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ARTICLE INFO ABSTRACT

Samples of Toarcian argillite were collected both next to and far from a CEM Il cement paste and a CEM 11
concrete, within the specific context of a 15-a old borehole located in the Tournemire Experimental Plat-
form (Aveyron, France). The objectives were evaluation of the mineralogical and geochemical changes of
the claystone at the contact with the cementitious materials and determination of the spatial extent of
the interactions. The approach includes the examination of the mineralogical (XRD, SEM, TEM), chemical
(major, trace, rare earth elements) and isotopic (5r, C, O) compositions of argillite whole-rocks and of var-
ious soluble phases, at two scales: in the rock matrix (P1 scale) and along micro-cracks (P2 scale). The two
study scales outline nearly similar mineralogical modifications, shown by the presence of Ca silicate
hydrates (C-S-H) and newly-formed CaCOs within 10-15 mm of the cement paste and concrete. Chem-
ical data from whole-rock argillites indicate few changes in a slightly thicker zone (18-20 mm), mainly
consisting of an increase in the CaO wt.%, and a decrease in Sr contents. The other elementary contents
remained quite constant except for MgO, which suggests redistribution with precipitation of a Mg-rich
mineral phase at 20 mm from cement paste/concrete interface. Acetic acid leachates had more pro-
nounced variations, including a decrease of the total elementary content in the same ‘geochemical dis-
turbed zone' (GDZ), together with a significant increase of the Sr isotopic ratios. A combination of Sr
and C/O isotopic patterns was used to distinguish the behavior of secondary cementitious phases in
the clay-rich rock: (i) calcite dissolution and re-precipitation is supported by CfO isotopic data and (ii)
C-S-H neoformation is evidenced by the #7Sr/*®Sr ratios; this tool also contributes to determine the origin
of the fluids. The proportion of newly-formed C-S-H in the matrix and in the micro-cracks of the argillite
is modeled.

1. Introduction

Deep geological disposal of high-activity and long-period radio-
active wastes in France is designed with a confinement system
based on the multiplication of argillaceous and cement-bearing
barriers called ‘engineered barriers’. The role of these barriers is
to avoid the release of radio-elements into the biosphere, as well
as to prevent the potential addition of external fluids to the waste
materials. In a deep clay-rich medium, cementitious materials are
expected to account for most of the building structures, the pack-
ages containing waste, as well as the cell grouts or plugs. These
cementitious materials will be emplaced at the immediate contact
with the natural argillaceous formation and/or the bentonite plugs.

* 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 (I. Techer).

Hydrolysis of cementitious phases is known to produce hyper-alka-
line pore fluids with pHs ranging from 10 to 13.5 (Atkinson et al.,
1985; Berner, 1992; Hewlett, 1998), whereas natural argillaceous
settings are characterized by a nearly neutral pH. Numerous studies
have been performed in the last decades to assess interactions in
such a chemical disequilibrium context, with the specific aim of
identifying their effect on the confinement material properties.
These studies have been based mainly on evaluation of mineralog-
ical and petrophysical changes during propagation of high-pH flu-
ids in claystones, either by laboratory experiments (Ramirez et al.,
2002, 2005; Fernandez et al., 2009b; Dauzéres et al., 2009,
2010a), computer modeling (Savage et al., 2002; De Windt et al.,
2004; Gaucher and Blanc, 2006; Fernandez et al., 2009a), or charac-
terization of natural and engineered analogues (Khoury et al., 1985;
Linklater et al.,, 1996; Milodowski et al., 2001; Techer et al., 2006;
Tinseau et al., 2006; Fourcade et al., 2007; Elie et al., 2007). They
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have allowed identifying the mineral transformations that have oc-
curred in claystones and the cementitious materials during interac-
tion with alkaline fluids over various time sequences.

In order to better constrain the reaction processes induced by
alkaline fluids/argillite interaction and to specify the geometry of
the system, this study will focus on a combined acquisition of min-
eralogical and geochemical data from contact zones located be-
tween a cement paste or a concrete and a natural argillite after a
15-a interaction. This approach is based on the characterization
of an engineered analogue that was described preliminarily by
Tinseau et al. (2006) and modeled by De Windt et al. (2008). This
engineered analogue, called the DM borehole, is located in the
Tournemire Experimental Platform (Aveyron, France) and is to a
15-a old borehole crosscutting the Toarcian argillite formation
and sealed with concrete. The over-coring of the borehole exhibits
the natural claystone in contact with a CEM Il hardened cement
paste or with a CEM Il concrete. A mineralogical and geochemical
characterization of samples collected either next to or away from
the cement-bearing materials, at various depths in the borehole
is presented. In combination with SEM and TEM investigations,
Sr, O and C isotope systems are used to constrain the propagation
of alkaline fluids generated by the cement into the clay medium:
limited alkaline fluid/rock interactions that cannot be identified

by mineralogical observations due to the relative high detection
limit will be discussed on the basis of isotope modeling based on
distinguishable C and Sr isotope compositions in the clays and in
the cement paste and concrete (Techer et al., 2006; Fourcade
et al., 2007).

2. Description of the sampling site and samples

The study area is located in the Tournemire Experimental Plat-
form of the French Institute for Radioprotection and Nuclear Safety
(IRSN) located in Aveyron (SE France). The platform is devoted to
multi-disciplinary research on the feasibility of deep geological
disposal of radioactive wastes. The site was initially constructed
between 1882 and 1888 as a train tunnel of several hundred me-
ters beneath the ‘Plateau des Causses’. Secondary galleries were
then excavated horizontally from the tunnel between 1996 and
2008. The underground structures crosscut a 200-m thick argillite
Toarcian formation from South to North which is composed mainly
of phyllosilicates (40-50 wt.% of illite, chlorite, kaolinite and illite/
smectite mixed-layers), calcite, dolomite, K and Na-Ca feldspars,
pyrite and quartz (Boisson et al., 2001; Tinseau et al., 2006). In
1990, exploration boreholes were drilled from the tunnel for
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Fig. 1. Scheme of the DM borehole in the Tournemire Experimental Platform. Location of the studied layers along the borehole: DM155, DM180, DM240 and DM300 and
representation of the cementitious materials (CEM Il concrete or cement paste) in contact with the argillite. The images are from DM155 and DM180 sections.
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hydro-geological characterization of the basement formations, in
some cases downwards into the Toarcian argillite over a depth
interval of several hundred meters. Soon after these hydro-geolog-
ical measurements, the boreholes were filled with CEM Il cement
paste and concrete. The deeper parts of the boreholes were entirely
filled with cement paste, which was mixed with concrete in the
upper meters below the tunnel floor (Fig. 1). Over-coring of these
boreholes results in contacts between argillite and cementitious
materials that can be expected to be similar in a deep geological
waste disposal. Of these boreholes, Tinseau et al. (2006) focused
on the DM-borehole that was over-drilled by 3 m, for a mineralog-
ical characterization of the cementitious materials and the clay-
stone in contact. The samples of the present study come from
four layers located between 1.55 m and 3.00 m of this over-core
(Fig. 1). The four sets of samples are labeled as a function of their
depth location: 1.55m (DM155), 1.80m (DM180), 240m
(DM240) and 3.00 m (DM300). The layers are located in the exca-
vation disturbed zone (EDZ) of the tunnel that can be considered
to be pore-fluid saturated as it is drained by the Cernon fault
(Fig. 1). The deepest layer (DM300) is, however, expected to be less
affected by the EDZ, and thus less saturated.

