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a b s t r a c t

A five-year-old interface between a Low Alkali Concrete (LAC) formulation (CEM III/B containing 66% slag
and 10% nano-silica) and Opalinus Clay (OPA) from a field experiment at Mont Terri Underground Rock
Laboratory in Switzerland (Jenni et al., 2014) has been studied to decipher the textural, mineralogical and
chemical changes that occurred between the two reacting materials.

Reactivity between LAC concrete and OPA is found to be limited to a ~1 mm thick highly porous (ca.
75% porosity) white crust developed on the concrete side. Quantitative mineralogical mapping of the
white crust using an electron microprobe and infrared spectroscopy on the cement matrix provides
evidence of a Mg-rich phase accounting for approximatively 25 wt % of the matrix associated with 11 wt
% of calcite, calcium silicate hydrate (C-S-H) and other cement phases. EDX analyses and electron
diffraction combined with transmission electron microscopy of the Mg-rich phase provide evidence for a
tri-octahedral 2:1 phyllosilicate with mean composition:

(Ca0.5±0.2) (Mg2.0±0.4, Fe0.2±0.1, Al0.5±03, ,0.3±0.3) (Al0.9±0.2, Si3.1±0.2) O10 (OH)2, where , represents
vacancies in the octahedral site.

Apart from this reactive contact, textural, mineralogical and chemical modifications at the contact with
the LAC concrete are limited. OPA mineralogy remains largely unmodified. X-ray micro-fluorescence and
EPMA mapping of major elements on the OPA side also provides evidence for a Mg-enriched 300
e400 mm thick layer. The cation exchange capacity (CEC) values measured in the OPA in contact with the
LAC concrete range between 153 and 175 meq kg�1 of dry OPA, close to the reference value of 170 ± 10
meq kg�1 of dry OPA (Pearson et al., 2003). Changing cation occupancies at the interface with LAC
concrete are mainly marked by increased Ca, Mg and K, and decreased Na. Leaching tests performed on
OPA with deionized water and at different solid to water ratios strongly suggest that Cl and SO4 have
either conservative behaviour or are constrained by the solubility of a precipitated sulfate phase. The Cl
and SO4 concentrations measured at 2 cm from the interface are close to concentrations of undisturbed
OPA pore waters (SO4: 4.5 ± 1.5 mmol kg�1 of dry OPA; Cl: 7.5 ± 2.1 mmol kg�1of dry OPA), and increase
towards the interface with the concrete. The SO4 to Cl ratio also increases towards the interface, sug-
gesting that the increasing anion concentrations are not related to porosity variations but rather to a
concentration gradient and sulfate phase precipitation near the interface.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Geological disposal is now considered, in many countries, to be
one of the best options for ensuring safe, long-term containment of
radioactive waste. In many examples, a combination of waste
Ltd. This is an open access article
overpacks (e.g. metal canisters, concrete), engineered barriers such
as bentonite, and natural barriers such as clay rocks constitute the
elements of the so-called “multiple-barrier system” between the
waste matrix and the biosphere (Apted and Ahn, 2010; Chapman
and Hooper, 2012). In repository facilities, the construction and
exploitation phases and the presence of engineered barriers like
silicate glasses (Debure et al., 2016; Gin et al., 2015; Poinssot et al.,
2010), metal canisters (King and Shoesmith, 2010), and concrete
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/
mailto:c.lerouge@brgm.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pce.2017.01.005&domain=pdf
www.sciencedirect.com/science/journal/14747065
www.elsevier.com/locate/pce
http://dx.doi.org/10.1016/j.pce.2017.01.005
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.pce.2017.01.005
http://dx.doi.org/10.1016/j.pce.2017.01.005


C. Lerouge et al. / Physics and Chemistry of the Earth 99 (2017) 3e214
(Alonso et al., 2010; Savage, 2014a, 2014b) will induce chemical
gradients across the repository components that may alter the
performance of the barriers over time (Bildstein and Claret, 2015).

Large volumes of cementitious materials will be used as backfill/
barrier material or as structural support in a deep geological
disposal facility for nuclear waste (ONDRAF/NIRAS, 2001; Nagra,
2002; Andra, 2005; SKB, 2006). By ensuring sorption capacity for
radionuclides, gas storage capacity and a high pH environment to
reduce corrosion, the cement backfill is an important safety barrier.
In this context, the stability and performance of the cementitious
material needs to be guaranteed. However, concrete will be in
contact with the surrounding clayrock, bentonite and/or excavated
clay materials, which could lead to chemical interactions that have
an impact on sorption capacity, gas/water permeability and/or
long-term stability of the cementitious material.

The contact between cementitious materials and clayey mate-
rials will induce diffusion of alkali-rich and high pH (12.5e13.5)
pore cement solutions into the backfill (Berner, 1992). This alkaline
plume will dissolve minerals such as montmorillonite or quartz at
the favor of the formation of secondary phases like silicate hy-
drates, Ca aluminate silicate hydrates (C-(A)-SH), carbonates and
possibly zeolites (Bartier et al., 2013; B�erub�e et al., 1990; Cuevas,
2004; Gaboreau et al., 2011; Huertas et al., 2000; Ramirez et al.,
2005; Savage, 2014a; Savage et al., 1992; Techer et al., 2012;
Tinseau et al., 2006).

As it has been observed at interfaces between clay and cemen-
titious materials, the extent of detectable perturbations in both
materials is highly dependent on the nature of cementitious ma-
terials. Adapting the concrete recipe has therefore been a common
approach to limit the interactions. Indeed regarding cement-based
materials, recipes are numerous. Ordinary Portland cement-based
(OPC) formulations are the most frequently considered. These ce-
ments, once hydrated, induce high alkaline concentrations and
high pH (pH > 13.2). Although CEM I, which is made of finely
ground Portland clinker, and CEM V, which is made of blended
Portland, fly ash and blast furnace slag cement, are considered to be
relevant cement materials (Chen et al., 2012) for nuclear waste
repository condition, “low pH” cement recipes have been devel-
oped to limit the interactions (García Calvo et al., 2010; García Calvo
et al., 2013; Lothenbach et al., 2012, 2014). By adding pozzolan and
blastfurnace slag (Codina et al., 2008), low pH cements have (i) a
low-heat development during hydration, which minimizes micro-
cracking that can have negative consequences on the long-term
durability, and (ii) low alkali contents, which limit the impact on
clay in contact with this material compared to OPC.

Numerous experimental (Adler et al., 1999; Bauer and Berger,
1998; Dauz�eres, 2010; Devol-Brown et al., 2007; Eberl et al.,
1993; Gaboreau et al., 2012; Ramirez et al., 2005; Read et al., 2001)
and in situ studies (Bartier et al., 2013; De Windt et al., 2008;
Gaboreau et al., 2011, 2012; M€ader et al., 2017; Techer et al., 2012)
have investigated OPC and clay host rock interactions. Develop-
ment of low pH concrete is more recent so the impact of low pH
cement materials on surrounding clay host rocks has not yet been
investigated as extensively (Dauz�eres et al., 2016; Jenni et al., 2014;
Savage and Benbow, 2007). Experiments have been performed to
mimic in situ interaction of low pH cement with claystone,
providing evidence of strong degradation in cement material
inducing increased porosity, and of specific mineralogical changes
including a new hydrated Mg-Si phase (Dauz�eres et al., 2014).

Since April 2007, a long-term in situ Cement-Clay interaction
(CI) experiment has been running at the Mont Terri Rock Labora-
tory (St. Ursanne, Switzerland). Its goal is to understand processes
occurring at concrete/clay interfaces. The textural properties,
mineralogy and chemistry are investigated on interfaces between
OPA, bentonite and different concrete materials Portland cement,
ESDRED shotcrete cement and a LowAlkali low-pH Cement (named
LAC in the following) over time under realistic conditions (Jenni
et al., 2014; M€ader et al., 2017). Previous in situ characterization
of the LAC concrete provided evidence of a Mg-rich white crust and
the formation of a Mg-bearing cement phase (also called M-S-H) at
the interfacewith OPA due to aMg gradient from the clay formation
to the concrete (Dauz�eres et al., 2016; Jenni et al., 2014). The
objective of this work is to present a multi-scale approach to obtain
physical, mineralogical and chemical data of OPA and the LAC
concrete in contact with each other after five years of interaction,
with a specific mineralogical and chemical focus on the Mg-bearing
cement phase.

