discussed previously (Michel, 1999).
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Fig. 5. TEM images of mineral phases observed in the black rim of CD318 sample. (A) Newly formed illite crystals (arrow) observed in the outer part of the black rim
overgrowing on illite/smectite mixed-layers; (B) occurrence of well-formed crystals of authigenic calcite; (C) C-S-H, very fine fibrillar, at the argillitefcement paste contact;

(D) C~{A)-5-H with crumpled foil-like habit around carbonate particle.
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Fig. 6. SifCa versus Al/Ca atom ratios for C-5-H of the CD854 sample.

4.2. Chemical and isotopic evolution

4.2.1. In the cement paste

The Sr isotope composition of the soluble phase from the alter-
ation front of the cement paste, and mainly in the 0-8 mm interval
close to the argillite interface, appears to be significantly different
from that observed in the unaltered zone (Fig. 3F). The ¥7Sr/®%Sr ra-
tio is lower in the zone exhibiting the input of less radiogenic Sr.
Such a trend can be explained by the formation of the carbonates
andfor C-S-H new phases from a fluid poor in radiogenic Sr, pos-
sibly in equilibrium with the argillite soluble phase. This hypothe-
sis is discussed further below in the light of the modelling.

4.2.2. In the argillite

From an isotopic point of view, the carbonates from the black
rim of the argillite are clearly distinguishable from reference val-
ues, since they have low 5'3C (—0.92%. to —2.81%s) and §'%0 signa-
tures (24.5-25%.) (Fig. 7). These values define an intermediate
domain between the marine carbonates of the Toarcian argillite

(-0.5% 8'*C; 25.6% &'°0) and the cementitious material
(—17.1%. and +18.5%. for 5'3C and 5'20, respectively). Such trends
are in agreement with MCM measurements and, as for the
DM-borehole (Techer et al., 2012), can be explained by the neofor-
mation of some new CaCO5 phases that precipitated from a cemen-
titious fluid. The cementitious fluid signature in the black rim is
also highlighted by considering the Sr isotopic measurements
obtained from the argillite soluble phase. In the reference Toarcian
zone, in the deep levels, homogeneous and low 87Sr/®8Sr ratios are
recorded regardless of the distance to the black rim (Fig. 7), with a
mean value of 0.70799 (%5 x 10°%) corresponding to seawater
composition at the time of deposition of the argillite (Koepnick
et al,, 1990), which is in agreement with previous data (Michel,
1999). In the black rim, significant higher #’Sr/*®Sr ratios are mea-
sured for the soluble phase with values ranging from 0.708030 and
0.708300 (45 x 105). These values are clearly intermediate be-
tween those determined in the reference Toarcian sediment and
in the cement paste, which yields a mean value of 0.70847 (+
5 x 107%). However, along a profile crosscutting the black rim,
the increase in Sr isotopic ratio appears to be neither constant
nor continuous. The variation of the isotopic ratios defines bell-
shaped profiles, which reflect a zonation with certain levels prov-
ing to be more radiogenic than others. At the same time, the Sr
content of the soluble phase appears to increase in the black rim
from the unaltered zone to the cement interface (Fig. 8). These
trends can be interpreted as resulting from the transport of Sr
(and by analogy Ca) from the cement paste towards the sedimen-
tary material. The mixing between the two types of Sr in the black
rim (‘sedimentary’ Sr with a marine signature, and ‘cementitious’
Sr with a more radiogenic composition) can be visualized in a
875r/58Sr versus (1/Sr) diagram (Fig. 8) (Faure, 1986: Techer et al.,
2012). The mean Sr contents and %7Sr/®8Sr ratios characterising
the Toarcian pristine soluble phase extracted by leaching are
around 10.7 pmol L™' and 0.70799, respectively. In the cement
paste, the soluble phase appears to be more Sr enriched and to