Each sample set consists of argillite and cement paste or con-
crete, which were collected along a profile perpendicular to the
axis of the core. In sample DM155, the center of the core corre-
sponds to a white cement paste (CEM I[[-A-LL, Portland cement
base material with calcareous wt.% between 6 and 20) surrounded

by a steel crown and a ~1.5 ¢cm thick concrete crown (CEM 1) in
contact with the argillite (Fig. 1). This sample was considered by
De Windt et al. (2008) for reactive transport modeling using the
HYTEC code. In sample DM180, the same configuration occurs
but without the steel crown (Fig. 1). A 2.5-2.8 cm thick crown of
argillite was observed surrounding the concrete in these two sam-
ples (Fig. 1). Samples DM240 and DM300 show a core consisting of
a fine-grained cement paste (CEM II) surrounded by 5-6 cm of
argillite. The cement paste is white colored, shows a fine-grain
chalky texture in sample DM240, and is more indurated with inclu-
sion of gray zones in sample DM300. The argillite crowns are thick-
er in these layers (5.5-6 cm). Argillites collected in the deep layers
(DM240, DM300), and far from cement paste/concrete interface,
will be considered as undisturbed reference materials.
Mineralogical and geochemical characteristics of argillite lo-
cated away from or next to the cement pastefconcrete interface
were investigated at two scales: (1) in the rock matrix (labeled
P1) and (2) in micro-cracks crosscutting the claystone perpendicu-
lar to the cement pastefconcrete interface (labeled P2). These mi-
cro-cracks were more numerous in the upper layers of the
borehole and very discrete in the deeper ones. Along P1, the argil-
lite was sampled continuously in sections perpendicular to the
central axis of the core, every 2-4 mm over about 20 mm. Some
samples were collected at the external limit of the profiles as
undisturbed references. Although no secondary mineral recrystal-
lization was detected to the naked eye along P2 (even if a bright

Fig. 2. {a) Macroscopic observation of DM300 section and representation of the P1 studied profile crosscutting the Toarcian argillite in contact with the cement paste; the
15 mm thick dark band is well outlined at the interface of the two materials. (b and ¢) SEM images showing ‘needle-like' ettringite crystals (b) and a Si-Ca rich gel in the dark

band matrix (c).
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aspect and specific blue colors were noticeable in some cases), the
contact surfaces were carefully scraped to collect any discrete sec-
ondary minerals. Despite all precautions, the possibility of contam-
ination by host argillite material cannot be ruled out for these
samples, especially considering the small amount of infilling
materials.

3. Analytical procedures
3.1. Mineralogical characterization

The argillite samples were crushed and sieved for mineral anal-
ysis of the whole-rocks and of the <2 pm clay fractions by X-ray
diffraction (XRD). Measurements were performed using a Siemens
D500 diffractometer operating at 40 kV and 30 mA with a Cu Ko
radiation (MNHN, Paris, France). Some rock fragments were kept,
C-coated and observed by scanning electron microscopy (SEM).
The SEM was equipped with an energy-dispersive spectrometry
system (Hitachi S-3500, Oxford-Isis EDS) (IRSN, Paris, France) for
qualitative overall or localized analyses. Transmission electron
microscopy (TEM) was also used to examine the morphology of
mineral grains that were added to alcohol suspensions and settled
onto perforated carbon grids. The TEM was coupled with an energy
dispersive X-ray analyser (TEM-EDX) to determine semi-quantita-
tive chemical compositions (Philips CM20) (SCMEM, Nancy,
France). Analyses were carried out in nanoprobe mode with a
probe diameter of 10 nm and 40 s counting time. Values for the
constant k were determined using standards.

3.2, Whole-rock chemical analyses

The argillite samples collected along the P1 profile of samples
DM240 and DM300 were crushed for chemical analyses. The
DM155 and DM180 profiles were not investigated at this scale
due to their short length. For the whole-rock, the compositions of
major, trace and rare-earth elements (REE) were determined by
ICP-AES and ICP-MS (SARM, Nancy, France). Approximately
100 mg of ignited rock powders were fused with Li;BOy4 in an Ar-
atmosphere and dissolved in 25 mL of HNOs-glycerine solution,
for analysis. The relative standard deviations for the major, trace
and rare-earth elements were 3% and 5% and at 8%, respectively.

3.3. Extraction of soluble phases: chemical and isotopic analyses

In most cases, 30-60 mg of rock or mineral powder were used
to determine the total elementary, Sr, O and C isotope composi-
tions. However, in some cases the powder amount was not suffi-
cient for a complete analysis, as for sampling in micro-cracks
(P2). For these samples, only Sr isotopic measurements were
performed.

For the C and O isotopic procedure, the carbonate fraction
{1-10 mg) was allowed to react with 100% orthophosphoric acid
at 50°C (McCrea, 1950) using of0) CO,/CaCO; (extrac-
tion) = 1.009306 considering that the carbonate phase consisted
entirely of calcite despite identification of some dolomite in the
Toarcian argillite matrix (Tinseau et al., 2006). The carbonate

content was determined by measuring the CO; partial pressure
during the reaction, with an uncertainty at 0.5 wt.%. The CO; was
then purified from H,S released during interaction with orthophos-
phoric acid and the sulfides disseminated in the argillite, by
reaction with AgsPO,4 for 5 min at ca. 50 °C. The isotopic analyses
were carried out on a VG SIRA 10 triple collector mass spectrome-
ter (Géosciences Department, University of Rennes, France), and
are reported using the conventional § notation vs. SMOW (for O)
and PDB (for C). Analyses were made at distinct periods so that
specific corrections were applied to the results according to
replicate analysis of the internal carbonate standard Prolabo
Rennes and NBS 19 reference material. The average uncertainties
were estimated at <0.1%. for §'>C and at ca. 0.1%. for 5'%0.

For the Sr isotopic determinations, the soluble material, also re-
ferred to as leachate, was extracted by reacting the mineral pow-
ders with 1 N acetic acid, with an acid/rock ratio of 0.02 and a
leaching time of about 5 min at room temperature. The leachates
were then separated by centrifugation and dried before dissolution
in HNOs. Strontium separation was performed on the Eichrom Sr-
resin, following the Pin et al. (2003 ) method. Strontium was loaded
on a Ta-filament and the ®7Sr/®®Sr isotopic ratio was measured by
solid-source thermal ionization mass spectrometry (Finnigan TRI-
TION TI) (University of Nimes, France). Approximately 90 ratios
were measured for each aliquot to ensure an analytical error (2a)
of about 5 x 107°. The external reproducibility of the isotopic mea-
surements was controlled by repetitive analysis of the NBS987
standard providing a mean value of 0.710258 + 2 x 1075 (20).

A second aliquot of the mineral powders was treated by an
identical acetic acid leach for the determination of the major ele-
ments and Sr. The same *acid/powder’ ratio and reaction time were
used for all samples as before. The leachates were analyzed by ICP-
AES and ICP-MS following a procedure described by Samuel et al.
(1985) (LhyGeS, University of Strasbourg, France). Reproducibility
and accuracy tests were performed routinely by a systematic anal-
ysis of the BE-N and GL-O standards for all elements of each data
set. The relative standard deviation for Ca was 3% for Ca, and 5%
for the other elements.