2. Materials, sampling and analytical strategy

The CI experiment is located in the HE-D niche adjacent to
Gallery-98 that was excavated in 1998 (Jenni et al., 2014; M€ader
et al., 2017). This niche is located in the shaly facies of Opalinus
Clay with a clay content of ~60 wt% (Jenni et al., 2014; Lerouge et al.,
2015; Pearson et al., 2003). The CI experiment consists of two
vertical boreholes (368 mm diameter and up to 9 m long) in OPA,
filled with sections of three different concretes (a CEM I Portland
cement: OPC, and two low-pH cements: LAC and ESDRED) and a
section of compacted bentonite (Jenni et al., 2014; M€ader et al.,
2017). The LAC concretes were emplaced below the Excavation
Disturbed Zone (EDZ) of the main tunnel, in the undisturbed
saturated zone. Precautions were taken to prevent drying out of the
Opalinus Clay during drilling of the boreholes.

This study specifically concerns the interface between the low-
alkali LAC concrete and OPA after 5 years. The LAC cement was a
mix of 90% of CEM III/B 42.5 L (66% of slagþ34% of clinker) with 10%
of nanosilica corresponding to a ternary mix of 10% of nanosilica,
59% of slag, and 31% of clinker. The LAC concrete was prepared at a
water to cement ratio of 1 with addition of polycarboxylate-based
superplasticizer (Lothenbach et al., 2012) and by adding sand and
gravel as aggregates. Material suppliers were Jura Cement
Switzerland (CEMIII/B 42.5 L ‘‘JURANIT’’), Degussa Switzerland
(nanosilica ‘‘Aerosil 200’’, superplasticizer ‘‘Glenium C321’’) and
TFB Switzerland (sand and gravel, according to SN EN 12620,
rounded river sediment). The pore water chemistry of the LAC
hydrated cement paste is given in Lothenbach et al. (2012); the pH
of the pore solution is 12.3 ± 1.0. Previous characterizations of the
interface between the LAC concrete and OPA after 2.2 years and 5
years are reported by Jenni et al. (2014) and Dauz�eres et al. (2016).

A piece of the core sample containing the interface between the
LAC concrete and OPA after 5 years was embedded in a resin to
prevent OPA dehydration and to maintain interface cohesion
(Fig. 1a). The contact between claystone and concrete is cohesive
and continuous. The OPA side is highly fissured, and contains a
centimetre-scale bivalve fossil (Fig. 1b). A ~1 mm thin layer of
concrete in contact with OPA has a whitish colour, an obvious
product of interaction.

A centimetre-thick section of the sample was cut to make an
impregnated polished section for autoradiography and electron
microprobe mapping, in order to determine the spatial distribution
of porosity and to quantify the minerals in the white crust. Another
centimetre-thick section through the plane of the LAC concrete/
OPA interface was used for chemical analyses and further mineral
investigations on thewhite crust. This sectionwas roughly polished
and then glued onto a glass section. The sample was cut with a saw
without water to obtain a 1 mm thick section that was polished for
observation. The rest of the section was used to obtain powder
samples of the clay rock and concrete. The concrete and claystone
were separated at the interface and regularly sampled using a
micro-drill and starting the sampling sequence from the interface.



Fig. 1. (a) Core sample crosscutting the interface between the LAC concrete and OPA embedded in a resin; (b) sample section used for the detailed sampling.
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Samples were taken at small intervals near the concrete/clay
interface and at large intervals further from the interface (0e1 mm,
1e5 mm, 5e10 mm, 10e20 mm). The minimum interval thickness
was set at about 1e2 mm in order to obtain enough powder for all
the analyses. Each sample was weighed, crushed and sieved with a
cut-off diameter of 80 mm, with the exception of an aliquot of the
white crust of the LAC concrete, which was separated and sieved
without crushing, with the aim of removing the aggregates (sieved
LAC 0e1 mm).

Preparing the samples in this waymeans that we could use a set
of analytical techniques that were appropriate for the scale and for
characterization of the textural, mineralogical and chemical evo-
lution of both materials in a complementary way. Textural pertur-
bations were identified by microscopic observations and estimated
by porosity measurements using autoradiography. Major chemical
perturbations were identified by element mapping of the interface
using X-ray micro-fluorescence and electron microprobe,
completed by aqueous leaching tests and cationic exchange mea-
surements in OPA. Cation and anion concentrations of pore waters
in perturbed claystone were deduced from these data and
compared with those of unperturbed claystone. Powder X-ray
diffraction and infrared spectrometry were performed on bulk
concrete and OPA both at the interface and far from the interface, to
identify mineralogical perturbation of both materials.

Further mineralogical investigations were carried out on the
sieved aliquot of the white crust (sieved 0e1 mm LAC) to pursue
mineralogical and chemical investigations on the M-S-H phase
already identified (Dauz�eres et al., 2016; Jenni et al., 2014). The
chemical composition of the M-S-H phase was determined using a
combination of electron microprobe and transmission electron
microscope coupled with EDX analyses, whereas the crystalline
structure of the M-S-H phase was investigated using powder X-ray
diffraction, Fourier-transform infrared spectroscopy, Raman
spectrometry, 29Si Nuclear Magnetic resonance, and electron
diffraction.
3. Analytical techniques

3.1. Autoradiography

The in situ porosity was calculated from autoradiography using
the method developed by Prêt (2003) for clay materials. The
impregnation conditions adapted for the cement materials were
chosen according to the work of Galle (2001), which showed the
impact of drying on cement materials. The sample was oven-dried
for 20 days at 75 �C under vacuum. The sample was then impreg-
nated for 40 days with 14C Methylmethacrylate (MMA) with tracer
activity of 4.6 mCi/mL. The objective was for the resin to achieve a
total porosity saturation in order to obtain quantitative porosity
measurements by autoradiography. The polymerization is induced
by 60Co irradiation with a total dose of 120 kGy (Prêt, 2003). The
textural state of the impregnated sample is expected to be close to
the textural state encountered for sample in equilibriumwithwater
in response to the resin properties (viscosity and dipole moment)
that are close to those of water (Prêt et al., 2010). Two polished
sections were prepared with a low-speed diamond saw by cutting
the sample in half. They were polished using diamond powders
with grain sizes down to 0.05 mm. The thick sections were then
exposed on Kodak Biomax MR film for 7 days. Exposure times were
optimized according to the varying claystone and cement material
porosities to acquire the best porosity contrast (Prêt, 2003). The
autoradiographs were then digitized in 8 bit images with a reso-
lution of 2400 dpi (10.4 � 10.4 mm2 pixel size). The local blackening
of the film (expressed by a local optical density) is proportional to
the local concentration of radioactive resin. A set of calibration
sources of known activity were simultaneously exposed on the
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autoradiograph films to obtain the relationship between the local
activities and optical densities. The experimental data were fitted
using the calibration function proposed by Hellmuth et al. (1993). A
local mean porosity was then calculated for each pixel of the digi-
tized autoradiograph from the calibration function and tracer ac-
tivity using the relationships provided by Sammartino et al. (2002)
and the in house autoradio software (Prêt, 2003). Local pixel po-
rosities include the connected micro-, meso-, and macro-porosity.
For each autoradiograph, a combination of analysis methods was
used to reveal the porosity distribution. Porosity frequency histo-
grams were computed on different sub-areas of the autoradiograph
by counting the number of pixels having similar porosity values. To
localize the spatial heterogeneities, porosity maps were then
computed by displaying the local porosity of each pixel using a
linear grey level scale ranging between two porosity values iden-
tified on the histogram. Porosity profiles were computed to reveal
changes in porosity as a function of two distal points. Profiles were
calculated for one pixel along a straight line (1 pixel width) or
dilating the straight line by a given number of pixels in width to
reach average porosities with improved statistical error.
3.2. X-ray micro-fluorescence (mXRF) mapping

mXRF was used to characterize spatial heterogeneities by map-
ping some major chemical elements (Ca, Mg, K, Al, Fe, S and Si) on
polished sections sampled every centimetre through the interface
from the concrete material to the undisturbed claystone. Although
Na is an important element for understanding the diffusion process,
the Na map is not presented because this light element was barely
detectable with this spectrometer. mXRF measurements were car-
ried out under vacuum on a HORIBA XGT-7000 microscope
equipped with an X-ray guide tube producing a focused and high-
intensity beam with a 10 mm or 100 mm spot size, respectively. The
X-ray beam was generated with a Rhodium X-ray tube at an ac-
celeration voltage of 30 kV with a filament heating current of 1 mA.
The samples were fixed on a xyz motorized table, z being adjusted
at the focal plane with an optical camera. X-ray emission from the
irradiated sample was detected with an Energy-Dispersive X-ray
(EDX) spectrometer equipped with a liquid-nitrogen-cooled high
purity Si detector. Detector resolution was 145 eV at the Mn Ka
emission line. XRF analyses presented a detection limit (near
100 mg kg�1 depending on the element) lower than that obtained
with SEM-EDX. Maps of the whole samples (512� 248 pixels) were
obtained using the 100 mm monocapillary, scanning the samples in
x and y directions. Twenty 1000 s frames were collected and added
to obtain the element maps. Each map corresponds to raw counts.
3.3. Leaching and cation exchange capacity on OPA