have more radiogenic Sr, with concentrations ranging from 17
¥ 1
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Table 3 (continued)
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and 21 pmol L~ and a mean ®7Sr/®Sr ratio of 0.70847. All values
measured in the black rim of the argillite, which is intermediate
between these two domains, can be fitted by a mean mixing line
supporting the hypothesis of transport of cementitious fluids into
the argillite (Fig. 8). The bell-shaped profiles observed previously
could correspond to a variation of the proportion of newly-formed
phases over the thickness of the altered zone. Thus, the Sr isotopic
and elemental signatures of the CD black rim are consistent with
the neoformation of a large amount of cementitious soluble phases
as observed previously. These phases correspond to carbonates and
C-S-H type phases, in agreement with SEM and TEM observations.

5. Numerical modelling and discussion

The numerical simulation of 18-a interaction between the CEM
Il cement paste and the Toarcian argillite in the CD-borehole gives
a good reproduction of the mineralogical changes observed in the
clayey material as well as in the cement paste (Fig. 9). In the ce-
ment paste, the modelling results indicate a decalcification with
portlandite dissolution, C-S-H decalcification, and carbonation
with calcite formation. In the argillite, HYTEC points to montmoril-
lonite dissolution and illite precipitation linked to the alkaline
plume diffusion, as well as C-S-H formation due to decalcification
of the cementitious material and a small amount of calcite
dissolution.

5.1. Cement paste evolution in a saturated-out-EDZ configuration

Portlandite dissolution can be considered as a marker of the
cementitious material perturbation. Fig. 10 compares the portlan-

4E-06

10.5-15.5

(-] = o
= e 22 dite profiles obtained by XRD and by the modelling. The perturba-
tion front for this phase shows a slightly different thickness when
ceLgEy considering modelling or in situ measurements. Its thickness is un-
ok der-estimated by the calculation, i.e. 3 mm as against 3-4 mm ob-
e e served. This difference could be explained by Archie’s law, which
g § E g E § ppssibly ovgr-estimates the effect of interfa_ce clogging due to cal-
R cite formation. Nevertheless, the result is considered as very
S55558 acceptable for a long-duration experiment. Moreover, there is a
perfect correlation between the XRD quantification of portlandite
b content and the value calculated by the hydration model: around
6 mmol/L of portlandite is expected in the unaltered zone. An
interesting result is obtained concerning the carbonation process.
G O U Both in the HYTEC simulation and in the post-mortem observations,
CaCO; formation (mainly calcite in association with relatively large
amounts of vaterite) is indicated at the outermost surface of the ce-
ment paste. Vaterite formation is rare in the clay/concrete interac-
tion, and is mainly observed during batch-precipitation of highly
T - supersaturated solutions at room temperature (Kabasci et al.,
e R e R e Rl 1996; Spanos and Koutsoukos, 1998). De Windt et al. (2008) also
reported vaterite as being carbonate associated with calcite and
aragonite in the crusty carbonates of the concrete. Geochemical
measurements obtained here do not favour the precipitation of
AR these phases from cement paste alteration as assumed by De
m'f ml @I ml 8i Windt et al. (2008), but are in better agreement with neoformation
o G T s B linked to the argillite perturbation. In fact, Sr isotope data show a
kel gl e change of the carbonate signature in the zone characterized by pre-
cipitation of calcite and vaterite, at the interface with the argillite
and over a depth of 6 mm. This change corresponds to a decrease
e of the ®7Sr/*®Sr ratio in comparison to the unaltered zone
2z=<zE (Fig. 3F). The data imply the introduction of a less radiogenic Sr
- § § 333 component (along with Ca) in the cement paste carbonate net-
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work. This Sr could be derived from the carbonate fraction of the
argillite, characterized by a low #7Sr/3®Sr signature (mean ratio of
0.70799). The proportions of “sedimentary” Sr and "cementitious”
Sr components can be determined by a mixing model coupling the
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elemental concentration and the isotopic composition (Faure,
1986; Techer et al,, 2012) (Fig. 8). The values measured ia the al-
tered rim of the cement paste {142 ymol L * and 0.708404) are
intermediate between those defined by the sotuble phase of the
Toarcian argillite and the cement paste, in agreement with a binary
mixing mode] between cementitious and marine Sr as discussed
above. This mixing phenomenon reflects the transport of 5r and
Ca from the argillite into the cement paste by diffusion. Intuitively,
it woulid be expected that the Ca would be transported mainly from
the cement paste into the argillite and not the reverse. The Ca con-
centration in the Portland base cementitious material, which is
about 20 mmaifl. at 25 °C, is controiled by the portlandite phase.
In the presence of an alkaline component (mainly KOH), the Ca
concéentration in the pore selution is reduced, It is possible to ob-
fain very high concentrations of KOH (400-500 mamol{L} (hyper-
alkaline solution). In this case, the Ca concentration is strongly re-
duced (to around 1 or 2 mmolfL). As a result, the (a concentration
in the pore solution of the cementitious maierial tends to be tower
than in the argillite pore solution. This eguilibrium could explain
the presence of sedimentary Ca in the carbonates sampled from
the cement paste (diffusion of HCO; and Ca®* from the argllite).
It is interesting to examine these changes by modelling and mon-
itoring the very short-term chemicatl behaviour of the Ca in the
pore solution. Fig. 11 shows the Ca flux caleelated a3 a function
of time. Clearly, in the short-term (up to 0.5 days), the Ca from
the argiliite pore solution diffuses into the cement paste according
to a diffusion gradient. Very rapidiy, the flux is definitively re-
versed, mainiy due to the leaching of atkali from the cement paste,
which then ieads to increasing Ca concentration in its pore solution
{Fig, 12} As a result, short and long term processes that are super-
posed in the engineered analogue can be discussed here,