4. Results

The macroscopic observation of the ‘cementitious material/
argillite’ system collected along the DM borehole provides deter-
mining information about the scales of transformations. The first
optical change observed in the system corresponds to the occur-
rence of a thin white crust at the concretefargillite interface (in
samples DM155 and DM180), whereas no such crust is detected
at the cement paste contact (samples DM240 and DM300). Next
to the cement paste and concrete, peculiar features are observed
in the argillite in a 10-15-mm thick zone. There, the claystone is
characterized by a dark color and an isotropic appearance
(Fig. 2a). The dark zone is thicker in the deep layers (15 mm in
DM300) than in the upper ones (10 mm in DM180). It is less evi-
dent in sample DM155 at the contact with the concrete (DM155)
in which 2-mm thick dark bands parallel the concrete interface
in the clay-rich matrix; they delineate a supposed disturbed zone
about 10 mm thick (Fig. 3a). This upper layer of the borehole also

Fig. 3. (a and b) Macroscopic observations of the DM155 section and representation of the P1 and P2 studied profiles crosscutting the Toarcian argillite in contact with
concrete: 2-mm thick dark bands parallel the concrete interface in the clay-rich matrix (a-P1 scale) and a zonation is clearly visible along 10 mm epen discontinuities
underlined by a specific bluish color (b-P2 scale). (c-h) SEM and TEM images obtained in the various zones of the P2 profile: (c) acicular ettringite crystals in the first zone, (d)
C-S-H honeycomb structures in the second zone that was identified by the more pronounced bluish color, (e) these C-5-H phases were characterized by a foil-like
morphology by TEM, (f) sub-automorphous calcite and celestine were also observed in this second zone, (g) a smooth Ca-Si rich white band marked the boundary between
the second and the third zone, (h) calcite and C-5-H neoformations in the fourth zone. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 4. (a-c) TEM images of C-S-H phases observed in the concrete and cement paste materials: (a) identified with a fluffy appearance (flakes) and diffuse SAED rings in the
concrete, (b) characterized either with fiber morphology and a SAED showing a secondary discontinuous ring with a periodicity of 0.18 nm in the DM300 and DM240 cement
paste, (c) or with foil-like structures. (d) TEM image of the C-5-H phases observed in the thin crust at the concretefargillite interface with morphology mixing thin fibers, foil-

like and granular forms.

outlines many open discontinuity surfaces corresponding to a
decompression process following the claystone coring. Along these
plan surfaces (P2 scale), a zonation is clearly visible over about
10 mm (Fig. 3b), underlined by a specific bluish color. The mineral-
ogical and chemical characteristics of so-defined ‘cementitious
material{argillite’ system is described below.

4.1. Cement paste and concrete

The CEM Il cement paste and the CEM Il concrete display similar
XRD patterns and are mainly composed of portlandite, calcite and
ettringite, Calcium silicate hydrates (C-S-H), which are typical
hydration products of cement, are not detected by XRD in the stud-
ied materials. Instead, they are observed by TEM as non-diffracting
phases, mainly with ‘fluffy flakes’ and ‘foil-like’ morphologies
(Fig. 4a—-c). Such non-diffracting phases are also identified in the
thin crust sampled between the concrete and the argillite, together
with ettringite and CaCO5. The C-5-H phases appear in this crust
with morphologies that mix thin fibers, foil-like forms and granu-
lar forms (Fig. 4d). The three isomorphs of CaCO; are also detected
by XRD (calcite 55%, aragonite 30% and vaterite 15%) in the rim.

The cement paste and the concrete are distinguishable on the
basis of their mineral contents and their geochemical characteris-
tics. The CEM II concrete is identified by carbonate contents rang-
ing from 19 to 33 wt.% that are related to the intrinsic properties of
the material and its aggregate heterogeneity (Fig. 5). The cement
paste is more homogeneous with a mean CaCO; content of
39 wt.%, which is expected for a CEM II-A-LL cement base material
(Fig. 5). However, one sample of this cement paste from the DM300
layer yields an unexpected composition with a low CaCO; value of
26 wt.%. This heterogeneity may results from addition of gray and

indurated materials observed in the layer, probably induced by the
infilling of the borehole by the cement.

The 8'3C values are low in all cementitious materials, ranging
from —8.3%o to —13.2%. (Table 1). Such data belong to the domain
defined for various mortars and cements (Letolle et al., 1992). The
DM240 cement paste yields the lowest values (—11.2% and
—13.2%0), whereas the highest (—8.3%.) is obtained on the gray
and indurated part of the DM300 cement paste (Fig. 6). In contrast,
the 8'80 values are identical in the concrete and cement paste,
with a mean value of 19.4%., except the DM300 cement paste char-
acterized by a low §'®0 value of 16.5%. (Table 1, Fig. 6¢).

The dilute acid leachates extracted from cement paste and con-
crete are mainly calcitic, and also contain significant amounts of
Si, Al and Fe (Table 3). Concrete and cement paste leachates show
distinct compositions: in comparison to the concrete leachates,
those of the cement paste are enriched in Ca, Si and Al, yet they
are depleted in Sr contents (230-340pglL~' relative to 380-
400 pgL7'). As a result, the leachates of the cement paste are
more concentrated than those from concrete (760-1360 mg L™’
and 635 mg L', respectively). The previously mentioned DM300
gray cement paste is quite specific with a leachate enriched in
all elements. Similarly, variable Sr isotope ratios are obtained
regardless of the nature of the cementitious material (Table 1;
Fig. 7): the concrete is identified by high 8Sr/®Sr ratios ranging
between 0.708352 and 0.708380 (+6 x 10~%), whereas the cement
paste displays relatively lower ratios (from 0.708122 to
0.708308). The ratios are scattered in the DM240 cement paste
and are fairly homogeneous in the DM300 cement paste with a
mean value of 0.708260 (5 x 10~8) (Table 1). No specific compo-
sition is seen in the special DM300 gray cement paste sample
mentioned above.
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Fig. 5. Calcite content (CaCO; wt.%) of the CEM Il cement pastes and concrete and of the argillite in the matrix along P1 profiles (a) and in the micro-cracks along P2 profiles

(b).
4.2. The Toarcian argillite

4.2.1. Variations in the matrix (P1 scale)

No significant changes are shown by XRD in the mineral compo-
sition of the Toarcian argillite along the P1 profiles. The claystone is
characterized next to or away from cementitious materials by the
same mineral sequence with predominant phyllosilicates (illite,
micas, kaolinite, and chlorite), carbonates (calcite, dolomite), K
and Na-Ca feldspars and pyrite. The clay-fraction assemblage
determined after air-drying and ethylene-glycol treatment is also
similar in all samples, consisting of chlorite, non-expandable illite-
or mica-type dioctahedral layers and kaolinite. A broad diffraction
domain observed between 11 and 12 A on the air-dried samples is
assigned to an illite/smectite mixed-layer mineral. Alternatively,
distinct mineralogical features are visible by SEM in the 10-15-
mm thick dark zone when compared to the reference claystone.
Next to the contact, large amounts of ettringite crystals are identi-
fied as more or less isolated acicular or ‘needle-like’ crystals
(Fig. 2b). Throughout the entire zone, the structure of argillite ap-
pears denser and is less recognizable due to the occurrence of a Si-
Carich gel, celestine, neoformed calcite and C-S-H phases (Fig. 2c).
These latter phases are detected mainly by TEM based on their dif-
fraction patterns and their foil-like morphology. These changes are
close to those expected from the modeling (De Windt et al., 2008).

The chemical composition of the argillite whole-rock appears
quite constant along the two longer profiles (DM240 and DM300)
(Table 2). Only the 18-20-mm thick zone next to the interface with
the cement paste shows slight changes: a clear and continuous in-
crease in the CaO content progressing towards the cement paste,
which is negatively correlated with a slight decrease in the K;0
content. The behavior of MgO is specific with a maximum value
measured systematically at the external limit of the zone (18-
20 mm) (Table 2; Fig. 8). This chemically modified zone is also en-
riched in Cs, whereas it is depleted in Sr and to a lesser extent in
REEs (Table 2; Fig. 8).