Leaching and cation exchange capacity (CEC) measurements
were performed on about 100e200 mg of dry powder in a glove
box under nitrogen atmosphere. Rock/water ratios were 10, 20 and
100 g/L for leaching and 50 g/L for CEC. Detailed procedures are
given in Jenni et al. (2014). The leaching tests were applied at three
solid/liquid ratios to verify if anions are conservative or not. When
the anion concentration is correlated with the solid/liquid ratio, the
behaviour of the anion is conservative or semi-conservative which
indicates that the anion concentration measured in the leachate
may be considered as representative of the anion concentration in
the pore water of the clayrock, taking account the anion-accessible
porosity factor according to Gaucher et al. (2006), and not related to
the dissolution of a mineral phase.
3.4. X-ray diffraction (XRD)

The XRD patterns were recorded with a SIEMENS D5000 pow-
der diffractometer using Co Ka radiation (l ¼ 0.1789 nm) and
operated at 40 kV and 100 mA. Intensities were recorded at a
0.02�(2q)/10 s scanning rate from 4 to 84�.

3.5. Infrared spectrometry (IR)

Infrared spectra were obtained on a BRUKER Equinox IFS55
spectrometer by transmission through a pellet made of amixture of
150 mg KBr with about 0.5 mg of sample. For each spectrum, 32
scans were performed from 4000 to 350 cm�1. The spectral reso-
lution for this study was always 4 cm�1. Spectrawere normalized to
pure calcite (Omya) for calcite quantification, and to synthetic M-S-
H with Ca/Si ratio of 0.6 (Roosz et al., 2015) for approximate M-S-H
quantification.

3.6. Raman spectrometry

Raman measurements were performed in situ on thin polished
sections with a Renishaw InVIA Reflex microspectrometer coupled
to a DM Leicamicroscope equippedwith 4 lenses with�5,�20,�50
and �100 magnification. The excitation laser was an argon laser
(l0 ¼ 514.5 nm). Each spectrum was acquired with two accumu-
lations and an acquisition time of 10 s, over a 200-1200 cm�1

spectral range. Calibration was done using the silicon 520.4 cm�1

line. Instrument control and Raman measurements were per-
formed with Renishaw WIRETM software. Raman spectra acquired
on the M-S-H phase were processed using the Fityk software
(Wojdyr, 2010).

3.7. Nuclear magnetic resonance (NMR)

NMR was used to evaluate the structure of the Mg-bearing
cement phase in the white crust separately. 29Si MAS NMR
spectra were acquired at 59 MHz on a Bruker AVANCE 7.4 T
(300 322MHz) spectrometer equippedwith a 4mmdouble bearing
MAS probe-head spinning at 12 kHz. About 16,000 scans were
accumulated after a 45� pulse, using 1 s recycling delay. This delay
was optimized to ensure complete magnetization relaxation. 29Si
chemical shifts were reported relative to TMS resonance. The
spectra were deconvoluted in individual Gaussian-Lorentzian
bands, using the Dmfit program (Massiot et al., 2002).

3.8. Mineralogical characterization of concrete by imaging
technique

Mineralogical maps can be built based on the combination of a
set of chemical element maps according to the method developed
by Prêt et al. (2010). Maps were acquired with a field of view of
1 � 1 mm2. This is not representative for the complete mineralogy
of the concrete since it is clearly smaller than the aggregate size. X-
ray intensity maps of Si, Al, Fe, K, Na, Ca, Mg, Ti, Mn, and S were
acquired using a Cameca SX Five electron microprobe (EPMA) with
an accelerating voltage of 15 kV and a current beam of 30 nA. Using
the electron microprobe allowed a high counting rate and a short
dwell time (z4 s) for quantitative point analysis. This dwell time is
too time-consuming for the mapping mode, so a shorter counting
time of 100 ms per pixel was used. To reduce the total acquisition
time (2 days), the background was not measured or subtracted
from X-ray emission peaks as its contribution at short dwell times
and for high concentrations was low (Goldstein, 1992) and its
recording would have doubled the acquisition time. We then
applied a PHIRHOZ matrix correction (Merlet, 1994) to provide a
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weight percentage for each element per pixel. The elemental maps
were recorded by stage rastering using a stationary beam, with
spatial resolution of 2 mm per pixel and containing 512 by 512
pixels. X-ray maps were then processed using the mMAPphase
software (Prêt et al., 2010). The aim of this method is to identify the
mineral phases present in the analysed area, from step by step
projections of the scanned elemental composition points into
ternary plots displaying the chemical compositions of all mineral
phases. Each pixel of the initial quantitative X-ray maps is firstly
converted into element weight percent (at wt %) followed by the
conversion into element molar percent (at mol %). All pixels of the
mapped area are plotted in ternary diagrams, where each axis of
the plot represents the concentration of an element or a combi-
nation of elements. This method is not affected by porosity varia-
tions as normalized axis weights are used when generating ternary
scatter plots. Several clusters of pixels can be identified in the
chemical ternary plots. These clusters represent the chemical
compositional fields of one mineral and their stoichiometry can be
compared directly to the different mineral end-members by adding
their theoretical compositions to the projection. In the case of
phasemixtures occurring within themeasurement volume, or solid
solutions, clusters are stretched over a volume defined by several
end-members. Pixels with similar chemical compositions (i.e. a
cluster) are selected with a polygon tool and back-projected onto a
mineral map using the same colour as the selected polygon.

3.9. Electron microprobe spot analyses

Chemical spot analyses of M-S-H phase were performed using
the EPMA with an accelerating voltage of 15 kV, a beam current of
12 nA, a 1e2 mm beamwidth and a counting time of 10 s. Ca, K, Na,
Mg, Si, Al, S and Fe were analysed. Ca-Ka and K-Kawere monitored
on a LPET crystal, Na-Ka and Mg-Ka on a LTAP crystal, Si-Ka and Al-
Ka on a TAP crystal, S-Ka on a PET crystal, Fe-Ka on a LLiF crystal.
Standards used included both well-characterized natural minerals
and synthetic oxides. Matrix corrections were made with a ZAF
software program.

3.10. Scanning electron microscope (SEM)

Observations, analyses and element mapping were performed
using a TESCAN MIRA 3 XMU FE scanning electron microscope
(SEM) (Brno - Czech Republic) coupled with an EDS EDAX TEAM
system (EDAX e USA) and a APOLLO XPP silicon drift detector at
25 kV. Prior to analysis, a thin carbon layer was sputter-coated on
the samples (Edwards Auto 306, Genevilliers, France).

3.11. Transmission electron microscope (TEM)

TEM and EDX analyses were performed on finely divided
cement materials of the white crust to examine the texture of the
M-S-H phase and to estimate its chemical composition. Observa-
tions were carried out with a Philips CM20 microscope coupled
with an EDAX EDX operated at 200 kV. The cement phase of the
white crust was separated and slightly crushed between two glass
plates to eliminate residual carbonate and quartz aggregates. Ob-
servations were made on two types of preparation deposited on
carbon coated TEM copper grids: 1) a few micrograms of material
dispersed in ultra-pure ethanol using an ultrasonic bath, and 2)
several microtome thin sections of material embedded in LRwhite®

resin. The data correspond to raw counts.