Finatly, the modelling also provides information on changes in
the compaosition and nature of the C-5-H phases: these minerals
have a relative abundance of about 40% in the upaltered zone
and between 50% and 60% in the altered zone, This increase is in
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agreement with the observed in situ variation in specific area
(Fig. 3D). The decrease in CaOfSiO; ratio (Fig. 3B) in the cement
paste can also be related to the C-S-H, which displays a decreasing
Ca0/Si0; ratio between the unaltered zone and the contact with
the argillite. This ratio decrease is characterized by an extension
of the tetrahedral Si chains (increased content of Q? sites) linked
to the formation of C-S-H with more extensive large sheets, which,
therefore, have a higher specific area. The source of Si for this C-S-
H probably comes from the argillite, with portlandite dissolution
supplying the Ca for the formation of this phase. Moreover, HYTEC
modelling (Fig. 9) displays for instance a decrease of C-S-H 1.65
near the surface and an increase of C-S-H 0.8.

5.2. Argillite modifications in fluid saturated configuration outside the
EDZ

HYTEC simulation shows illite precipitation over the entire
thickness of the altered zone (Fig. 9) and TEM analyses of the
MLM particles in the black rim could also argue for an illitization
process (Figs. 4 and 5). Moreover, TEM observations at the outer
edge of the black rim display authigenic illite laths overgrowing
mixed-layer illitefsmectite. This overgrowth process is enhanced
by the very low specific surface area measured in this zone. The
transformation of smectite into illite is widely described in the lit-
erature, but it is a complex mechanism affected by several factors
favouring or inhibiting the reaction as for instance temperature
(Hower et al,, 1976), pressure (Eberl and Hower, 1977) and the
chemistry of the 2/1 layers (in Andra, 2005). The influence of solu-
tion chemistry on the degree of illitization has also been investi-
gated in experimental studies (Eberl, 1978; Roberson and
Lahann, 1981; Huang et al., 1993; Mosser-Ruck et al., 2001). All
these studies indicate that the availability of K is a key factor in ill-
itization and this latter parameter can be considered as having a
crucial influence in this study. Indeed, for the URL Tournemire,
the illitization with more than 70% illite in the illitefsmectite ratio
could likely be observed because K is present in large amounts
(>100 mmol/L) in the pore solution of the cement paste in the form
of KOH. HYTEC simulation also exhibits C-5-H formation due to
decalcification of the cementitious material. C-5-H formation ob-
served by TEM in the black rim of the CD-borehole can be readily
related to the C-S-H neoformation causing the clogging of the
porosity in the DM-borehole black rim (Gaboreau et al., 2011).
The argillite of the black rim can be clearly distinguished from
the reference argillite, since it contains carbonates with low §'3C
and §'®0 values (Fig. 7). These values define an intermediate field
between the marine CaCO; and cementitious materials, highlight-
ing an exchange process (mainly related to isotopic diffusion in a
fluid phase) in the black rim between the diagenetic and authigenic