Major changes are observed in the chemical composition of the
argillite leachates (Table 3; Fig. 9). Reference samples located far
from cementitious material are characterized by calcitic leachates
with minor amounts of Si, Al, Mg and K, Sr contents of about
500 pg L~ and total elementary contents in the solution of about
200 mg L. Relative to this reference, samples collected close to
the concrete along the DM 180 P1 profile show a decrease in the to-
tal elemental content of their leachates at the immediate contact
with the cementitious material (0-10 mm; 180 mg L™"). This de-
crease is mainly linked to a significant decrease in the Ca and Sr
contents. A peak in Mg and Al amounts occurs roughly in the mid-
dle of the studied zone (Table 3; Fig. 9). The Sr isotopic results for
the leachates of the reference samples are quite homogeneous with
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Table 1

Location of the samples along the DM over-core comesponding to - 155, 180, -240 and 300 <m layers with distances te the cement pastefconcrete interfave. Strontiue
chemical and isetopic compasitions of the leachates; € and O isotope compasitions and CaC0; wt.% of the extracred carbonate phases,

DM sample  Profile type Sample ref. Location {mm from the #Tgrpitse 20 %0 CaCo; wek
cementfeoncrete interface)
DM155 Argiltite along a P1 profile 5t 0-4 0,708084 SE-D5 2537 -1.93 8.6
52 4-7 703002 7E-D6 25.2 -1.93 10.2
53 7-8 0.708013 S5E-06 254 - 193 a.82
54 9-13 0.707892 BE--06 257 144 1.6
55 13-25 0.707858 45 06 26.1 -1.21 876
argillite along a P1 profile A2 G55 Q.H¥y703 BE--06 4.6 - 208 262
B2 G5-14 0.707883 8E-06 256 -1.58 466
c2 4-21 0.707820 7E-06 26,4 --L37 8.48
taterial scraped aiong a P2 prohie A (bue z.) 0-5 0.708379 4E. 86 245 - 280 1.8
B 5-6.5 0.708142 5E--06 250 -2.38 130
D 8-14 0.708023 4E-08 nd nd nd
E 14-28 Q.708001 4E-06 25.2 -1.58 124
Concrete 56 10 8,70828 7E-06 201 -9.67 192
57 - 14 0.708364 4E-06 18.7 —11.7 3358
BM LSO Argillite atong a M1 profile T1 {blue z,} a-8 0.707945 SE.-06 258 2.0t 12.4
2 8-16 0797917 6E -06 5.1 -1.27 11.7
T3 16-17 0.707897 5E. 06 24.8 -1.14 0.9
4 17-22 0707870 S5E-0G 252 -1.15 127
Material scraped aleng a P2 prefile E3 {blue z.) 0-8 0.708050 GE-05 24.1 - 196 1.0
E4 8-14 0.707923 aE- 46 254 -1.40 9.38
E6 14-15 0708019  BE-06  26.1 -085 852
ES i5-28 0.7079165 JE-0E 253 —-0.55 995
Concrete C_DMIi80 -1 .708352 BE--06 19.2 - 1.6 30.6
DBM240 Acgillite along a 1 profile pc2 0-8 0707918  4E.06 244 ~256 101
tjb2 213 0,707960 4E--06 249 -2.49 103
1fE2 13-15 0707918 SE—-06 258 -227 101
yE2 15-23 0707862 SE-06 256 -1.67 13.1
ARG REF2 55 0707789 3E-06 256 - 140 13.6
ARG REF3 Gh nd il 25,8 -1.25 13.3
Matetial scraped along a P2 profile 1/C {blue &) -8 0708350 S5E-0G 129 -142 334
10 8-13 nd nd ad nd nd
142 13-15 nd nd nd nd ad
1/F 15-23 0.7080138 5E. Q6 245 -3.68 956
Cement Pol -2 0,708166 BE-0B 294 —-12.5 388
a2 - B 0708122 BE--0G 20,6 -11.2 345
C_DM240 - 10 {.708308 ‘BE-0B 3 2] ~13.2 41.2
D300 Argillite aleng a PI profile 304/K 014 0.747919 BE-06 251 -1.97 8.5
3064} 13-41 0747832 4E-06 266 -3,92 83
300 M 60 0377 4E-06 250 0,65 155
3000 55 0707792 5E.-06 65 --f.64 11.1
Malerial scraped alang a P2 profile 300G 0-5 0.707885 AE-06 25.0 197 3.0
300F 5-10 0.707942 3E-06 243 -1.77 13.6
3Q0E i0-13 0.707932 4E- 06 249 --1.28 42
360C 13-17 707922 SE- 66 25.4 --0.98 129
3608 15-20 0.7073877 5E .06 nd nd nd
300B 14-30 8,707921 3E-06 255 —-0.79 149
360t 20-30 0707825 JE-08 263 —0.76 9.61
300H 30-41 707799 4E-06 281 —0.74 12.2
Cement 30GBC 10 0708267 4E--06 16,5 -7 41.7
3088S --10 0708252 6E-06 i8n --8.33 258

a mean ¥7Sr/%9%5 ratio of 0.707791 £4 » 10 ° (Fig. 7). This value
agrees with previous measurements obtained on carbonates ex-
tracted from Toarcian argillite (Michel, 1999). Progressing towards
the cement pastefcencrete, the 57Srf¥%5r ratio of the leachates in-
creases to a maximum vatue of 0.7080594 (+9 x 16 ). This increase
defines a 20-25-mm thick transition zone between the interface of
the cement paste and the concrete and the reference claystone
(Fig, 7a).

The carbonate content of the reference argillite sampies is
between 11 and 16 wt.% with a mean value of 13 we% (2.2}
(Fig. 5b). The &'3C and 5'®Q values for these carbonates are typ-
ical for marine materials {between —0.64%. and --1.40% and

between 25.0%. and 26.5%c respectively) ar more than 20 mm
from the cement pastefconcrete interface (Fig. 10} When com-
paredt to these reference compositions, a slight depletion in the
CaC0; content is visible in the argillite within the 20 mm next
to the cement pastefconcrete interface, the values ranging
around 10wt¥, These carbonates are also characterized by a
progressive decrease of the 8'3C towards the cement pastefcon-
crete interface (from --1.40% to —2.01%). The P1 profile from
sample DM240 shows the lowest 8°C value (--2.6%) at the
immediate contact with the cement paste (Fig. Ga). The §'°0 re-
mains constant along the profiles, ranging between 25%. and
26.5%.



I Techer et ol }/

a -10 50 0 ]
[ — T Perror s |
———i—
_____ = ,J—!:l
2
4
% P1 profiles
"'(1-)
w g
¥ DMIiAS x DMIE5S
+ DMIBO + DM18G
-10 T © DM240 O DM249
TM3 O D300 a DM300
- aﬁ?ﬁ:w
14 SCERAn
. E:;m 9
¢ dr
______ T T s —me, T T Tel” T
25 e zlﬂq—ﬁh Sy — e,
DTSR 180 3
20 I
ceaknl ¥ e :
Pemorlg) e !
DA240 L
15 I
:2 P1 profiles F © _ P2 profiles
0 * DM|55 5 x DMI155
+ DMI180 + DMI1EBO
© DM240 <O DM240)
5 & DM300 1 0 DM300
comenls £ eonérede
20 10 0 10 20 30 0 50 60 0 0 10 0 30 40 50 60 0

distance o the interface (mm}

distance to the interface {mm)
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compared with values measured in the coment paste and in the concrete.