4. Autoradiography and quantitative porosity at the interface

A polished section prepared for autoradiography shows that the
contact between the LAC concrete and OPA is composed of a ~1mm
thin white layer on the concrete side. Under the microscope at low
magnification, the polished section does not give evidence of
fracturing in the LAC concrete, whereas a dense fracture network
affects OPA at the first centimetres near the interface. Three sets of
fracture orientations can be distinguished. A main set of fractures
corresponds to the rupture of the rock along the bedding planes
(dashed line); this set is dense near the interface. The two other sets
of fractures correspond to two planes of rock rupture (called P and
P0) that are perpendicular to each other and oblique to bedding
(Fig. 2). The P planes are visible near the interface, whereas the P’
plans aremore visible far from the interface. Under SEM and at high
magnification, the cement paste shows randomly oriented micro-
cracks developed in the white crust. This micro-fracturing could
be due to dehydration of the cement material during preparation
and resin embedding, or during vacuum pumping in the SEM
chamber. Fractures in the first 5 mm of OPA near the interface are
generally not sealed by mineral neoformation.

The porosity of both materials at the LAC concrete/OPA interface
was investigated by autoradiography. Several porosity measure-
ments in concrete, cement binder and OPA were performed on the
autoradiograph of the interface (Fig. 2). Porosity was estimated by
calculating the frequency histogram of the porosity distribution for
each individual zone.

The mean porosity of concrete deduced from porosity mea-
surements of large concrete surfaces including aggregates is 24%
(Table 1: areas 8 to 11). This porosity value is high according to the
reference value for such materials (Galle, 2001). The porosity
measurements of the hydraulic binder indicate an increase of the
porosity toward the interface, from z50% at several centimetres
from the interface (Table 1: areas 14 and 15) to z75% in the first
millimetre of concrete in contact with OPA (Table 1: areas 12 and
13), corresponding to the white crust (Fig. 2).

The mean porosity of Opalinus Clay deduced from porosity
measurements of large OPA surfaces close to the interface is 24%
(Table 1: area 1 to 3). The porosity measured far from the interface
(OPA 1.5 cm) is 17e18% (Table 1: areas 4 and 5), a value that is
consistent with the reference range for water content porosity for
silty-shaly facies (16e20% in annex 10, Pearson et al., 2003). At the
concrete interface, the porosity map gives evidence of a light-
coloured layer that corresponds to increased claystone porosity of
up to 44e48% (Table 1: areas 6 and 7), even though visible
macroscopic cracks were absent for the measured area. This
porosity value could be due to an increase of micro-fracture density
as displayed on the porosity map developed in the clay matrix
during sample preparation. This porosity increase impacts the
mean porosity obtained on large OPA surfaces.

5. Chemical perturbation of the LAC concrete/OPA clay
interface

5.1. Elemental mapping of polished sections using micro-XRF and
electron microprobe

Mapping of major elements using micro-XRF and line profiles
over 2.5 cm in both the OPA and LAC show that the major chemical
changes are in the white crust corresponding to the first millimetre
of concrete in contact with OPA (Fig. 3). By comparison with un-
perturbed LAC concrete, the white crust is slightly depleted in Ca
and enriched in Al, Mg and S. It is noteworthy that the Mg
enrichment in the white crust is the major chemical change, with
the Mg content also significantly higher than the Mg content in
OPA. The Mg profile through the white crust indicates that the Mg
content increases progressively toward the interface. The increases
in S and Al contents are more difficult to observe in the profiles.



Fig. 2. (a) Autoradiograph sample; (b) BSE image of the interface showing the major orientations of fissuration P and P0 and the bedding (dashed lines) in OPA; (c) Porosity map
calculated from the autoradiography results. The squares on autoradiography indicate the position of the different areas for which porosity was quantified and given in Table 1. The
two arrows indicate the position and the direction sof the two profiles (d) and (e) on which porosity was quantified; (d) Porosity profile through LAC concrete toward the interface
with OPA; (e) Porosity profile through the OPA/LAC interface. In the both porosity profiles, distance is given from the white point to the arrow, and the dotted lines represent the
interface between LAC and OPA.
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Outside the white crust, LAC concrete does not provide evidence of
chemical change. On the OPA side, chemical changes at the
interface are small, marked by possible slight increases of S and Mg
contents. Complementary elemental mappings using SEM at high



Table 1
Measurements of the porosity of the different areas in both OPA and LAC concrete, using autoradiography. The positions of the areas are indicated in Fig. 2c.

LAC concrete OPA

Area Position Porosity (%) Area Position Porosity (%)

8, 9, 10, 11 large areas concrete 24 1, 2, 3 large areas clay-rock 24
12 Hydraulic binder at the interface 75 4 Clay rock distant from interface 17
13 74 5 17
14 Hydraulic binder distant from the interface 54 6 Clay rock at the interface 39
15 50 7 44

Fig. 3. (a) Autoradiograph sample used for micro XRF; (b) Position of zones analysed successively in OPA; (c) Profile of Si through the OPA/LAC interface; (d) Ca profile; (e) Al profile;
(f) Mg profile; (g) Mg XRF map with location of a line profile through the interface; (h) Mg line profile; (i) S profile; (j) S XRF map with location of a line profile through the interface;
(k) S line profile.
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magnification confirm previous results in LAC concrete, but also
provide evidence of low Al depletion on the OPA side near the
interface and a ~300-500 mm-thick Mg-rich layer at ~500 mm far
from the interface (Fig. 4).
5.2. Aqueous leaching of Opalinus Clay

The Cl, Br and SO4 concentrations in leachate reported as a
function of the solid/liquid ratios were proportional, strongly sug-
gesting that these anions have conservative behaviour (Appendix
A). On this assumption, anion concentrations were calculated in
mmoles per kg of dry OPA and are reported as a function of the
distance to the interface in Fig. 5. Anion concentrations were not
recalculated in mmoles per litre of pore water due to the lack of
water content measurements and due to the uncertainty in the
porosity measurements. Between 0 and 2 cm from the interface,
SO4, Cl and Br concentrations decreased from 24 to 6 mmol kg�1 of
dry OPA, from 13 to 10 mmol kg�1 of dry OPA and from 0.2 to
Fig. 4. Elemental mapping (Mg, Al, Ca, Si) of the OPA/LAC interface using SEM e (a) BSE im
map; (e) BSE image of a detail zone of interface; (f) Mg map.
0.05 mmol kg�1 of dry OPA, respectively. These data provide evi-
dence that 1) at 2 cm from the interface, the measured values are
near the anion concentrations of well-preserved OPA pore waters
(SO4: 7.6 ± 3.0 mmol kg�1 of dry OPA; Cl: 10.0 ± 3.0 mmol kg�1 of
dry OPA), and 2) the concentrations of all anions increase towards
the interface with the concrete. However, the increases of Cl and
SO4 concentrations are not proportional. The higher increase of SO4
indicates that SO4 increase is not only due to porosity variations but
probably also due to some dissolution of a sulfate phase.
5.3. Cation exchange capacity measurements on OPA

The cation exchange capacity (CEC) values measured for OPA in
contact with the LAC concrete range between 153 and 175 meq/kg
of dry OPA, whatever the distance to the interface, and are not
significantly different from the reference value of 170 ± 10 meq/kg
of dry OPA given in Pearson et al. (2003) obtained with the same
method (Appendix B). For the samples between 5 and 20 mm, the
age of a ~1.5 � 2.5 mm through the LAC/OPA interface; (b) Al map; (c) Mg map; (d) Ca



Fig. 5. CEC and aqueous leaching in OPA - (a) Concentrations of major cations sorbed
on clay minerals measured by cobalt hexamine method as a function of distance to-
ward the interface, and compared to OPA reference; CEC measurements by colorimetry
(black circles) are superposed on the graph; (b) Profiles of sulphates and chlorides
concentration of aqueous leachate in function of distance to interface. Values at 5 cm
correspond to unperturbed OPA reference.
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CEC value is almost equal to the sum of cations, suggesting that the
cation concentrations can be considered as representative of the
exchanger. Near the interface (0e5 mm), the sum of cations is
higher than the CEC value. This slight inconsistency between the
CEC and the sum of cations could be due to a partial dissolution of a
mineral phase. The combined slight SO4 increase in aqueous
leachate and the abnormal increase of Ca concentration in the clay
exchanger at interface suggest gypsum [CaSO4] dissolution. Based
on this assumption, a correction of Ca associated with the SO4 in-
crease for the same solid/liquid ratio was applied to Ca concen-
tration in CEC leachate. With this correction, the CEC is in
agreement with the sum of cations.