carbonates. The “cementitious” nature of the latter can be demon-
strated by analogy with the DM engineered analogue (Techer et al.,
2012), These data reflect an elemental flux in the argillaceous sed-
iment coming from the cement paste, which is mostly enriched in
Ca. This flux can also be estimated by considering the Sr isotopic
composition of the soluble phase extracted from the argillite far
from and close to the cement paste. The argillite just beyond the
black rim, yields isotopic compositions typical of the ‘marine’ ref-
erence. These data help to define the exact extent of the imprint
of cementitious fluids strictly limited to the black rim. This result
is interesting since it is completely different from that described
in the DM-engineered analogue, where zones of alteration were
much larger (up to a few centimetres) (Techer et al., 2012). Geo-
chemical disturbances are observed in the DM-analogue both in
the black rim and also far beyond this zone. In the same way, when
looking at sample CD318, which was collected from an environ-
ment similar to that in the DM-borehole, we find evidence for a
geochemical Sr disturbance beyond the black rim. It appears that
structural discontinuities in the EDZ have a major influence on
the propagation of cementitious fluids, and lead to a greater im-
print of this fluid than can be observed when propagation is only
controlled by the matrix. Outside the EDZ, fluid percolation within
the clayey matrix is strictly limited to a 10-12-mm thick zone ex-
pressed as a black rim.

6. Conclusions

This study presents a characterization of cementitious and
argillaceous materials from engineered analogues at the Tourne-
mire experimental platform (IRSN, Aveyron, France). This ana-
logue, called the CD-borehole, provides a singular contact that
has not been studied previously. Most samples are located in a
mechanically undisturbed zone in constant saturation under
in situ conditions during an exceptionally long period for an exper-
iment (18 a). Post-mortem characterization of materials combined
with modelling of reactive transport using the HYTEC code proves
to be a very good approach to outline the nature and scale of dis-
turbances that may occur in claystones interacting with cement
paste, as expected under the conditions of deep radioactive waste
storage. In such a context (saturated conditions outside the EDZ),
the modification of the hardened cement paste over 18 a is mainly
controlled by carbonation and portlandite dissolution, as well as
successive ettringite precipitation and dissolution, and, finally, by
C-S-H decalcification. In the argillite, the imprint of the hardened
cement paste is limited to a black rim, where it corresponds to a
slight illitization of the illite/smectite mixed layer minerals as well
as C—(A)-S-H and carbonate precipitation. This study clearly dem-
onstrates that (i) both cement and argillite exhibit structural and
mineralogical alterations, (ii) argillite modifications are controlled
by changes taking place in the cement paste and (iii) conversely,
part of the cement paste modifications are also controlled by
changes in the argillite, with the result that (iiii) the cement
pastefargillite contact is a dynamic boundary zone where both
sides need to be taken into account. This study allows obtaining
a main reference point for the near-field migration of perturbations
over a period of 18a across the clay/cementitious material
interface.
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