4.2.2. Variation at the micro-cracks {P2 scale)

Along the P2 susfaces, the 10-mm thick zone identified by a
zomation and a blue color yields the same mineralogical assem-
blage as that defined in the reference claystone by XRD. Only gyp-
sum is observed as a specific phase. However, significant
modifications become apparent when the sampies are analyzed
by SEM and TEM. These changes define five zones in the claystone,
The first zone about 10-um thick is at the immediate contact with
the cement paste or concrete. This zone is enriched in acicular
ettringite crystals (Fig. 3¢} that appear to decrease in number away
from the contact. A second zone (506-pum thick) is characterized by
the occurrence of C-5-H erystals, which can be identified by a foil-
like morphology by TEM and absence of diffraction {Fig. 3d and e).
The blue color of the argillite appears to be related with the
amount of C-5-H: sub-automasphous calcite and celestine are also
observed in this zone (Fig. 3f). A third zone (5300-pm thick) is iden-
tified by a higher amount of calcite, and minor amounts of cetes-
tine and €-5-H. The boundary between the second and third
zones is marked by a smooth Ca-31 rich white band {Fig. 3g}. A
fourth zone is defined over 500.um by significant caleite neoforma-
tion and a minor amount of C-S-H grains {Fig. 3h); the last 300 pm
of this zene contains calcite crystals oriented towards the fifth
zane, [n this fifth zone, the texture of the Tearcian argillite is stifl
recognizable and is slightly madified by some disoriented newly-
formed calcite and some angular K-feldspar suggesting an
avergrowth.

Changes are also ebserved in the chemical composition of the
leachates of powders scraped from argillite P2 plans. Two distin-
guishable trends are visible according to the location along the
DM over-core, In the upper layer (DM155), the total elemental con-
tent of the leachates decreases at the immediate contact with the
concrete (0-t0 mm; 153 mg L™} This decrease is mainly repre-
sented by a drop in Ca and Sr contents. Peaks in the amount of
Mg and Al are also observed near the middle of the profile; these
values being close to those observed along the P1 profiles. In the
deeper layer (DM300 sample) close to the cement pasie
{<10 mm), the total elemental content of the leachates is higher
than in the reference samples and increases towards the interface
{finally reaching 289 mg L™ relative to 200 mg L~ in the reference
argillite); this increase retates to an increase in nearly alt the ele-
ments (Table 3; Fig. 8). Along each studied P2 profile, the 35r/%5r
isotopic ratio of the leachates is higher than in the marine-like dis-
tal Toarcian samples (Fig. 7b), even at 25 mm from: the cement
pastefconcrete interface. At this interface, the ¥7Srf®sr ratic in-
creases from 0.707799 (25 x 10°%) to 0,708379 (¢4 x 1075).

No significant variation is visible in the carbonates when com-
paring the values of the scraped powder with those of the refer-
ence matrix {Fig. 5b). However, low &3C values (-1.8% to
--2.8%.) are measured in the carbonates mainly located within
11 mm of the cementfconcrete interface. One exception is in the
DM240 profile, where a clear increase in the €aC0O; content is
found in micro-cracks (20-33 wt.%). These carbonates are also
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Fig. 7. Evolution of the Sr isotopic data (*7Sr/®%Sr} in the argillite matrix (P1 profiles, a) and in the argillite micro-cracks (P2 profiles, b). The data are compared with values

measured in the cement paste and in the concrete.

strongly '*C depleted with 5'C values as low as —14.2%. (Fig. 6b).
The §'80 composition is also different in these newly-formed min-
erals, yielding lower values (12.9%.) than those in the other sam-
ples (25-26.5%) (Fig. 6d).

5. Discussion

5.1. On the interest of decoupling the data of carbonates and other
soluble phases

In addition to the whole-rock analyses that are commonly per-
formed in geochemical studies, the chemical and isotopic charac-
teristics of selective extracted phases, carbonates and other
soluble phases were examined. In fact, these phases are expected
to be very sensitive to waterfrock interaction, and even to record
slight changes due to mineral dissolution andfor precipitation.
They can, therefore, potentially record subtle and tiny disturbances

(Techer et al., 2009). The isotopic data (C, O, Sr) obtained on the ce-
ment paste/concrete and on the argillite outline distinct behaviors
along the profiles. Before the processes responsible for these
changes will be discussed, it is probably appropriate to detail the
specifics of the two types of measurements. In fact, the C/O and
Sr isotopic data were obtained on two different fractions.

The 3'3C and 5'®0 values were measured on the carbonate frac-
tion of the rock powders that were extracted by reaction with
orthophosphoric acid according to the equation:

3CaC0; + 2HsP04 = 3C0; + 3H,0 + C&g(POq,)z

In argillite samples, this reaction results in the release of CO,
extracted mainly from calcite (CaCOs) and dolomite ((Ca,Mg)CO3).
Numerous and variable carbonate minerals are typically encoun-
tered in the specific environments of cement paste and concrete,
predominantly represented by calcite (Atkins et al,, 1991; Vieillard
and Rassineux, 1992) and minor phases such as spurrite (Cas-
Si; 03C03) and hydrotalcite (Mgg.75 Alp.125(0H)2(C03)0.125(H20)05)
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Table 2 (continued)

Lu

Ho Er Tm

Sm Eu cd Dy

Nd

Ce

Location (mm from

Sample ref.

DM depth level

the cement/concrete

interface)

035
0.35
0.38
0.39
0.40

233
230
246
254
262

0.34
0.34
0.36
0.38
0.37

2.22
2.26
2.38
2.44

247

0.79
0.79
0.84
0.87
0.86

4.06
413
434
439
433

0.69
0.72
0.74
0.75
0.75

4.45
4.61
4.59
472
452

1.22
1.24
1.25
1.28

833 30.7 5.73

8.37

872

897

894 1.26

72.6

359

7.00
15.0

1P1-1

Panel (c)
DM240

6.00
6.09
6.25

6.09

315

71.9

35.0

1P1-2

322

74.8

36.7

17.0
215

1P1-3

331

774

377
38.1

1P1-4
1P1-5
1P1-6

330

77.4

285

78.4 9.06 334 617 1.29 4.71 0.75 4.42 0.86 2.47 037 257 0.40
75.6 863 31.8 6.04 1.27 4.88 073 4329 0.82 2.36 036 243 0.38
5 877 2 6.05 1.29 4.90 7 4.44 0.86 2.45 0.37 2,56 0.39

382
368
36.4

36.5
46.0
56.0

1P1-7
1P1-8

039
0.37

248
2.40

2.50

037
0.36
0.36

2.44
2.34
242

0.86
0.83
0.87

442
441
463

0.76
0.76
0.80

8.85 330 6.24 1.30 5.03
8.64 6.11 4.89
9.07 6.47 5.14

76.1

37.0

1.25
35
9.0

2P1-1

DM300

1.28
1.37

323

74.9

36.4

2P1-2

34.0

774

376

2P1-3
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6.23 1.31 5.00 0.76 443 0.84 2.36 037 243 0.38
6.44 1.36 5.09 0.79 4.60 0.88 2.44 037 252 0.39
6.72 1.39 5.24 0.83 4.81 0.91 258 0.40 264 0.43
6.76 1.43 5.29 0.83 4.80 092 2.61 0.39 265 0.42
6.45 1.38 5.18 0.80 4,68 0.89 2.53 038 258 0.41
6.71 1.41 5.30 0.82 4,83 0.90 2.54 0.38 260 0.41
6.77 1.42 5.47 0.84 493 093 2.68 0.41 270 0.41
6.67 1.42 5.42 0.82 4,69 0.91 2.62 0.40 263 0.41

324
334
35.0
349
332
344
35.7
35.1

8.77
9.12
9.54
9.49
9.13
9.29
9.56
9.49

74.8
79.3
825
81.7
78.4
79.6
82.2
81.1

36.6
384
40.1
393
379
381
39.8
39.2

16.0
200
245
315
40.0
49.5
58.5
64.5

2P1-4
2P1-5
2P1-6
2P1-7
2P1-8
2P1-9
2P1-10
2P1-11

(Taylor, 1997). The alteration of these cementitious materials also
leads to the formation of secondary carbonate phases such as new
calcite and thaumasite (Cag[Si(OH)s3)2(C03)2(S04)2-H20) that can
be generated by extensive replacement of the C-5-H during cou-
pled dissolution of sulfate and carbonate (Iden and Hagelia,
2003) at low temperature (<18 °C) for thaumasite. In the case of
the DM study, the main components of the cement paste and con-
crete are portlandite (Ca(OH),), calcite (CaCOs3), ettringite (3CaOA-
1,053CaS0,432H,0) and amorphous C-S-H. C-S-H and calcite
were also observed as secondary minerals in the argillite close to
the cement paste/concrete interface. Thus, the reported C/O iso-
tope signatures obtained by extraction of CO, from the various
samples essentially represent calcite.