The cation exchanger towards the interface is chemically
modified relative to OPA reference values. Chemical change is
characterized by decreased Mg occupancy between 0.2 and 2 cm
distance coupled with changes in K (increase towards the interface)
and Ca (increase from 10-20 mm to 2e5 mm and then decrease
towards the interface) (Fig. 5).
6. Mineralogical characterization at the LAC concrete/OPA
clay interface

6.1. X-ray diffraction

The XRD patterns of the OPA in contact with the LAC concrete,
near (OPA 0e1mm) and far (OPA 10e20mm) from the interface are
very similar. The amounts of minerals estimated by treatment of
XRD data in the both OPA samples near (OPA 0e1mm) and far (OPA
10e20 mm) from the interface are almost identical taking into
account uncertainties on the values, and remain in the range of
values estimated in OPA reference, suggesting that there is no
significant mineralogical change in the claystone during alkaline
perturbation (Fig. 6a; Table 2). A detailed pattern between 5 and
22� 2q CoKa provides evidence of clayminerals other than illite and
illite-smectite mixed layers: kaolinite, muscovite, and chlorite.

Concrete samples in contact with OPA (LAC 0e1 mm) and far
from OPA (LAC 10e20 mm) display almost identical XRD patterns
and are mainly composed of calcite and quartz with minor albite,
corresponding essentially to their aggregate content (Fig. 6b). The
XRD pattern of the white crust (LAC 0e1 mm) reveals presence of
quartz, calcite, albite, clay minerals such as chlorite and illite-mica,
and three supplementary discrete maxima around 23�2q CoKa,
41�2q CoKa and 69�2q CoKa (Fig. 6b). Their position and their
relative intensities are consistent with those of synthetized M-S-H
with Mg/Si ratio of 0.6 described by Roosz et al. (2015). These data,
however, show that the Mg-bearing cement phase of the white
crust poorly diffracts due to its nano-crystallinity, and is conse-
quently difficult to detect in a bulk XRD pattern of concrete.

6.2. Microscopic observations

SEM observations weremade to detect minerals which were not
identified by XRD, and to detect any mineral dissolution or neo-
formation at a microscopic scale (Fig. 7). The white crust in the
concrete at the OPA interface consists of quartz and carbonate ag-
gregates, with residual clinkers in amorphous matrix of M-S-H
phase, C-A-S-H with minor calcite. None of the mineral phases
present naturally in OPA show any dissolution feature, except some
grains of ankerite [Ca(Fe, Mg)(CO3)2] which are surrounded by a
mm-sized corona of iron hydroxides. No trace of iron-oxi-
hydroxides was observed in association with framboidal pyrite
which is generally considered as most reactive to oxidation.

6.3. Infrared spectroscopy

Infrared (IR) spectra were normalized to the IR spectrum of a
pure calcite (Omya), allowing direct comparison of all spectra and
estimation of the calcite content. The IR spectra of OPA 0e1mmand
OPA 10e20 mm are almost identical for the positions and the in-
tensities of the peaks and bands that correspond to the main
claystone mineralogy: quartz, calcite and clay minerals (kaolinite,
chlorite, illite) (Fig. 8 a, b, c). It is noteworthy that the clay content is
slightly higher in OPA 10e20 mm than in OPA 0e2 mm, and the
calcite content is about 10 wt % (wt %) in the both samples.

The IR spectra of bulk concrete (LAC 0e1 mm and LAC
10e20 mm) allowed evaluating the presence of cement phases as a
function of the distance from the contact with OPA (Fig. 8 f). The
bands at~1082,1170, 798, 779, 516 and 460-470 cm�1 correspond to
quartz. The bands at 1429, 877 and 712 cm�1 correspond to calcite.
A small shoulder of themajor peak at ~1400 cm�1 could correspond
to dolomite. Quartz and calcite peaks are high in the two samples of
bulk concrete; they essentially correspond to silicate and limestone
aggregates. ~75 wt % and ~28 wt % of calcite were estimated,
respectively, in LAC 0e1 mm and LAC 10e20 mm. No portlandite or
other cement phase was clearly identified by infrared spectroscopy.

To obtain a better signal on the cement matrix additional IR
spectra were acquired on the sieved fraction of the white crust
(sieved LAC 0e1 mm). Quartz and calcite signals were significantly
attenuated, indicating that the slight grinding combined with
sieving is efficient. About 11 wt % of calcite remained in the sieved



Fig. 6. XRD patterns e (a) OPA near and far from the interface; (b) LAC concrete samples far and near the interface; grey XRD pattern of synthetic M-S-H 0.6 with position of the
three major peaks (Roosz et al., 2015). Mineral abbreviations used in the paper: Ab, albite; Cc, calcite; Chl, chlorite; Dol, dolomite; Kln, kaolinite; Mus, muscovite. Other abbre-
viations: Octa for octahedral site and Tetra for tetrahedral site.

Table 2
Mineralogical quantification in OPA using XRD; Amounts of minerals are given in weight percents. Previous mineralogical quantifications of shaly facies of OPA are given for
comparison (Jenni et al., 2014; Lerouge et al., 2015; Pearson et al., 2003). The method of mineral quantification used in this work is similar to that used in Lerouge et al. (2015).

Sample Reference OPA (Pearson et al., 2003) Jenni et al., 2014 Lerouge et al., 2015 OPA 10e20 mm OPA 0e1 mm Incertainty (weight %)

Quartz 6e24 10 11e14 16 15 3
Microcline 1e3 3 1 <1 2 3
Plagioclase 1e2 2e3 2 <1 3
Calcite 5e28 20 8e22 10 13 3
Dolomite 0.2e2 0e2 1 1 3
Siderite 1e4 2 0e3 0 0 3
Kaolinite 15e33 24 15e17 14 14 5
Illite-Mica 16e40 20 25e27 28 26 5
Chlorite 4e20 8 3e4 5 5 5
Illite-Smectite 5e20 10 18e19 18 17 5
Clay fraction 58e76 62 61e67 65 62

(24 wt% kaolinite, 20 wt% illite, 10 wt% illite/smectite mixed layers, 8 wt% chlorite), 3 wt% feldspars, 20 wt% calcite, 2 wt% siderite, 1 wt% dolomite/ankerite, 10 wt% quartz, 1 wt
% pyrite, <1 wt% organic carbon.
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white crust (Fig. 8 d and e). The reduced aggregate signal provides
evidence in the 400-2000 cm�1 range of broad bands at ~1635,
~1020 and ~465 cm�1, and of a high adsorption band in the 3000-
4000 cm�1 range with a major band at ~3460 cm�1 with weak
shoulders at ~3640, 3670e3680, and possibly at ~3700-3710 cm�1.
The large adsorption in the 3000-4000 cm�1 range indicates the
presence of structural hydroxyl groups and/or water sorption. The
bands at ~3670e3680, ~3640, ~1650, ~1020 and ~465 cm�1

fit well
to maxima of synthetized M-S-H 0.6 (Roosz et al., 2015), suggesting
that their structures may be similar. The normalization of the
spectrum versus pure synthetized M-S-H 0.6 enabled to estimate
the M-S-H content at about 25 wt % in the LAC cement in the white
crust (sieved LAC 0e1 mm).
6.4. Raman spectroscopy

Raman spectra acquired on the M-S-H phase present in the
white crust are reported in Fig. 8 g. In all the spectra, a high peak at
~1085 cm�1 associated with lower peaks or at ~712 cm�1 and
~281 cm�1 is present and is attributed to calcite (Gillet et al., 1996).
Traces of quartz were detected (431 cm�1). The M-S-H phase is
characterized by two bands at 370 cm�1 and at 673 cm�1. These two
peaks are common with those of Raman spectrum of synthetized
M-S-H 0.6 described by Roosz et al. (2015). According toWang et al.
(2002), the major peak at 673 cm�1 should be attributed to the
vibrational modes of Si-Ob-Si bonds (Ob ¼ bridging oxygen), which
connect the SiO4 tetrahedra that make up a layer. The peak at
~370 cm�1 is likely from a complex set of Mg translational move-
ments in octahedral sites relative to the SiO4 groups in tetrahedral
layers.
6.5. 29Si NMR of the Mg-Si cement phase of the white crust

The occupancies of Si bridging tetrahedra in the M-S-H phase
were characterized in the same sample of white crust as that used
for XRD using a high-resolution solid-state 29Si NMR technique
(Fig. 9). The 29Si chemical shift in solid silicates is significantly
impacted by the degree of polymerization Qn of the silicon-oxygen
and by the octahedral environment of the silicon nucleus, where Q
represents the Si atomwhich is bonded to four oxygen atoms and n
is related to the number of Si neighbours. Major resonances
at �93.2 ppm and �85.6 ppm are assigned to Q3 and Q2 silicon
environments, respectively. Broad resonances are compatible with
a substantial amount of disorder in the Si sites. The slight shoulder
near �78 ppm could be assigned to Q1 silicon environment. In the
assumption of a layered structure, this may be due to Si atoms
located at the border of the particle. A slight shoulder
near �105 ppm could be assigned to Q4 silicon environment and is
attributed to residual microsilica present in the initial LAC cement.



Fig. 7. BSE images of the interfacee (a) general aspect; (b) matrix of M-S-H enclosing micron-sized grains of calcite in the white crust on the concrete side; (c) detail on a partially
hydrated CMAS clinker (Ca-Mg-Al-Si oxides); in the white crust on the concrete side (d) detail of a partially hydrated monosulfate clinker in the white crust on the concrete side; (e)
Detail of framboidal pyrite showing no oxidation on the OPA side; (f) Ankerite crystal showing altered rims suggesting dissolution on the OPA side.
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6.6. Electron microprobe on the white crust

Element maps (Si, Al, Fe, K, Na, Ca, Mg, Ti, Mn, S) on the white
crust in contact with OPA were processed using the mMAPphase
software (Prêt et al., 2010) to display the spatial distribution of the
phases over a surface area of 1 � 1 mm2 with a resolution of 2 mm.
All the pixels of the mapped area were first projected in a Si e Ca e

Al3FeMg ternary diagram in which the theoretical compositions of
the main clinker phases, pozzolans, hydrates and aggregates were
superimposed on the diagram to ease reading and interpretation of
these chemical scatterplots (Fig. 10). The full methodology of
mineral segmentation combined with macropore thresholding on
the BSE images yielded the detailed phase map where each pixel is
associated with mineral species or macropores (Gaboreau et al.,
2012). The mineralogical mapping of the white crust allowed
identifying and quantifying anhydrous phases (slag and aggregates:
quartz, calcite, dolomite and plagioclase), sulfates and hydrates
(dominant Ca-Al bearing M-S-H and C-A-S-H), and displaying the
slag hydration process.

Quantitative profiles of Al, Ca, Mg and Si were performed
through thewhite crust using the electronmicroprobe, to refine the
chemical composition of the M-S-H phase (Fig. 11). Analyses indi-
cate the systematic presence of Ca, Fe and Al in the M-S-H phase.
Taking into account the nanometric size of the particles and the
1e2 mm size of the beam, it remains unclear whether these ele-
ments are incorporated in M-S-H or arise from the neighbouring



Fig. 8. Infrared and Raman spectrometry e (a) the 4000-3000 cm�1 zone of infrared spectrum of OPA near and far from the interface, attributed to OH vibrations; (b) detail of peaks
corresponding to different clay minerals present in OPA; (c) the 2000-300 cm�1 zone of infrared spectrum of OPA near and far from the interface, allowing identification of quartz,
calcite, dolomite; (d) the 4000-3000 cm�1 zone of infrared spectrum of sieved LAC 0e1 mm concrete, attributed to OH vibrations; (e) 2000-300 cm�1 Infrared spectra of sieved LAC
0e1 mm concrete normalized to synthetic M-S-H 0.6 (Roosz et al., 2015); (f) 2000-300 cm�1 infrared spectra of bulk LAC cement near and far from interface, and of a sieved fraction
of the white crust normalized to calcite; (g)in situ Raman spectrum of the M-S-H at LAC/OPA interface, compared with Raman spectra of synthetic M-S-H 0.6 (Roosz et al., 2015) and
natural talc from Luzenac.
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cement matrix (such as calcite, silica fume, or an Al-Si cement
phase).

6.7. TEM observations and analyses of white crust interface

The finely divided cement material in the white crust consists of
a M-S-H phase, partially C2S and C3S hydrated clinkers, and a mix of
C-A-S-H and amorphous silica and clay particles from OPA (Fig. 12).
Clay particle size ranges between 20 and 500 nm. The particles are
systematically rich in Mg, Fe and Al, with minor K and Ca. Layer-to-
layer distance measurements indicate a value close to 10 Å,
consistent with illite. It is noteworthy here that this illite is
inherited from OPA and not neoformed.

C-S-H phases near the interface occur as aggregates of
20e50 nm-sized crystals. They have almost homogeneous chemical
composition including Ca, Si, and Al, with a very low Ca/Si ratio of



Fig. 9. 29Si NMR spectrum of LAC 0e1 mm compared to those of synthetic M-S-H 0.6
(Roosz et al., 2015).
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z0.3. This low value is probably due to nanosilica contamination.
The M-S-H phase always occurs as aggregates of 20e200 nm sized
crystals (Fig. 13); no isolated crystals were observed. Under the
beam, aggregate stability was very short.

The M-S-H phase seems to have a layered structure with par-
ticles containing on average between 2 or 3 stacked layers. The
layer-to-layer distance was found to be ~14e15 Å (Fig. 13). In
addition, 23 EDX analyses of aggregates indicate chemical compo-
sitions including Mg, Ca, Al, K and Si. When data are drawn in a
diagram representing Mg (in at. %) as a function of Si (in at. %), they
align along 1:1 straight line with a negative slope, suggesting the
incorporation of Ca, Fe and Al in the phase lattice rather than phase
mixing. Electron microprobe analyses of M-S-H acquired through
the white crust and reported in the same diagram are consistent
with the TEM analyses that contain the poorest amount (in at. %) in
Mg (Fig. 13). Selected area diffraction patterns of several aggregates
confirm the poorly crystalline nature of M-S-H, and the presence of
only two diffraction maxima at d-values of ~1.6 and ~2.2 Å.
7. Discussion

7.1. Porosity changes

Porosity measurements performed near the OPA/LAC interface
provide evidence for a porosity increase in both materials toward
the interface. Inside OPA, the porosity increases from ~17%,
consistent with previous measurements (1.5 cm from the interface)
up to ~43% (0e1 mm from the interface). The fracture network
displayed by the porosity map affects OPA over several centimetres
with the maximum fracture density at the interface. This clearly
indicates that the porosity increase may partially be related to the
fracture density due to the drilling procedure during the experi-
ment: 1) establishment of the experiment and borehole drilling
previous to filling the boreholes with concrete and 2) overcorings,
but also due to sawing the samples, although care was taken (Jenni
et al., 2014). The absence of fracture in-fills strongly suggests that
these fractures were formed during overcoring and are therefore
post mortem. No conclusion can be drawn on a porosity evolution
induced solely by the alkaline perturbation.
On the concrete side, porosity increase in the hydraulic binder is

limited to the ~1 mm marked by the white crust. This increase is
mainly due to the degradation of the concrete with the dissolution
of cement grains and the precipitation of porous hydrated phases
like (C-S-H or M-S-H).

7.2. Chemical changes

Elemental mapping of the interface between OPA and LAC after
5 years of interaction using micro-XRF, SEM and electron micro-
probe confirm that the first millimetre of concrete corresponding to
the white crust is enriched in Mg, as is a ~300-500 mm-thick Mg-
rich band in the OPA at ~500 mm from interface as reported by
Dauz�eres et al. (2016) for the same interface, by Jenni et al. (2014)
for this interface after 2.2 years of interaction, and for other in-
terfaces between clayrock and low-pH cement (Dauz�eres, 2010;
García Calvo et al., 2010; García Calvo et al., 2013). Micro-XRF also
provides evidence for very high Mg content in the white crust
relative to concrete and OPA, and of progressive Mg increase
through the white crust toward the contact. The Mg-rich band in
OPA, combined with Mg concentrations of CEC in OPA at the
interface strongly suggests Mg migration from OPA to concrete.
Concerning other major elements (Ca, Al, Si, and S), the white crust
has a chemical composition intermediate between concrete and
OPA. This data combined with probable gypsum in OPA at the
interface (increase of SO4 x 2.5 in aqueous leaching combined with
Ca concentration in CEC) and slight Al depletion observed by SEM
mapping in OPA both suggest that S and Al alsomigrate fromOPA to
concrete. Concerning Ca, the white crust might correspond to a
zone of Ca migration from concrete to OPA; the slight Ca increase in
CEC on the OPA side favours this hypothesis. These results are
consistent with previous conclusions after 2.2 years of interactions
(Jenni et al., 2014).