The 87S1/85Sr ratios were measured on whole-rock powders that
were leached with a 1 N acetic acid solution. Such a procedure is
expected to dissolve calcite, but also salts, sulfates and oxides, to-
gether with removal of pore water in most of the geological media
(Clauer and Chaudhuri, 1995; Techer et al., 2009). In the case of the
cement paste and concrete environments, other highly soluble
phases can be extracted during this leaching procedure. Among
the typical cementitious phases formed by hydration of cement
paste and/or by alteration, C-S-H and portlandite - together with
calcite — are known to be highly soluble and unstable under acid
conditions (Hewlett, 1998). Decalcification of C-S-H and dissolu-
tion of portlandite are commonly observed when in contact with
deionized water in ambient conditions (Planel et al., 2006). The
two phases are known to be unstable in low pH environments
(Berner, 1992; Vieillard and Rassineux, 1992; Adenot and Buil,
1992; Faucon et al., 1998; Le Bescop and Solet, 2006) and in
clay-rich environments (Dauzéres et al., 2009, 2010a,b). Thus, it
can be expected that leachates may not only carry calcite but also
C-S-H and portlandite. The complementary analysis of carbonates
and leachates therefore represents an interesting issue to follow
the occurrence of secondary cementitious phases and, as a conse-
quence, the imprints of high-pH fluids.

5.2. Alteration of the Toarcian argillite close to the cement paste/
concrete

Thin rims of Toarcian argillite samples were cut parallel to the
cement paste/concrete interface or scraped off discontinuity sur-
faces. For each analyzed zone, aliquots between 100 and 500 mg
were separated. Studying such small amounts of representative
material increases the possibilities of technical and analytical arti-
facts. In order to overcome this issue, experiments were performed
in duplicate, two sampling profiles being studied of the same bore-
hole layer whenever possible.

In the deep layers of the DM borehole, at more than 5 cm from
the interface with the cement, argillite measurements reveal
CaC0; contents (11-155wt%), 8'°C (—0.64%0,—1.40%), §'°0
(25%0,26.5%) and ®7Sr/6Sr (0.70779) data that are typical of a
marine undisturbed Toarcian claystone (Michel, 1999). These char-
acteristics do not remain constant along the matrix profiles closer
towards the cement paste or the concrete, and are different from
those measured in the material scraped from micro-cracks close
to the cementitious materials. Several changes are observed within
ca. 20 mm of the argillite matrix (P1) and within ca. 25 mm of the
micro-cracks (P2); these zones are referred to as the ‘geochemical
disturbed zone' (GDZ). The thickness of the GDZ is larger than that
observed by mineralogical methods, which is limited to ca. 10-
15 mm along the P1 scale and to 10 mm along the P2 scale. The ex-
tent of mineralogical transformations in the matrix (P1) increases
with borehole depth and is more pronounced in layers that are less
influenced by the train tunnel EDZ, When discontinuity plans (P2)
do not occur in the clay-rich matrix, transformations seem to im-
print the matrix (P1) more significantly.
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Table 3
Chemical composition of the argillite, cement paste and concrete leachates (in mgL '; 26 is + 10% for both).

DM depth  Profile type Samnple ref. Location Si Al Mg Ca Fe MNa K P Sr10?  Sum

level (mm from the

cement/concrete
interface)

DM155 Material scraped A (blue z.) 0-5 2.82 1.34 3.07 139 249 0.53 3.16 0.34 348 153
along a P2 profile B 5-6.5 2.59 267 434 173 277 0.83 551 039 503 193
D 8-14 4.19 442 6.52 204 424 0.88 7.62 0.44 534 233
E 14-20 1.80 1.90 3.08 208 3.03 0.79 5.29 0.34 488 225
Concrete s7 -10 60.8 9.42 3.01 551 8.94 0.12 0.45 - 377 635
DM180 Argillite along a P1 T1 (blue z.) 0-8 1.67 1.21 343 165 2,56 0.60 4.40 031 498 180
profile T2 8-16 071 0.75 5.49 196 2.67 0.65 4.31 045 562 212
T3 16-17 1.14 0.85 4.15 189 319 0.61 3.95 0.25 538 204
T4 17-22 0.93 0.9 353 193 3.11 0.60 407 0.23 538 208
Concrete C_DM180 -10 59.8 10.2 2.80 553 9.48 0.11 0.55 - 408 637
DM240 Cement C_DM240 -10 429 9.16 1.96 698 8.18 - - 0.15 231 761
DM300 Argillite along a P1 300N 60 0.87 0.80 3.51 182 3.26 0.61 2.66 0.20 499 195
profile 3000 55 0.89 0.88 3.93 195 3.50 0.72 2.89 017 554 210
Material scraped 300F 5-10 1.44 1.54 5.65 270 435 0.90 4.04 77 289
along a P2 profile 300E 10-13 036 0.86 5.15 210 335 0.62 434 644 226
300C 13-17 0.28 0.66 5.14 191 292 0.70 234 593 205
300H 30-41 0.42 0.52 3.79 195 2.64 0.48 328 024 538 207
Cement C_DM300 -10 48.1 248 4.48 12599 228 0.31 0.7 0.36 339 1363

5.2.1. In the matrix (P1 scale)

The mineral transformation of the claystone within the 10-15-
mm thick dark zone corresponds mainly to neoformation of calcite,
ettringite and C-S-H phases. The proportion of these neoformed
crystals is, however, very limited as they cannot be detected by
XRD means. Less than 5 wt.% of each secondary mineral is expected
in the disturbed matrix of the claystone. Despite this low variation
intensity, the petrophysical characteristics of the rocks appears to
have changed upon visual inspection, Gaboreau et al. (submitted
for publication) investigated these changes by autoradiography
and petrophysical measurements. They demonstrated a clogging
of the claystone porosity in the dark zone that is likely linked to
the mineralogical changes as defined here. On the basis of chemical
and isotopic changes, a thicker disturbed zone is identified, reach-
ing 20 mm in thickness. This GDZ is mainly characterized by higher
Ca0 contents together with slightly lower carbonate proportions
(10-12 wt.%), in comparison to the reference state. This indicates
slight carbonate dissolution together with neoformation of a cal-
citic phase. Carbonate dissolution can be expected in the clay-rich
matrix at the contact with the cement paste if considering the Ca
contents in the two materials at an initial state. In the presence
of KOH and NaOH, Ca** contents can be lower in the cement paste,
than in the argillite (CHESS calculation) (Van der Lee, 1998). This
difference can induce a Ca®* flux from claystone to the cementi-
tious material. If this dissolution of carbonates cannot be detected
by means of the mineralogical techniques due to the low extent of
the variation, the neoformation of the calcitic phase is supported
by XRD, SEM and TEM, as well as by the occurrence of a Si-Ca rich
gel. In the GDZ, the remaining carbonate phase does not yield mar-
ine isotopic signatures, but shows instead low &3C values (—2%. to
—2.56%0) that are intermediate between those of marine carbon-
ates (—0.64%s, —1.40%.) and those of cement paste and concrete
(813C = —8%. to —13%.). Fourcade et al. (2007) demonstrated that
in alkaline conditions, such as those produced during cement paste
and concrete alteration, very low 8'3C carbonates (labeled hereaf-
ter as ‘cementitious carbonates’) can precipitate. A minimum
8'3C-value of about —30%. was measured by the authors in such
secondary phases by in situ SIMS analyses. The relatively low
5'3C-values measured in the GDZ of the Toarcian argillite next to
the cement paste and concrete could illustrate a mixing between