7.3. Mineralogical changes

OPA clay mineralogy remains largely unmodified, according to
bulk XRD patterns and IR spectra. Mineralogy of the clay fraction
and proportions of clay minerals remain unchanged near the
interface; this is consistent with the almost homogeneous CEC
measurements. Calcite content remains almost unchanged, which
is consistent with the limited pH increase due to the low alkaline
content of the LAC concrete. Ankerite is the only phase that seems
to present signs of dissolution that might be due to oxidation rather
than pH change. The presence of a sulfate-phase is suspected in OPA
at the interface (OPA 0e1 mm), according to both CEC and aqueous
leaching data. Note that chemical andmineralogical changes in OPA
near the interface with LAC concrete are at the limit or below the
accuracy of most of the techniques we used.

As for the concrete, mineralogy significantly changes at the
interface with OPA and is marked by the formation of the <1 mm
thick Mg-rich white crust and extensive cracks. According to
Dauz�eres et al. (2016) and Nied et al. (2016), the Ca/Si ratio is very
low. Ca is leached and the C-S-H signal is absent in the white crust.
In this study, micro-XRF data rather suggest that the white is a
result of interaction between LAC concrete and OPA, characterized
by an intermediate composition between that of concrete and OPA,
except for high Mg content.

Mineral quantification using electron microprobe mapping, IR
spectroscopy, XRD patterns, and SEM observations provides evi-
dence of quartz, calcite and dolomite aggregates cemented by amix
of a M-S-H phase with a phyllosilicate-like structure, micron-
grained calcite, C-S-H, and partially hydrated clinkers; portlandite
is absent. Complementary TEM observation of microtome sections



Fig. 10. EPMA mineral quantification - (a) Polished section of the interface; (b) Si e Ca e Al3FeMg ternary projection of all the pixels of the mapped area. The main aggregates,
pozzolan and hydrates of a hardened cement material end members are indicated; (c) Back-scattered electron image of the mapped area; (d) Mineral map of the same area.
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of sieved white crust identifies rare detrital clay particles coming
from OPA and entrapped in the cement paste during the concrete
emplacement. The cement paste consists of aggregates of
20e50 nm-sized C-S-H crystals with a low Ca/Si ratio of ~0.3,
micron-sized calcite and M-S-H. Coexistence of M-S-H and C-S-H
was already described by Brew and Glasser (2005). C-S-H have Ca/
Si ratios generally reported to vary between 0.6 and 2.4 (Grangeon
et al., 2013), strongly suggesting that C-S-H with Ca/Si of ~0.3 are a
fine mix of C-S-H (Ca/Si of ~0.6) and nanosilica. EPMA and EDX
analyses by TEM of M-S-H indicate that the M-S-H phase also in-
cludes significant amounts of Al and Ca. The combined data indicate
that the Ca content of the white crust is lower than the LAC cement
paste, but this decrease is largely due to Al and Mg increases. Major
elements including Ca, Mg and Al are differently distributed in the
white crust than in the LAC concrete, probably due to pH differ-
ences. In the white crust, the Ca-bearing phases are calcite, Ca-Al-
bearing M-S-H and C-S-H with low Ca/Si ratio. The M-S-H is the
major Al- and Mg-bearing phase (approximately 25 wt % of the
cement paste). By comparison, LAC concrete reactivity with clayr-
ock is marked by disappearance of portlandite, the formation of M-
S-H, low Ca/Si C-S-H and minor calcite, whereas Portland cement
reactivity is dominantly characterized by disappearance of por-
tlandite, cement carbonation and formation of low Ca/Si ratio C-S-H
(Gaboreau et al., 2012).
7.4. Characterization of the M-S-H phase

Previous work on interfaces between clay and low pH cements
provides evidence of the formation of M-S-H that exhibits a gel-like
structure (Brew and Glasser, 2005; Dauz�eres et al., 2016) and could
consist of talc-like precursors (Lothenbach et al., 2015), with little
or no Al (Dauz�eres et al., 2016; Jenni et al., 2014; Nied et al., 2016).
Experiments on C-S-H and M-S-H stability demonstrate that there
is no solid solution between the two phases (Brew and Glasser,



Fig. 11. Profile of EPMA analyses of M-S-H phase through the white crust in LAC concrete at interface e (a) BSE image and profile; (b) Si, Mg, Al, Ca and Mg/Si ratio of M-S-H phase;
(c) Analyses reported in Ca e Si - Al þ Mg þ Fe ternary diagram; (d) Analyses reported in Ca e Si - Mg ternary diagram; (e) Analyses reported in Al e Si - Mg ternary diagram.
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2005), but C-S-H may contain small amounts of Mg and M-S-H
small amounts of Ca (Lothenbach et al., 2015). In this study, when
combined, the 12 electron microprobe and 23 EDX-TEM analyses of
M-S-H formed at the OPA and LAC interface indicate that M-S-H
contains significant amounts of Al and Ca that need to be taken into
account in its structure.

XRD, Raman, IR and 29Si NMR data obtained on the M-S-H of the
LAC concrete/OPA interface show numerous similarities with syn-
thetic pure M-S-H that has a disordered talc-like structure (Roosz
et al., 2015; Lothenbach et al., 2015), i.e. a tri-octahedral 2:1 phyl-
losilicate. However, M-S-H contains Al and Mg whereas the struc-
ture of talc consists of an octahedral MgO layer between two
tetrahedral silicate sheets and does not incorporate significant
amounts of Al (Martin et al., 1999). Moreover, by comparing
infrared data with a natural talc spectrum, major peaks at ~1020
and ~465 cm�1 are enlarged, the peak at ~690 cm�1 occurs as a
shoulder of the peak at 465 cm�1, due to disordered structure, and
the sorption in the 3000-4000 cm�1 range is stronger than those of
talc, probably due to the presence of interlayer water. The
approximate spacing measured by TEM (~14-15 Å), electron
diffraction and IR spectra are compatible with smectite (Brown and
Brindley, 1984; Baldermann et al., 2014), vermiculite (Farmer and
Russell, 1964) or swelling chlorite (Brown and Brindley, 1984).

Therefore, the structural properties of the M-S-H phase seem to
be consistent with a 2:1 phyllosilicate, with Al-Si substitution in
tetrahedral sites, and Al-Mg substitution in octahedral sites. These



Fig. 12. TEM observation of clay particle from OPA enclosed in the white crust (a) Raw
TEM image of a layered material suffering from visible bending and aggregation. (b)
Fourier-filtered part of the image (squared area in a) revealing the presence of many
dislocations, the most obvious being pointed out with arrows (c) Layer-to-layer dis-
tance, estimated at ~10 Å from a grey scale profile taken perpendicular to the layer
plane in the raw image.
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Al substitutions create layers with negatively charged surfaces
compensated by a supplementary cationic layer in interlayer
spaces. The cationic layer consists of cations in vermiculite or
Fig. 13. Observation of M-S-H by TEM e (a) image of an aggregate of M-S-H particles; (b
reported in a Mg-Si diagram. The lines correspond to theoretical Mg and Si composition
aggregate of image a; (e) Selected area electron diffraction pattern; (f) EDX and EPMA anal
smectite, and of a brucitic layer in chlorite. Based on this hypoth-
esis, we have used a stepwise approach to calculate an average
structural formula.

Firstly, structural formulae of the 23 EDX analyses combined
with TEM and the 12 EPMA analyses were calculated on the basis of
the structure of a 2:1 phyllosilicate with four tetrahedral sites and
an interlayer charge, assuming:

� that Al was preferentially tetrahedral, the rest being in the
octahedral sites,

� that Fe is Fe3þ in octahedral sites,
� that Mg is preferentially in the octahedral sites,
� that Ca is in the interlayer,
� that the charge is compensated by the rest but cannot exceed
the layer charge.

For the 13 EDX analyses, called MET population 1 in the
following text, and for the 12 EPMA analyses, the sum of Mg2þ,
Fe3þ, and Al3þ in octahedral site ranges between 2 and 3. These
analyses reported in a Si4þ versus R2þ diagram (Meunier, 2003) are
distributed between the field of dioctahedral and trioctahedral 2:1
phyllosilicates (Fig. 14). The Si enrichment of most EPMA data
relative to the ditrioctahedral field may be attributed to nanosilica
contribution, due to the mm-size of the beam, which is larger than
the 20e50 nm size of theM-S-H particles, in comparisonwith TEM,
which has higher spatial resolution.