a pristine (mean §'*C-value of —1%s) and a cementitious carbonate
(mean 8'3C-value of —30%o) crystallized in high-pH conditions. Cal-
culations indicate that the lowest §'3C composition of —2.56%. in
the GDZ could result from dissolution of authigenic carbonates
and crystallization of about 0.60 wt.% of cementitious carbonates.
Such a minute carbonate re-precipitation is certainly insufficient
for detection by classical mineralogical methods. This hypothesis
of a combined ‘dissolution-precipitation’ process of carbonate spe-
cies may result in the disappearance of authigenic dolomite and
neoformation of new calcite and other Mg-rich phases. The chang-
ing MgO contents in the whole-rock, points to the redistribution of
Mg in the GDZ with a clear Mg-enriched phase that precipitated at
the external limit of the zone (Fig. 8). The mobility of this element
was discussed by Fernandez et al. (2009b), a clear exchange be-
tween alkaline cations and Mg** from a compacted bentonite being
observed during diffusion experiments. The newly-formed calcite
carries a mean homogeneous 5'20 composition of about 26%.. This
could correspond to an isotopic re-equilibration between the min-
eral and local fracture-water at a surface temperature of 12 °C,
which is the mean temperature in the train tunnel. In support of
this, a calcite in equilibrium with present-day fracture water
(5"®0fracture water = —8%e to —7%s) (Patriarche, 2001) should be en-
riched by about 33%. relative to water (fractionation parameter
of Zheng, 1994) and provide §'%0 values near 25-26%.. Combined
with the carbonate dissolution-precipitation process, neoforma-
tion of a calcitic phase is evidenced in the GDZ. Part of this calcitic
phase is poorly soluble as indicated by the leachates that are
mainly depleted in Ca and Sr (Fig. 9); it may correspond to ettring-
ite. This phase is known to occur in alkaline environments as a sec-
ondary mineral of low solubility (Perkins and Palmer, 1999). The
soluble fraction or leachate, even if Ca-depleted (Fig. 9), is signifi-
cantly enriched in radiogenic #’Sr suggesting derivation of the ele-
ment with a higher *’Sr/®*®Sr ratio from cement paste and/or
concrete, As for the C isotopes, the 87Sr/®Sr increase in the argillite
matrix can result from a mixing of a pristine Toarcian with a new-
ly-formed cementitious soluble phase. To test this hypothesis, a
mixing model has been computed (Fig. 11), according to the equa-
tions given by Faure (1986). The Sr contents and 7Sr/®%Sr ratios
that characterized the argillite pristine phase are, respectively,
500-550 ug L~' and about 0.70779. The cementitious soluble
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phase is more radiogenic (*Sr/255r = 0.70835) with heterogeneous
$r contents (from 230 ta 400 pgL~'). Sample values from the
DM180 P1 profile define an intermediate domain between con-
crete and argillite end-members, which is consistent with a pro-
portion of 12-33wt% of cementitious phases that have
precipitated in the GDZ of the Toarcian argiliite {33 wt.X at the
immediate contact and decreasing when moving away}. The main
part likely corresponds to C-5~H andfor portlandite phases and
only 0.6% of these phases correspond to carbonates, as discussed
above, Such high contents of secondary phases can expiain the
clogging of the claystone porosity (total porosity of the argillite
decreasing from 9% in the reference samples to 1.9 £ 0.3% in the
15-20 mm thick zone close to the concrete) {Gaboreau et al., sub-
mitted for pubtication). This imprint of cementitious fluids i the
Toarcian argitiite matrix appears to be recorded in more than
20 mm of argillite from the interface (Fig. 7a), which is more than
the dark zone where C-5-H were observed by mineralogical tech-
nigues (10-15 mm). At the DM155 and DM180 layers, no stable
reference state is reached in the last sample of the P profile

(20-25 mm), suggesting an imprint of cementitious fAuids beyond
this limit distance from concrete (Fig. 7). Unfortunately, no addi-
tional samples were available to constrain this hypothesis. When
considering the trends of the #7Sr/*Sr data as a function of distance
to the cement pastefconcrete in the GDZ, linear functions can be
fitted with correlation factors that range from 0.86 to 096
(Fig. 7a). This relationship suggests a diffusion process for the
propagation of the cementitious fluids into the argitlite matrix.
This propagation expands more greatly into the matrix of the dee-
per borehole layers than into that of the upper layers. When dis-
continuity surfaces are visible, for instance in the EDZ of the
train tunnel, the fluid propagation appears to be less developed
in the claystone matrix.

5.2.2. In the micro-cracks (P2 scale)

Along the few micro-cracks that developed perpendicularly to
the cement pastefconcrete interface (P2 profiles), ne secondary
minerals were unequivocally detected by the naked eye, even
when suspected due to a bright crystalline aspect and a blue
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celor, SEM and TEM observations clearly inelicare mineralogical
transformatiens, mainly with neoformation of eftringite, but also
of calcite and C-5-H distributed in various rims ever ca. 15 mm.
Measurement of carbonate contents reveals significantly higher

values than those obtained in the argillite matrix (P1 scale) at
a similar distance from the cement pastefconcrete interface
(Fig. 5b). The C isotopic signatures of the carbonates, even if
negative {which suggests an alkaline origin) are not as low as
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those expected for carbonates precipitating from alkaline fluids
(Fourcade et al., 2007). This could result from a sampling artifact:
the scraping could have removed some argillite matrix containing
authigenic calcite. The P2 data thus reflect a mixing of secondary
calcite precipitated on the P2 surfaces and marine calcite of the
Toarcian matrix. Despite this potential artifact, it appears clearly
that a P2 alteration superimposes that of the P1 matrix scale with
lower 8'3C values reported in the micro-cracks (Fig. 6a and b).
Similarly, the chemical and isotopic Sr data obtained on the
soluble fractions extracted from P2 material outline a trend of
disturbance close to that obtained for P1 samples, but signifi-
cantly higher. For instance, when considering the Sr mixing line
(Fig. 11), the results obtained on the DM155 profile are located
on the same mixing line as that obtained for the results from
the P1 profile calling for mixing fractions of 45-100 wt.% of newly
formed minerals through percolation of altering concrete fluids.
Once again, the main part of these secondary phases likely
corresponds to C-S-H and/or portlandite phases. A precise identi-
fication of the percolation process along the discontinuities
(diffusion or any other mechanism) is challenging due to a
possible sampling artifact (i.e., mixing between P1 and P2).