Based on the above-mentioned hypothesis and considering that
a 2:1 phyllosilicate general formula (Meunier, 2003) is:

(Ca, Mg)(x-yþ2z)þ [(Mg3-y-z, R3þ
y, ,z) (Alx, Si4-x) O10 (OH)2] (x-

yþ2z)-, where, is a vacant site, and R3þ are trivalent cations such as
Al and Fe, the derived average formula are the following:

(Ca0.5±0.2) (Mg2.0±0.4, Fe0.2±0.1, Al0.5±0.3, ,0.3±0.3) (Al0.9±0.2,
Si3.1±0.2) O10 (OH)2, based on TEM measurements.
) Layer-to-layer distance estimated at 14e15 Å; (c) EDX and EPMA analyses of M-S-H
s of tri-octahedral 2:1 phyllosilicate [Mg3Si4O10(OH)2]; (d) electron diffraction of the
yses of M-S-H reported in a Mg þ AlOcta þ Fe versus Si þ AlTetra diagram.



Fig. 14. (a) EDX and EPMA analyses of M-S-H reported in a Si versus R2þdiagram
showing the field of di-octahedral and trio-octahedral phyllosilicates, according to
Wiewiora and Weiss (1990); (b) EDX analyses reported in a 4 Si e Ca þ Mg e 3 R2þ
ternary diagram showing the field of tri-octahedral phyllosilicates such as saponite and
stevensite (Meunier, 2003).
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(Ca0.3±0.2) (Mg1.8±0.3, Fe0.1±0.1, Al0.7±0.2, ,0.4±0.2)3(Al0.6±0.2,
Si3.4±0.2) O10 (OH)2, based on EPMA measurements.

The two average structural formulas obtained from two
different analytical techniques, TEM and EPMA, at two different
scales, are almost consistent, except for the slightly higher Si con-
tent in EPMA analyses as already discussed before. When EDX an-
alyses are plotted in a 4 Si4þ- charge e 3 R2þ diagram (Meunier,
2003), M-S-H data plot in the saponite field (Fig. 14).

For the remaining 10 EDX analyses (MET population 2), even
though the 3 octahedra are filled, the residual Mg in the interlayer
space is high, and the charge of the interlayer space is significantly
higher than the negative charge of the 2:1 layers:

(Ca0.3±0.1, Mg1.7±1.1) (Mg2.7±0.3, Fe0.3±0.2) (Al1.9±0.3, Si2.1±0.3) O10
(OH)2

Various assumptions can be considered to solve the problem of
high charge in the interlayer, such as (i)the M-S-H mixing with a
Mg-bearing phase as described above, and (ii) the presence of Mg
as brucite [Mg(OH)2] in the interlayer and the formation of a
chlorite phase precursor.

7.5. Comparison with OPC/claystone interfaces e constraints on
low-alkali concrete/claystone interactions and modeling

Interactions between OPC concrete and clayrocks are limited to
the few millimeters in concrete, marked by high carbonation and
formation of low Ca/Si ratio C-S-H, and dominated by a chemical
perturbation of the cation exchange capacity in the first few cen-
timeters of the clayrock (Gaboreau et al., 2011, 2012; Jenni et al.,
2014; M€ader et al., 2017; Tinseau et al., 2006). The sorption ca-
pacity of clayrock does not significantly change, but the cation
distribution on the exchanger is generally marked by an increase of
K at the expense of Mg (Gaboreau et al., 2011, 2012; Jenni et al.,
2014; M€ader et al., 2017). These major changes due to the high
pH contrast are consistent with a diffusion of alkali-metal (no
mineral control in the cement) and Ca2þ ions (portlandite disso-
lution) from cement to clay and with a diffusion of Si, Mg, Al
(dissolution of phyllosilicate) from clay to cement.

The addition of slag and nanosilica to OPC is used to reduce the
alkali content and achieve concrete pore waters with a pH of 10e11,
that are more compatible with the pH of clay environment (García
Calvo et al., 2010 García Calvo et al., 2013; Lothenbach et al., 2012,
2014). In the case of LAC cement, the pH of pore water solution was
12.3 ± 1.0 (Lothenbach et al., 2012). The pH of OPA pore water at
Mont Terri was measured to be 7.1 ± 0.4 (Vinsot et al., 2008) and
modeled to be 7.3e7.8 (Pearson et al., 2011). The volumes of ma-
terials impacted by interactions between LAC concrete and clayr-
ocks do not seem very different from those observed at OPC/Clay
interfaces. Within the first millimetre of the LAC concrete that is in
contact with OPA, a white crust can be found which is formed of a
(Ca, Mg) smectite-type clay mineral, low Ca/Si ratio C-S-H and
minor calcite. The formation of this white crust was not observed in
the OPC-OPA. On the clay side, the cation distribution of the clay
exchanger is modified in the first centimeters of clayrock near
interface; but in case of the LAC/OPA interface the increase of K
charge is lower than in the case of OPC/clay interface, while Mg is
less depleted and even increases at the LAC/OPA interface.
Assuming that Al, Mg and Si result from the dissolution of phyllo-
silicates, as described for OPC/clay interactions, a lower Mg
depletion on the clay side should indicate a lower dissolution of
phyllosilicates in clayrocks in contact with LAC concrete than in
clayrocks in contact with OPC concrete. However, the precipitation
of (Ca, Mg) smectite at LAC interface and chemical changes suggest
that the diffusion of Si, Al and Mg remains from clay to concrete. It
must be noted that the contribution of Mg and Al from slags cannot
be neglected, according to hydration study of the LAC cement
(Lothenbach et al., 2012).

In this study, (Ca, Mg) smectite is probably for the first time
identified at the interface between natural clayrock and cementi-
tious material. Previously, the presence of (Ca, Mg) smectite was
predicted by numerical modeling of OPC concrete/clay interactions
(Gaucher et al., 2004; Marty et al., 2015; Savage, 2014a; Trotignon
et al., 2007) and by modeling of iron/steel-bentonite interactions
(Savage, 2014b), and was identified in experimental interactions
between FEBEX bentonite (Spain) and OPC cement porewaters
(Cuevas, 2004; S�anchez et al., 2006). The pH of a pore solution at
equilibriumwith mineral phases of the white crust including C-S-H
0.8, (Ca, Mg) smectite, calcite and amorphous silica was calculated
at 10.3 using the PHREEQC (version 2.18) software and the THER-
MODDEM thermodynamic database (version 2011). This pH is in
the range of pH expected between clayrock and cementitious ma-
terial. The (Ca, Mg) smectite formation might also be interpreted as
the result of attenuated interaction between both materials, and
rather indicates a relative continuity of the sorption capacities of
the materials at the concrete/clayrock interface.

8. Conclusions

Studies of interfaces between low pH concrete and claystone are
scarce in comparison to the number of studies on Portland cement-
clay interactions. The long-term Cement-Clay interaction (CI)
experimental program at the Mont Terri Rock Laboratory (St.
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Ursanne, Switzerland) has provided an opportunity to characterize
interactions between low pH concrete (LAC) and OPA Clay after five
years, in terms of chemical, mineralogical and petrophysical
changes.

In the OPA, perturbation is marked by an increase of porosity
probably due to drilling and sawing artefacts and by chemical
changes marked by a 300e500 mm thickMg-rich band at 500 mmof
the interface associated with increased Mg2þ cations in the clay
exchanger, and by a slight SO4 increase due to slight pyrite oxida-
tion. In the LAC concrete, perturbation is marked by increased
porosity, Mg enrichment combined with slight Ca and S depletion,
and formation of a white zone that contains (Ca, Mg smectite), a
low Ca/Si ratio C-S-H and calcite. Combined electron microprobe
and EDX analyses using TEM indicate that the (Ca, Mg) smectite is a
ditrioctahedral 2:1 phyllosilicate with a chemical composition of
(Ca0.5±0.2) (Mg2.0±0.4, Fe0.2±0.1, Al0.5±0.3, ,0.3±0.3) (Al0.9±0.2, Si3.1±0.2)
O10 (OH)2.

The formation of smectite is in agreement with predictive
modeling of interactions between concrete and clay (Gaucher et al.,
2004; Marty et al., 2015; Savage, 2014a; Trotignon et al., 2007). For
the analyses with the highest Mg content, the charge balance is
highly positive due to this Mg. It may be present in the interlayer
space as Mg(OH)2.
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