The two P2 profiles studied in the deep layers (DM240, DM300)
also show specific behaviors. The micro-crack sampled at the

DM240 layer shows a very well expressed carbonation (20-
32 wt.% of carbonate minerals), with low &'3C values (—3.68%. to
—14.2%o) that are even lower than those of the cement paste.
DM240 is the sole sample showing such high secondary calcite
precipitation in the studied micro-cracks. In addition, the O isotope
composition (580 = 12.6%o) of these newly formed minerals is sig-
nificantly abnormal when compared to that of the matrix or the
other cementitious carbonates (5'®0 of about 26%.). The lower
8'80 value in this layer is close to what is predicted for an equilib-
rium at higher temperature or in alkaline condition for pH higher
than 10 (Fourcade et al., 2007). The low !3C values are also com-
patible with precipitation from high-pH solutions. Therefore, it can
be suggested that the changes observed in this layer of the DM-
borehole result from interactions that occurred in the first stage
of the borehole infilling (soon after injection of the cement paste)
and not from 15-a interaction.

Specific chemical and Sr isotopic data for the micro-crack sam-
pled at the DM300 layer show: low #7Sr/2®Sr ratios, high Ca and Sr
contents, and high total elemental contents (Fig. 9). As a result, a
single two end-member mixing cannot explain the patterns of the
powders scraped from these micro-cracks (Fig. 11). In the Sr mix-
ing diagram, the data define a range of compositions and contents
that do not fit a mixing line, neither when considering the
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characteristics of the cement paste, nor when considering those of
the concrete (Fig. 11). It can be predicted that the percolation of
high-alkaline fluids is not the only process responsible for the
crystallization of secondary minerals observed in the micro-cracks
of the deep layer of the DM borehole. In the hypothesis of a mix-
ing model, the data call for a third mixing component that could
have had a greater imprint than the alkaline one and may be in
equilibrium with the Tournemire present-day fracture water, if
considering the 5'®0 patterns. The imprint of this unidentified
component is especially important, as the sample is located far
from the interface with the cement paste, and, therefore, next to
the over-coring pipe. Such data could call for a contamination pro-
cess with a solution depleted in Sr at surface temperature, for in-
stance with water pumped into the Tournemire canal during the
over-drilling. This water corresponding to that of the Cernon fault
could have stayed in the depth of the borehole and impacted the
external samples.

5.3. The isotopes as tools for tracking imprints of high-pH fluids

The combination of C and Sr isotopes allows discrimination be-
tween carbonates and other soluble phases that are the main
markers of high-alkaline fluid percolations in a clay-rich medium.
This isotopic approach appears, therefore, very appropriate for
tracking the occurrence of very discrete percolations of high-alka-
line fluids, to evaluate their interactions with the natural host
rocks, to discuss their spatial extents and to demonstrate their ori-
gin. The use of isotopic markers is extremely important in contexts
where mineralogical changes are tiny and not sufficient enough to
be detected directly by means of routine methods. For instance, §°C
and §'80 data allow distinction and identification of newly-formed
cementitious carbonates. These carbonates can be calcite, hydro-
talcite or thaumasite in the context studied here. Discrimination
between these various types of minerals is difficult but can be eval-
uated by considering the chemical compositions of the whole
rocks. For instance, in the matrix scale (P1 scale) of the external
zone of the GDZ, an increase in MgO and Al;0; contents suggests

the precipitation of hydrotalcite. The Sr isotope data also give com-
plementary information on other soluble phases and in their pro-
portions, as for C-S-H. As a result, combined C/O and Sr isotopic
data clearly identify an alkaline fluid imprint. This imprint appears
to be more extended when considering isotopic patterns than on
the basis of the sole mineralogical results, which reflects the differ-
ence in sensitivity of the two tracers. Alternatively, isotopic meth-
ods are much more sensitive and extremely tenuous variations in
mineral content can induce significant changes in the signal. On
the basis of C isotope measurements, it is possible to detect for in-
stance the neoformation of less than 1% of very low-5'3C cementi-
tious carbonate in samples of marine origin. Furthermore, using
XRD or SEM to detect and identify cementitious phases such as
C-S-H, is often challenging in low intensity processes, but this
can be improved with combined isotopic approaches. Variations
between the GDZ and the mineralogical altered zone can thus be
viewed as a difference in the detection limits of the analytical
methods used.

Although the sensitivity of the Cand Sr isotopic methods is
clearly well-suited for tracking most of the minerals formed during
high-pH fluids interactions in the studied DM-borehole, it should
be noted that ettringite andfor C-A-S-H can also form (Gaucher
and Blanc, 2006; Fernandez et al., 2009a; Dauzéres et al., 2010a).
There are still uncertainties about the solubility of these minerals
(Myneni et al., 1998; Perkins and Palmer, 1999), but they appear
to be more stable in acetic acid leaching conditions, and are prob-
ably not extractable by the HAc protocol used in this study. A selec-
tive extraction method for the more stable mineral phases needs to
be promoted to improve the evaluation of the imprint of the alka-
line fluids into clay-rich media.

Last but not least, the isotopes offer the opportunity to define
the origin of fluids. In the case of the DM borehole, the observed
mineralogical transformations were initially attributed to high-
pH fluid percolations. Importantly, changes defined along the dis-
continuities in the deepest layer of the core cannot be explained
by a single cement/argillite interaction, and thus cannot be consid-
ered as an appropriate analogue for studies on interactions among
clay/cement paste or concrete.
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6. Canclasions

The interactions between naturat clay and cementitious materi-
als were assessed in a 15-a old engineered analogue for deep gea-
togical storage, using a coembined mineralogical and chemicalf
isotopic study. This exceptional analogue was observed in the [RSN
Tournemire experimentzl tunnel in Aveyron, France, along a 3 m
long borehole {DM borehole). To assess the behavior of the Toar-
cian argillite that was in direct contact with a CEM [ cement paste
or a CEM 1l concrete for 15 a the variations of the argilliee whole-
rocks were tracked as well as of selective extracted mineral phases.
The whale rock CO; extraction and OfC analysis were aimed at
tracking the occurrence of cementitious. carbonates, whereas
teachates abtained by dilute acid reactions at a low acid{rock ratio
consisted mostly of soluble minerai phases such as carbonates, C-
5-H and portlandire,

The study alse emphasizes how the isotopic variations mimic
the mineralogical changes with a somewhat extended volume of
alteration. The thickness of disturbance and the relative proportion
of newly-formed minerals can be estimated in the argillite matrix
and in the secondary micro-cracks; the origin of the fluids respon-
sible for their crystallization was also identified. By this combined
mineralogical and chemicalfisotopic approach, the role of cementi-
tious raterials can be better evaluated and validated in engineered
analogues. Furthermore, the presence of cementitious secondary
minerals and their relative contents could be tracked in the ‘geo-
chernical disturbed zones” (GDZ) over greater distances by these
isctope methods, than by the classical mineralogical techniques.
This difference emphasizes the potential of isotopes as appropriate
tools for the characterization of alteration processes among ce-
ment niaterials and natural clays after long-lasting interactions.
Quantitative and predictive modeling may now be determining
in the interpretation of the described disturbances.

The study alse outlines the scale and the type of disturbances
that may occur in claystores when interacting with cement paste
or concrete, which is expected in a deep disposal storage. After
15 a of interaction, the observed changes are extremely limited
in the clay-rich matrix as the alteration extends over a few centi-
meters, thus resulting from siow and discrete processes. The
changes are of tie same order of magnitude in micro-cracks in-
duced for instance in an EDZ.

The data indicate that disturbances in a deep storage will
mainly affect the near field and witl not extend inte the geological
barrier. Alternatively, they could contribute to the insulation of the
waste package as they are mainly characterized by the neoforma-
tion of amorphots phases (C-5-H) and to a lesser extent of calcite,
ingimately linked to the clay matrix and to a clogging of the rock
POrosity,
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